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ABSTRACT The liver X receptors � and � (LXR� and LXR�) are oxysterol-activated
transcription factors that coordinately regulate gene expression that is important for
cholesterol and fatty acid metabolism. In addition to their roles in lipid metabolism,
LXRs participate in the transcriptional regulation of macrophage activation and are
considered potent regulators of inflammation. LXRs are highly similar, and despite
notable exceptions, most of their reported functions are substantially overlapping.
However, their individual genomic distribution and transcriptional capacities have
not been characterized. Here, we report a macrophage cellular model expressing
equivalent levels of tagged LXRs. Analysis of data from chromatin immunoprecipita-
tion coupled with deep sequencing revealed that LXR� and LXR� occupy both over-
lapping and exclusive genomic regulatory sites of target genes and also control the
transcription of a receptor-exclusive set of genes. Analysis of genomic H3K27 acety-
lation and mRNA transcriptional changes in response to synthetic agonist or antago-
nist treatments revealed a putative mode of pharmacologically independent reg-
ulation of transcription. Integration of microarray and sequencing data enabled
the description of three possible mechanisms of LXR transcriptional activation.
Together, these results contribute to our understanding of the common and dif-
ferential genomic actions of LXRs and their impact on biological processes in
macrophages.
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Macrophages are professional phagocytic cells that play crucial roles in immune
processes such as pathogen clearance and cytokine secretion, but they also

perform other important functions in the regulation of metabolism and maintenance of
tissue homeostasis (1). Macrophages exhibit a unique genetic plasticity, particularly at
the precursor stage, when myeloid progenitors from different ontogenetic origins (yolk
sac, fetal liver, and adult blood monocytes) can give rise to most types of tissue
macrophages (2). Transcriptional control of macrophage gene expression is orches-
trated by a cross talk between myeloid-specific master regulators, a small set of
lineage-determining transcription factors, and chromatin-remodelling enzymes in-
volved in epigenetic modifications, all acting on key enhancer genomic regions (3–5).
Recent studies have also demonstrated that adult macrophages from different ana-
tomic locations present a particular transcriptional profile that is decisively determined
by their local environment (6).

The liver X receptors � and � (LXR� and LXR�; encoded by Nr1h3 and Nr1h2,
respectively) are transcription factors belonging to the nuclear receptor superfamily
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that bind to the DNA as obligate heterodimers with the retinoid X receptors (RXR). LXRs
are sterol-sensing transcription factors that play essential roles in lipid and cholesterol
metabolism and the immune response (7–9). LXRs control the expression of several
genes that are pivotal for reverse cholesterol transport as well as fatty acid and
phospholipid metabolism. Several studies have demonstrated that LXR� activity is
predominant in the control of cholesterol and fatty acid metabolism in the liver (10–12),
where its expression is markedly higher than that of LXR�. LXR� is also expressed in
adipose tissue, intestine, kidney, and macrophages (9). On the other hand, LXR� is
expressed ubiquitously (13). Naturally occurring cholesterol derivatives, named oxys-
terols, have been shown to be potent LXR activators in vitro and in vivo (14–18). In vivo
administration of synthetic LXR ligands has shown beneficial effects in several animal
models of disease, including atherosclerosis, Alzheimer’s disease, and psoriasis (19;
reviewed in reference 20). In addition, however, LXR ligands promote an elevation of
plasma triglyceride levels and liver steatosis due to hepatic induction of the master
regulator of the lipogenic pathway, SREBP1c (encoded by Srebf1) (21, 22). Ever since
these discoveries, the design of LXR�-specific synthetic agonists to treat metabolic
disorders or inflammatory diseases, avoiding de novo lipogenesis, has been a challeng-
ing effort (7). Interestingly, recent studies have shown promising therapeutic potential
of novel compounds (23, 24) with immunomodulatory and antineoplasic activities (25).

LXR� and LXR� proteins share 77% sequence homology, and most gene regulatory
functions are believed to be performed similarly by LXR� and LXR� (13). Initial studies,
using electrophoretic mobility shift assays (EMSA) and promoter analyses, identified
direct repeats of the classic nuclear receptor-binding motif AGGTCA separated by four
nucleotides (DR4) as high-affinity binding sites for LXR-RXR heterodimers (9). This
sequence binding preference has largely been confirmed by previous genome-wide
chromatin immunoprecipitation experiments. However, these initial analyses using
chromatin immunoprecipitation coupled with deep sequencing (ChIP-seq) were per-
formed in cells expressing unequal levels of LXR� and LXR� and antibodies that do not
discriminate between the two LXRs (18, 26–28).

Receptor-exclusive functions have been described for LXR�, such as transcriptional
control of Cd5l expression (29) or the differentiation of the splenic marginal-zone
macrophages (30). Transcriptional regulation of target gene expression orchestrated
preferentially by LXR� has also been described (31–33). However, most LXR isoform-
specific functions have been ascribed to the prominent expression of a particular
receptor in a given cell type. A detailed analysis of specific LXR� and LXR� transcrip-
tional actions has not been conducted to date.

In this study, we developed a macrophage cellular model that stably expresses
FLAG-tagged versions of either LXR� or LXR� in an LXR-deficient background. Recon-
stituted cells were used to dissect LXR individual transcriptional actions and binding
pattern dynamics to mouse genome upon targeting with commonly used synthetic LXR
agonist and antagonist. Using microarray data in combination with ChIP-sequencing
data, we identify novel mechanisms of LXR-mediated gene activation, involving LXR
pharmacologically dependent and independent activation. This approach will contrib-
ute to better characterization of LXR� and LXR� common and differential genomic
actions that further impact biological processes in macrophages.

RESULTS
LXR� and LXR� expression and activity in macrophage culture in vitro models.

Traditionally, LXR-specific biological functions in the macrophage have been charac-
terized using pharmacological strategies combined with genetic receptor deficiency.
However, the relative expression levels of the LXR� and LXR� proteins in most prior
studies were not carefully defined, and in many cases LXR� and LXR� protein levels
were simply assumed to be equivalent across different macrophage populations. We
examined the protein expression of LXR� and LXR� in thioglycolate-elicited peritoneal
and bone marrow-derived macrophages, differentiated with macrophage colony-
stimulating factor (M-CSF) or granulocyte-macrophage colony-stimulating factor (GM-
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CSF) (Fig. 1A). The highest expression of LXR� was found in elicited peritoneal macro-
phages, followed by M-CSF-derived macrophages, whereas the lowest LXR� expression
was displayed by GM-CSF-derived cells. In contrast, LXR� was similarly expressed across
all the tested macrophage types. These results were further confirmed by real-time
quantitative PCR (RT-qPCR) (Fig. 1B). Additionally, we found that endogenous LXRs
displayed posttranscriptional protein stabilization when exposed to the synthetic LXR
agonist GW3965, in agreement with previous reports describing these effects in human
cells (34). We also found that the degree of target gene induction varied with the type
of macrophage (Fig. 1B).

We next used an LXR-specific agonist and antagonist (GW3965 and GW233, respec-
tively) to study LXR actions in wild-type (WT), LXR double knockout (Nr1h3�/�

Nr1h2�/�) (LXR-DKO), and single knockout (Nr1h3�/� or Nr1h2�/�) primary peritoneal
macrophages. As expected, GW3965 was able to effectively induce the expression of
Abca1 and Abcg1 in LXR-WT peritoneal macrophages, but its activity was completely
abolished in the presence of GW233 (Fig. 1C). In contrast, these drugs were ineffective
in LXR-DKO cells, which, conversely, displayed elevated levels of ABCA1 and ABCG1
proteins, in agreement with previous reports (35, 36). Second, the ability of GW233 to
effectively target each of the LXR nuclear receptors was tested in cells expressing only
LXR� or LXR� (Fig. 1D). GW233 blocked the expression of Abca1 and Abcg1 to the same
extent in LXR��/� and LXR��/� cells. These results establish the pharmacological
action of GW233 in primary murine macrophages, showing its ability to effectively
target both LXR� and LXR� nuclear receptors.

Ectopic expression of LXR� and LXR� in immortalized macrophages (iBMDM).
To be able to pinpoint common and LXR-specific transcriptional actions and to gain
better insight into the molecular interaction networks underlying LXR biological effects,
we developed an immortalized bone marrow-derived macrophage cell model express-
ing one LXR at a time. Initially, an immortalized LXR-DKO bone marrow macrophage cell
line was established as described previously (37–39). The expression of LXR� and LXR�

receptors next was reconstituted separately in this LXR-DKO parental cell line in order
to obtain two additional immortalized cell lines (Fig. 2A). The virally expressed LXR
proteins were tagged with FLAG (3�FLAG-LXR) to normalize LXR protein recognition in
both cell lines using FLAG antibody. We selected FLAG-positive clones exhibiting similar
expression of LXR� and LXR�. Importantly, we also selected for lines in which the level
of LXR protein expression was not excessively higher than that in primary peritoneal
macrophages (Fig. 2B and C). Because in vitro primary BMDM and many in vivo
tissue macrophages present low levels of LXR� expression (6), we used elicited peri-
toneal macrophages to compare with our clones. For simplicity, these immortalized cell
lines will be referred to as iBMDM-LXR-DKO, iBMDM-LXR�, and iBMDM-LXR�. Recon-
stituted LXR cells effectively induced target genes such as Abca1, Abcg1, and others
upon agonist treatment with GW3965 (Fig. 2B and C). As expected, the induction of
LXR�-specific target gene Cd5l (also known as AIM [40]), analyzed by real-time qPCR,
was only observed in the iBMDM-LXR� line upon stimulation with GW3965 (Fig. 2C).
Thus, we developed and validated model cell lines with defined levels of LXR expres-
sion that respond to pharmacological stimulation, inducing target genes in the pres-
ence of an agonist and repressing them in the presence of an antagonist.

LXR�- and LXR�-specific binding and H3K27 acetylation through targeted
ChIP. We optimized ChIP conditions for these macrophage lines using the monoclonal
FLAG M2 antibody and targeted qPCR amplification of known LXR target gene regu-
latory sequences (Fig. 3A). To verify the effect of agonistic and antagonistic functions
of GW3965 and GW233 on LXR binding ability, iBMDM cell lines were stimulated with
GW3965 or GW233 (both 1 �M) for 24 h. LXR binding in the regulatory regions of
selected target genes was assessed by ChIP-qPCR (Fig. 3B). We did not find differences
in LXR binding to their DNA target sequences when comparing agonist to antagonist
treatments. However, since these synthetic molecules promote protein stabilization, it
is possible that liganded LXRs exhibit increased LXR-DNA interactions compared to
vehicle, nontreated control cells.
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FIG 1 Protein and RNA levels of LXR� and LXR� in different in vitro macrophage models. (A and B)
Expression levels of LXR�, LXR�, ABCA1, and ABCG1 from murine thioglycolate-elicited peritoneal

(Continued on next page)
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We analyzed histone H3 tail acetylation (H3K27ac) at the regulatory genomic regions
of known LXR target genes under agonist or antagonist stimulation. The alternating
presence and absence of this histone mark under these treatments are indicative of
cycles of highly accessible chromatin and compaction, associated with transcrip-
tional activation and repression. Immunoprecipitation of acetylated regions was
verified by qPCR in iBMDM LXR-expressing lines (Fig. 3C). Acetylation levels of
regulatory regions of LXR targets were strongly dependent on the presence of
agonist or antagonist (Fig. 3C).

LXR� and LXR� display distinctive genome-wide binding signatures. In order to
study the individual contribution of LXR� and LXR� receptors to the LXR genomic
landscape, we performed ChIP-seq in iBMDM-LXR-DKO, iBMDM-LXR�, and iBMDM-
LXR� lines in response to GW3965. Details about peak calling, performed to discrimi-
nate background signal and false positives from significant LXR binding events, are
given in Materials and Methods. Surprisingly, sequencing analysis revealed extensive
differences in the number of genomic binding sites of LXRs (Fig. 4A and B). LXR� was
present at a total of 1,021 highly confident genomic locations, whereas LXR� could be
detected at 606. Of all the sites, 502 were binding locations common to both LXRs,
which represent 49% of LXR� sites and 83% of LXR� sites. These data indicate that a
large proportion of LXR� in cultured macrophages is bound to genomic sites that can
be occupied by LXR� as well (i.e., dual sites). In sharp contrast, almost 50% LXR�

binding was observed at selective sites that were not occupied by LXR�. The genomic
distribution of genomic peaks (in reference to transcription start site/transcription
termination site/exons/introns/intergenic regions) was similar between receptors (Fig.
4C). A complete list with all genomic locations of LXR peaks and their annotation to
proximal genes is enumerated in Table S1 in the supplemental material.

We next correlated the binding of LXRs in iBMDM-LXR� and iBMDM-LXR� immor-
talized cell lines with that of their heterodimeric partner, retinoid X receptor alpha
(RXR�). We compared RXR� ChIP-seq data obtained from the public NCBI GEO database
(accession number GSE63698) with our LXR�/� ChIP-seq data (Fig. 4D). As expected,
the RXR� receptor mapped to sites that largely overlap those of LXR. RXR� peaks
displayed higher tag counts in those genomic locations where LXR� and LXR� were
bound simultaneously (Fig. 4E). Accordingly, LXR/RXR� binding locations could be
classified into three clusters, depending on dual or, alternatively, LXR�- or LXR�-
selective peaks.

To further characterize the sequence composition of regions with LXR binding and
to predict coexisting transcription factor binding, we performed de novo and known
motif sequence analysis with HOMER software on the three LXR/RXR�-bound clusters
(Fig. 4F). Interestingly, LXR-binding clusters were associated with common and distinct
patterns of transcription factor binding sequences (all motifs are listed in Table S2). The
most enriched known motif in all clusters was the DR-4 element (LXR response element,
or LXRE), followed by diverse nuclear receptor motifs in the LXR�/� and LXR� clusters.
De novo motif discovery analysis also revealed that LXRE and COUP-TFII motifs were the
most robustly enriched sequence elements in all clusters. Strikingly, some sequence
motifs, identified by either motif analysis strategy, were only significantly enriched in
those peak set sequences bound exclusively by one LXR. This was the case for PBX1,
found in the LXR�-specific peak set and BATF or C/EBP, identified in the LXR� cluster

FIG 1 Legend (Continued)
macrophages and bone marrow-derived macrophages differentiated with M-CSF and GM-CSF cytokines
were tested by Western blotting after cell treatment with LXR and RXR synthetic ligands (A) and by qPCR
under GW3965 ligand treatment conditions (B). Drug antagonism mediated by GW233 on LXR target
gene expression was investigated on LXR-WT and LXR-DKO peritoneal murine macrophages by Western
blotting. (C) Cells were cultured with GW3965 (1 �M) or GW233 (1 �M), alone or in combination, for 24
h. (D) The ability of GW233 to target both LXR nuclear receptors was tested on LXR-WT and LXR
single-knockout macrophage cells under culture conditions similar to those described for panel C. One
representative experiment out of three is presented in each case, and mean (SD) values from qPCR
triplicates are shown in panel B.
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FIG 2 Reconstitution of LXR� and LXR� expression in immortalized macrophages from LXR-DKO bone marrow. (A) Outline of the experimental design for
the generation of immortalized macrophage cell lines, iBMDMs, expressing FLAG-tagged LXR�, LXR�, or no LXRs. (B, left) Whole-protein extracts from
iBMDM-LXR macrophages cultured under different serum depletion conditions (see Materials and Methods) were analyzed by Western blotting for the
expression of virally transduced LXR� or LXR�. Induction levels of the LXR target genes ABCA1 and ABCG1 were also examined. GAPDH was used as a loading
control. (B, right) LXR� and LXR� protein expression was tested in whole-protein extracts from iBMDM macrophages, RAW cells virally transduced with LXR�
(29), and WT peritoneal macrophages treated with GW3965 (1 �M). �-Actin was used as a loading control. The box in the LXR�/� panel indicates the specific
3FLAG-LXR� protein band, which shows a weight slightly similar to that of endogenous LXR� protein. (C) Expression of dual and LXR�-specific (Cd5l) target
genes upon GW3965 or GW233 (1 �M) treatment was examined by real-time qPCR. Results are represented as mean (�SD) values from three independent
experiments. Asterisks indicate statistical significance between treatments: *, P � 0.05; **, P � 0.01.
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(Fig. 4F and Table S2). The apparent interdependence between certain factors and a
specific LXR-bound peak sets suggests a collaborative binding mechanism in either
direction. Given the differential motifs associated with the sequences contained in the
LXR peak clusters, we performed Gene Ontology (GO) term enrichment analysis of the
genes annotated to these sets of peaks (Table S3). Besides the expected functions
related to cholesterol and lipid metabolism, other functions associated with leukocyte
and nonimmune cell homeostasis were found for the dual-peak cluster. The LXR-
specific clusters were enriched for heterogeneous functions, most importantly, cell
differentiation for the LXR�-specific cluster and DNA-binding activity and signal trans-
duction for the LXR� cluster.

In order to gain a more comprehensive vision of the LXR genomic binding pattern
and its relationship to transcriptional control of target gene expression, we performed

FIG 3 LXR�/� ligand-induced binding and histone H3 acetylation in the cis-acting regulatory regions of known LXR target
genes. (A) LXR occupancy was detected in the regulatory sites of known target genes in iBMDM macrophages using anti-FLAG
antibody. Data are expressed as mean (�SD) values from three independent experiments. Asterisks indicate statistical
significance relative to an irrelevant distal region: *, P � 0.05; **, P � 0.01. (B) LXR�/� binding capacity to LXR regulatory sites
was tested in cells cultured with GW3965 and GW233 (24 h, 1 �M). Data are expressed as mean (�SD) values from two
independent experiments. (C) Acetylation/deacetylation dynamics of histone H3 (H3K27ac) upon iBMDM treatment with
GW3965 and GW233 was examined by ChIP-qPCR. Statistical significance was calculated between treatments in each
iBMDM-LXR cell line with unpaired Student´s t test. *, P � 0.05; **, P � 0.01.
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H3K27ac ChIP-seq upon pharmacological treatment with GW3965 and GW233. As
previously indicated, this epigenetic mark is a reliable indicator of active transcription
(6, 41, 42). We used the same pharmacological strategy of agonist versus antagonist
shown in Fig. 3C (without a baseline, vehicle-treated control) in order to get the most
relevant information between maximal activation and repression. Analysis of H3K27ac
changes located within LXR-bound regions (representing a 2-kb window around the
LXR peak center), after a 24-h pharmacological treatment, is presented as a density

FIG 4 Genome-wide occupancy of LXR� and LXR� nuclear receptors in iBMDM cells. (A) Genomic binding locations of LXR� and LXR� nuclear receptors in
iBMDM macrophages are represented in a scatter plot by receptor-normalized ChIP-seq tag counts (log2). (B) Number of unique and shared genomic LXR-bound
sites, depicted as a Venn diagram. (C) Distribution of LXR�, LXR�, and shared LXR�/� binding sites in reference to gene features are shown. TSS, transcription
start site; TTS, transcription termination site. (D) Density heatmap of LXR�, LXR�, and RXR� ChIP-seq peak intensities in a 2-kb window, detected in iBMDM and
primary macrophages (accession number GSE63698). Genomic regions are clustered according to shared LXR�/� as well as LXR�- and LXR�-specific
occupancies. (E) LXR and RXR binding (ChIP sequencing tags per bp) in dual, LXR�, and LXR� peak clusters. (F) Top five de novo and known sequence motif
enrichment associated with LXR/RXR�-bound sites in iBMDM macrophages (see Table S3 in the supplemental material for a complete list). bkgrd, background.
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heatmap in Fig. 5A. Surprisingly, we could identify two types of H3K27 acetylated
regions: those pharmacologically responsive to synthetic compounds and those either
poorly responsive or nonresponsive to pharmacological stimulation. Strikingly, the
majority of the acetylated regions fell within this last category, in the three LXR-bound
peak clusters. Accordingly, LXR peak-associated acetylated genomic regions could be
further subdivided into clusters and arranged owing to pharmacological responsive-
ness (C1 and C2 for dual LXR-bound peaks, C3 and C4 for LXR�-selective peaks, and C5
and C6 LXR�-selective peaks) (Fig. 5A). De novo motif analysis was performed with
HOMER software on clusters C1 to C6, and the most representative predicted factors,
with their associated P values, are indicated for each cluster. Importantly, an LXRE site
was the most enriched sequence motif found in all C1 to C6 clusters. This finding clearly
indicates that a bona fide classic LXR binding site (DR-4), and not indirect, alternative,
or degenerate sites, mediates the recruitment of LXR� and LXR� to their functional
genomic locations.

We next focused on acetylated regions that showed a clear correlation with LXR
binding, i.e., those where an LXR(s) could be found at the core of the open chromatin
region. Box plot representation of mean acetylation tag counts (log2) revealed that
H3K27ac changes experienced similar variations with pharmacological treatments at
locations where LXR� or LXR� is present (clusters C1, C3, and C5) (Fig. 5B, upper). These
results indicate that analysis of H3K27ac changes, in the vicinity of LXR peak locations,
does not distinguish relevant differences between LXR� and LXR� transactivation
power.

LXR� and LXR� transcriptional profiling. To explore the possibility that differen-

tial receptor binding was linked to the selective gene transcription profiles of LXR� and
LXR� in response to ligand, we performed genome-wide gene expression analysis with
a mouse gene 2.0 ST Affymetrix microarray, using RNA from cells stimulated with
GW3965 (maximal activation) and GW233 (control, maximal repression). Expression
data were relativized in two ways: (i) expression values in response to GW3965 were
represented relative to GW233 treatment in each iBMDM macrophage cell line, and
alternatively, (ii) gene expression under each treatment condition was referenced
to expression values obtained in iBMDM-LXR-DKO macrophages. One representation
aimed to discover induced/repressed genes by synthetic compounds, and the second
analysis focused on the analysis of genes induced/repressed by the ectopic expression
of each LXR isoform relative to the LXR-DKO control. Fold changes in transcript levels
were depicted in separate heatmaps, depending on LXR�/�-, LXR�-, or LXR�-mediated
(Fig. 6, left, middle, and right, respectively) transcriptional control. The number of
transcripts induced in each case is also indicated on the left side of each heatmap.

Our analysis revealed three possible transcriptional activation mechanisms or modes
of action, which we designated I, II, and III (heatmaps in Fig. 6). Mode of action I involves
transcript induction in a pharmacologically responsive fashion and derepressed expres-
sion of the transcript in the absence of an LXR(s). Expression of genes in this class is
higher in iBMDM-LXR-DKO cells than that in LXR-expressing iBMDMs under antagonis-
tic conditions (GW233). Mode II represents the canonical model for transcriptional
activation, where agonist binding to the LXR/RXR heterodimer triggers a conforma-
tional change, displacing the corepressor complex and facilitating the interaction with
coactivator complexes. Expression of transcripts is highly dependent on LXR pharma-
cological activation and concomitant presence of the LXR(s) in the macrophage cell.
Consequently, expression of these genes is higher with GW3965 treatment than
iBMDM-LXR-DKO cells. Lastly, induction of transcripts in mode III occurred in a
pharmacologically nonresponsive manner, but expression values were higher in LXR-
expressing lines than in iBMDM-LXR-DKO macrophages under both agonistic and
antagonistic treatment conditions, displaying a stark LXR dependence. Genome
browser snapshots of representative genes and their associated acetylation modifica-
tions are shown below to illustrate each mode of action (Fig. 6, lower).
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FIG 5 Genome-wide colocalization of LXR�/� binding peaks and their corresponding H3K27ac marks in iBMDM macrophages. (A) Changes in acetylation
marks (H3K27ac) upon agonist and antagonist drug treatment of iBMDM macrophages were examined by ChIP-seq. Acetylated areas are represented as a

(Continued on next page)
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We found �100 transcripts upregulated jointly by LXR� and LXR� after pharmaco-
logical activation (including mode I and mode II) (Fig. 6, top left). In contrast, GW3965-
activated LXR� promoted the expression of a strikingly elevated number of genes
(�1,500 transcripts) (Fig. 6, top part of middle heatmap). LXR� activation induced the
expression of �450 genes (Fig. 6, top part of right heatmap). Modes of action I and II
comprised less upregulated transcripts than mode III in all receptor categories. Surpris-
ingly, the number of transcripts regulated by LXR� was an order of magnitude higher
than that by LXR�. These results highlight that LXR�, despite being present at a
reduced number of genomic locations than LXR�, is able to promote transactivation of
a wide collection of genes (Fig. 6, middle). Collectively, these results provide the first
indication that LXR nuclear receptors regulate gene expression through three distinct
transcriptional modes of action.

We next assessed the global correlation between gene expression and LXR� and
LXR� occupancy. This type of analysis distinguishes putative targets that could be
induced directly by the influence of nearby LXR binding or indirectly either by inducing
the expression of other proteins or perhaps by a direct but distant regulation. We
associated each LXR peak with the nearby upstream and downstream genes that
appear within a 50-kb window. This correlation delivered two lists of genes: genes
proximal to LXR� binding locations and genes proximal to LXR� binding locations
(within a �50-kb window). The resulting gene lists were compared to our microarray
gene expression profiling performed in iBMDM-3F-LXR� and iBMDM-3F-LXR�, respec-
tively, using ranked gene set enrichment analysis (GSEA). In both cases, GSEA analysis
revealed that genes which present LXR binding in close proximity strongly clustered
with genes that were upregulated by GW3965 agonist in the microarray gene expres-
sion list (Table S4, represented by red lines under the curve). Gene lists of each analysis
(complete lists are in Table S4) show a high core enrichment score associated with
those genes intensely regulated in the microarray. LXR� binding positively correlated
with 138 genes regulated in the microarray, whereas LXR� appears to be influencing
the positive expression of 266 genes. These results suggest that LXR� modulates the
expression of many genes, possibly through indirect mechanisms (only 138/1,500
correlation), whereas LXR� binding is present in the vicinity of many of its regulated
genes (266/450). Globally, these correlation studies strongly support the idea that direct
binding of LXR to genomic regions promotes the induction of gene expression and not
gene repression.

Bioinformatic analysis of pharmacologically sensitive and insensitive LXR dual
or isotype-selective targets. We further assessed the contribution of LXR-regulated
(either dual or receptor-specific) genes to biological pathways in macrophages, focus-
ing on the two main categories of mechanistically related LXR transcriptional activation:
pharmacologically responsive (modes I and II) and weakly/nonresponsive (mode III). We
performed Ingenuity Pathway Analysis (IPA) and Gene Ontology biological process
enrichment bioinformatic analysis. Among the enriched functions for the pharmaco-
logically responsive category, we found that LXR�/� and LXR�, in addition to be
implicated in lipid metabolism, were also linked with pathways such as the unfolded
protein response and leukocyte migration, respectively. LXR� was strongly associated
with the acute-phase response and vesicle-mediated transport (Fig. 7A and Table S5).
Analysis on the second category (mode III) yielded a totally different array of functions
for each LXR. This analysis linked the genes regulated by both LXR� and LXR� (dually)
to DNA replication and rRNA processing, LXR�-dependent genes to inflammatory
responses, and LXR�-regulated genes to lymphocyte differentiation, among other
functions (Fig. 7B and Table S5).

FIG 5 Legend (Continued)
density heatmap within a 2-kb window of centered LXR�/�, LXR�, and LXR� peaks as described in the legend to Fig. 4D. LXR peak-associated acetylated
genomic regions are subdivided into six clusters (C1 to C6) and arranged depending on pharmacological responsiveness. Clusters C1, C3, and C5,
pharmacologically responsive acetylation marks; clusters C2, C4, and C6, weakly or nonresponsive acetylated regions. Top de novo sequence motifs identified
in clusters C1 to C6 and their associated P values are indicated. (B) Box plot representation of genomic mean changes in H3K27ac mark intensity, measured
as normalized tag counts (log2) in LXR peak subclusters (C1 to C6), after GW3965 and GW233 stimulation and P value changes.
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FIG 6 Expression profiling uncovers LXR dual and isoform-specific targets and reveals putative LXR transcriptional modes of action in response to an
agonist/antagonist. Microarray analysis in iBMDM macrophages was performed using GW3965 and GW233 culture conditions as described in Materials
and Methods. Heatmap panels are presented in sets of two, representing gene expression that depends on LXR�/� (dual targets, top left heatmaps),
is LXR� selective (top middle heatmaps), or is LXR� selective (top right heatmaps). Each pair of heatmaps shows fold changes in response to GW3965
relative to GW233 in each iBMDM cell line (left) or gene expression in response to each drug treatment relative to that of LXR-DKO iBMDMs (right).
Relativized data within each category (LXR�/� [dual], LXR� selective, or LXR� selective) highlight three possible mechanisms mediating gene
activation (modes I, II, and III, as indicated at the right of each set of heatmaps). The number of transcripts regulated through each mechanism is
indicated on the left. Lower panels show UCSC Genome Browser snapshots of representative genes as examples of each mechanism. Idh1, Dusp6, and
Adssl1, gene loci for modes I, II, and III, respectively, of genes dually regulated by LXR�/�; Gnat3, Zfp608, and Ly6e, gene loci for modes I, II, and III,
respectively, of genes regulated selectively by LXR�; and Lipn, Orm3, and Pdgfa, gene loci for modes I, II, and III, respectively, of genes regulated
selectively by LXR�.
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We next sought to identify upstream signaling pathways and factors that had been
implicated in the regulation of these biological processes, acting as signaling hubs and
regulating transcription of these clusters of genes. This type of bioinformatic analysis
would predict possible ways in which LXR activity is connected to signaling factors
that control the expression of these clusters of genes. These regulator pathways may
amplify LXR activation or trigger parallel actions that activate biological pathways
linked to LXRs. Within the pharmacologically responsive category, we found diverse
molecules, such as the lipopolysaccharide coreceptor CD14, the transcription factor
EGR1, and the chemotactic protein S100A8, associated with the LXR�-specific signaling
cascade. On the other hand, molecules connecting gene expression regulated by
LXR�-specific activation were principally cytokines or cytokine-related genes, such as
those for interleukin-6 (IL-6), IL-1�, tumor necrosis factor (TNF), or IL-10RA (Fig. 8). Thus,
these data predict that LXR� (ligand-dependent responses) are involved in Toll-like
receptor (TLR)-dependent immune responses and LXR� participates in IL-1 and TNF
signaling.

Interestingly, when we examined the computer prediction of molecular regulators of
pharmacologically nonresponsive signaling cascades, we found that LXR�-dependent
mode III genes relied on few molecular regulators, particularly on gamma interferon
and TLR9, which displayed an extensive influence over a manifold of additional

FIG 7 Gene Ontology analysis and IPA pathway annotation for microarray gene clusters. Biological pathway analysis was performed
on genes that belong to pharmacologically responsive (up in GW3965/GW233 ratio, modes I and II) and nonresponsive (up when
referred to iBMDM-DKO, mode III) clusters. (A) Most relevant IPA biological pathways associated with modes I and II (pharmacologically
responsive) are depicted as a heatmap. Below, additional relevant GO terms and functions identified by IPA are shown. (B) Most
relevant IPA biological pathways associated with mode III (pharmacologically nonresponsive) are depicted as a heatmap. Pathways
were arranged by receptor dependence. The table on the right shows additional relevant GO terms and IPA functions. Right-tailed
Fisher’s exact test P values for each case are shown. The highest, lowest, and borderline statistically significant P values are shown for
each category.
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FIG 8 Upstream signaling pathways connecting gene expression cascades triggered by LXR activity in a pharmacologically dependent manner (modes I and
II). (A) Molecular regulators of gene expression networks associated with transcriptional modes I and II, identified with IPA. Heatmap color intensities correlate
with significance of right-tailed Fisher’s exact test. (B) Diagrams showing molecular interaction networks between signaling regulators and pharmacologically
active LXR� and LXR�, leading to gene expression cascades. Predicted relationships among molecules yielded by IPA are indicated. The highest and lowest
statistically significant P values are shown for each category.
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molecules, magnifying the initial activating event and triggering several signaling
pathways (Fig. 9). On the other hand, LXR�-dependent genes (insensitive to ligand
stimulation) are connected through a wide variety of upstream molecules that display
a more limited range of action, exemplified by TP53, ESRR�, TCF3, and IL-2 (Fig. 9B,
right). A similar situation was found for both LXR�/� receptors, which appear to
influence signaling pathways through ACKR2 and TREX1. Biological pathway activation
by these molecules was also examined by IPA (Table S6).

DISCUSSION

LXR� and LXR� are nuclear receptors that play a crucial role in the control of
whole-body cholesterol metabolism (43). Previous work from our laboratory and others
has demonstrated that LXRs also participate in diverse aspects of macrophage tran-
scriptional machinery, including inflammation and host defense (7, 44). Both LXR� and
LXR� proteins are present in macrophages, but their individual functions in macro-
phage models have not been conclusively addressed. Despite the fact that LXR activity
has been extensively studied using synthetic agonists in culture systems, an absence of
specific tools to isolate and manipulate LXR� and LXR� proteins individually has limited
our understanding of their specific roles in macrophage biological processes (45). Thus,
the main objective of the present work was to characterize the distinctive transcrip-
tional properties of LXR� and LXR� in murine macrophages. Two main concepts arise
from our study. The first is the striking difference in LXR� versus LXR� genomic binding
landscapes, despite the similarity of their direct DNA-binding motifs. The second is the
different biological consequences of specific LXR DNA-binding events that reflect
distinct modes of transcriptional regulation.

Since naturally occurring macrophage models express various levels of LXR� versus
LXR� (Fig. 1A and B) (6), we generated an immortalized macrophage cellular model
(iBMDM) (37, 39) that expresses equivalent levels of each LXR separately. This iBMDM
model has proven to be an effective way to interrogate macrophage functions in vitro,
as these cells display expression markers and consistent characteristics of functional
macrophages (37). Our iBMDM system expressing FLAG-tagged LXRs, reconstituted on
an LXR-DKO genetic background, allowed us to unambiguously define characteristic
receptor functions. Moreover, we clarified the specific actions of potent, commercially
available pharmacological tools in this LXR reconstituted system: the nonsteroidal LXR
agonist GW3965, widely accepted as potent stimulator of LXR activity (46), and the
synthetic LXR antagonist GW233 (47). We also tested the ability of GW233 to inhibit
GW3965-dependent induction of target genes in LXR single-knockout macrophages,
which confirmed its potent antagonistic effect on both LXR� and LXR�. Our iBMDM
system appropriately reproduces LXR responses shared by LXR� and LXR�, such as
induction of classical dual target genes (48), as well as individual LXR�-specific tran-
scription of Cd5l (29, 49).

Our genome-wide ChIP-seq analysis of LXR� versus LXR� binding revealed a com-
mon group of DNA regions that can be occupied by both LXR� and LXR� and a large
set of distinctive LXR�-specific peaks. The frequency of LXR�-exclusive binding regions
was surprisingly lower. Thus, despite the high degree of similarity between both
receptors, LXR� is able to bind to a larger number of sites than LXR� in the macrophage
genome. We initially expected to find many sites selectively bound by LXR�, as
exclusive actions linked to this receptor have been previously described in vitro and in
vivo (29, 30, 49). Remarkably, our peak filtering strategy used LXR-null cells and input
DNA as negative controls that resulted in a robust set of curated peaks that exhibit DR-4
LXR binding motifs as the most enriched sequence found in all binding sites. Because
previous studies used cell lines with uneven levels of LXRs or antibodies that do not
discriminate between LXR� and LXR�, we believe that our data sets represent the most
accurate LXR binding repertoire described for macrophages (4, 26, 27). Recently, it was
reported that LXR genes arose through a gene duplication event (50). However, it is
unclear whether LXR� has acquired specialized functions related to lipid metabolism
and immunity, losing its ability to regulate other genes, or whether an expansion of
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FIG 9 Upstream signaling pathways connecting gene expression cascades triggered by LXR activity in a pharmacologically independent manner (mode
III). (A) Molecular regulators of gene expression networks associated with transcriptional mode III, identified with IPA. Heatmap color intensities correlate
with significance of right-tailed Fisher’s exact test. (B) Diagrams showing molecular interaction networks between signaling regulators and LXRs. Predicted
relationships among molecules yielded by IPA are indicated. The highest and lowest statistically significant P values are shown for each category.
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LXR�-associated functions has occurred, resulting in LXR� occupying a reduced num-
ber of genomic sites in comparison.

It is noteworthy that our motif analysis identified accompanying sequences that
were selectively associated with the binding of one LXR in particular. For example,
C/EBP-like sites were not found in the LXR�-specific peak set, whereas PBX1 sequences
were absent from the LXR� peak cluster. Interestingly, a signaling cascade dependent
on an LXR�-C/EBP� interaction has recently been described as important for insulin
induction of SREBP1c in the liver (51). In addition, a cooperative mechanism of action
has been previously described for complexes containing the homeodomain protein
PBX1. Interaction of Hox transcription factors with PBX1 complexes was demonstrated
to be necessary to modulate their binding specificity in Drosophila (52). More recently,
PBX1 pioneer binding ability for nonpermissive chromatin was identified in myoblasts,
and this activity is believed to facilitate the targeting of MyoD for muscle lineage gene
activation (53). It is possible that similar or distinctive interactions are also operating in
macrophages. However, to prove the function of these factors in LXR-specific binding
capacities, genetic manipulation of neighboring sequences and/or elimination of these
factors will be necessary. Nevertheless, it is therefore plausible that, despite a canonical
LXRE sequence being present in all of these LXR-specific clusters, the mutually exclusive
binding of each LXR could be facilitated by interactions with a cohort of accessory
factors that provide a permissive binding environment at these genomic locations.

We also used changes in H3K27 acetylation marks in response to agonist/antagonist
as readout of transcriptional activation/repression differences between LXRs. Strikingly,
we found that a remarkable number of the enhancer regions flanking LXR peaks
displayed weak or no H3K27ac changes in response to pharmacological agonist/
antagonist exposure. We hypothesize that this behavior is explained by one or both of
the following possibilities: (i) the presence of LXR on these locations is important to
confer a certain level of H3K27ac mark but does not promote acetylation modifications
in response to ligand, and (ii) LXR binding could be playing a mere bystander role in
these pharmacologically insensitive enhancer regions, and other factors could be
critically contributing to the appearance of these acetylation marks, including pioneer
factors or lineage-determining transcription factors (4).

Analysis of the microarray data set broadened and complemented our ChIP-seq data
interpretation. We defined three different groups of genes that were associated with
distinct putative mechanisms of transcriptional regulation (referred to as I, II, and III).
These three activation modes were found to be employed by both LXR� and LXR�.
Mode I is the derepression mode, which is exemplified by the gold standard LXR target,
Abca1. Mode I gene expression is higher under LXR-DKO control conditions than for the
iBMDM-LXR lines, but their expression increases upon GW3965 stimulation (20). Mode
II represents the canonical transcriptional activation mechanism that has been previ-
ously characterized in depth (35, 36), in which pharmacological responsiveness is
accompanied by higher expression in LXR�- or LXR�-expressing macrophages than
with the LXR-DKO line. Interestingly, a large set of genes found by expression com-
parison does not fall in these two classic modes, and we propose here a distinct mode
of action, called mode III, which represents pharmacologically nonresponsive transcrip-
tional activation. Within this category of mode III, we observe that expression values of
most genes do not respond to pharmacological antagonism with GW233 more so than
with GW3965, but their expression is still significantly higher than that observed in
LXR-DKO cells. It is possible that ectopic overexpression of LXR� or LXR�, even if
liganded by a potent antagonist, promotes the recruitment of coactivator complexes
that results in higher RNA expression levels of a large set of targets than do similar
conditions in LXR-DKO cells. However, future experiments are needed to directly test
the differential requirement of coregulators in modes I and II versus mode III LXR-
regulated gene expression. As mentioned above, this mode III comprises groups of
transcripts regulated dually by both LXR� and LXR� or exclusively by LXR� or LXR�.

Our bioinformatics analyses suggested that LXR� and LXR� participate in specific
biological functions beyond fatty acid and steroid metabolism. For example, LXR�-
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selective gene regulation was found to be linked to apoptosis and leukocyte migration.
Interestingly, we have recently demonstrated that LXRs regulate leukocyte chemotaxis
(54). It will be interesting to validate whether LXR� has a prominent role over LXR� in
leukocyte migration. On the other hand, specific functions for LXR� identified by Gene
Ontology and IPA analysis were linked to selection of thymocytes and lymphocyte
differentiation. Remarkably, binding sites for BATF, which is important for lymphoid
progenitor and Th differentiation (55, 56), were enriched in the LXR�-selective cluster.
Thus, it is possible that LXR� cooperates with BATF in pathways related to lymphocyte
activation. Processes controlled by LXR� in lymphocytes that regulate proliferation and
the acquired immune response have previously been reported (31).

In conclusion, our data provide compelling evidence that LXR� and LXR� bind to
both common and distinct regulatory sequences in the genome and exert transcrip-
tional control over a wide range of macrophage pathways. Importantly, these studies
highlight the importance of LXRs in direct transcriptional regulation of immune-related
functions. Moreover, the integration of our DNA binding and RNA expression data
reveal three distinct modes of transcriptional regulation by LXRs (depicted as models in
Fig. 10). Particularly important is the recognition that most LXR target genes are not
responsive to ligand (mode III). In the future it will be important to link the specific LXR�

and LXR� regulatory actions uncovered here to biological functions in different tissue-
resident macrophage populations, especially in the context of steady-state homeostasis
or disease.

MATERIALS AND METHODS
Mice. WT, LXR�-deficient (Nr1h3�/�), LXR�-deficient (Nr1h2�/�), and LXR�/�-deficient (Nr1h3�/�

Nr1h2�/�) (denoted LXR-DKO) mice on a mixed Sv129/C57BL/6 background were originally provided by
David Mangelsdorf (UTSW) (11). All mice were maintained under pathogen-free conditions in a
temperature-controlled room and a 12-h light-dark cycle in the animal facilities of Universidad de Las
Palmas de Gran Canaria (ULPGC). All animal studies were conducted in accordance with institutional
participants’ animal ethics research committees (protocol CEEA-ULPGC 2015-002 and resolution 414-
2015-ULPGC).

Cell culture and macrophage differentiation. Thioglycolate-elicited peritoneal macrophages were
obtained through injection of 3 ml of 3% sterile thioglycolate (BD Difco), pH 7.0, and after 3 days
macrophages were collected after washing the peritoneal cavity 3 times with cold phosphate-buffered
saline (PBS). All cells were cultured in Dulbecco´s modified Eagle´s medium (DMEM; Lonza) supple-
mented with 10% fetal bovine serum (Gibco), penicillin (100 U/ml) (Sigma), and streptomycin (100 �g/ml)
(Sigma). For BMDM cell differentiation, bone marrow from femur and tibia of 5- to 7-week-old WT or
LXR-DKO mice were isolated and cultured for 7 days in DMEM supplemented with 10% conditioned
medium containing M-CSF or GM-CSF and 1% antibiotics (penicillin and streptomycin) (Sigma).

Immortalization of murine macrophages from bone marrow and expression of FLAG-tagged
LXR� and LXR� receptors. Bone marrow-derived macrophages were immortalized using J2 retrovirus
as previously described (37, 38, 57). Ectopic expression of LXR� or LXR� was performed with a
pBabe-based retroviral expression system. Briefly, Phoenix A cells at 90% confluence were transfected
with the pBabe-3FLAG-LXR� or pBabe-3FLAG-LXR� vector (58), expressing either LXR� or LXR� nuclear
receptors and carrying antibiotic resistance to ampicillin and puromycin. For transfection, 10 �g of
plasmid and Lipofectamine 2000 (Thermo Fisher Scientific), 1:1.5, were used. After 6 h, the culture
medium was replaced with complete DMEM, and after 48 h the medium containing viral particles was
collected. Before exposing iBMDM-LXR-DKO cell culture to the viral supernatant, it was filtered through
a 45-�m-pore-size filter and mixed with 10 �g/ml Polybrene (Sigma). Cells were cultured with puromycin
(2 to 10 �g/ml gradually; Sigma-Aldrich) for 2 weeks. Several clones expressing LXR� or LXR� were
isolated and tested for similar expression using anti-FLAG M2 antibody. A detailed protocol of this
procedure is available through a recent review (59).

Treatment with LXR synthetic ligands. The following pharmacological treatments were used: 1 �M
synthetic LXR ligand GW3965 (46) and synthetic LXR antagonist GSK1440233A (here denoted GW233)
were both from GlaxoSmithKline (47) at 1 �M in dimethyl sulfoxide (Sigma) stock solution. Additionally,
cells were subjected to cholesterol biosynthesis inhibitor culture conditions: serum-free DMEM, supple-
mented with 0.2% bovine serum albumin (BSA; Sigma), and 2 �M zaragozic acid (squalene synthase
inhibitor; Sigma) for 4 h prior to exposure to the synthetic treatments.

Western blotting. Whole-cell protein extracts were obtained with radioimmunoprecipitation assay
buffer (RIPA; 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, and protease inhibitor; Complete; Roche). Protein extracts were resolved by SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Primary antibodies that recognize
ABCA1 (NB400-105; Novus), ABCG1 (NB400-132; Novus), FLAG M2 (F3165; Sigma), LXR�/� (kindly
provided by Knut R. Steffensen, Karolinska Institute [27]), �-actin (sc-47778, C4; Santa Cruz), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; G9545; Sigma) were used. Secondary antibod-
ies were horseradish peroxidase (HRP)-coupled anti-mouse and anti-rabbit antibodies (sc-2005 and
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sc-2004; Santa Cruz). Reactive bands were detected by Clarity Western ECL substrate (Bio-Rad). One
representative Western blot from three independent experiments is shown in each case.

ChIP assay. ChIP assay for the study of the LXR cistrome and variations in the acetylation status of
lysine 27 on histone H3 (H3K27ac) was performed as follows. Cell fixation and cross-linking were
performed. First, 2.5 � 107 macrophages were fixed with 2 �M disuccinimidyl glutarate (ThermoFisher
Scientific) in PBS for 30 min. Cells next were washed with PBS and fixed for another 10 min with 1%
methanol-free formaldehyde (ThermoFisher Scientific). The cross-linking reaction was quenched by
adding glycine to a final concentration of 200 mM (Sigma). Chromatin extraction was performed in a
two-step lysis reaction. First, a hypotonic buffer was used for nucleus extraction (50 mM Tris-HCl, pH 8,
85 mM KCl, 0.5% NP-40, supplemented with Complete [Roche] protease inhibitor). Second, chromatin
was resuspended in lysis buffer (50 mM Tris-HCl, pH 8, 10 mM EDTA, 1% SDS, Complete) and stored at
�80°C. Chromatin then was sonicated with a Diagenode Bioruptor sonication device for 60 min (30 s
on/30 s off) to generate 200- to 400-bp fragments, and 10% of the total volume was set aside to test
fragment size (input material). Immunoprecipitation was performed with 4 �g of anti-FLAG M2 antibody
or anti-H3K27ac (ab4729; Abcam) on 2 ml of previously diluted chromatin with dilution buffer (10 mM
Tris-HCl, pH 8, 2 mM EDTA, 1% Triton X-100, 150 mM NaCl, and 5% glycerol). Protein-bound immune
complexes were captured with 100 �g of magnetic Dynabeads protein A (Thermo-Fisher Scientific).
Unbound complexes were washed out with 3 buffers of increasing ionic strength: 20 mM Tris-HCl, pH 8,
2 mM EDTA, pH 8, 1% Triton X-100, 0.1% SDS, and either 150 mM (first buffer) or 500 mM NaCl (second
buffer), and 10 mM Tris-HCl, 1% sodium deoxycholate, 1 mM EDTA, pH 8, 1% NP-40, 250 mM LiCl (third

FIG 10 Proposed mechanisms for LXR nuclear receptor transcriptional activation. Through integration of
gene expression and genome binding data, three possible transcriptional LXR-mediated mechanisms or
modes (namely, I, II, and III) are proposed.
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buffer). These washes were followed by 2 washes with TE buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA, pH
8). DNA fragments were reverse cross-linked for 30 min at 37°C in 1% SDS, 0.1 M NaHCO3, 10 �l of 5 M
NaCl, 6 �g/ml RNase A for 1 h at 55°C with 400 �g/ml proteinase K (TaKaRa). Column purification was
performed with a Qiagen QIAquick PCR purification kit, and DNA was eluted in a final volume of 50 �l,
5 �l of which was used for qPCR amplification. Primers used for ChIP-qPCR analysis are listed in Table S7
in the supplemental material.

High-throughput sequencing. ChIP DNA was quantified using a Qubit 2.0 fluorometer. To prepare
libraries, a minimum of 2 ng of anti-FLAG-immunoprecipitated DNA and 1 to 2 ng of anti-H3K27Ac-
immunoprecipitated DNA was pooled from 5 biological replicates per condition. Libraries were prepared
by the Genomics Unit of the Centre de Regulacion Genomica (CRG; Barcelona, Spain) using the NEBNext
Ultra DNA library preparation kit for Illumina (number 7370) by following the manufacturer’s instructions.
Twelve cycles of PCR were done for the final library amplification for all samples. Sequencing was
performed using Illumina HiSeq2000 equipment. For ChIP-seq, sequencing data (single-end 50-bp reads)
obtained from Illumina HiSeq2000 were aligned to the UCSC mm10 genome using bowtie2 aligner
(v2.2.9) (60). Each ChIP-seq experiment was normalized to a total number of 107 uniquely mapped tags.
Aligned read files were visualized with IGV (61) genome browser and analyzed with HOMER software
(http://homer.ucsd.edu/homer/) (v4.9). LXR peaks in each experiment were identified using HOMER and
compared to data obtained from LXR-DKO samples as a negative control (4). The peak list was further
filtered using a tag count cutoff of 40. This number was chosen by comparing the average tag count
found in LXR peaks in each experiment. LXR peaks and H3K27Ac regions were clustered and represented
as tag densities on a heatmap within a window of 4 kb around the LXR peaks using SEQminer (62).
Ontology analysis of each LXR peak cluster was performed with the DAVID bioinformatics resource (63).
Details of all applied bioinformatic analytical tools are available in a recent review protocol on this
particular data processing method (64). GSEA was used to correlate gene expression data with LXR
ChIP-seq data (65). GSEA analysis was performed using two lists: a preranked gene expression list
obtained from microarray analysis and a list of genes obtained from the annotation of ChIP-seq peaks to
the neighboring genes found on a window of �50-kb using BedTools (66) and the mouse genome
annotation of UCSC mm10.

RNA extraction, cDNA synthesis, and real-time qPCR. Total RNA was extracted from iBMDM-LXR-
DKO or iBMDM-LXR�/-LXR�, using TRI Reagent (MRC) by following product specifications. The RNA pellet
was resuspended with diethyl pyrocarbonate-treated water, and 1 �g was used for retrotranscription
with an iScript cDNA synthesis kit (Bio-Rad). For RT-qPCR assay, 5 �l of cDNA was mixed with 15 �l of 2�
PCR MasterMix (Diagenode) and 0.4 �M qPCR primer mix. Primers used for qPCR analysis are listed in
Table S7. Fluorescence emission was captured with a CFX Connect thermal cycler (Bio-Rad). The relative
levels of RNA were calculated according to the ΔΔCT method (where CT is threshold cycle), and individual
expression data were normalized to 36B4 expression.

Microarray analysis and biological pathway analysis. Changes in RNA expression promoted by
ligand treatment (GW3965 and GW233) in immortalized macrophages were analyzed using a
GeneChip mouse gene 2.0 ST array (Affymetrix). Raw expression values, obtained as log2 values and
normalized to reference genes, were processed by the Genomic Unit of the Complutense University
of Madrid. Heatmap representations were performed according to log-transformed values (log2) of
fold changes in expression and arranged in decreasing order of magnitude. Gene Ontology
biological process analysis (GO BP terms) and IPA were performed on transcripts classified in the
three heatmap categories under program default settings. Only significant terms (P value of �10�2)
are shown.

Statistical analysis. Real-time quantitative PCR expression measurements and immunoprecipitated
fragment amplification are presented as means (standard deviations [SD]) and were calculated from
three biological replicates. Statistical differences from reference conditions were analyzed with unpaired
t test.

Data availability. Data sets are available under NCBI GEO database accession series GSE104027.
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