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1 Summary

The transcription factor liver X receptor alpha (LXRa), a member of the nuclear re-
ceptor family, is a key factor that regulates intracellular cholesterol homeostasis and
inhibit inflammatory gene expression. LXR agonists have been considered as promising
anti-atherosclerotic drugs, and several natural or synthetic LXR ligands are currently
under investigation for pharmaceutical develoment. Macrophages and lipid-loaded
macrophage foam cells are an early and persistent component of atherosclerotic lesions
and likely play an important role in disease progression. However, LXRa-dependent
genome-wide regulation of target genes in human macrophages remained incompletely
elucidated. This thesis was addressed to correlate global ChIP-sequencing-derived
LXRu cistromes and gene expression profiles to investigate the effects of LXRa ac-
tivation on direct and putative indirect LXRa target genes. Moreover, the recruit-
ment mechanisms whereby LXRa selects genomic regions and interacts with the
chromatin landscape were studied. These analyses were carried out using THP-1
cell-derived differentiated macrophages, and oxidized low density lipoprotein (oxLDL)
triggered macrophage-derived foam cells that were exposed to the synthetic LXR ag-
onist T0901317. The results of this thesis revealed that LXRa DNA binding is not
restricted to gene promoters but appears predominantly at distal enhancer regions.
LXRa cistromes in macrophages and foam cells are largely distinct although a number
of genes were commonly occupied. Correlation of LXRa cistromes and gene expression
data confirmed known and defined novel direct LXR« target genes. It also revealed
that LXRa cooperates with and directly regulates other transcription factors including
retinoic acid receptor alpha (RAR«) and activator protein 1 (AP-1). To regulate gene
expression LXRo binds to DNA in a ligand-dependent way and the majority of func-
tional binding events is targeted to regions of accessible chromatin and transcription
factor hotspots. Together, the results of this thesis define a basis for understanding
regulatory factor-genome interactions, provide a framework for the effects of LXR

activation, and how to develop optimized LXR agonists.



2 Introduction

Heart disease and stroke — cardiovascular disease — are the largest cause of sickness
and morbidity and a major cause of death for the citizens of the EU and the Western
world (Leal et al. 2006). Cardiovascular disease currently costs the European health
system more then 500 million euro each day, and these costs are likely to escalate over
the next few years. Atherosclerotic plaque rupture and subsequent luminal thrombus
formation are considered the major step in the development of acute cardiovascular
events (Carson 2010). Therefore, atherosclerosis has been the subject of an immense
amount of basic and applied research.

Atherosclerosis is considered as a multifactorial, multistep disease with various
processes that have to act together to initiate and promote atherosclerotic development.
Fatty streaks, accumulation of cholesterol-loaded macrophages in the arterial wall,
are a hallmark of early atherosclerotic lesions that gradually thickens the arterial
wall and may ultimately lead to major blockage of blood flow (Libby 2002). The ligand
sensitive transcription factor liver X receptor alpha (LXRa) is involved in signalling
pathways that clearly display anti-atherogenic properties by regulating cholesterol
homoeostasis, as well as metabolic and inflammatory signal integration. Advances
in our knowledge of the molecular mechanisms underlying lipid metabolism and its
regulation by transcription factors may have an enormous effect on the prevention and

treatment of this major health issue.

2.1 Macrophage foam cells and atherosclerosis

The development of fatty streaks is initiated by endothelial dysfunction, possibly caused
by traumatic damage, infectious microorganisms, free radicals caused by cigarette
smoking, elevated oxidized low-density lipoprotein cholesterol (oxLDL) or other fac-
tors (Ross 1999). Endothelial activation results in expression of adhesion molecules,
chemokines and cytokines, leading to adherence of circulating monocytes and subse-
quent monocyte recruitment into the subendothelial space of the vascular wall. Within

the artery wall monocytes differentiate into macrophages and take up oxLDL, which



itself acts as major chemoattractant (Li and Glass 2002). The modification of native
lipoproteins is required for the recognition by macrophage scavenger receptors and
several lines of evidence suggest that macrophages and endothelial cells promote LDL
oxidation in the presence of high LDL levels (Skalen et al. 2002). In macrophages, this
process involves myeloperoxidase (MPO), NADPH oxidase and the nitric oxide syn-
thases (iNOS) as means to generate antimicrobial reactive oxygen species. Therefore,
macrophages contribute to the amplification of oxidative reactions and promote lesion
initiation and progression (Li and Glass 2002). As macrophages convert the imported
cholesterol into the ester form, they become filled with cholesteryl ester lipid droplets,
resulting in foam cell formation. In response to cholesterol over-loading, macrophages
activate different compensatory pathways. Endogenous, cholesterol and lipid biosyn-
thesis is repressed by inhibition of the sterol regulatory element-binding transcription
factor 1 (SREBF1) pathway (Yoshikawa et al. 2001). As cells cannot degrade cholesterol,
it is exported to extracellular acceptors for transport to the liver for biliary excretion.
These acceptors include apolipoproteins apolipoprotein A-I (APOA1), apolipoprotein E
(APOE) and high-density lipoprotein (HDL) particles (Beyea et al. 2007). The cellular
cholesterol efflux is mediated through ATP-binding cassette transporters ABCG1 and
ABCAL1 to protect the cells from cholesterol overload (Oram and Heinecke 2005, Wang
et al. 2007). In the face of continuous cholesterol uptake homeostatic mechanisms
are overwhelmed, leading to enhanced macrophage foam cell formation and further
recruitment of monocytes. The transition of fatty streak lesions to more advanced
lesions further involves the production of cytokines and other signalling molecules
by macrophages and other cells within the arterial wall leading to the migration of
smooth muscle cells into the subendothelial space. Smooth muscle cells synthesize
collagen, fibrin and proteoglycans leading to the formation of the fibrous cap found in
advanced atherosclerotic lesions (Glass and Witztum 2001). Apoptosis and necrosis
of macrophage and smooth muscle cells further lead to necrotic cores. Necrotic cores
surrounding macrophages secrete matrix metalloproteinases that degrade the collagen
of the endothelium causing its rupture and subsequent platelet recruitment that initi-

ates thrombus formation (Lee and Libby 1997). Taken together, lipid metabolism and



immune responses in macrophages play a crucial role in the progression of atheroscle-
rotic plaque development. Insights into the mechanisms underlying the macrophage
responses are required to develop novel therapeutic strategies for prevention and

treatment of atherosclerosis.

2.2 Liver X receptors

LXRa (NR1H3) (Willy et al. 1995) and LXR3 (NR1H2) (Song et al. 1994) are members
of the nuclear receptor transcription factor superfamily. Nuclear receptors are a unique
group of transcription factors that all act as sensors for hormonal and metabolic signals.
Therefore, ligands such as steroids, thyroid hormones, cholesterol derivatives and fatty
acids bind and therefore activate the receptor leading to gene expression regulation
of nuclear receptor specific target genes. The largest subfamily NR1 includes LXR,
peroxisome proliferator-activated receptor (PPAR), thyroid hormone receptor (TR),
retinoic acid receptor (RAR) and RAR-related orphan receptor (ROR) (Germain et al.
2006).

LXRs are master regulators of cholesterol homoeostasis, metabolic and inflam-
matory pathways and are commonly known as cholesterol sensors (Peet et al. 1998).
In macrophage foam cells LXR activation is triggered by oxLDL-derived oxysterols
(Janowski et al. 1999). Moreover, synthetic agonists such as T0901317 were developed
that activate LXRs. This has made LXRs an established tool to investigate molecular
mechanisms of transcriptional regulation. In humans LXRo and LXRp share almost
80% amino acid identity in their DNA-binding domain and ligand-binding domain.
Amongst both LXR isoforms, LXRa is highly expressed in the liver and at lower levels
in intestine, adipocytes and macrophages. In contrast, LXRf is expressed ubiquitously
(Zelcer and Tontonoz 2006). The known role of LXR expands with the growing num-
ber of studies. Therefore, LXRs are also implicated in de-novo cholesterol synthesis,
detoxification of bile acids and lipids, glucose homoeostasis, skin homoeostasis and

neurological functions (Viennois et al. 2011).



2.3 Mechanism of LXR target gene regulation

As other nuclear receptors of the NR1 family, LXRs form obligate heterodimers with
the retinoic X receptor (RXR). Activation of the heterodimer complex can be induced by
ligands for either RXR or LXR (Lu et al. 2001). RXR-LXR heterodimers bind to specific
DNA sequences, LXR response elements (LXRESs), consisting of two direct repeats
of hexanucleotides separated by a spacer of four nucleotides (Repa and Mangelsdorf
1999). Three different mechanisms of transcriptional regulation of target genes have
been categorized. First, LXR-RXR heterodimers can actively repress gene expression
in the absence of a ligand by the recruitment of co-repressor complexes, including
silencing mediator of retinoic acid and thyroid hormone receptor (SMRT), nuclear
receptor co-repressor (N-CoR) and histone deacetylases (HDACs) (Hu et al. 2003).
Second, in the presence of a ligand, conformation changes of the receptors lead to
displacement of co-repressors and the subsequent recruitment of co-activators such as
activating signal cointegrator-2 (ASC-2) (Lee et al. 2008), steroid receptor co-activator
1 (SRC-1) (Son and Lee 2010) and histone acetyl transferases (Viennois et al. 2011)
leading to target gene transcription. Third, LXR ligand activation can inhibit gene
expression by trans-repression as shown for the nuclear factor xB (NF- xB) (Wu et al.

2009).

2.4 LXR in mouse models

LXR dependent signalling pathways clearly display anti-atherogenic properties, both
by reducing cholesterol levels and supressing anti-inflammatory genes. In mouse
models for atherosclerosis (LDLR”" and apoE”") bone marrow transplantation of cells
from LXRoz/ﬁ'/' mice lead to significantly greater atherosclerotic lesion development
compared to their counterparts that received bone marrow cells from wild-type mice
(Tangirala et al. 2002). The central importance for macrophage LXRs in atherosclerosis
was further confirmed by the finding that LXch/B'/ ~ mice exhibit increased cholesterol
accumulation in arterial wall macrophages even on normal diet. Consistently, activa-
tion of LXR by synthetic agonists leads to protection and regression of atherosclerotic

lesions (Joseph et al. 2002). Importantly, LXRx was shown to be required for positive
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agonist effects in mice (Levin et al. 2005) and macrophage-specific over-expression of
LXRa ameliorated atherosclerosis in mice, independent of synthetic agonist treatment

(Li et al. 2011).

2.5 LXR-dependent regulation of gene expression

If cellular oxysterols accumulate as a result of elevated concentrations of cholesterol,
LXR induces the transcription of genes that protect cells from cholesterol overload.
Thus, investigations of LXR-dependent gene expression regulation in macrophages
revealed its involvements in cholesterol absorption, transport, and elimination. LXR
activation leads to induced expression of ABCA1 (Qiu and Hill 2008), ABGG1 (Lee
et al. 2010) and APOE (Bradley et al. 2007) in macrophages mediating cholesterol
efflux, which facilitates cholesterol transport to extracellular receptors APOAI and
HDL. Moreover, HDL levels are increased by direct LXR induction of phospholipid
transfer protein (PLTP) that contributes to HDL formation and therefore accelerates
cholesterol transport to the liver (Laffitte et al. 2003). LXR also reduces LDL uptake by
inhibiting the LDL receptor pathway through the transcriptional induction of myosin
regulatory light chain interacting protein (MYLIP) (Zelcer et al. 2009a). On the other
hand, LXR directly up-regulates sterol regulatory element-binding transcription factor
1 (SREBF1) that induces transcription of genes related to lipid biosynthesis (Ferre
and Foufelle 2007). Positive regulation of lipid biosynthesis associated genes through
LXR-RXR heterodimer binding in macrophages is also described for fatty acid synthase
(FASN), fatty acid desatuase (FADS), stearoyl-CoA desaturase (SCD) and elongation
of very long chain fatty acids protein 5 (ELOVL5) (Schultz et al. 2000, Repa et al.
(2000), Wang et al. 2004, Qin et al. 2009). Interestingly, LXRs and SREBF1 bind to and
activate many of the same genes involved in de novo fatty acid biosynthesis including
FASN (Shibata and Glass 2010). FASN contributes to the synthesis of free fatty
acids used for cholesterol esterification of free cholesterol by sterol O-acyltransferases
(SOATSs) that protect cells from toxic effects of free cholesterols (Repa et al. (2000)).
Taken together, LXRs activation and regulation of specific target gens antagonizes

the process of cholesterol accumulation by promoting cholesterol efflux resulting in



enhanced reverse cholesterol transport to the liver.

2.6 LXRuo as therapeutic targets

As described above, accumulation of cholesterol in macrophages is considered a pri-
mary event in the development of atherosclerosis. Thus removal of excess cholesterol
from differentiated macrophages and macrophages-derived foam cells is important for
prevention and treatment of atherosclerotic cardiovascular diseases. The abundant ex-
pression of LXRa in macrophages present in human atherosclerotic lesions (Watanabe
et al. 2005) and the observations from targeted LXRu over-expression in mice (Li et al.
2011) support the hypothesis that specific LXRa agonists could have a positive effect
against development of atherosclerosis (Zhao and Dahlman-Wright 2010). Despite
the positive effects on atherosclerosis in mouse models, targeting LXR for therapeutic
purposes in humans must overcome the obstacle of LXR-induced hepatic steatosis
in mice (Joseph et al. 2002). Additionally, it is not clear how good the results from
mouse studies will be predictive of potentially targeting LXRa pathways in humans for
therapy.

In spite of many advances in previous studies in different human cell lines, the com-
plete list of direct target genes for LXR remains elusive. Only a subset of known LXR
target genes was elucidated specifically in human macrophage models by single gene
approaches. Moreover, LXR binding was mainly shown by reporter assays independent
of the endogenous genomic background. Those approaches were also restricted to genes
associated with clear LXR-RXR consensus binding sequences. Importantly, existing
studies primarily focused on LXRp or detected binding regardless of the LXR isoforms.
Therefore, until now, no published study has uncovered genome-wide LXRa-DNA

binding and target gene regulation in human macrophages.

2.7 Aims of this thesis

The purpose of this thesis is to obtain a better understanding of the mechanisms
of actions of LXRa in human macrophages during atherosclerosis. Therefore, LXRa

binding and gene expression changes will be analysed in THP-1 cell-derived differ-



entiated macrophages and oxLDL-triggered macrophage-derived foam cells under
T0901317-induced LXRa activation as compared with untreated macrophages.

Independently, data from chromatin immunoprecipitation experiments coupled
with high-throughput sequencing (ChIP-seq) and data from expression microarray
experiments tell very different stories. ChIP-seq structurally measures protein-DNA
binding that can be used to hypothesize gene regulation by their locations in the
genome. Microarray experiments provide a functional view on changes in gene expres-
sion regardless of exact regulatory mechanisms. However, the integration of data from
both approaches allows the assignment of specific regulatory roles of transcription
factors.

Therefore, treatment—specific LXRa cistromes will be determined using genome-
wide LXRa occupancy data. Then, cistromes are integrated with genome-wide tran-
scription data to obtain a global view of directly regulated target genes and to construct
a network of transcriptional regulators influenced by LXRa activation. Since LXRa is
involved in various aspects of metabolism in macrophages, an important question is
whether it binds the same genomic regions in different macrophage treatment models.
Alternatively, LXRa may bind to treatment specific regions, allowing the regulation of
specialized pathways. Another important aspect is the mechanism whereby LXRu se-
lects genomic regions and interacts with the chromatin landscape leading to target gene
regulation. It has previously been shown that transcription factor binding correlates
with nucleosome-depleted regions of open chromatin that represent active regulatory
elements (Gaulton et al. 2010). Therefore, chromatin accessibility that accompanies
the binding of LXRa will be investigated using high-throughput sequencing of genomic
regions enriched by formaldehyde-assisted isolation of regulatory elements (FAIRE-
seq). This analysis also enables investigations regarding the specific co-regulator
requirement of functional LXRa binding sites. Collectively, this master’s thesis aims to
provide an initial framework for understanding and investigating LXRa-dependent

gene regulations in human macrophages by the use of integrative analysis strategies.



3 Results

3.1 LXRu is up-regulated in response to the LXR agonist T0901317

Several studies showed that LXRa but not LXRf transcription is influenced by an
auto-up-regulatory loop. Therefore, LXRa occupies the LXR-response element in the
LXRu gene leading to transcriptional up-regulation upon agonist application. Thus,
LXRu activity is influenced not only by specific ligands alone but also by changes in
transcription factor expression (Li et al. 2002, Whitney et al. 2001). The auto-regulation
of LXRu provides a mechanism for amplifying the effects of endogenous oxLDL in
macrophages to promote cholesterol efflux in order to attenuate the transformation of
macrophages into foam cells (Whitney et al. 2001). To estimate the amount of ligand
specific LXRa up-regulation and to confirm previous findings, expression analysis
was performed to estimate LXRa protein levels amongst untreated and T0901317-
treated differentiated THP-1 cells and T0901317-treated THP-1-derived foam cells. In
accordance with previous results (Laffitte et al. 2001) western blot analysis revealed
that LXRa gene expression is induced by T0901317. Coadministration of the natural
ligand oxLDL and T0901317 showed an additive effect with strongly up-regulated
LXRu protein expression. Contrary, in the absence of ligand LXR« expression was
hardly detectable (Figure 1A). Measured mRNA levels support these observations in
THP-1 cells (Figure 1B).

3.2 ChIP-seq analysis of LXRu binding

Chromatin-immunoprecipitation and sequencing experiments can quantify the asso-
ciation of a DNA-ineracting protein with every position in the genome. Therefore,
proteins are crosslinked with DNA and the isolated chromatin is fragmented before
immunoprecipitating the protein-DNA complexes and reversing the crosslinks (Leleu
et al. 2010). LXRa ChIP-seq experiments were previously performed in our lab and the
obtained data sets were used to identify genomic loci bound by LXRa. The ChIP-derived
material was therefore subjected to library preparation followed by next generation

Illumina sequencing and the obtained sequence reads were aligned to the genome.
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Figure 1: LXRa is up-regulated in macrophages and foam cells in response to
T0901317. (A) Equal amounts of proteins from nuclear extracts were subjected to
western blot analysis using antibodies against LXRo and [3-actin (Actin). Differentiated
THP-1 cells were treated either with 0.01% DMSO (Control) or 1 uM T0901317 (T09)
for 24 hours or with 100 pg/ml oxLDL for 48 hours and 1 uM T0901317 for 48 hours
(T09 + oxLLDL). (B) Microarray measures of LXRa transcript expression levels. Bar
graphs indicate relative expression between treated (T09 and T09 + oxLDL ) and
vehicle-treaded (Control) cells. Data were normalized to the intensity of $-actin as a
housekeeping gene. Each point represents the mean of triplicate values + standard
derivation.
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3.2.1 ChIP-seq-derived LXRa binding profiles confirm known LXRu target

genes

Aligned sequencing reads were processed to generate density profiles, which were
examined across loci corresponding to six known LXRa target genes. Profiles from
LXRu-induced cells showed LXRa binding with a clear enrichment of tags over a narrow
range near loci of LXRa itself and the genes such as ABCA1, ACCA, FASN, SREBF1
and ABCG1 (Figure 2A). These binding regions were not detected if cells were not
treated with LXRa-specific ligands. In order to confirm the robustness of the ChIP-seq
data, LXRa ChIP was repeated and the enriched material was assessed using real-time
quantitative PCR (qPCR). Visual comparison of the ChIP-seq profiles confirmed high
concordance. Binding of LXRx was tested at ten genomic regions in LXRa-induced THP-
1-derived macrophages and no binding was observed in the absence of LXRa activation
(Figure 2B). In accordance with the ChIP-seq profiles, enhanced signals at binding
sites were observed in T0901317-treated foam cells compared to T0901317-treated
macrophages.

In addition to binding sites close to the gene transcriptional start sites, LXRa
enriched regions were observed in distal putative enhancer regions (ABCAI) and in
intronic regions of target genes (ABCG1 and LXRa, Figure 2A). Remarkably, alternative
promoters of SREBF'1 were individually occupied by LXRq, indicating stringent splice
variant regulation. Together, these observations show that LXR« binds to different
genomic sites to regulate the same target gene and that binding is not restricted to
proximal target promoter regions. Distal binding sites indicate the possibility of remote
transcription factor interaction through DNA looping or protein tethering, which also
challenges the definition of target genes especially in regions with high gene densities

(Nolis et al. 2009, Zhao et al. 2011).

3.2.2 Genome-wide identification of LXRa binding sites

Identification of unknown LXR« target sites and determination of treatment specific
changes of LXRa occupancy requires genome-wide determination of LXRa enriched

regions. This task is accomplished by using peak calling algorithms that output
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Figure 2: LXRa occupancy at genomic regulatory elements. (A) LXRa ChIP-seq
profiles of genomic loci for the LXRa target genes ABCG1, LXRo, ABCA1, ACCA, FASN
and SREBF1. Clear LXRa enrichments are detected in promoter and enhancer regions
of gene loci on T0901317-treated macrophages (T09, red) and foam cells (oxLDL + T09,
green), whereas no binding is observed in the absence of ligand (Control, blue) or at
negative control regions (2, 5, 8). ChIP-seq data are plotted as the density of 25-bp tags
mapping to the region. The y axis represents the estimated number of tags at each
position. Gene loci are shown based on the human genome February 2009 assembly
(GRCh37/hg19) in the UCSC browser using RefSeq positions. The direction of transcrip-
tion is shown by the arrow beginning at the T'SS. Genomic coordinates of the shown
regions: ABCG1 (chr21:43,608,584-43,654,980), LXRa (chr11:47,270,159-47,280,387),
ABCA1 (chr9:107,622,630-107,834,119), ACCA (chr17:35,708,974-35,769,074), FASN
(chr17:80,053,735-80,059,108) and SREBF'1 (chr17:17,725,865-17,742,257). (B) ChIP-
qPCR validation of LXRa enrichment at sites indicated by numbers below ChIP-seq
profiles (A). Data are fold enrichments compared to individual input non-enriched DNA
normalized to IgG ChIP DNA. The data are the mean of triplicate values + standard
derivation. Negative control region are indicated (NC).
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positions in the genome with more ChIP-seq tags than expected by chance and thus
identify genomic intervals of enriched regions as observed at LXRa target gene loci
(Figure 3A). Peak intervals were identified genome-wide by the use of the model based-
analysis of ChIP-seq (MACS) algorithm (Zhang et al. 2008) with LXR« sequencing data
against control IgG ChIP-seq data. Therefore, aligned tags of two biological replicates
from T0901317-treated macrophages and untreated macrophages were individually
pooled to gain sufficient tag enrichment and to correct for biological variations. The
algorithm successfully determined peak intervals at already observed enrichment
sites of known LXRa targets. MACS also indicated the absence of LXRa binding in
uninduced cells as the derived peak intervals had very low tag enrichments and low
peak significances compared to binding sites detected in cells after LXRa activation.
Nevertheless, broad fractions of estimated peak intervals of all three data sets showed
low significance levels (Figure 3B). Therefore, candidate peaks from data of LXRa-
induced cells were filtered by removing those peak intervals that were inconsistent
between three individual peak identification runs using data from different IgG-
ChIP samples. Those peak intervals were further filtered using 2-means clustering
(Heintzman et al. 2009) to remove clusters of intervals with low tag enrichments.
Filtering defined a high-confidence set of genome-wide LXRu binding sites with 249
and 215 peak intervals of TO901317-stimulated THP-1-derived macrophages and foam
cells respectively. Strikingly, only 64 peak intervals are shared in both treatment

models upon LXRu activation (Figure 4A).

3.2.3 LXRu binding is induced upon LXRu activation

The observation from sequencing-derived profiles and qPCR validation experiments
that show the absence of LXRu binding in untreated THP-1 control cells was also
encouraged by the low genome-wide sequencing coverage (Figure 5A). In concert, heat
map visualisation of tag densities around LXRa peak intervals from both macrophage
treatment models show only marginal tag accumulations in untreated THP-1-derived
macrophages (Figure 4B, control). To further investigate these observations, average

tag profiles centered at LXRo binding sites were estimated along with sequencing data
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Figure 3: Peak detection and significance of peaks. (A) Peak detection and tag
density profile generation. Aligned ChIP-seq-derived forward (red) and reverse (blue)
tags (Tags) generate a strand-specific pattern that is used for the detection of enriched
regions via peak calling algorithms (Peak interval, green). For visualization tag lo-
cations are extended by an estimated fragment size in the appropriate orientation
and the number of fragments is counted at each position to generate a density profile
(Profile, black). Tag density profiles are plotted as the density of 25-bp tags mapping
to the region. The y axis of the profile represents the estimated number of tags at
each position. Shown is the ABCAI promoter region (~2kb). (B) Box plot showing
the distributions of ChIP-Seq peak interval significances (-10*Log10(p-value)) deter-
mined by MACS from vehicle-treated macrophages (Control, blue), T0901317-treated
macrophages (T09, red) and T0901317-treated foam cells (oxLDL + T09, green).
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Figure 4: Ligand-dependent dynamics of LXRu. (A) Comparison of large-scale
ChIP profiling data. Venn diagram of the overlap of LXRa-binding sites of T0901317-
treated macrophages (T09, red) and T0901317-treated foam cells (oxLDL + T09, green)
as identified by MACS and filtered as described (Methods). 64 of the ChIP-Seq interac-
tion sites are overlapping with at least 1 base pair. (B) Heat maps show enrichment
over all 400 sorted LXRa binding sites (LXRa Peak), where the shading corresponds to
the LXRa ChIP-seq and IgG ChIP-seq read count in the region from vehicle-treated
macrophages (Control, blue), T0901317-treated macrophages (T09, red) and T0901317-
treated foam cells (oxLDL + T09, green). One-kilobase pairs around the LXRu peaks
are displayed.

from input DNA. Sequencing of fragmented chromatin that was de-crosslinked and
not subjected to immunoprecipitation generated these input DNA. Input DNA is often
used as control in ChIP-Seq experiments as alternative to nonspecific IgG antibodies
(Kidder et al. 2011). Remarkably, average tag density profiles at LXRa binding sites
of cells that were not exposed to LXRa agonists are similar to tag profiles derived
from input DNA samples (Figure 5B). This shows that the minor tag accumulations
in untreated cells do not represent indications of LXRa binding and rather reflect
inherent sequencing bias, mapping ambiguity or chromatin structure as described
previously (Vega et al. 2009).

These findings indicate strictly ligand-induced LXRa binding in differentiated THP-

1 cells contrary to the classic model of constitutive LXR binding and replacement of

15



LXR associated co-repressors with co-activators upon ligand-induced LXR activation
(Wagner et al. 2003, Hu et al. 2003). Importantly, even different LXR« activation
strategies by T0901317 treatment or combinatorial treatment with T0901317 and
oxLDL lead to differential binding patterns as observed from heat map visualisation,
LXRa peak interval intersection (Figure 4) and at specific loci (Figure 5C). The conven-
tional mechanism of constitutive LXR« binding was recently challenged by the findings
that LXRo/p recruitment was entirely ligand-dependent at the ABCGI promoter in
HepG2 and THP-1 cells (Jakobsson, 2009). However, absence of basal LXRa« binding in
untreated cells may be cell line or LXR isoform specific and did not reflect the situation
in untreated primary human macrophages where basal LXRa occupancy was detected
by ChIP-qPCR (Figure 5D). Additionally, it cannot be ruled out that LXRa binding
in untreated THP-1 cells is simply not detectable by ChIP assays due to low levels
of LXRa protein in those cells compared to others. Though, LXRa activation by diet-
dependent endogenous stimuli is much more likely in primary human cells compared
to vehicle-treated macrophages-derived from the THP-1 cell line. However, the global
absence of LXRa binding in control cells represents an appropriate macrophage model

to study ligand-induced binding upon LXRa activation.

3.2.4 LXRubinds proximal promoter regions and distal regulatory elements

Defined LXRa binding sites were enriched at promoters and coding exons relative to
their genomic frequency illustrating that LXRa binds in regions directly associated
with transcriptional regulation. The observed preponderance of binding occurred at
putative enhancer regions intronic and distal intergenic with nearly unchanged occu-
pancy relative to the genomic frequency (Figure 6A). Precise distance analysis of LXRa
peaks relative to genes confirmed these observations and showed accumulation close
to promoters with the occurrence of distal binding in T0901317-treated differentiated
macrophages and foam cells (Figure 6B). Similar results were obtained by peak distri-
bution analysis relative to gene bodies (not shown). Collectively and in accordance with
initial profile inspections, results show that LXRa has widespread distribution patterns

similar to other transcription factors (Welboren, 2009) and cannot be categorized to
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Figure 5: Influence of ligand application on LXRa DNA binding. (A) LXRa
ChIP-seq sequence depth in differently treated macrophages including biological
replicates (BR). (B) Average LXRa ChIP-seq tag profile at LXRa binding sites of
T0901317-treated macrophages (left) and T0901317-treated foam cells (right) show
tag enrichment in treated cells (T0901317 and T09 + oxLDL). In vehicle-treated cells
(DMSO) tag enrichment is similar to sequenced input DNA (Input). Three-kilobase
pairs around the LXR« peaks are displayed. (C) Ligand-induced cell model specific
LXRa binding sites (peak intervals shown as black