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ABSTRACT Peroxisome proliferator-activated receptor y (PPARYy) is a nuclear recep-
tor essential for adipocyte development and the maintenance of the alternatively
polarized macrophage phenotype. Biochemical studies have established that as an
obligate heterodimer with retinoid X receptor (RXR), PPARy binds directly repeated
nuclear receptor half sites spaced by one nucleotide (direct repeat 1 [DR1]). How-
ever, it has not been analyzed systematically and genome-wide how cis factors such
as the sequences of DR1s and adjacent sequences and trans factors such as cobinding
lineage-determining transcription factors (LDTFs) contribute to the direct binding
of PPARvy in different cellular contexts. We developed a novel motif optimization
approach using sequence composition and chromatin immunoprecipitation with
high-throughput sequencing (ChIP-seq) densities from macrophages and adi-
pocytes to complement de novo motif enrichment analysis and to define and
classify high-affinity binding sites. We found that approximately half of the
PPARy cistrome represents direct DNA binding; both half sites can be extended
upstream, and these are typically not of equal strength within a DR1. Strategi-
cally positioned LDTFs have greater impact on PPARy binding than the quality of
DR1, and the presence of the extension of DR1 provides a remarkable synergy
with LDTFs. This approach of considering not only nucleotide frequencies but
also their contribution to protein binding in a cellular context is applicable to
other transcription factors.
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beyond DR1 was not revealed (4-7). Subsequently, based on close to 30 PPREs, a
5'-(A)AACT-3’" sequence directly upstream of DR1s was identified (8, 9). These sporad-
ically identified extended DR1s proved later to be the strongest PPREs in biochemical
assays (7, 10, 11). More recently, the importance of the 5’ extension was also confirmed
by biotin-labeled double-stranded DNA pulldown assays (12) and microfluidics-based
dimer-DNA interaction assays (13). These methods suggested that the length of the 5’
extension is 5 nucleotides. Accordingly, the crystal structure of the PPARy/RXRa
heterodimer was also determined on the 5'-AAACTAGGTCAAAGGTCA-3’ consensus
sequence (boldface nucleotides highlight the 5" extension/spacer of NR [AGGTCA] half
sites) (14). Based on the obtained structure, the DNA-binding domain (DBD) of the
PPARvy sequence specifically interacts with the upstream half site, and the carboxy-
terminal extension (CTE) of the DBD directly interacts with the 5’ extension within the
minor groove. Similarly, the CTE of RXR is also located within the minor groove, and
thus the heterodimer wraps around the DNA in the middle of the PPREs (14).

However, all these analyses were carried out either on very few response elements
or in highly artificial model systems, often using nonchromatinized DNA, including
transient transfections and irrelevant cell types or in vitro (8, 9, 12, 13). In contrast,
chromatin immunoprecipitation (ChIP) with high-throughput sequencing (ChIP-seq)
allowed the genome-wide identification of thousands of binding sites from live cells,
facilitating the better characterization of PPARy-chromatin interactions (15-17). Utiliz-
ing the knowledge of mammalian genomes and cistromic (ChIP-seq) results, it became
clear that there are millions of potential binding sites throughout the genome (e.g., one
per kilobase), but only a fraction of these are occupied and functional within a given
cell at a given point in time and even fewer represent high-affinity binding sites. A key
question is what supports cell-type-specific binding and activity at these sites. In order
to answer this, one needs to consider the contribution of context-relevant TFs, such as
lineage-determining transcription factors (LDTFs).

Interestingly, PPARy is an LDTF of both white and brown adipocytes, and its
cistromes in the two cell types overlap significantly (15). The other LDTF of
adipocytes with which PPARy works closely, for example, to synergistically activate
metabolic genes is CCAAT/enhancer-binding protein alpha (C/EBP«) (18). In the
PPARYy cistrome of adipocytes, these two TFs show the highest motif enrichment. In
contrast to previous results and assumptions drawn based on reporter assays and
high-throughput DNA-protein interaction assays, a conserved, up to 4-nucleotide-
long 5’ extension of PPARy binding sites could be observed in both human and
mouse cells by using ChIP-seg-based motif enrichment analyses (18-20). However,
the approaches resulting in position weight matrices (PWMs) of the motifs also have
major technical limitations. Per-position nucleotide frequencies cannot describe the
substantial variety of motifs and are unable to reflect the significance of each
nucleotide in DNA-protein interactions, especially the importance of di- or trinucle-
otides within response elements (21).

We have been studying PPARy in macrophages, a cell type in which PPARy does not
have a lineage-determining role per se. However, its cistrome is very dynamic, and
its expression largely increases during alternative macrophage polarization upon
interleukin-4 (IL-4) stimulation in both human and mouse models (17, 22, 23). IL-4
treatment of mouse bone marrow-derived macrophages (BMDM:s) results in a signifi-
cant extension of the PPARy/RXR cistrome, which is coupled with the commissioning
of thousands of previously unoccupied binding sites (17, 24). Although more than half
of the PPARY/RXR cistrome shows some activity, e.g., enhancer transcription, only a
small fraction of these sites shows responsiveness to the synthetic PPARy ligand
rosiglitazone (RSG). Importantly, the composition of PPREs differs at PPARy ligand-
responsive and nonresponsive sites. Ligand-responsive DR1s are significantly more
frequently extended, and, in addition, higher PPARy ChIP-seq densities can be ob-
served at these sites (17, 24).

Despite a significant amount of work on the contribution of cis- and trans-acting
factors to the nature of PPREs, there is no clear understanding of the significance, exact
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frequency, required length, composition, or variants of the 5" and potential 3’ exten-
sions of PPREs in vivo and genome wide. Furthermore, experiments testing sequence
requirements of PPAR/RXR heterodimers could not explain how collaborating LDTFs
contribute to NR binding, although one can surmise their pivotal roles in this aspect as
well.

In order to unravel the contributing molecular interactions within a hierarchy of
factors that determine chromatinized DNA binding by PPARvy, we characterized the
composition and extension of PPREs of alternatively polarized macrophages and
adipocytes and then examined their contribution to DNA/protein contacts in
combination with the presence of cell-type-specific LDTFs, PU.1 and C/EBP, respec-
tively. Although we did not systematically connect PPARy binding events with gene
regulation in this work, for simplicity, we refer to PPARy-specific binding sites as
PPREs throughout this paper. We found that the greatest impact on PPARy binding
is exerted by LDTFs, and the second most important contributor is a PPRE contain-
ing an exactly 4-nucleotide-long (5'-AACT-3’) 5’ extension. Importantly, the pres-
ence of both of these factors had a synergistic effect on PPARy binding. Further-
more, we observed that the half sites of most PPREs had different, uneven strengths
and that the half site of RXR could also be extended. Finally, we uncovered a
general shift of LDTF binding upstream to high-affinity PPREs and a so-far uniden-
tified C/EBP:DR1 composite element.

RESULTS

The macrophage PPARY cistrome is partially independent from the RXR cis-
trome and highly enriched for PU.1 and AP-1 motifs. We determined the PPARy and
RXR cistromes of alternatively polarized macrophages exposed to IL-4 for 24 h using
ChIP-seq (Fig. 1A, left). Approximately 44,000 PPARYy binding sites could be predicted
in the two biological replicates, each by using MACS2 (25), and ~73% of these
overlapped (see Fig. STA in the supplemental material). This overlap contained 32,180
binding sites, which we termed the “consensus set.” The nonoverlapping peaks showed
significantly lower ChIP-seq densities measured by HOMER (26) than the top peaks
but displayed motif enrichments similar to those of the top peaks (Fig. S1B and C).
Regarding the high quality of these ChIP-seq data (the IP efficiency was over 19 for
both replicates according to HOMER), we used the broader range of binding
strengths, with any detectable peaks also considered to be part of the PPARy
cistrome. This had the following several advantages to support statistical analyses:
(i) we could map a higher number of putative DR1 elements, (ii) these DR1 elements
included extremely strong and weak ones, (iii) together, the sequences and (non-
basal) ChIP-seq densities of these DR1 elements could be used to determine their
contribution to DNA-protein interactions, and (iv) by using the binding density of
other factors, the significance of the presence and collaboration of the DRI
elements could also be better assessed.

In the next step, we compared the PPARy and RXR cistromes. In order to make
PPARy and RXR signals comparable, they were normalized based on the median
ChlIP-seq density of the overlapping fraction of the two cistromes (Fig. 1A, left). We then
clustered them into three sets of binding sites: fewer than 12% of the sites showed
stronger PPARy than RXR ChIP-seq density (Fig. 1A, top), ~37% showed similar
(<1.5-fold difference) enrichment for the two proteins (Fig. 1A, middle), and more than
half of the sites were more enriched for RXR (Fig. 1A, bottom). These data suggest that
the relationship between the two components of the heterodimer is complex even if
one considers that RXR can bind other receptors.

We then aimed to map the direct binding events by PPARYy, in order to cover as
many PPREs as possible. The DR1 motif derived from the top 1,000 PPARy peaks
covered more than half of this peak set (Fig. S1C) and 18.8% of the entire cistrome.
Assuming that the larger the ChIP-seq density the higher the motif specificity, we
looked for additional de novo motifs of different compositions (Fig. 1B). For this, we
used the top 1,000 PPARY binding sites of the second octile, second quartile, and
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FIG 1 Relationship of the PPARy and RXR cistromes and enriched motifs in alternatively polarized macrophages. (A) Genome-wide representation of PPARy
(purple) and RXR (red) ChIP-seq densities and motif enrichments (gray) at the PPARy-specific (n = 7,708), common (n = 24,761), and RXR-specific (n = 34,108)
sites. Genomic regions were ordered based on the ratio of PPARy and RXR ChIP-seq densities and separated at a 1.5-fold difference. Read distribution heat maps
are depicted on 1.5-kb regions in 30-bp resolution, relative to the summit position of primarily PPARy, or RXR, peaks. Motif distribution heat maps represent
the densities of the indicated motifs (top), depicted in 10-bp resolution (GEO accession no. GSE115083) (17, 24). (B) De novo DR1 motifs enriched in the top
1,000 peaks of the entire set and the 2nd octile, the 2nd quartile, and the bottom half of the consensus PPARy peak set. P values and target/background
percentages are indicated, and PPAR and RXR half sites are highlighted with purple and red dashed lines, respectively. (C) Correlation between PPARy (purple)
or RXR (red) enrichment and motif density. Genomic regions ranked by PPARy or RXR ChlIP-seq density were split into 1,000 bins (n = 66). The average ChIP-seq
density and the cumulative number of the indicated motifs were determined for each bin. Pearson correlation coefficients were calculated by using the per-bin

values.

bottom half of the consensus peak set. Mapping the position weight matrices
(PWMs) of the obtained three DR1 motifs together with that derived from the
highest peaks showed a 71% higher DR1 enrichment correlating with PPARy
binding (Fig. 1A, right) and covering close to a third of the cistrome. This means that
this portion of the cistrome is almost certainly the result of direct DNA binding. Of
note, genome wide, we identified 1.73 million putative DR1s by these four PWM:s.
Cellular and molecular mechanisms are required to select binding sites mostly from
this pool (26).

The additional de novo motifs were determined around the summit of the 1,000
highest peaks that lacked putative DR1s and were dominated by PPARy or RXR or
showed similar protein binding (Fig. 1A, right). 12-O-Tetradecanoylphorbol-13-acetate
(TPA) response element (TRE), which is specific for activator protein 1 (AP-1) het-
erodimers, purine-rich (PU-box or PU.1) response element, and early growth response
(EGR) motifs appeared to be specific for PPARy binding, while C/EBP motifs were
enriched at those sites with similar PPARy and RXR ChIP-seq densities. Sites with
frequent RXR binding and no PPARYy gave very specific DR4 and DR5 motif enrichments,
showing that other heterodimerizing partners, probably liver X receptor (LXR) and
retinoic acid receptor (RAR), respectively, are also readily detectable in alternatively
polarized macrophages (Fig. 1A).

In order to verify the trends observed in motif distribution, we applied a
correlation analysis (Fig. 1C). The entire PPARy/RXR cistrome was ranked by ChlP-
seq density and split into 1,000 bins (n = 66 for each), and the cumulative numbers
of putative elements and average ChIP-seq densities per bin were compared. As
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expected, PPARy binding was highly dependent on DR1s, and RXR enrichment
showed correlation with the presence of all three DR motifs tested. In contrast to
PPAR+y binding, low or no correlation could be observed between RXR binding and
PU.1 or TRE motif enrichments, respectively (Fig. 1C). Although we had only indirect
evidence for the collaboration of PPARy/RXR with macrophage-specific factors,
these results suggested that PPAR+y binding correlated with apparent PU.1 and AP-1
binding and with RXR binding.

Notably, in the case of the most robust ChIP-seq peaks, we observed two notewor-
thy phenomena: (i) there was a bias toward the presence of an upstream 5’-(A/T)NT-3’
sequence extension, and (ii) the first nucleotide of the PPAR half site was preferentially
G instead of A (Fig. 1B). In order to sort out the contributions of the different variants
and the significance of the different parts of PPREs, we applied novel motif composition
analyses coupled with PPARy binding data.

High-affinity PPREs are extended by 4 nucleotides upstream. We determined
~20,000 putative DR1s within 200 nucleotides around PPAR+y peak summits by using
the four PWMs described above (Fig. 1B). Regions with two or three DR1 motifs showed
significantly higher PPARy ChIP-seq densities than those with one or multiple sites, so
to avoid additive effects due to nearby PPREs, only single DR1 binding events
(n = 14,924) were included in the downstream analyses (Fig. S2A). In order to discrim-
inate PPREs based on their nucleotide composition, we applied k-means clustering
(k = 50) based on the sequence of mapped motifs (Fig. S2B). The composition of the 5’
half site was fairly diverse, with the dominance of 5’-(A/G)GGNCA-3’ sequences: the
spacer was A or G (R), and the RXR-bound part showed a high frequency of the
canonical 5'-AGGTCA-3’ half sites (Fig. S2B and C). In the 5" extension, A or W (A/T) at
position —3, G or S (C/G) at position —2, and T or W at position —1 showed enrichment,
and out of all possible combinations, 5'-ANT-3" sequences showed the highest fre-
quency. A rank order of motif clusters was established according to the upper quartile
of PPARYy coverage values, as indicated in Fig. S2B. Comparing the top and bottom five
motif clusters, we found that an initial 5'-GGG-3’ trinucleotide of the PPAR half site was
dominant at the highest peaks and were not typical at the smallest ones; in line with
the motif enrichment analysis, directly upstream of the top sequences, at least a single
A (=3) or T (—1) was enriched (Fig. 2A; Fig. S2B). These results were consistent with the
de novo motif hits (Fig. 1B) and also the newest protein-binding microarray results (27)
but were in contrast to results for the classical PPREs.

Previously, the involvement of 4- to 6-nucleotide-long regions upstream of DR1s
was suggested for more extensive PPARy binding (8, 9, 12, 13). Indeed, the initial
nucleotide frequencies upstream of DR1s showed some enrichment of 5'-AAAGT-3’
(5-WRWST-3') nucleotides (Fig. 2B, top). In order to test which nucleotides may
contribute to frequent PPARy binding, we used a motif optimization approach, termed
nucleotide contribution analysis. For this, we calculated the average PPAR+y ChIP-seq
density of each DR1 harboring a given nucleotide at a given position (Fig. S2D) and
compared these to the average ChIP-seq density of all regions (Fig. 2B, middle). We
then translated nucleotide contributions to a motif logo, highlighting nucleotides that
had the greatest impact on PPARy binding, and calculated the P values between the
ChIP-seq densities of those sequences having or lacking the preferred or canonical
nucleotides (Fig. 2B, bottom; red characters indicate nucleotides being impaired). In
addition to the previously found 5’-AST-3’ trinucleotide sequence, an upstream A
appeared. Furthermore, nucleotides within the NR half sites also showed some
preferences. G, A, and C at positions 1, 3, and 4, respectively, of the upstream half
site and T at position 5 of the downstream half site significantly facilitated PPARy
binding. Significantly, within the downstream sequences, G nucleotides showed
some preference, especially at position +3.

We were interested whether the different PPAR half sites showed distinct sequence
preferences within the 5" extension, so according to the results of motif clustering, we
discriminated the six most frequent variants based on their first three nucleotides
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FIG 2 Identification of the extensions of PPREs. (A) The top and bottom 5 DR1 motifs, determined by k-means clustering (i = 50) of the single DR1
sequences per-PPARy binding site (n = 14,924) and ranked by per-cluster PPARy ChIP-seq density. Consensus sequences are included (bottom), and the
PPAR and RXR half sites are highlighted with purple and red dashed lines, respectively. (B) The process of nucleotide contribution analysis. Nucleotide
frequencies of the single DR1s are depicted (top). The heat map represents the average PPARy ChIP-seq density of all DR1s harboring the indicated
nucleotide (y axis) at the indicated position (x axis), relative to the average PPARy ChIP-seq density of all single DR1s (middle). The obtained
“contribution” values were transformed to a motif logo highlighting those nucleotides improving PPREs. The heat map represents the P values
determined between the ChIP-seq densities of those sequences having or lacking the indicated, preferred or canonical, nucleotides (unpaired t test). The
upper line represents the higher —log (P value). White characters indicate the improving nucleotides, and red characters indicate the ones being
impaired (bottom). Purple and red lines represent the PPAR and RXR binding sites, respectively. (C) Contribution of single nucleotides to direct PPRE
binding. Read distribution histograms represent the average PPARy ChIP-seq coverage of the indicated motifs, depicted in 10-bp resolution. (D and E)
Frequency of nucleotide pairs of the single DR1s (D) or the contribution of these nucleotide pairs to PPARy binding (E), depicted as Circos plots. The
color-coded outer arc represents the nucleotides of DR1 and its flanking regions; the cooccurring nucleotides are represented by the inner arcs, whose
thickness is proportional to the frequency of the involved nucleotide pairs (D) or the average PPARy ChIP-seq density calculated on the DR1s harboring
the involved nucleotide pairs (E). The purple and red arcs represent the PPARy and RXR binding sites, respectively.
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(5'-AGG-3’', 5'-GGG-3’, 5'-AAG-3’, 5'-AGA-3’, 5'-GGA-3’, and 5'-GAG-3’) (Fig. S2B and
C). Half sites starting with nucleotide A showed a higher frequency of G at position —2,
while those starting with G cooccurred instead with C at that position. Regardless, both
kinds of half sites showed the most frequent binding in the presence of the 5'-AACT-3’
extension (Fig. S2E).

Within this nucleotide tetramer, the last T was the most frequent and most effective
in supporting PPARy binding, especially in front of G nucleotides (Fig. S2E). In order to
demonstrate its effect, we plotted the average PPARy ChIP-seq densities at DR1s of
different compositions and having or lacking this T (Fig. 2C). In this analysis, DR1s were
used from the clusters with a 5'-RGGNSARAGGNSA-3' consensus sequence and thus
might contain mismatches at any position. Importantly, neither the first nucleotide of
the 5’ half site nor the spacer nucleotide affected PPARy ChIP-seq density significantly,
while the presence of a single upstream T largely improved any of the examined groups
of DR1 sequences (Fig. 2C).

By analyzing the contribution of single nucleotides to PPARy binding frequency, we
identified important ones both upstream and downstream of DR1s (Fig. 2B). Impor-
tantly, we also found that sequences beyond these sequences do not contribute to
binding. In order to test nucleotide concomitances and their effect on DNA-protein
interactions, we did the same analysis for cooccurring nucleotides at different positions.
Within the Circos plot shown in Fig. 2D, each nucleotide at each position of the DR1 and
its flanking sequences is represented on the outer arc; the inner arcs represent the
linked nucleotide pairs, and the thickness of these arcs is proportional to the frequency
of nucleotide pairs. Although we could not discriminate outstanding nucleotide con-
comitances, pairwise nucleotide frequencies clearly separated the extended PPREs from
the neighboring random sequences—one (or two) thick arc(s) versus four thin arcs
arriving at a position, respectively (Fig. 2D). Testing pairwise nucleotide contributions to
PPAR+y recruitment and visualizing this also as a Circos plot, where thickness is
proportional to the contribution of a given pair of nucleotides, a strong preference of
the 5’ extension and its cooccurrence (positions —4, —3, and —1) with the downstream
G at position +3 are outlined (Fig. 2E). Furthermore, several important pairs within the
PPARvy binding site are clearly visible. For instance, A at position —4 together with A at
position 3 led to very frequent PPARy binding, which might indicate even a specific
conformation of PPARy on the DNA.

Since this analysis reinforced that the highest-affinity PPAR half sites started with
5'-GGA-3’ nucleotides, we compared PPAR+y ChIP-seq densities of the top 6 variants of
PPREs (Fig. S2F). This analysis indeed resulted in the finding that G instead of A at
position 1 and A instead of G at position 3 improved DR1s, while A instead of G at
position 2 impaired the motif. However, median and low PPARy ChIP-seq densities
were essentially unaffected by the composition of DR1s (Fig. S2F).

The LDTF PU.1 synergistically facilitates PPARy binding at extended PPREs. In
order to uncover the reasons for the scattered distribution of PPARy ChIP-seq densities
observed even at elements with similar strengths, we utilized PU.1 ChIP-seq data (Fig.
3A to C). We classified PPREs by the ratio of the present CTE-specific nucleotides (Ext0
to Ext4) and the presence or absence of PU.1 binding; this resulted in a striking PPARy
peak size distribution (Fig. 3A and B). In the absence of PU.1, the existence of the
perfect 5’ extension had less than a 1.5-fold effect on PPARy ChIP-seq density, while in
the presence of PU.1, this ratio was almost 3-fold (Fig. 3A). The presence of PU.1 caused
an ~2- to ~5-fold enrichment of PPARy occupancy, depending on the strength of PPRE
extension, and the existence of the extension and the presence of PU.1 together caused
the highest, ~6-fold difference between the extreme binding sites. The enrichment of
PPARY led to PU.1 enrichment at these sites. The higher the ratio of strong DR1s, the
higher the PU.1 ChIP-seq density and chromatin openness (detected by assay for
transposase-accessible chromatin with high-throughput sequencing, ATAC-seq [28])
could be reached (Fig. 3C), but only in the presence of a greater number of PU.1 motifs
(Fig. 3D). In the absence of PU.1, only a small fraction of binding sites showed high
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D WMotif distribution

FIG 3 Effects of PPRE extensions on the collaborative binding of PPARy, RXR, and PU.1. (A) Dependence of PPARy binding on the presence (blue) or absence
(purple) of PU.1 and the strength of the 5’ extension (Ext0 to Ext4). Extensions were discriminated by the number of nucleotides matching the 5'-AACT-3'
sequence. (B) Number of the DR1s with different 5’ extensions in the presence or absence of PU.1. (C) Ratio of the 5’ extensions of different strengths (ExtO
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PPARy ChIP-seq densities, and this was coupled with elevated but still moderate
chromatin openness (Fig. 3C, bottom). This relatively high PPARy ChIP-seq density
might be explained by the higher ratio of strong DR1 extensions, because no other
motifs were enriched at these sites (Fig. 3C and D). During the time course of IL-4
treatment, we observed that the mostly steady-state PU.1-bound and accessible chro-
matin regions recruited TFs, while those PPREs lacking the pioneer factor PU.1 were
typically not efficient in recruiting further TFs and opening chromatin.

By carrying out these analyses, we noticed a shift between the top PPARy and PU.1
peaks (Fig. 3C, top), and also the PU.T motif distributions were unequal at these sites
(Fig. 3D, top). Plotting PU.1 ChIP-seq densities (Fig. 3E) and motif numbers around
PPREs of the top, middle, and bottom 500 PU.1-bound regions (Fig. 3F) indeed showed
a shift upstream to DR1s. Notably, both the TRE and C/EBP motif distributions were
even more unequal at the top peaks (Fig. S3A), and C/EBP motifs showed a discrete
enrichment directly upstream of DR1s, although their number was very low (n =15
within 10 bp). These results indicated that not only the presence of the motifs of
collaborating TFs but also their locations on DNA relative to each other are important,
which might be responsible for a more effective interaction between the associating
proteins.

PPARY/RXR heterodimers bind uneven PPREs. Upon identifying the two major
factors, PU.1 binding and extended PPREs, determining robust PPARy binding in
macrophages, we aimed to find out how these lead to asymmetrical PPARy/RXR
binding (Fig. 1A). We examined the DR1 sequences first. Plotting the average PPARy
and RXR ChlIP-seq densities calculated at PPREs having or lacking the entire 5’ extension
in the presence of PU.1, we obtained similar results as earlier. At the top sites, RXR
showed lower ChIP-seq density than PPARy, while weak PPARy binding was coupled
with more frequent RXR recruitment on average (Fig. S3B). PPARy and RXR peak
summits showed the expected relative locations of the two NRs, although this was
more apparent at sites having the 5’ extension (Fig. 3G; Fig. S3B). Next, we examined
whether this phenomenon was due also to the NR half sites of different strengths. We
calculated scores for three submotifs, 5" extension, 5’ half site, and 3’ half site, for each
putative PPRE and generated 10 motif classes by k-means clustering (Fig. 3H). Ordering
the classes by the score of the 5’ extension resulted in a checkered pattern of the
strength of NR half sites, indicating that strong half sites typically associated with weak
ones (Fig. 3H, left). Generating motif logos indeed mirrored that usually there was only
one complete half site within the examined sequences (Fig. 3H, right).

In order to measure the effects of submotif strength on NR binding, we assigned the
average ChIP-seq densities to the average submotif scores of the classes in the
presence or absence of PU.1 (Fig. 3I). Interestingly, ChIP-seq densities did not always
follow the pattern of submotif strength. While the presence of strong 3’ half sites was
associated with frequent RXR binding (classes 1, 3, 7, 8, and 10), in the absence of its
CTE-binding site, PPAR+y associated with these high-affinity RXR sites independently of
the quality of its own sites (classes 1, 3, and 5 versus classes 2 and 4). In contrast, the
extended PPAR half sites let PPARy facilitate RXR binding (class 9). This analysis
demonstrated that the existence of the 5’ extension is a key feature to specific DNA
binding of PPARy, even in the absence of a strong PPAR half site, as the highest-affinity
DR1s carried the best CTE-binding sites and strong RXR half sites but relatively weak

FIG 3 Legend (Continued)
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to Ext4) relative to the PPARy enrichment in the presence (n = 7,368) or absence (n = 7,556) of PU.1. Bars represent the percentages of different DR1s (Ext0
to Ext4) in 2 X 10 deciles (n = 736 and 755, respectively) (left). Read distribution heat maps showing PPARy (purple) and PU.1 ChiP-seq (blue) and ATAC-seq
(black) densities are depicted on 1.5-kb regions in 30-bp resolution, relative to DR1s (right). Stages of the time course upon IL-4 treatment are indicated (GEO
accession no. GSE115083 and GSE107456) (17, 24). (D) Distribution of the indicated motifs around DR1s in the presence or absence of PU.1, depicted on 1.5-kb
regions in 10-bp resolution. (E and F) Average PU.1 ChIP-seq coverage (E) and PU.1 motif distribution (F) around the top, middle, and bottom 500 DR1s
according to PPARy ChIP-seq densities, depicted in 10-bp resolution. (G) Summit distribution of PPARy (purple) and RXR (red) peaks relative to extended (Ext4)
and nonextended (Ext0) DR1s. (H) Classification of PPREs based on the score of the indicated three submotifs (5’ extension, 5’ half, and 3’ half) by k-means
clustering (k = 10). PPARy and RXR submotifs are highlighted with purple and red dashed lines, respectively. (I) Correlation between the average submotif score

and the PPARY/RXR ChIP-seq density of the 10 motif classes in the presence (left) or absence (right) of PU.1.
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PPAR half sites (class 10) (Fig. 3I, left). Notably, RXR preferred 5'-AA(/G)AGGTCA-3’
sequences over DR1s in the lack of strong 5" extension (class 3 versus classes 1 and 5),
suggesting its direct, perhaps monomeric DNA binding. In the absence of PU.1, we
observed similar tendencies, even though ChIP-seq density was always below average,
and the effect of CTE binding was substantially milder (Fig. 3, right).

Using the PWM of the 10 DR1 classes resulted in ~1.62-times more (33,533) putative
elements than the initial number (~20,000) (Fig. S3C, top), and most of the newly
identified sites seemed functional if we considered how much they covered the PPARy
cistrome (Fig. S3C, bottom). In this way, DR1s could be assigned to 49% of the entire
cistrome and over 90% of the top peaks, suggesting that high PPARy enrichment is
difficult to imagine without its specific elements. Testing the indirectly bound part of
the PPARvy cistrome, we observed very low levels of PPARy enrichment without PU.1,
but importantly, PU.1 could anchor PPARy slightly more efficiently than its own
element itself (Fig. S3D). By focusing on the top motifs according to our classes, we
found that within the top 100 peaks harboring a class 10 motif, 10 could be annotated
to gene promoters within 10 kb, and two of them could not be mapped with any of the
initial four PWMs (Fig. S3E). Most of these genes play important roles in lipid metab-
olism, e.g., beta-oxidation, and the PPRE of the Acaa2 gene is one of the first described
DR1s (6, 29).

In order to examine whether there is a difference between the gene expressional
outcome of extended DR1s (classes 6 to 10) and that of nonextended DR1s (classes 1
to 5), we thoroughly filtered the PPARy cistrome to get to functional enhancers.
Previously, we described that enhancers show RNA polymerase activities (enhancer
transcription) similar to those of their target genes, and this phenomenon may be used
for annotating the enhancers to the regulated genes (17, 30). For this reason, we
examined the enrichment of the elongation-specific RNA polymerase Il (RNAPII-pS2) in
the presence or absence of RSG, a synthetic and selective agonist of PPARy. Our first
goal was to identify those extended or nonextended DR1s that are coupled to strong
PPARvy binding (top 10% of the consensus peak set) as well as ligand responsiveness
(1.5-fold difference, more than 0.5 read per kilobase per million mapped reads [RPKM]
in treated samples). We found approximately twice as many extended DR1s as nonex-
tended ones meeting our strict criteria, and there was a small, nonsignificant difference
in polymerase Il enrichment in favor of extended DR1s (Fig. S3F). There were only 33
and 11 genes with elevated polymerase Il levels that could be assigned to the
previously determined extended or nonextended DRT1s, respectively, within 100 kb of
their transcription start sites (TSS). Of these, only 13 and 3, respectively, showed an
occupancy level higher than 5 RPKM following ligand treatment (Fig. S3G). Importantly,
the top genes with an extended DR1(s) showed higher levels and induction of poly-
merase Il than those with nonextended ones.

We determined the mRNA levels of the annotated genes and found the top
ligand-inducible ones already highly expressed and induced at the end of polarization
(Fig. S3H), suggesting both ligand-independent and -dependent actions of PPARy. We
observed a difference between the top extended and nonextended DR1-regulated
genes, as the adipocyte-specific Plin2, Ucp2, and Fabp4 genes showed much higher
expression than the nuclear receptor gene Ear2 (Fig. S3H). Notably, three of four of the
RSG-induced genes could be annotated to both extended and nonextended or less
frequently bound DR1s, or to DR1s with low polymerase Il coverage, suggesting the
importance of collaboration between adjacent regulatory sites and protein-protein
interactions.

PPREs show similar features in macrophages and adipocytes. We were inter-
ested whether the same principles apply to adipocytes that also highly express PPARy
(31, 32). In adipocytes, ~37.5% more PPARvy binding sites could be predicted than in
alternatively polarized macrophages, and a relatively small fraction (~13 and 18%,
respectively) of their cistromes overlapped, although these appeared to be significant
sites regarding the PPARy ChIP-seq densities (Fig. 4A). The only motif showing high

April 2020 Volume 40 Issue 7 €00547-19

Molecular and Cellular Biology

mcb.asm.org 10


https://mcb.asm.org

DNA Binding by PPARy Molecular and Cellular Biology

A PPARy Motifs  C/EBPa/p
BMDM
44,237
Common ] ] :
oeos’ ¥ A e =
Adi E C/EBP motif distribution
ipose : 0
64,473 : —
. £ 300
i g
1 1 |} ™ ——
I : = .g
| % l ‘ 5 100 \j
Q - = o 3T3-L1
§ é E DD: g 040 > = g D?stance to1"[))R1 2 i “ @
e}
< PN
B PPARy RXR -4 (n=223) T b e Mboern 45 (n=158) 1ol Acer

3(n=386) T oMl nce AabGe.n 46 (n=157) -ToeichlGs

AAAAAACTA TC Al TCAéAAX’T‘ somtsty b s b 7 errey 16l

TTT
GTC SEXA d_T=XErTCCCC
A rE H PPARy C/EBPa
N = 0T 2 = .,

| 30
c ‘ | 60 |
[ mmmm  Contribution to 2 20
4 -2 0 2 4 PPARybinding 2 40
° 12 8
] A c . 1°
Y == _ &
5) 0 i} T T T LI 0
T 0 A AAA uy -4-3-2-3h+5+6+7 -2-3h+5+6+7

C/EBP:DR1 composite/overlapping element

PPARy

FIG 4 Characterization of the factors determining the adipocyte PPARy cistrome. (A) Genome-wide representation of the PPARy cistrome (purple) of
alternatively polarized bone marrow-derived macrophages (BMDMs) and adipocytes (left), cell-type-specific motif distribution (gray, middle), and C/EBP«
and C/EBPB ChlIP-seq enrichments derived from 3T3-L1 cells (green, right). Genomic regions were ordered based on the cell type specificity of PPARy
ChIP-seq densities. Read distribution heat maps are depicted on 1.5-kb regions in 30-bp resolution, relative to the summit position of primarily the
macrophage, or the adipocyte, PPARy peaks. Motif distribution heat maps represent the densities of the indicated motifs depicted in 10-bp resolution
(GEO accession no. GSE74189 and GSE107456) (58). (B) Nucleotide contribution analysis of the adipocyte PPREs. Nucleotide frequencies of the single DR1
sequences per PPARy binding site (n = 28,116) are depicted (top). The heat map represents the average PPARy ChIP-seq density of all DR1s harboring
the indicated nucleotide (y axis) at the indicated position (x axis) relative to the average PPAR+y ChIP-seq density of all single DR1s (middle). The obtained
“contribution” values were transformed to a motif logo highlighting those nucleotides improving PPREs. The heat map represents the P values
determined between the ChIP-seq densities of those sequences having or lacking the indicated, preferred or canonical, nucleotides (unpaired t test). The
upper line represents the higher —log (P value). White characters indicate the improving nucleotides, and red characters indicate the ones being
impaired (bottom). The purple and red lines represent PPAR and RXR binding sites, respectively. (C and D) Frequency of nucleotide pairs of the single
DR1s (C) or contribution of these nucleotide pairs to PPARy binding (D), depicted as Circos plots. The color-coded outer arc represents the nucleotides
of DR1 and its flanking regions; the cooccurring nucleotides are represented by the inner arcs, whose thickness is proportional to the frequency of the
involved nucleotide pairs (C) or the average PPARy ChIP-seq density calculated on the DR1s harboring the involved nucleotide pairs (D). The purple and
red arcs represent the PPARy and RXR binding sites, respectively. (E) The per-nucleotide frequency of C/EBP elements relative to DR1s (top), resulting
in overlapping (C/EBP elements end at positions +5, +6, and +7) and C/EBP:DR1 composite elements (C/EBP elements end at positions —4, —3, and
—2) (bottom). (F) PPARy and C/EBPa ChIP-seq densities at overlapping and composite elements as defined above. A composite element containing a
downstream C/EBP half site and a DR1 spaced by two spacer nucleotides is marked as -3h. Differences were considered significant at P values of <0.05
(*), <0.01 (**), and <0.001 (***) according to two-tailed unpaired t tests.
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enrichment beyond DR1 was that of the binding sites of C/EBP proteins (Fig. S4A), and
its distribution was similarly dense in adipocytes as the PU.1 motif distribution was in
macrophages (Fig. 4A). PU.1 motifs did not show any enrichment in adipocytes, except
for a fraction common to both cell types, thus showing its exact cell type specificity. In
spite of the significant presence of DR1s at common sites, PPARy followed the motif
enrichment of its collaborating factors, and its ChIP-seq density showed a clear nega-
tive correlation between the two cell types (Fig. 4A). The presence of C/EBP motifs did
not show major effects on macrophage PPARy, which might be due to the lower
expression level of Cebp genes. By aligning C/EBPa and C/EBPB ChlIP-seq densities of
differentiated 3T3-L1 cells with the macrophage/adipocyte cistrome, we observed a
high correlation with adipocyte PPARy enrichment (Fig. 4A, right). This result allowed
us to more thoroughly compare these ChiP-seq data even if they were derived from
different adipocyte models.

By following the same approach as that applied to macrophages, we did four de
novo motif searches for the 1,000 highest and then lower and lower PPARy peaks of
adipocytes. This gave stronger PPRE motif enrichments, e.g., regarding CTE binding
sites, than in the case of macrophages (Fig. 1B; Fig. S4A). Moreover, another putative
PPRE (also called RAR-related orphan receptor [ROR] response element [RORE]) with a
5'-AACTGGGNSA-3’ sequence was also enriched, reinforcing the significance of the
extended PPAR half sites (Fig. S4A). By using the four adipocyte-specific DR1 PWMs,
~28,000 quasi-single DR1s out of ~39,000 in total could be mapped, showing a
proportion of direct binding events similar to that observed in macrophages. Impor-
tantly, adipocyte DR1s showed higher frequencies of nucleotides important for PPARy
binding than those of macrophages (Fig. 4B, top; Fig. S4B). Especially, nucleotide T at
position —1 showed strong enrichment, but the entire extension and the following G
were also more frequent in adipocytes than in macrophages.

Nucleotide contribution analysis gave similar results for adipocytes as for macro-
phages, but because of the “better assembly” of adipocyte DR1s, we got “smaller
characters” within the resulting motif logo (Fig. 4B, bottom). Unexpectedly, a C at
position —1 showed up, which was followed by DR1s starting with A, but these were
not typical upstream of G nucleotides (Fig. S4C). Analysis of DR1s separated according
to the first nucleotide (A or G) of the 5’ half site also showed that a 5-AACC-3’
extension of 5'-AGGKSA-3' half sites promotes PPARvy recruitment (Fig. S4D), but this
represented a smaller fraction of PPREs (Fig. S4C). Strikingly, 75% of 5'-GGGKSA-3' half
sites followed a T (at position —1), which appeared to be the most important part of
the extension or even the integral part of the first half site (Fig. S4C). Pairwise
nucleotide frequencies also showed the importance of the 5’ extension, as it did not
separate from the DRI1 itself (Fig. 4C). In contrast, the effects of nucleotide pairs on
PPARvy binding were not as pronounced as in macrophages, although the 5'-AAC(T/C)
-3’ sequence was clearly outlined (Fig. 4D). Notably, we also observed some very weak,
downstream sequence preferences in adipocytes that were different from those of
macrophages.

To examine whether C/EBP plays a role in adipocytes similar to that of PU.T in
macrophages regarding PPARy binding, we discriminated PPREs based on the ratio of
the present CTE-specific nucleotides (ExtO to Ext4) and the presence or absence of
C/EBP binding (the latter data were derived from 3T3-L1 cells) (Fig. S4E). The observed
tendencies in PPARy ChIP-seq density perfectly followed what could be seen for
macrophages, indicating that both the existence of the 5’ extension and the presence
of collaborating LDTF were critical for PPARy binding in adipocytes as well. Further-
more, we detected a shift of C/EBP« binding upstream of DR1s at the top PPARy peaks
(Fig. S4F).

The application of clustering of submotif scores gave a checkered pattern similar to
the macrophage-specific one, although only ~59% of DR1s appeared uneven, and the
most frequent RXR binding events were associated with roughly coequal half sites (Fig.
S4G). The most frequent PPARy binding, however, was coupled with frequent RXR
binding or the presence of strong 5" extension, as we had also seen for macrophages.
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Notably, while in macrophages approximately half of the examined DR1s overlapped
with PU.1 binding, in adipocytes only ~18% showed C/EBP binding, although this could
also be caused by the differences between our adipocyte and the 3T3-L1 models used.

PPARY and C/EBP have common composite elements. Due to the great numbers
of putative DR1 and C/EBP elements, we were able to determine their single-nucleotide
resolution distance distributions relative to each other (Fig. 4E, top). C/EBP elements
were highly enriched around DRTs, especially at a certain distance, ending at position
—3 (Fig. 4E). In order to examine whether these were functional composite elements,
we determined PPARy ChIP-seq densities at these sites and used other putative
composite and overlapping elements as controls. As an additional negative control, we
generated a PWM containing a single downstream C/EBP half site ending at position
—3 relative to the DR1 (Fig. S4H). PPARy indeed showed significantly higher ChIP-seq
density at the enriched C/EBP:DR1 composite elements than the overlapping ones or
those containing only one C/EBP half site, and those sites having a 3- or 1-nucleotide-
long spacer between the C/EBP and DR1s also showed elevated PPARy recruitment
(Fig. 4F, left). In order to test whether C/EBP was also recruited to these sites, so there
was potential interaction between C/EBP and PPARY, we used the 3T3-L1 ChIP-seq data
(Fig. 4F, right). Despite the potential differences between the two cell types, C/EBP:DR1
composite elements with two spacer nucleotides showed the highest C/EBPa ChIP-seq
densities out of all elements, while those sites lacking half of the C/EBP motif were less
effective in recruiting the protein.

DISCUSSION

Gene regulatory complexes within the chromatin are assembled at specific anchor
points of the DNA and held together by specific molecular interactions. TFs, including
NRs, typically form dimers to be able to interact with longer, more specific DNA motifs,
but multiunit complexes can also be formed with multiple anchor points (21). Another
way to enhance motif specificity is not to duplicate or multiply but to extend motifs.
However, the principles of chromatinized DNA binding and the contribution of the
various factors can be determined only using systematic genome-wide approaches.

In this study, we aimed to examine the major cis and trans determinants of
chromatinized DNA binding by PPARYy, specifically how DNA sequences and LDTFs
contribute to PPARy distribution throughout the genome of alternatively polarized
macrophages. We discerned direct and indirect DNA binding events. By mapping 10
DR1 motif classes harboring half sites and 5’ extensions of differing strengths, approx-
imately 49% of the PPARy cistrome contained at least one putative PPRE, and 51%
represented PPARy recruitment through other TFs, primarily PU.1, and probably AP-1
and C/EBP dimers. In the absence of PU.1 and PPRE, we detected low PPARy enrich-
ment, indirect recruitment through PU.1 resulted in a slightly higher PPARy density
than direct PPRE binding in the absence of PU.1, and collaborative binding of the
two TFs had an additive effect on PPARy enrichment, suggesting a similar signifi-
cance of DNA-protein and protein-protein interactions (see Fig. S3D in the supple-
mental material). In adipocytes, similar ratios of direct/indirect DNA binding could
be observed according to the presence of DR1 elements, and based on motif
enrichment analyses, no TFs other than C/EBP appeared to have a significant impact
on PPARYy binding (Fig. S4A).

Despite their apparent limitations, de novo motifs provided a large number (14,924)
of quasi-single DR1 sequences within the macrophage PPARy cistrome to be tested. By
clustering these sequences, we observed that unlike the RXR half sites, the PPAR half
sites could greatly differ from the canonical 5'-AGGTCA-3’ sequence; e.g., nucleotide 4
could be any of the four possibilities, and G at position 1 was four times more frequent
than in the RXR half sites (Fig. S2C). On the other hand, a fraction of the RXR half sites
showed G at position 6, while at this position nucleotide A occurred in the vast
majority of the PPAR half sites. Regarding the 5" extension, we observed tendencies
similar to those based on de novo motif analyses—it was specific for higher peaks
and missing from smaller ones. Importantly, the initial 5'-GGG-3" trinucleotide not
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only was frequent but also resulted in typically stronger PPARy enrichment than the
canonical one (Fig. 2A).

However, like motif enrichment analyses, clustering ultimately also used nucleotide
frequencies and the contribution of nucleotides to DNA-protein interactions could not
be considered. In order to overcome this limitation, we applied a novel approach,
termed nucleotide contribution analysis, which assigned a value to each nucleotide at
each position of PPREs according to ChIP-seq density. This value mirrored whether a
given nucleotide improved or impaired PPREs, and the large number of DR1 sequences
extending in both directions and showing a wide range of binding frequency allowed
an unbiased analysis. By using this approach, an exactly 4-nucleotide-long 5’ extension
of which a 5'-AACT-3’ sequence was sharply demarked from the further upstream
sequences could be identified (Fig. 2B and E). As in the case of ROREs and the Rev-DR2
elements of REV-ERB proteins, this nucleotide tetramer was frequently followed by
5'-GGGNCA-3’ sequences beyond the canonical NR half site (13, 33). In contrast,
upstream of canonical 5'-AGGTCA-3’ half sites, the 5'-AAGT-3’ extension was more
frequent and almost as effective in anchoring PPARYy; in addition, a 5'-AACC-3’ exten-
sion also appeared to be an efficient variant in the adipocyte cistrome. The latter
finding was described previously in RORE/Rev-DR2 elements (33, 34), and based on our
results, it is specific for canonical half sites (Fig. S4C and D).

Besides the 5'-A/GGGNCA-3’ PPAR half sites, we observed further variants in signif-
icant numbers (Fig. S2 and S4C). Of these, the 5'-A/GGANCA-3’ sequences showed
ChIP-seq densities that were higher than those measured on canonical elements,
suggesting that A instead of G at position 3 improves the motif (Fig. S2F). Furthermore,
within the 5'-AACTGGANCA-3’ sequence, both of the underlined A nucleotides and
their cooccurrence largely promoted PPARvy binding in macrophages, suggesting that
the different DR1 variants might result in different DNA/PPARy/RXR conformations (Fig.
2B and E). This needs to be validated by further experiments.

Regarding the relationship between PPARy and RXR in alternatively polarized
macrophages, we observed an unusual phenomenon, which contradicted, at least in
part, the obligate heterodimer partnership theory. Although in the absence of RXR low
PPAR~y enrichment could be detected, the most frequent PPAR+y binding was associated
with low or moderate RXR enrichment. The other extreme, namely, the high ratio of
RXR binding sites with low or no PPARy binding, could easily be explained by the
presence of other class Il NRs, but PPARy dominance over RXR at any sites was
unexpected (Fig. 1A). There are two simple explanations for unequal PPARy/RXR
recruitment: (i) there is inequality already at the level of PPREs, for instance, in the
composition of the NR half sites; and (ii) there are collaborating factors that are specific
for PPARY, not for RXR, and these facilitate PPARy binding even in the absence of RXR.

In order to test the first hypothesis, we classified PPREs based on the strength of
their three submotifs, the 5’ extension and the two NR half sites (Fig. 3H). Using this
approach, we identified a fourth submotif, which can be considered the 5’ extension of
the RXR half site in the middle of PPREs (classes 3 and 7). The last A of the PPAR half
site, showing the highest conservation within PPREs, together with the highly enriched
A spacer nucleotide results in a 5'-AAAGGTCA-3’ sequence (5-AA-3' is the 5’ extension
of the 5-AGGTCA-3’ half site), which is known to be the specific motif of NR4A proteins
(35), and according to the newest protein-binding microarray results, it can be bound
also by RXR (27). As the CTE of RXR is capable of minor groove binding (14, 36), we
suggest that there is a more extensive interaction between RXR and its extended half
site in live cells as well. Submotif-based classification also demonstrated that in line
with unequal protein binding, most PPREs were uneven, meaning that one of their half
sites was significantly stronger than the other one, and the 5’ extensions, even
belonging to RXR, further improved half sites. However, less than 20% of the half sites
had strong extension. In addition, both NRs were able to facilitate the recruitment of
their heterodimerizing partner (Fig. 3I; Fig. S4G). These results are consistent with the
findings of Penvose et al., who detected RXR heterodimers interacting with single half
sites beyond the direct binding of entire DR elements (27).
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In line with our second hypothesis, PU.1 and TRE motif enrichments were more
specific for PPARy binding than for RXR binding (Fig. 1C). The presence of PU.1 together
with the presence of the 5" extension of DR1s exerted a synergistic effect on PPARy
binding, and PPAR+y was also able to facilitate PU.1 recruitment, which ultimately led to
chromatin opening (Fig. 3C). While PU.1T motifs showed a broadly invariant enrichment
around PPREs that was independent of PPARy density, TRE motifs showed enrichment
together with PPARy (Fig. 3D). Regardless, both motifs were located more frequently
upstream of the highest-affinity PPREs (Fig. 3F; Fig. S3A). A shift between PU.1 and
PPAR+Y/RXR on the surface of DNA could indeed be observed, suggesting a preferred
orientation of these TFs, which may promote protein-protein interactions (Fig. 3E and
G). In contrast, in the absence of PU.1, a significantly smaller amount of PPARy could
be reached on its elements even if they had strong extensions (Fig. 3A, C, and ).

Regarding the relationship between the two LDTFs of adipocytes, we got results that
were very similar to those derived from macrophages. In the absence of C/EBP, the
presence of the 5’ extension had minor effects on PPARy enrichment, while the
presence of C/EBP and the 5’ extension of DR1 had a synergistic effect on PPARy
recruitment (Fig. S4E). The location of C/EBP, similarly to the macrophage-specific TFs,
was shifted upstream to PPREs (Fig. S4F); more importantly, we identified a composite
element in which two nucleotides separated the C/EBP and DR1 elements (Fig. 4E). A
composite element of an NR and an LDTF is not unprecedented, as several steroid
hormone receptors interact with Forkhead box (Fox) A1, and joint direct DNA binding
by androgen receptor and FoxA1 has also been observed (37). Moreover, the other two
PPAR family members interact with the non-NR protein BCL6 (38, 39). The C/EBP:DR1
composite element not only enriched was but also showed elevated levels of both the
C/EBP and PPARYy proteins, suggesting that the 5’ extension can be bound from both
the major and minor grooves (Fig. 4F). The need for DNA binding at both sides may
provide an elevated evolutionary pressure on composite elements, and these interac-
tions may lead to a tighter collaboration between C/EBP and PPARYy proteins (40). This
type of evolutionary pressure may have resulted in the conserved nucleotide A at the
overlapping part of the PPAR half site and the 5" extension of the RXR half site within
DR1s, and a similar process may stabilize the interferon-stimulated response elements
(ISREs) that are bound both in the major and minor grooves by IRF dimers (41).

Despite the very extensive cistrome, PPARy has major effects only on a small set of
genes in macrophages (17). Most target genes have multiple enhancers, typically with
several DR1s of different compositions, but the number and expression of those genes
that are regulated by extended DR1s exclusively are higher than the number and
expression of the genes that have only nonextended DR1s (Fig. S3G and H). Among the
identified genes with extended DR1s, there were several well-known PPARy targets,
such as Angpl4, Fabp4, and Plin2 (Fig. S3E, G, and H).

Since nucleotide contribution analysis was highly applicable for an unbiased anal-
ysis of PPREs, any other cistrome may be tested with it. By using this approach, we were
able to characterize and differentiate weak and strong PPREs without using any
preliminary data or data other than ChIP-seq data. We achieved similar but more robust
and more detailed results essentially from a few ChIP-seq experiments than could be
achieved by decades of molecular biology work. Our approach may be applied to the
dissection of any element having different variants or specific extensions. For instance,
insulator sequences can include satellite elements both upstream and downstream (42)
of which cooccurrence and significance could be further explored by using our pairwise
nucleotide contribution analysis. Our approach also allows comparison of the contri-
bution of PPREs of different compositions with the contribution of the present LDTFs.
We assigned a greater predictive force to this latter factor, although the direct DNA
binding by both the DBD and CTE was indispensable for the most frequent binding
events.

DNA binding by PPARy depends on its obligate heterodimerizing partner, RXR.
However, there are additional cis and trans factors that greatly determine its interac-
tions with the DNA. In this study, we demonstrate that the affinity of PPARy and RXR
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to DNA depends on the strength of their associated half sites, and any of these half sites
may have a characteristic 5’ extension that provides even more frequent binding by the
involvement of additional interaction surfaces. For PPARy and RXR, the 5'-AACT-3’
tetranucleotide and the 5'-AA-3’ dinucleotide, respectively, appeared to be the most
specific 5" extension, and the CTE of both NRs is responsible for binding these
sequences. We also show that in the absence of collaborative LDTFs, even perfect PPREs
are not frequently occupied, but the presence of LDTF and extended PPRE has a
synergistic effect on PPARy binding. Sequential binding of LDTF, PPARy, and RXR, using
even a composite element, further enhances PPARy binding. In addition to collabora-
tive binding, LDTFs are able to recruit PPARy, which accounts for approximately half of
the entire cistrome.

MATERIALS AND METHODS

Alternative polarization of bone marrow-derived macrophages. Isolation and differentiation of
bone marrow cells derived from 3-month-old male C57BL/6 mice were completed as described previ-
ously (30, 43). Bone marrow-derived cells were differentiated for 6 days in the presence of L929
supernatant. Cells then were polarized with IL-4 (20 ng/ml; Peprotech) for 1, 3, 6, or 24 h.

Adipocyte differentiation. E14 mouse embryonic stem cells (ESCs) were differentiated into adi-
pocytes as described previously (31). ESCs were differentiated by the hanging drop method (2,000
cells/drop) after three passages without feeder culture. Embryonic bodies were collected at day 2 and
plated in gelatin-coated dishes. One day later, the cells were treated with retinoic acid (1 uM) and
ascorbic acid (AsA) (12.5 ug/ml) for 3 days. From day 7 to day 11, the cells were treated with an
adipogenic cocktail containing RSG (0.5 uM), insulin (0.5 wg/ml), triiodothyronine (3 nM), and AsA
(12.5 ng/ml). At day 12 of the differentiation, the cells were replated using Accutase and treated with the
previously mentioned adipogenic cocktail. The cells were treated with a second adipogenic cocktail from
day 15 to day 20: 3-isobutyl-1-methylxanthine (IBMX; 0.5 uM), dexamethasone (0.1 uM), insulin (20 ug/
ml), RSG (0.5 ug/ml), indomethacin (0.06 mM), and AsA (25 ug/ml). From day 21, the medium was
supplemented with insulin (10 wg/ml), RSG (0.5 wg/ml), AsA (25 ng/ml), and T3 (3 nM). Sampling took
place at day 21 for PPARy ChIP-seq and day 30 for RXR ChIP-seq.

ChIP. Chromatin immunoprecipitation was performed as described previously (30, 44). Libraries were
prepared either with Ovation ultralow library systems (Nugen) or TruSeq ChIP library systems (lllumina)
according to the manufacturer’s instructions. Antibodies to the following were used: PPARvy (Perseus no.
PP-A3409A), RXR (sc-774), and PU.1 (sc-352).

ChIP-seq analyses. The primary analysis of raw sequence reads has been carried out using the
updated version of our ChIP-seq analysis command line pipeline (45). Alignment to the mm10 mouse
genome assembly was done by the BWA tool (46). BAM files were created by SAMTools (47). Peaks were
predicted by MACS2 (25), and artifacts were removed according to the blacklist of ENCODE (48). The
overlap of different sets of peaks and DR1s was determined by intersectBed (bedtools) (49) and visualized
as a Venn diagram by VennMaster (50). Genome coverage (bedgraph) files were generated by make-
UCSCfile.pl (HOMER) (26) and visualized with IGV2 (see Fig. S3E in the supplemental material) (51).
ChIP-seq densities of peak summits or DR1s for read distribution (RD) histograms (bin size = 10
nucleotides) or heat maps (bin size = 30 nucleotides) were calculated by annotatePeaks.pl (HOMER) and
visualized by GraphPad Prism or Java TreeView (52), respectively. RXR signal was normalized to that of
PPARvy by using the median read density of PPARy peak summits (middle bins of the RD heat maps)
based on the overlapping part of the two cistromes (Fig. 1A; Fig. S3B and E). The read densities of peak
summits or DR1s (middle bins of the RD heat maps) were visualized as box plots by GraphPad Prism. For
peak summit distribution, the 1-nucleotide resolution read density of each DR1 was calculated by
annotatePeaks.pl (HOMER), and the positions with the highest densities, relative to DR1s, were visualized
as a box plot by GraphPad Prism (Fig. 3G). Whiskers were plotted according to the Tukey method in all
box plots, and P values were determined by two-tailed unpaired t tests. In the case of PPARy and
RNAPII-pS2 two replicates and in the case of PU.1 and C/EBP a single time course and two isoforms,
respectively, as pseudoreplicates were used.

Motif enrichment analysis. The 1,000 highest peaks of the entire PPARy cistrome or smaller
sets—the 2nd octile, the 2nd quartile, or the bottom half of those peaks predictable from both replicates
(consensus set), as well as those peaks predictable from one of the replicates—were determined based
on MACS2 peak scores. Peak summit * 50-nucleotide-long regions and 10-, 12-, 14-, and 16-nucleotide
long sequences were used for the de novo motif enrichment analyses, performed by findMotifs-
Genome.pl (HOMER). P values were calculated by comparing the motif number of the “target” regions
(search set) with the motif number of a set of ~50,000 random (background) regions generated by
HOMER.

The top 1,000 peaks of the PPARY/RXR cistrome, lacking DR1s and showing PPARvy, RXR, or shared
dominance based on the obtained read density of peak summits, were used for further de novo motif
enrichment analyses with the same parameters as described above (Fig. 1A, top).

The selected PWMs were mapped by using annotatePeaks.pl (HOMER). Motif distribution heat maps
(bin size = 10 nucleotides) were visualized by Java TreeView. Correlation analysis between read and
motif density was carried out by using the average read density and the cumulative motif number of the
peak summit + 100-nucleotide-long regions calculated for ~1,000 groups of regions (n = 66); previously,
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individual regions were ranked based on read density and then grouped (Fig. 1C). Motif distribution
relative to DR1s was visualized as a bar chart (bin size = 10 nucleotides) or line plot (bin size =1
nucleotide) by GraphPad Prism.

Motif clustering. The four DR1 PWMs derived from the consensus peak set were mapped to the
summit = 100-nucleotide-long regions of the entire PPARy cistrome by annotatePeaks.pl (HOMER). DR1s
shorter than 16 nucleotides were extended to make them overlap the top motif. The sequence of the
single DR1s that could be mapped uniquely within a region (14,924 DR1s in macrophages and 28,116 in
adipocytes) was recovered by homerTools extract. Each nucleotide was changed to a number (-1, 0, or
1) or “x" (not applicable), and then the sequences of numbers were clustered (k-means, k = 50) by Cluster
3 (53). Per cluster, if a single nucleotide showed at least a 2-fold higher frequency than the other three
at a given position, it was indicated as A, T, G, or G; if two nucleotides showed at least a 2-fold higher
frequency than the other two but less difference than each other at a given position, these were
indicated as R (A/G), Y (C/T), S (G/C), W (A/T), K (G/T), or M (A/C); if three nucleotides showed at least a
2-fold higher frequency than the fourth but less difference than each other at a given position, these
were indicated as B (C/G/T), D (A/G/T), H (A/C/T), or V (A/C/G); and in further cases, nucleotides were
indicated as N. The nucleotide frequencies of the clusters or the other groups of DR1 sequences were
converted to Homer motif matrices and then were visualized by motif2Logo.pl (HOMER).

Nucleotide contribution analysis. The previously identified 16-nucleotide-long single DR1s were
extended by 5 nucleotides in both directions. Sequences were recovered by homerTools extract. The
average PPARy ChIP-seq densities of all sequences harboring a given nucleotide at a given position
(4 X 26) and the difference between these values and the average density of all single DR1s (per-
nucleotide contribution to PPARy binding) were visualized as heat maps by Java TreeView. Nucleotides
with a frequency below 2% at any position were excluded (marked as not applicable). Unpaired t tests
were carried out between the ChIP-seq densities of those sequences having or lacking the preferred or
canonical nucleotides, and —log (P values) were visualized by Java TreeView. The per-nucleotide
contribution was expressed as the power of two and then as a percentage calculated for each position
and visualized as a motif logo by motif2Logo.pl (HOMER). The same analysis was carried out with
different sets of sequences with a fixed nucleotide(s).

Filtering DR1 sequences based on the presence of certain nucleotides at certain positions and
calculating their number and ratio in different sets of regions were done by using command line tools,
including intersectBed (bedtools). The percentage of DR1s harboring different numbers of the present
CTE-specific nucleotides (5'-AACT-3") was plotted as a bar chart by GraphPad Prism (Fig. 3C, left).

Pairwise nucleotide frequencies within the extended DR1 sequences were visualized as Circos plots,
in which the 26 X 4 nucleotides were color-coded in the outer arc (ticks) and the thickness of the middle
arcs (links) was proportional to the frequencies (54). Pairwise nucleotide contributions as the power of
two were visualized as Circos plots, in which the thickness of the links was proportional to the
contribution of nucleotide pairs.

Classification by submotif strength. The PWMs of the submotifs were generated from the resulting
PWMs of nucleotide contribution analysis of the macrophage PPREs (5’ extension) as well as the PWMs
generated from all single macrophage DR1s (5" and 3’ NR half sites). Submotif scores for all DR1s were
calculated by annotatePeaks.pl (HOMER). DR1 sequences were classified based on these scores by
k-means clustering (k = 10) using Cluster 3. DR1 motif classes were visualized as a heat map by Java
TreeView and as motif logos by using motif2Logo.pl (HOMER). The average submotif scores of the classes
and the difference between the per-class average read density and the average read density of all DR1s
(for PPARy and RXR) in the presence or absence of PU.1 or C/EBP were visualized as heat maps by Java
TreeView.

A motif score threshold of DR1 classes was set to a value allowing one motif hit for every 10th
random kilobase on average.

Identification of C/EBP:DR1 composite elements. A 1-nucleotide resolution distance distribution
between DR1 and C/EBP elements of adipocytes was visualized as a line plot by using GraphPad Prism
(Fig. 4E). The enriched composite and overlapping elements were used for ChIP-seq density analyses.
Composite elements containing a downstream C/EBP half site and a DR1 separated by two spacer
nucleotides were recovered with a “shortened” C/EBP:DR1 PWM, and then those hits matching the entire
PWM were excluded (Fig. S4H). Annotation to genes was carried out by annotatePeaks.pl (HOMER), and
GO analysis was performed by ShinyGO (Fig. S4l) (55).

ATAC-seq. Assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq)
was carried out as described earlier (28). The primary analysis of raw sequence reads was carried out as
described above for ChiP-seq analysis.

RNA sequencing. RNA-seq was carried out with BMDMs derived from four individual mice as
described earlier (56). TopHat and Cufflinks toolkits were used for mapping spliced reads to the mm10
mouse genome assembly with default parameters, obtaining gene expression data in FPKM (fragments
per kilobase per million mapped fragments) (57).

Enhancer transcription and gene expression analyses. PPARy peaks harboring exclusively ex-
tended (classes 6 to 10) or nonextended (classes 1 to 5) DR1s from the top 10% of the consensus peak
set of BMDMs were extended to =250 bp relative to their summits. The RNAPII-pS2 ChIP-seq density, as
expressed in RPKM (reads per kilobase per million mapped reads), of two replicates of control and
RSG-treated BMDM samples was calculated at the extended PPAR+y peaks, gene bodies, and randomly
selected intergenic regions used as background. The coverage of the overlapping gene or the average
background was subtracted from the coverage of intronic or intergenic peaks, respectively. Peaks with
at least 1.5-fold RNAPII-pS2 enrichment upon ligand treatment (comparing any replicates) and more than
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0.5 RPKM on average in the treated samples were considered ligand-responsive sites and were plotted
as a box plot (Fig. S3F). Genes showing at least 1.5-fold induction upon ligand treatment (comparing any
replicates), more than 1 RPKM on average in the treated samples, and of which the transcription start site
(TSS) was closer than 100 kb to ligand-responsive sites harboring exclusively extended or nonextended
DR1s were considered the direct target of PPARy and plotted as line plots (Fig. S3G). The FPKM values
of the identified genes during the time course upon IL-4 treatment as determined by RNA-seq were
visualized as profile plots (Fig. S3H). In figures representing gene expression data (Fig. S3G and H),
average values are shown.

Data availability. The data sets supporting the conclusions of this article are available in the SRA

and GEO repositories under the following accession numbers: PRINA318630, GSE115083, GSE107456,
GSE106706, GSE142249, PRINA299295, and GSE74189, as detailed in Table S1 in the supplemental
material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2 MB.
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