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Abstract 

Mammalian promoters consist of multifarious elements, which make them unique and support the selection of the proper transcript variants 
required under diverse conditions in distinct cell types. However, their direct DNA-transcription factor (TF) interactions are mostly unidentified. 
Murine bone marro w-deriv ed macrophages (BMDMs) are a widely used model for studying gene expression regulation. Thus, this model serves 
as a rich source of v arious ne xt-generation sequencing data sets, including a large number of TF cistromes. By processing and integrating the 
a v ailable cistromic, epigenomic and transcriptomic data from BMDMs, we characterized the macrophage-specific direct DNA-TF interactions, 
with a particular emphasis on those specific for promoters. Whilst active promoters are enriched for cert ain t ypes of t ypically methylat able 
elements, more than half of them contain non-methylatable and prototypically promoter-distal elements. In addition, circa 14% of promoters—
including that of Csf1r —are composed e x clusiv ely of ‘distal’ elements that provide cell type-specific gene regulation b y specializ ed TFs. Similar 
to CG-rich promoters, these also cont ain methylat able CG sites that are demethylated in a significant portion and show high polymerase activity. 
We conclude that this unusual class of promoters regulates cell type-specific gene expression in macrophages, and such a mechanism might 
exist in other cell types too. 
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Introduction 

Mammalian gene regulation is a complex process. This com-
plexity starts with the fact that not only genes but any genomic
regions flanking cis -regulatory elements can be transcribed ( 1–
3 ). In most cases, transcription is aborted during pausing, but
most genes and several non-coding regions show some degree
of elongation ( 4 ). A key question is the identity and activity
of promoters providing the transcriptional basis of cell type
identity and specification. Based on transcriptomics studies,
millions of transcription start sites (TSSs) have been located,
although in most cases, the identity of cis -regulatory elements
contributing to cell type-specific promoter activity remains un-
certain and ill-defined ( 5–7 ). Some distinct sequences provide
a clue about the location of TSSs, but these are typically in-
frequent such as T A T A-box (up to 15%), indeterminate such
Received: March 6, 2023. Revised: January 18, 2024. Editorial Decision: January
© The Author(s) 2024. Published by Oxford University Press on behalf of Nuclei
This is an Open Access article distributed under the terms of the Creative Comm
(http: // creativecommons.org / licenses / by-nc / 4.0 / ), which permits non-commerci
original work is properly cited. For commercial re-use, please contact journals.pe
as Initiator (up to 50%), or indefinite such as CpG islands 
(CGIs, up to 70%) ( 8–11 ). This means that based on DNA se- 
quences alone, it is not possible to determine each promoter.
However, by integrating the available data on DNA-protein 

interactions, one can characterize the active gene regulatory 
regions and among them, promoters. 

Based on next-generation sequencing data targeting DNA- 
protein interactions, we already know several components of 
CGI promoters. Out of these, GC-box and ETS binding site 
(EBS) are the most common elements that are bound by SP1 

and ETS family members, respectively ( 11–14 ). Some of these 
transcription factors (TFs) are likely to be present in all cell 
types. In addition, other ubiquitous and cell type-specific TFs 
bind to promoters or TSS-proximal enhancers beyond dis- 
tal elements, such as NRF1, GFY, NFY (CCAAT-binding fac- 
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or), and several bZIP and bHLH proteins ( 13 , 15 , 16 ). Alto-
ether, there is a large pool of TFs, which supports cell- and
ondition-specific promoter and enhancer usage, but most of
heir interactions connecting cis -regulatory elements to poly-
erase activity are not known in detail. Considering the diver-

ity and uniqueness of promoters, there is a significant gap in
ur knowledge regarding how the different combinations of
is -regulatory elements can serve as initiating points of tran-
cription and how and what preinitiation complex can form
n the lack of the well-known TFII binding sites such as T A T A-
ox. In this study, we aimed to thoroughly and exhaustively
ap macrophage-specific direct TF binding sites and chro-
atin features to better understand how and which DNA-TF

nteractions initiate the cell type-specific gene transcription. 
Murine bone marrow-derived macrophages (BMDMs) are

n extensively used model for studying gene expression regu-
ation in macrophages ( 1 , 11 , 17 , 18 ). This state represents dif-
erentiated macrophages, but these are not differentiated into
 particular tissue-specific (e.g. liver, lung, peritoneum) or po-
arized (classical or alternative) state. Besides pathogen and
ytokine signals, these cells are able to respond to a large
umber of other environmental stimuli such as proliferation
ignals, tissue damage, and lipid signal molecules. The re-
uired plasticity is provided by the collaboration of numerous
ineage-determining and signal-dependent transcription fac-
ors (LDTFs and SDTFs, respectively) at the level of gene reg-
lation. LDTFs are responsible for the generation and mainte-
ance of a certain cell type, while SDTFs are the nuclear effec-
ors of different signals. The major LDTFs of macrophages are
U.1 ( Spi1 ) and FLI1 from the ETS family, C / EBPs from the
ZIP family, and RUNX1 from the Runt family ( 13 ,19–21 ). 
Besides these factors, there are other TFs that can be con-

idered LDTFs in macrophages but also respond to the bac-
erial endotoxin lipopolysaccharide (LPS). These are the AP-
 (FOS / JUN; bZIP) and MEF2 family members, but IRF8—
he heterodimerizing partner of PU.1 in several macrophage
ubtypes—has also been shown to have an LPS response inde-
endent of PU.1 ( 22–24 ). The classical SDTFs of macrophages
re distinct IRFs and ST A Ts that are all activated by cytokines
nd / or viral signals and have additional collaborating part-
ers from other TF families ( 25 ). Interleukin-4 (IL-4) acti-
ates not only ST A T6, but also cMY C (bHLH), EGR2, and
he PPAR γ/ RXR heterodimer during alternative macrophage
olarization ( 26–30 ). Similarly, the major SDTF of the LPS
esponse is NF κB, but besides IRF8, AP-1, and MEF2, ATF2
bZIP) is also induced during this kind of macrophage acti-
ation ( 25 , 31 , 32 ). There are additional bZIP proteins with
ignal-dependent activator functions in macrophages: ATF4 is
nduced upon amino acid deprivation, while NRF2 ( Nfe2l2 ) is
nduced by tissue damage and oxidative stress ( 33 ,34 ). In addi-
ion to all of these activators, there are some signal-dependent
epressors in macrophages too: BCL6 and ATF3 (bZIP) are
oth anti-inflammatory repressors, but while the former is in-
ibited, the latter is activated by LPS ( 31 , 32 ). BA CH1 and
AFB are both signal-inhibited repressors (bZIP); the former

s directly affected by heme, and the latter is inhibited by the
roliferation signal of macrophage colony-stimulating factor
M-CSF / CSF-1) ( 35 ,36 ). These and additional TFs form an
xtended cell type-specific TF network, most of which inter-
ctions and their effects on gene expression are barely known.

In this study, we set out to systematically map all cis -
egulatory elements with direct TF binding to characterize
heir epigenomic and transcriptional outcome in terminally
differentiated unstimulated BMDMs. This was made feasible
by the availability of a very large number ( > 40) of cistromic
data, a quarter ( > 10) of which is generated by our labora-
tory. In order to achieve this, we collected all the available TF
cistromes determined by ChIP-seq and representing sequence-
specific DNA-protein interactions. In addition, we used DNA
methylation (Bisulfite-seq), chromatin openness (A T AC-seq),
histone modification (MNase-ChIP-seq), nascent transcrip-
tomic (GRO-seq), and steady-state transcriptomic (RNA-seq
and CAGE) data to probe the functional characteristics of the
distinct TF binding patterns. 

In contrast to previous studies using several, largely unex-
plored cistromes, here, we determined the exact recognition
sequences for each TF and classified them based on the dom-
inant TF(s). Importantly, certain elements of the same class
having or lacking a CG dinucleotide show opposite character-
istics. Methylatable but non-methylated elements are highly
enriched in active promoters, while non-methylatable ones
show typically promoter-distal distribution with less activity.
By cataloguing all mapped cis -regulatory elements, we deter-
mined the characteristics of the most active promoters. Impor-
tantly, we identified a set of genes with promoters lacking all
proximal elements, instead, these are composed exclusively of
enhancer-specific ones. These promoters are CG-poor, bound
by LDTFs, show moderate chromatin openness but a high
number of acetylated H3K27 residues, and allow for the high
level of expression of numerous macrophage-specific genes.
This suggests that certain genomic regions with cell type-
specific enhancer characteristics and bound by LDTFs are uti-
lized as cell type-specific promoters to ensure proper gene ex-
pression patterns. 

Materials and methods 

Differentiation of BMDMs 

Isolation and differentiation of bone marrow cells derived
from male C57BL / 6 mice were completed as described ear-
lier ( 1 ,37 ). In detail, bone marrow was isolated by flushing
femurs and tibiae with DMEM medium, and cells were puri-
fied through a Ficoll-Paque gradient. Cells were cultured and
differentiated to macrophages for 6 days in DMEM medium
containing 20% FBS and 30% conditioned medium of L929
cell line (as a source of M-CSF). Cells were seeded at 50 000
cells / cm 

2 and were supplemented with the same medium at
day 3 of differentiation. 

Chromatin immunoprecipitation with sequencing 

(ChIP-seq) 

ChIP was performed as described earlier ( 1 , 31 , 38 ). In detail,
10 × 10 

6 adherent BMDMs were used as a starting input
for each sample. Cells were first cross-linked with DSG (2
mM, Sigma-Aldrich) for 45 minutes and then with formalde-
hyde (1% v / v, Thermo Fisher Scientific) for 10 minutes at
room temperature. Cells were washed and scraped in cold
PBS. Cell pellets were resuspended and lysed on ice for 10
minutes (Lysis Buffer: 1% Triton X-100, 0.1% SDS, 150 mM
NaCl, 1 mM EDTA and 20 mM Tris, pH 8.0) and sonicated
with a Bioruptor sonicator in low strength for 10 minutes (30
s ON / 30 s OFF). Immunoprecipitation was done overnight
with 5 μg of antibodies for RXR (sc-774) and BACH1 (a
gift from Dr Spilianakis, IMBB-FORTH, Greece), then BSA-
blocked Protein A magnetic beads (Thermo Fisher Scientific)
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were added for 2 h. Chromatin-bead complexes were washed
five times; once with Wash Buffer 1 (1% Triton X-100, 0.1%
SDS, 150 mM NaCl, 1 mM EDTA, 20 mM Tris, pH 8.0 and
0.1% NaDOC), twice with Wash Buffer 2 (1% Triton X-100,
0.1% SDS, 500 mM NaCl, 1 mM EDTA, 20 mM Tris, pH
8.0 and 0.1% NaDOC), once with Wash Buffer 3 (0.25 M
LiCl, 0.5% NP-40, 1 mM EDTA, 20 mM Tris, pH 8.0 and
0.5% NaDOC), and once with TE buffer (1 mM EDTA and 20
mM Tris, pH 8.0). Immunoprecipitated chromatin was eluted,
reverse-crosslinked overnight, and then treated with RNase A
and Proteinase K. DNA was then column-purified with Qia-
gen DNA isolation kit. 1–10 ng of IP DNA was used for ChIP-
seq library preparation with the TruSeq ChIP library kit (Illu-
mina) according to the manufacturer’s protocol. ChIP libraries
were sequenced on an Illumina HiSeq 2500 platform. 

Data collection 

Besides our recent ChIP-seq data sets and our previously pub-
lished ChIP-seq, A T AC-seq, GRO-seq and RNA-seq data sets,
additional ChIP-seq, MNase-ChIP-seq, CAGE, and Bisulfite-
seq data sets derived from terminally differentiated and un-
stimulated BMDMs were collected from NCBI’s Sequence
Read Archive (SRA) or Gene Expression Omnibus (GEO) as
listed in Supplementary Table S1 . In the case of availability
of multiple ChIP-seq data sets for the same TF, data selection
was done based on quality, considering the peak numbers, the
specific signal-to-background ratio, and the specific motif en-
richments. A T AC-seq data derived from splenic B cells and
inguinal white adipose tissue (iWAT) cells were downloaded
from SRA ( Supplementary Table S1 ). 

ChIP-seq analysis 

Primary analysis 
The primary analysis of raw sequence reads was carried out
using the updated version of our ChIP-seq analysis com-
mand line pipeline ( 39 ). In detail, alignment to the mm10
mouse reference genome assembly was performed by the BWA
v0.7.17 tool ( 40 ). BAM files were created by SAMtools v1.7
( 41 ). Genome coverage (bedgraph) files were generated by
makeUCSCfile.pl (HOMER v4.9.1) ( 13 ). The distribution of
MNase-ChIP-seq reads at different genomic loci was deter-
mined by annotatePeaks.pl (HOMER). TF ChIP-seq peaks
were predicted by MACS2 v2.1.1 ( 42 ), and artifacts were re-
moved by intersectBed (bedtools v2.27.1) ( 43 ) according to
the blacklist of ENCODE ( 44 ). 

Filtering of TF ChIP-seq peaks 
Peaks then were further filtered. Read density of the mid-
dle 100 bp of each peak was calculated by annotatePeaks.pl
(HOMER). Density of the 1000th—or in the case of small
bHLH cistromes, the 100th—peak was used for normalizing
peak densities per sample, and peaks with lower than 1 / 3—or
in the case of MEF2 cistromes, 1 / 2—normalized density were
excluded. Cistromes with less than 1500 peaks after filtering
were excluded from the further analyses. 

Generation and clustering of aggregate cistromes 
Cistromes of closely related TFs (basically TF families) were
united to aggregate cistromes by mergeBed (bedtools). Peaks
within aggregate cistromes were clustered based on their nor-
malized densities (TF patterns) by Cluster 3.0 ( 45 ), and peaks

within clusters were sorted based on one dominant TF. For 
clustering, the k-means clustering method was used assuming 
Euclidean distance with k = 5, 10, or 20 values, and clusters 
with similar patterns were united. For the co-localization fre- 
quency of TFs, the overlap of the cistromes was determined by 
intersectBed (bedtools). The distance of peaks relative to the 
closest TSS was determined by annotatePeaks.pl (HOMER).
The average distance per 100 regions was determined in the 
order of the sorted aggregate cistromes. 

A T AC-seq analysis 

Primary analysis and integration with ChIP-seq data 
The primary analysis of raw sequence reads was carried out 
as described above for ChIP-seq analysis. The distribution 

of A T AC-seq reads at different genomic loci was determined 

by annotatePeaks.pl (HOMER). Overlaps between A T AC- 
seq peaks and aggregate cistromes were determined using 
mergeBed and intersectBed (bedtools). 

Comparison of cell type-specific open-chromatin regions 
In order to compare the data derived from different cell types,
a consensus peak set was generated by mergeBed (bedtools); 
fragment length was uniformly set to 150 bp; and densities 
determined by annotatePeaks.pl (HOMER) were decile nor- 
malized per sample. Peaks showing lower than 1 / 3 normal- 
ized density were filtered out. Overlaps of the cell type-specific 
A T AC-seq peaks were determined by intersectBed (bedtools). 

Motif enrichment analysis 

De no v o motif enrichment analysis 
The top 1000 peaks—or, in the cases of smaller peak sets, all 
peaks—were used for the de novo motif enrichment analy- 
sis. The top 1000 peaks of each cell type-specific or shared 

A T AC-seq peak subset were selected based on MACS2 peak 

scores. In the case of those BMDM-derived A T AC-seq peaks,
which do not overlap with any of the aggregate cistromes, the 
top 2000 peaks were used. For promoter-specific motif opti- 
mization, the top 1000 A T AC-seq peaks with a given motif—
enriched in the CREB1- and ELF1-specific clusters—were se- 
lected. For this, motif mapping was carried out by annotate- 
Peaks.pl (HOMER). The top 1000 ChIP-seq peaks—of en- 
tire cistromes (RUNX1, RXR) or the clusters of aggregate 
cistromes—were selected based on the normalized read den- 
sities for each possible TF dominating a larger set of peaks.
For example, separate analyses were carried out with the 
top peaks specific for both ELFs and those specific for ELF4 

only . Similarly , C / EBP β-, ATF3-, and JUNB-specific peaks 
also served as the basis for a motif search. The central 200 

bp of A T AC-seq peaks and the central 100 bp of ChIP-seq 

peaks were used as target sequences, and the enrichment of 10- 
, 12- and 14-mers was determined by findMotifsGenome.pl 
(HOMER). For GFY motif optimization, 30-mers were set for 
the analysis. P -values were calculated by comparing the num- 
ber of target and random (background) sequences carrying a 
certain motif. 

Motif analyses 
Motif mapping was carried out by annotatePeaks.pl 
(HOMER). The sequence of putative elements was ob- 
tained by the ‘homerTools extract’ command. The frequency 
of core sequences and half-sites was calculated for each TF 

family. The fold enrichment of bZIP-specific 8-mers was 
calculated relative to the frequencies expected based on the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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requencies of their constituent half-sites. Putative promoter-
pecific elements—determined within A T AC-seq peaks—were
iscriminated based on their CG content. Per position nu-
leotide frequencies were transformed to HOMER motif
atrices. The distance distribution of putative elements rel-

tive to the closest TSS was determined by annotatePeaks.pl
HOMER). 

equence enrichment analysis 
equence enrichment analyses were performed per cluster and
ggregate cistrome (the filtered RUNX1 and RXR cistrome
an be considered both) (see flowchart in Supplementary 
igure S2 E). 

etermination of consensus sequences 
onsensus sequences—determined manually based on the re-

ated de novo motif hits ( Supplementary Table S2 )—were
ransformed to HOMER motif matrices by seq2profile.pl
HOMER). For example, no ETS motif contained a T right
ownstream of the core 4-mer, so oligomers having this nu-
leotide at this position were not taken into account in fur-
her analyses. The length of flanking nucleotides was deter-
ined based on their nucleotide preferences according to the
e novo motif hits. In the case of ETS and IRF elements
ith a tetrameric core, 8-mers including 2 × 2 flanking nu-

leotides were used as initial sequences. Similarly, 2 × 2 flank-
ng nucleotides of the core 6-mer of RUNX elements were
aken into account, and 2 nucleotides upstream and 1 nu-
leotide downstream of the core 6-mer of RXR were included
n the initial set of sequences. In the case of MAF / antioxidant
esponse element (MARE / ARE), only a 1-nucleotide exten-
ion of the short half-site was included, and in all other
ases, a 1-nucleotide extension of both ends was applied
 Supplementary Table S2 ). 

etermination of oligomer enrichments 
he enrichment of individual oligomers was calculated based
n their frequency in each relevant set (cluster) of peaks and
heir flanking regions. More precisely, the central 100 bp
f the peaks was used as target regions, and the flanking
 × 500-bp regions were used as background ( Supplementary 
igure S2 E, right). For this, the motif matrices representing
he initial oligomers were mapped within the 1.1-kb (tar-
et + background) regions around the peaks by annotate-
eaks.pl (HOMER). Putative elements of the target and back-
round regions were separated by intersectBed (bedtools). The
equence of mapped oligomers was retrieved by the ‘homer-
ools extract’ command. The number of individual oligomers
apped in the target regions was compared to that in the
ackground ( Supplementary Figure S2 E, right). Oligomers
ere considered enriched in a set of target regions if they

eached a certain frequency—e.g. 1% in the case of 8-mers—
nd 3-fold enrichment over the background, but in the case
f lower complexity or longer motifs, respectively stricter
r more permissive frequency requirements were applied. In
he case of RUNX- and bZIP-specific 10-mers, the target
requency threshold was reduced to 0.3%. In contrast, the
ow-complexity MEF2 and incomplete cAMP response ele-
ent (CRE) oligomers required a higher, 5-fold enrichment

hreshold with at least 0.5% target frequency. In the bZIP-
pecific clusters of less than 1000 peaks, higher target fre-
uency thresholds were applied ( Supplementary Table S2 ,
arentheses). 
Filtering of the enriched oligomers 
The enriched oligomers were subjected to further manual fil-
tering. Those oligomers showing a high degree of overlap with
sequences specific for other TF families were excluded. For
example, the TTTCCTCA sequence is enriched as a bZIP-
specific 8-mer similar to the C / EBP:ATF response element
(CARE), but it is rather bound by AP-1 proteins and con-
tains the PU.1-specific GAGGAAA sequence. Sequence sim-
ilarities within the bZIP family were also considered. TPA re-
sponse elements (TREs), being parts of MAREs, and incom-
plete CREs, being parts of complete ones, were excluded. In
order to simplify the visualization of bZIP element-related re-
sults, the enrichments of oligomers with identical cores and
different flanking nucleotides were re-calculated based on the
summed oligomer frequencies. 

Determination of TF preferences 
All putative elements matching with the enriched oligomers
were collected within the relevant aggregate cistrome. ChIP-
seq read density for the related TFs was calculated at 50-
bp regions around each putative element by annotatePeaks.pl
(HOMER). Densities were normalized with the same values as
for ChIP-seq peak filtering, and then the per oligomer median
of the normalized TF densities was determined. In the case of
ETS (+IRF8) and bZIP families, pairwise correlation analyses
were performed on the per oligomer TF patterns, and the ma-
trix of Pearson correlation coefficients was clustered by Clus-
ter 3.0. Median TF densities were sorted in the order of the re-
sult of this hierarchical clustering. Sequence enrichments spe-
cific for TF patterns (clusters) were expressed as the product of
the frequency and fold enrichment of each oligomer mapped
in each cluster. The ‘specific enrichment’ of an oligomer within
a cluster dominated by a TF then was coupled with the median
density of the TF at the oligomer. 

Classification of elements 
The putative elements matching with the enriched oligomers
were classified based on their DNA-TF interaction character-
istics and CG content ( Supplementary Table S3 ). The distance
distribution of classes of putative elements relative to the clos-
est TSS was determined by annotatePeaks.pl (HOMER). 

GRO-seq analysis 

Primary analysis 
The primary analysis of raw sequence reads was carried out as
described above for ChIP-seq analysis. Strand-specific genome
coverages were determined by makeUCSCfile.pl (HOMER)
and united to a single coverage (bedgraph) file with positive
and negative signs representing the two strands. Read densities
at different genomic loci were calculated by annotatePeaks.pl
(HOMER). 

Integration of GRO-seq and A T AC-seq data 
GRO-seq read densities around A T AC-seq peaks were de-
termined in 100-bp resolution ( Supplementary Figure S1 B).
Around the central 100 bp, the higher out of the average
density of the adjacent and subsequent 100-bp regions was
considered the transcription initiation density. The average
elongation density calculated for 100 bp was measured from
550 to 1550 bp relative to the peak centre in both directions
( Supplementary Figure S1 B). Densities for the related chro-
matin openness (measured at 100-bp peak centres) and tran-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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scription initiation values and also for the related initiation
and elongation values were calculated in 0.5-unit bins. 

Putative elements matching with the enriched oligomers or
the optimized promoter-specific motifs—mapped in the rele-
vant regions—were also used as centres of chromatin open-
ness and transcription initiation analyses. If two and only two
putative elements were located within 50 bp distance relative
to each other, they were united into a pair by mergeBed (bed-
tools). Elements farther than 50 bp from any other element
were handled as single elements. A T AC-seq density within 100
bp around the single and double elements and the average
GRO-seq density within the flanking 100-bp regions were de-
termined using annotatePeaks.pl (HOMER). Median A T AC-
seq and GRO-seq densities for each class of elements and each
combination of classes represented by at least 19 loci were de-
termined. 

Calculation of gene co ver ages 
In the initial comparison with RNA-seq data, reads per kilo-
base per million mapped reads (RPKM) values were calculated
per gene according to the mm10 reference gene annotation.
For this, genes were split into 500-bp fragments, an RPKM
value was calculated for each fragment, and the median value
was assigned to each gene. Reads mapping strand-specifically
to the gene fragments were counted using intersectBed (bed-
tools), and identical reads were considered once. 

De no v o tr anscript prediction 

De novo transcript prediction was carried out using the
updated version of our GRO-seq analysis command line
pipeline ( Supplementary Figure S6 A) ( 1 ). Shortly, strand-
specific ‘peaks’ representing polymerase activity were deter-
mined based on the strand-specific genome coverage (bed-
graph) file by PeakSplitter (EBI Bertone Group Software).
Peak pairs representing divergent transcription (transcription
initiation to both directions) were determined using inter-
sectBed (bedtools). Consecutive peaks at the same strand were
united to transcripts based on proximity and the mm10 refer-
ence gene annotation extended as described below for RNA-
seq analysis. The 5 

′ end (TSS) of putative transcripts was deter-
mined as described below for promoter analysis. RPKM val-
ues were calculated for each transcript excluding—putative
initiation—peaks showing > 2.5-fold read enrichment relative
to the whole gene body ( Supplementary Figure S6 A). Identical
reads were considered once during the calculations. 

RNA-seq analysis 

Primary analysis 
Paired-end reads were aligned to the mm10 mouse reference
genome assembly by hisat2 v2.1.0 ( 46 ). BAM files were cre-
ated by SAMtools. Genome coverage (wig) files were gen-
erated by bamCoverage2 (deepTools v3.0.2) ( 47 ). Gene ex-
pression levels determined in fragments per kilobase per mil-
lion mapped fragments (FPKM) were calculated by StringTie
v1.3.4d ( 48 ). The average FPKM values of two replicates were
shown. 

Integration of GRO-seq and RNA-seq data 
Genes of the upper decile of gene expression values either
based on GRO-seq (RPKM) or RNA-seq (FPKM) were se-
lected for further classification. Non-protein-coding genes
were determined using the Ensembl database (BioMart).
Protein-coding genes were discriminated based on the fold dif- 
ference between the expression levels measured by RNA-seq 

and GRO-seq. As the quotient of the median gene expression 

levels (FPKM / RPKM) is 22.23, two orders of magnitude to 

both directions were set as thresholds, meaning that the mid- 
dle range is between 22.23 multiplied / divided by the square 
root of 10, and the further thresholds are orders of magnitude 
above / below relative to these values, respectively. According 
to this classification, ‘very low turnover’ genes show a fold dif- 
ference higher than 703; ‘low turnover’ genes show a fold dif- 
ference between 70.3 and 703; ‘average turnover’ genes show 

a fold difference between 7.03 and 70.3; ‘high turnover’ genes 
show a fold difference between 0.703 and 7.03; and ‘very high 

turnover’ genes show a fold difference < 0.703. Gene ontology 
(GO) analyses were performed by ShinyGO ( 49 ). 

Classification of transcription factors 
Genes of the macrophage-specific TF families were collected 

based on the list of Zhou et al. ( 50 ) and in the case of the
bHLH family, Skinner et al. ( 51 ). Besides the major TF families 
(ETS, IRF, bZIP, ST A T, bHLH and NF κB), gene expression of 
the TFs in the upper decile and the related co-regulators was 
collected. TFs having or lacking a major cistrome, and those 
lacking any cistrome were discriminated. 

De no v o tr anscript prediction 

De novo transcript prediction was carried out by StringTie 
using all reads from both replicates. The predicted transcripts 
were annotated using intersectBed (bedtools) and the mm10 

reference gene annotation. Transcripts extended by at least 
100 bases to the 5 

′ direction relative to the most upstream 

known TSS of an overlapping gene were added to the refer- 
ence gene annotation. 

Promoter analysis 

TSS prediction based on GRO-seq data 
GRO-seq peaks overlapping with any 5 

′ UTR within a first 
exon according to the mm10 reference gene annotation 

and / or the de novo RNA-seq predictions were considered pu- 
tative initiation peaks—that follow promoters and may be fol- 
lowed by elongation. In addition, putative TSSs were selected 

out of the intragenic sites showing divergent transcription.
More precisely, if a gene segment downstream of an intragenic 
divergent initiation site showed a coverage at least 50% higher 
than the previous one, it was considered the result of the ac- 
tivity of an alternative promoter ( Supplementary Figure S6 A).
At first, the 5 

′ of the found initiation peaks ±150 bp was con- 
sidered the ‘TSS region’ of the identified transcripts. 

Promoter prediction and classification 

Putative elements matching with the enriched oligomers or 
the optimized promoter-specific motifs—mapped in the rel- 
evant regions—were supplemented with those matching with 

the enriched oligomers and mapped in the common peaks of 
the relevant unfiltered cistromes and open-chromatin regions.
Elements closer than 100 bp to each other were clustered by 
mergeBed (bedtools). Single or clustered elements with at least 
half of their length covered by any of the predicted TSS regions 
were considered putative promoters. Putative promoters com- 
posed exclusively of prototypically TSS-proximal elements,
distal elements, or both kinds of elements including those 
showing bimodal distribution were discriminated. A T AC-seq 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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nd GRO-seq read densities were determined as described for
RO-seq analysis ( Supplementary Figure S1 B). 

AGE (cap analysis of gene expression) analysis 

efinition of TSSs 
er TSS transcription initiation frequency from BMDMs was
ownloaded as a bed file from the FANTOM5 database
CNhs14136). If there was overlap, the top TSS—according to
ranscription initiation frequency—was assigned to each TSS
egion (determined as described above for promoter analysis)
sing intersectBed (bedtools). Otherwise, the centre of the TSS
egions was used. TSS clusters within ±100 bp of the top TSSs
ere selected based on CAGE data, and the width of the in-

erquartile region (IQR) of these clusters—over 10 transcripts
er million (TPM)—was collected per promoter type. 

ata integration 

enes having exclusively those classes of promoters composed
f prototypically TSS-proximal elements and those having
xclusively those classes of promoters composed of proto-
ypically TSS-distal elements were further filtered based on
xpression. The TSS of transcripts with an expression level
 1 RPKM was collected. In addition, TSSs of (very) low

urnover protein-coding genes < 0.5 RPKM expression and
hose of protein-coding genes not expressed according to ei-
her GRO-seq or RNA-seq were collected. These four groups
f promoters / TSSs then were characterized by CAGE, motif
istribution, Bisulfite-seq, A T AC-seq, MNase-ChIP-seq, and
RO-seq data. TSS densities according to CAGE data were
etermined by annotatePeaks.pl (HOMER). 

isulfite-seq analysis 
he methyl-cytosine map of C57BL / 6 BMDMs was down-

oaded from the GEO database (GSM2974655). Methylated
G dinucleotides were collected to a bed file, which was used

o map the DNA methylation pattern of different genomic
oci by annotatePeaks (HOMER). CG dinucleotides (indepen-
ent of their methylation) and the identified and grouped TSS-
roximal (EBS, enhancer [E]-box, GC-box, CCAAT-box and
RF1 element) and distal elements (PU-box and bZIP ele-
ents except for the CREB1-specific ones) were mapped by

nnotatePeaks (HOMER). The methylation pattern of pro-
oters composed exclusively of proximal elements was mod-

lled by Gaussian functions and a linear function. 

ata visualization 

enome coverage (bedgraph and wig), gene annotation (gtf),
nd genome coordinate (bed) files were visualized by Inte-
rative Genomics Viewer (IGV v2.16.2) ( 52 ). HOMER motif
atrices were visualized by motif2Logo.pl (HOMER). Heat
aps representing the distribution of reads, putative elements,
G dinucleotides, or TSSs at different genomic loci and those

epresenting different enrichments, frequencies, and densities
ere visualized by Java TreeView v1.1.6r4 ( 53 ). Histograms

epresenting the distribution of reads, nucleotides, CG dinu-
leotides and other sequences, or TSSs at different genomic
oci, histograms representing the distribution of peaks relative
o the closest TSS, violin plots representing the distance distri-
ution of cistromes or putative elements relative to the closest
SS, violin plots representing A T AC-seq and GRO-seq densi-

ies, as well as scatter plots, box plots, bar charts, and a pie
hart were visualized by GraphPad Prism v8.0.1. Proportional
Venn diagrams were visualized by VennMaster ( 54 ), and the
Chow-Ruskey Venn diagram was visualized by Intervene ( 55 ).

Results 

The cell type-specific chromatin landscape is 

determined by specific LDTF combinations 

Specific combinations of LDTFs result in different cell types.
For example, the retroviral expression of PU.1 and C / EBP α

can reprogram different kinds of fibroblasts into macrophage-
like cells, while pre-B cells, which already express PU.1, can
be transdifferentiated into macrophages by the overexpres-
sion of C / EBP α only ( 20 ,21 ). In order to compare the open-
chromatin regions and the motif enrichments of the major
LDTFs of murine BMDMs with those of other normal cell
types, we used A T AC-seq data also from murine splenic B cells
and inguinal white adipose tissue (iWAT) cells ( 56 ,57 ). The
latter was chosen because macrophages and adipocytes share
C / EBP α but not PU.1 ( 58 ,59 ). Despite the common LDTFs,
the three cell types show significant differences in their open-
chromatin regions (Figure 1 A). Motif enrichment analysis
within the regions common to all cell types ( n = 9162) resulted
in only promoter-specific motif hits ( Supplementary Figure 
S1 A). Pairwise intersections, in turn, show more specific hits,
except for that of B cells and iWAT cells ( n = 1350), which
is enriched only for insulator (CTCF) elements and—the basi-
cally TSS-proximal—CCAAT-box. According to these results,
BMDM- and / or B cell-specific regions both show PU.1 and
RUNX motif enrichments (purple), BMDM- and / or iWAT-
specific regions both have C / EBP and AP-1 (TRE) motifs en-
riched (red), and CRE and enhancer (E)-box motifs (black) en-
riched the most in macrophages ( Supplementary Figure S1 A).
These results confirm that the cistrome of a certain LDTF can
be diverse in different cell types, largely affected by the ac-
tual collaborating TFs ( 60 ,61 ). In addition, the macrophage-
specific motif hits suggest the possible roles of multiple bZIP
and—the E-box binding—bHLH proteins besides the well-
known LDTFs. 

Transcription initiation is a di ver se process in 

differentiated BMDMs 

The genome-wide collection of open-chromatin regions pro-
vides a robust and unbiased basis to test genomic and
epigenomic features corresponding to transcription initiation.
Therefore, we started our analyses with the 42951 open-
chromatin regions (peaks) determined based on our A T AC-
seq data obtained from murine BMDMs. In order to examine
the correlations between chromatin openness and transcrip-
tion initiation, we compared A T AC- and GRO-seq densities
at the predicted A T AC-seq peaks (Figure 1 B, Supplementary 
Figure S1 B). In this comparison, no statistical correlation and,
as expected, no transcription initiation without open chro-
matin is detected. Interestingly, high initiation frequency can
be reached at barely open regions, and naturally, also the op-
posite can be observed at highly open regions with low or
no expression. Comparing how elongation follows transcrip-
tion initiation based on GRO-seq data around the A T AC-
seq peaks, we detected a broad distribution again (r = 0.11)
( Supplementary Figure S1 B, C). These results demonstrate
that each open-chromatin region (putative gene regulatory re-
gion) is unique, and there is no statistical correlation between
chromatin openness and transcription initiation, rather, these

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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Figure 1. Correlations in BMDM gene regulation. ( A ) Read distribution plot depicts chromatin openness (A T AC-seq) in 1 -kb windows around the different 
sets of A T AC-seq peaks derived from BMDM (SRR6246988), B cell (DRR277283), and iWAT (SRR6177788-89) samples. ( B ) Density plot represents 
correlations between the chromatin openness (A T AC-seq) and transcription initiation (GRO-seq) of BMDMs. ( C ) Scatter plot represents correlations 
between the nascent (GRO-seq) and mature RNA levels (RNA-seq) of BMDMs. The elevating turnover rate of protein-coding genes of the upper deciles 
of gene expression values is indicated as blue to red transition per order of magnitude. Non-protein-coding genes are represented by black dots. The 
number of protein-coding (bold) and non-coding genes (in parentheses) are shown for the top three quadrants determined by the upper deciles. ( D ) 
Genome browser view shows the chromatin openness (dark olive), nascent transcription (light and dark green, strand specifically), and mRNA le v el (dark 
gre y) of representativ e genes selected based on their high transcription frequency and div erse mRNA le v els. Colour code belo w fits the code introduced 
in Figure 1 C. 

 

 

 

 

 

 

 

 

are—at least in part—independent outcomes of DNA-protein
and protein–protein interactions within the chromatin. 

RNA turnover shows a broad distribution in 

BMDMs 

The next level of gene expression is the amount of mature
RNA molecules; therefore, our next question was whether
there is a correlation between the nascent (GRO-seq) and ma-
ture RNA levels (RNA-seq) in our model system (unstimu-
lated BMDMs) (Figure 1 C). Again, the answer is no ( r = 0);
there can be several orders of magnitude difference in both
directions between the gene expression values measured by 
the two techniques. Less than a third ( n = 1153) of the 
genes in the upper decile either based on GRO-seq or RNA- 
seq are top genes based on both techniques (Figure 1 C, top 

right). If we consider only protein-coding genes ( n = 1135),
the ratio is somewhat higher (35.5%) because of the large 
number of non-coding transcripts ( n = 427, highlighted as 
black dots) that show frequent transcription but a low ma- 
ture RNA level (Figure 1 C, bottom right). Similar to most 
non-coding transcripts, several ( n = 59) histone genes also 

show high turnover and low RNA levels (from the 131 ‘very 
high turnover’ protein-coding transcripts; highlighted as red 
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ots), resulting in the enrichment of the GO term ‘nucleosome
ssembly’ in this gene set ( Supplementary Figure S1 D). On
he other side, accumulated RNA molecules show the low-
st ratio of non-coding transcripts (Figure 1 C, top left), and
he extremes ( n = 43 genes, highlighted as blue dots) are en-
iched for immune-related and acetylcholine response genes
 Supplementary Figure S1 E). Overall, huge differences can be
bserved between the amounts of the produced and processed
ranscripts—the changes range between 5 and 8 orders of
agnitude, respectively (Figure 1 C). 
In order to demonstrate the differences between the gene

xpression levels detected by GRO-seq and RNA-seq, we high-
ighted some genes with similarly high transcription frequency
ut different steady-state mRNA levels (Figure 1 D). Beta-actin
 Actb ), which is frequently used as a representative house-
eeping gene, has a relatively low mRNA turnover, while
he macrophage-specific lysozyme M ( Lyz2 ) is the highest ex-
ressed gene with very low mRNA turnover ( 62 ): Lyz2 tran-
cripts are ∼21-times more frequent than Actb transcripts.
he mRNA level of Fth1 is a quarter of this, while Ccl3
nd Dusp1 show low expression levels relative to the poly-
erase activity on their gene bodies. Notably, the high initia-

ion peak of Dusp1 is not coupled with high chromatin open-
ess, demonstrating the complexity of transcriptional regula-
ion. In our further investigations, we aimed to identify what
equence characteristics are behind these, sometimes contra-
ictious chromatin features. 

he expression of LDTFs correlates with the size of 
heir cistromes 

ince the active TF and cis -regulatory element network is
he key to gene regulation, first, we classified TFs based
n their expression level and cistrome size using BMDM-
erived RNA-seq and ChIP-seq data sets, respectively. Re-
ults from the former inform about the approximate expres-
ion level of protein products, while those from the latter
onfirm the expression and possible activity by showing the
hromatin-bound fraction of the expressed TFs. We com-
iled 11 of our own and 30 additional publicly available
istromes with specific motif enrichment and compared the
raw’ (unfiltered) cistrome sizes with the gene expression val-
es ( Supplementary Figure S2 A). Overall, there is no statistical
orrelation between these values; although three populations
eparate: (i) high-expressed TFs with large cistrome, (ii) high-
xpressed TFs with small cistrome and (iii) low-expressed TFs
ith small cistrome. These respectively represent major TFs,
Fs to be activated, and minor TFs (referred to as groups I-

II, respectively). In group II, among others, we found IRFs,
T A Ts, and nuclear receptors, which are known SDTFs with
mmediate or quick response ( 25 ,63 ), while group I TFs, such
s ETS and bZIP proteins (highlighted in blue and orange, re-
pectively), are already active components of the chromatin. 

Cistrome size (the number of ChIP-seq peaks) largely de-
ends on technical issues such as the specificity and affinity
f the antibody. In our case, a high-resolution sample could
esult in close to 100 000 peaks ( Supplementary Figure S2 B,
upplementary Table S1 ), most of which have a read density
ore than an order of magnitude lower than the top peaks—

hese can represent low-affinity, indirect, heterochromatic, or
ell subpopulation-specific binding sites even if BMDMs form
retty homogenous populations. In contrast, low-resolution
amples may show only the tip of the iceberg with mostly di-
rect binding sites. In order to make samples comparable, the
density of the 1000th peak was used for the normalization of
all peak densities per sample, and peaks with less than 1 / 3
normalized density were not included in the further analyses
( Supplementary Figure S2 B, red line). This strict cut-off ex-
cluded 15 TFs (from groups II–III) and provided more com-
parable cistrome sizes and highly occupied binding sites, so
a reasonable basis for the subsequent motif analyses. CTCF
was also excluded from the TF list because of its unique role
in insulator binding and looping instead of direct transcrip-
tion regulation ( 64 ). After these filtering steps, cistrome size
showed a higher correlation ( r = 0.26) with gene expression,
and 11 out of 26 TFs fell within the 95% confidence inter-
val of the fitted line, including all C / EBPs, MEF2 proteins,
and PU.1 (Spi1) ( Supplementary Figure S2 C). Using this ap-
proach, all AP-1 components (FOS / JUN), ATF2 and 2 ETS
proteins show ‘overestimated’ cistrome size, while 3 cistromes
seem slightly, and 5 strongly underestimated. This may mean
that the former TFs have more high-affinity binding sites than
the others, while the latter ones bind to a large number of low-
affinity or indirect binding sites. Notably, unlike the other TFs,
cMYC is probably unable to saturate its possible binding sites
because of its lower expression ( Supplementary Figure S2 C,
grey dashed line). 

After selecting the available top cistromes, we grouped the
high-expressed TFs based on their families using the extended
TF list of Zhou et al. (Figure 2 A, the red dashed line marks the
upper decile of TF gene expression) ( 50 ). Families of the high-
est expressed TFs are all represented by relevant ChIP-seq data
(highlighted in blue, orange, red or grey), although there are
some additional TFs, whose genomic distribution would be in-
teresting based on their expression level (highlighted in black).
For example, several members of the bHLH family show high
expression, but only 3 bHLH cistromes (of different subfam-
ilies) are known from BMDMs (red and grey). In the case of
ETS and IRF proteins, we have the most relevant cistromes
(blue and red), as well as the bZIP family is highly repre-
sented (orange). It is also visible that IRFs (except for IRF8),
ST A Ts and NF κB proteins (grey) have small cistromes, which
can be extended by TF activation, basically via phosphoryla-
tion ( 25 ). Notably, within these families, we can suppose that
the unknown cistromes should show similarly small numbers
of occupied cis -regulatory elements. For example, as IRF7 is
a heterodimerizing partner of IRF3, it might have a similarly
small cistrome as its partner; inhibitors of IRF2 (Irf2bp, green)
show high mRNA levels; and the highly expressed NF κB in-
hibitors (Nfkbi, green) also take care of repression ( 25 ). In-
terestingly, both members of the TBP inhibitor DR1 / DRAP1
heterodimer (green, column ‘Other’) show high expression,
which might result in the suppression of classical T A T A pro-
moters ( 65 ). The last TFs with major cistromes are the RXR,
RUNX1 and MEF2 proteins (red, column ‘Other’). 

As highlighted above, in total, we collected 26 cistromes
of significant TFs in terminally differentiated unstimulated
BMDMs—13 of the bZIP family, 5 of the ETS family, 3 of
the MEF2 family, 2 of the bHLH family, and those of IRF8,
RXR and RUNX1. Notably, RXR α and β were detected with
the same antibody, so hereinafter, they are simply referred to
as RXR. Most of these TFs show average turnover, except
for most bZIP proteins (especially AP-1 proteins) and cMYC,
which show high turnover, and PU.1, which shows the lowest
turnover ( Supplementary Figure S2 D). The selected cistromes
of the 7 TF families then were processed as follows (Figure 2 B,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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A B

Figure 2. The major transcription factors of BMDMs. ( A ) Dot plot represents the gene expression level of the highest expressed TFs per TF family. The 
red dashed line represents the upper decile, below which only the expression levels of the top families are shown. TFs in blue, orange, or red ha v e large 
cistrome (based on our filtering detailed in the Methods section), TFs in grey have small cistrome, TFs in black have no available cistrome, and genes in 
green are transcriptional co-regulators. ( B ) Flo w chart represents the applied w orkflo w of the analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S2 E): Because of the common or over-
lapping sequence preferences of TFs from the same family, we
decided to combine their cistromes into a non-redundant, ag-
gregate cistrome, and then, this was clustered to regions with
characteristic TF and DNA sequence patterns. The goal of
these analyses was to discriminate particular sequences spe-
cific for a certain TF or TF group, from which promoters and
enhancers can be built up. Finally, sequence features of active
regulatory regions were combined with the available epige-
nomic information to get to know how transcription is initi-
ated (Figure 2 B). 

The large TF families have both promoter- and 

enhancer-specific members 

In order to characterize the epigenomic features of the
macrophage-specific cistromes, first, we compared the bind-
ing sites of the macrophage LDTF PU.1 (ETS) and its possible
collaborating partners such as IRFs. Out of the 4 known IRF
cistromes, besides IRF8 ( n = 39 097), only IRF1 shows a rel-
atively higher number (n = 6695) of binding sites, but by our
strict filtering, these numbers were strongly reduced (to 5330
and 1103, respectively). As most IRF1 binding sites are oc-
cupied by both IRFs, we decided to continue with the larger
cistrome ( Supplementary Figure S3 A). As expected, IRF8-
dominated regions show motif enrichments specific for its het-
erodimer with PU.1—the ETS:IRF composite element (EICE)
and IRF:ETS composite sequence (IECS) ( 66–68 ). The close
collaboration between these TF families allowed us to analyse
the IRF8 and ETS (PU.1, ELF1 / 4, FLI1 and GABP α) cistromes
together in the frame of the aggregate ETS cistrome (Figure 
3 A). Besides the 5 specific clusters generated based on the nor- 
malized TF densities (left), we also plotted the local densities 
of Bisulfite-seq, A T AC-seq, and GRO-seq (middle), together 
with the distance distribution of regions relative to the clos- 
est TSS (right). The 5 clusters are well separated in all their 
characteristics, although ELFs show a common and an ELF4- 
specific subcluster, and the bottom of the FLI1-specific cluster 
is rather bound by GABP α and ELF1 than FLI1. GABP α typi- 
cally co-localize with both ELFs and FLI1, and their common 

binding sites are the least methylated (Bisulfite-seq), highly 
open (A T AC-seq), the most transcribed (GRO-seq), and typi- 
cally TSS-proximal (Figure 3 A). In contrast, PU.1 and IRF8- 
specific regions are promoter-distal with a narrow unmethy- 
lated lane, less chromatin openness, and low transcription ini- 
tiation frequency. ELF4 and FLI1-specific regions are between 

these extremes in all respects. 
Next, we investigated the cistrome of the 13 bZIP pro- 

teins, which form a higher number of clusters and subclus- 
ters (Figure 3 B). The C / EBP-dominated cluster can be sepa- 
rated into common and C / EBP β/ δ-specific regions, but both 

are of promoter-distal characteristics and can be bound by 
other bZIP proteins except for CREB1. According to these re- 
sults, CREB1 is a promoter-specific TF—not only because of 
its TSS-proximal enrichment, but also the high transcriptional 
activity, the high chromatin openness, and the lack of DNA 

methylation in these regions. CREB1-specific regions show the 
presence of most of the examined bZIP proteins, but a mutual 
exclusion can be observed with both C / EBP and ATF3 pro- 
teins. In addition, BACH1 and MAFB also show low affinity 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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Figure 3. Characterizing the major cistromes of BMDMs. (A-D) Cistromes of related TFs were filtered and united to aggregate cistromes; those of the 
ETS family with IRF8 ( A ) and the bZIP ( B ), bHLH ( C ) and MEF2 families ( D ). Heat maps represent the aggregate cistromes clustered and sorted based 
on TF densities (left). The scale of densities ranges from 0 to 3. The extent of DNA methylation (Bisulfite-seq, scale: 0–0.1) and chromatin openness 
(A T AC-seq, scale: 0–20) in 1-kb windows and nascent transcription (GRO-seq, scale: 0–20) in 2-kb windows for each region (middle) and the genomic 
distribution of the regions relative to the closest TSS (right) are depicted. For the latter, the average distance of 100 consecutive regions on the heat 
maps was calculated. ( E ) Violin plot represents the genomic distribution of the indicated cistromes relative to the closest TSS. 
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o these regions. Interestingly, there is a cFOS-dominated set
f regions without significant JUN binding but with frequent
REB1 binding and TSS-proximal characteristics. The clus-

er of ATF2 / 3 can be further divided too, but both subclus-
ers represent highly DNA-methylated, promoter-distal, and
losed chromatin regions. Classical AP-1 (FOS / JUN) binding
ites are also promoter-distal ones, but—in contrast to the
TF binding sites—they are bound by other bZIP proteins
nd show enhancer characteristics—moderate openness and
ranscription initiation with a narrow unmethylated lane—
ike PU.1 and IRF8. The 477 regions (and a similar number
f regions within the ‘CREB1-specific’ cluster) enriched for
RF2 only are closer to promoters and more active like those
f FLI1, and the BACH1- and MAFB-specific clusters behave
ike that of C / EBP; however, relative to MAFB, BACH1 occu-
ies more methylated, less open and less active regions. 
The next aggregate cistrome, which can be analysed, is that

f bHLH proteins, although there are huge differences be-
ween the raw cistrome sizes: while USF2 can be detected at
6 817 genomic regions, the number of cMYC and BMAL1
inding sites is around 3000. In order to make the cistromes
omparable and an aggregate cistrome assembled, the small
cistromes were normalized with the 100th peaks’ density. This
way, the size of the filtered cMYC cistrome is 1998, while
BMAL1 with 881 peaks was left out from the further anal-
yses. Otherwise, BMAL1-specific regions are represented by
the other two bHLH proteins, and its E-box motif enrichment
does not show special characteristics ( Supplementary Figure 
S3 B) ( 69 ). In contrast, E-boxes of cMYC are not only rather
palindromic (CACGTG) but are also enriched for C / G flanks,
the opposite of which is true for the E-boxes of USF2, pre-
ferring the asymmetrical C AC ATG sequence with 5 

′ T and / or
3 

′ A flanking nucleotides ( 18 ). When we compared only the
filtered aggregate cistrome of USF2 and cMYC, it became vis-
ible that cMYC and strong USF2 binding sites behave simi-
larly (Figure 3 C). These are closer to TSSs and show a smaller
number of methylated cytosines, higher openness, and higher
polymerase activity. If we get farther from TSSs, we see weaker
USF2 enrichment and more methylated, less open, and tran-
scriptionally less active regions. 

MEF2 family members were also problematic in the sense
that our otherwise strict filtering still resulted in many,
presumably indirect binding sites according to the motif
enrichment results. Because of this, we used 1 / 2 threshold in-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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stead of 1 / 3 to generate the aggregate cistrome (Figure 3 D).
Although most MEF2 binding sites are promoter-distal and
not so active transcriptionally, there are differences in their
characteristics—MEF2A-specific regions are less methylated
and more open than the others, and regions with all 3 TFs are
more open than the MEF2C- or MEF2D-specific ones. 

During these cistromic analyses, we characterized how
proximity to active promoters and the range of low methy-
lated genomic regions correlate, and how this is coupled with
specific TF binding. In order to make the major characteris-
tics of the 26 TFs more comparable, we plotted their genomic
distribution relative to the closest TSS (Figure 3 E). This indi-
cates that most (n = 16) of the examined TFs bind almost ex-
clusively to promoter-distal regions. In contrast, CREB1 and
GABP α bind almost exclusively to TSS-proximal regions (ei-
ther up- or downstream), cMYC, and ELF1 mostly to TSS-
proximal regions, and there are three TFs with bimodal dis-
tribution: ELF4, FLI1 and USF2. The remaining TFs bind
to DNA typically far from promoters, but they also have a
small population of TSS-proximal regions—these are cFOS,
NRF2 and ATF2, as it is clear also based on their distribu-
tion relative to CREB1 (Figure 3 B). In addition, RXR also
falls into this category, at least hundreds of nucleotides away
from the TSSs. Interestingly, the limit between TSS-proximal
and distal regions is strictly around 1 kb (Figure 3 E, dot-
ted lines). We also plotted the distribution of ATAC-seq den-
sities per cistrome, and besides those TFs enriched in TSS-
proximal sites—with CREB1 in the lead –, NRF2 and AP-1
proteins, especially cFOS showed high chromatin openness
( Supplementary Figure S3 C). In contrast, the lowest openness
can be observed at the ATF2 / 3, BACH1, PU.1, IRF8, RXR and
C / EBP binding sites. 

Finally, in order to examine also the possible interfamil-
ial interactions, we compared all cistromes with each other
( Supplementary Figure S3 D). Naturally, we see high co-
localization frequencies within certain (sub)families such as
MEF2, C / EBP, and JUN, and most TFs co-localize with each
other in some proportion. Importantly, the TSS-proximal TFs
(GABP α, CREB1, cMYC, and ELF1) are more or less out of
line and bind together rather than with the other TFs. For
example, GABP α, besides the ETS proteins FLI1 and ELFs,
co-localizes with CREB1 and also ATF2, NRF2, USF2 and
cMYC to a lesser extent. These results are consistent with
the previous findings (Figure 3 A–D), and no significant, pre-
viously unseen interfamilial interactions could be detected
( Supplementary Figure S3 D). 

There are two major classes of ETS binding sites 

(EBSs) 

After characterizing the top cistromes, we were interested to
know how these are determined by the code of the low methy-
lated non-coding genome. Using the clusters of the aggre-
gate cistromes (Figure 3 A–D) and their motif enrichments,
we determined the most enriched sequences (oligomers) that
are specific for any of the particular TF patterns. The initial
oligomers were selected by considering the core sequences,
their possible variants and extensions ( Supplementary Table 
S2 ), and their enrichment was calculated within ±50 bp rela-
tive to the peaks’ centre ( Supplementary Figure S2 E). 

First, we determined the EBSs, which have a common
GGAA, AGAA or GGAT core, and their specificity is mostly
determined by the flanking 2 × 2 nucleotides ( 70 ). Out of the
tested octamers, 78 enriched in any of the clusters of the aggre- 
gate ETS cistrome (Figure 3 A). Based on the median ChIP-seq 

densities calculated for each sequence, 3 groups of elements 
separated: i) methylatable EBSs with frequent ELF / FLI1 bind- 
ing and the presence of GABP α, ii) intermediate EBSs with 

any ETS proteins but GABP α, and iii) PU-boxes with frequent 
PU.1 binding and some ELF / FLI1 and IRF8 binding (Figure 
4 A). (i) Methylatable EBSs all have a C right upstream of their 
core, thus forming the methylatable CG site itself (blue), (ii) 
the 2 kinds of intermediate EBSs are those with the FLI1- 
specific 5 

′ CA (purple) or PU.1-specific 5 

′ dinucleotides (black) 
and (iii) PU-boxes typically have an RR (R = A / G) 5 

′ exten- 
sion, or in the case of a 3 

′ GT extension, T can substitute one 
of the Rs. Based on this comparison, the GGAT core is PU.1- 
specific—otherwise, it is specific for SPDEF ( 70 )—, and the 
AGAA core is rather PU.1-, and sometimes also ELF4-specific.
Besides the 5 

′ flanking nucleotides, the other side is similarly 
important. In general, the 3 

′ GT makes sequences strong EBSs: 
the top GABP α-, PU.1- and ELF-specific sequences carry this 
3 

′ extension. In contrast, 3 

′ AY (Y = C / T) sequences are pre- 
ferred by FLI1, but the 3 

′ CT can turn the 5 

′ CA PU.1-specific 
instead of FLI1-specific (Figure 4 A). 

In order to examine the correlations between the sequence 
preferences of ETS proteins and the enrichment of sequences,
we also plotted the cluster-specific sequence enrichments (fold 

enrichment × frequency) in the function of the per sequence 
median TF binding frequency (Figure 4 B). This clearly demon- 
strates that methylatable elements (blue) are typically not 
enriched in the PU.1 cistrome, while GABP α binds only to 

CG-containing EBSs, and FLI1 and ELF proteins bind to 

both methylatable and non-methylatable sites, but they have 
higher affinity to the former ones. Overall, promoter-specific 
ETS proteins, especially GABP α show a DNA methylation- 
dependent DNA binding. 

In addition to the ETS proteins, we also plotted the EBS 
sequence enrichments and the per sequence median binding 
frequencies for the PU.1 partner IRF8 ( Supplementary Figure 
S4 A). Notably, the most enriched sequences do not show the 
most frequent binding: IRF8 prefers several lower-affinity and 

unusual PU-boxes such as A GA GAA GT and A GGGAA AT.
Next, we also examined the direct binding sites of IRF8, of 
which the characteristic core is GAAA ( 67 ,68 ), but according 
to the motif enrichments ( Supplementary Figure S3 A), some 
mismatches (resulting in e.g. AAAA or GAGA) might be al- 
lowed. Out of the tested octamers—containing 2 × 2 flank- 
ing nucleotides, which can also be characteristic—, 24 en- 
riched in the IRF8-specific cluster (Figure 3 A, Supplementary 
Figure S4 B). Except for GT GAGA GT, all enriched sequences 
have a GAAA core, and the most enriched IRF binding site is 
GT GAAA CT, while the highest affinity one is GT GAAA GT.
Importantly, the flanking nucleotides essentially only allow 

the formation of EICEs, and the number of IECS is mini- 
mal, so the detected A-rich sequences upstream of PU-boxes 
may be a specific extension for a more frequent PU.1 binding 
( Supplementary Figure S3 A). 

Unlike other bZIP proteins, CREB1 binds 

exclusively to methylatable elements 

Our next aim was to investigate whether there is a bZIP pro- 
tein with a CG preference. These proteins form a diverse 
family with distinct sequence requirements ( 66 ,71 ). Their 
dimer binding sites can be octamers, heptamers, or extended 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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Figure 4. Distinction of DNA elements. ( A ) Heat map represents the per sequence median density of the indicated IRF8 and ETS proteins at 
ETS-specific elements. Hierarchical clustering was performed based on the TF-specific patterns. Methylatable CG dinucleotides are highlighted in blue, 
and FLI1-specific 5 ′ CA dinucleotides are highlighted in purple. ( B ) Scatter plots represent correlations between the per sequence median density of the 
indicated ETS proteins and the enrichment (fold enrichment x frequency) of the individual sequences within the cluster specific for the given TF. ( C ) Heat 
maps represent the per sequence median density of the indicated bZIP proteins at ‘octamer / hexamer’ (left) and ‘heptamer / decamer’ elements (right). 
Hierarchical clustering was performed based on the TF-specific patterns. CG dinucleotides are highlighted in blue, sequences out of place are highlighted 
in grey, and sequences specific to a TF family other than bZIP are marked with asterisks. ( D ) Scatter plots represent correlations between the per 
sequence median density of the indicated bZIP proteins and the enrichment (fold enrichment x frequency) of the individual sequences within the cluster 
specific for the given TF. 
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heptamers (decamers or tridecamers) ( Supplementary Table 
S2 ). According to the motif enrichments, octamers can be
formed by C / EBP- and CREB / ATF-type half-sites, result-
ing in a C / EBP dimer binding site, a C / EBP:ATF response
element (CARE), or a CRE ( 72 ,73 ). Based on the enrich-
ments of the mapped octamers composed of the most frequent
half-sites, C / EBP binding sites are typically non-palindromic
( Supplementary Figure S4 C): one of their half-sites is charac-
teristic (TTDC, D = G / A / T), while the other is non-canonical
(TTDD / HHAA, H = A / C / T) ( 72 ). In the case of CRE se-
quences (TGAN / NTCA, N = any nucleotides), both palin-
dromic and non-palindromic octamers can be frequent, but
methylatable CREs—with CG in the middle—are underrep-
resented, and sequences with TA in the middle are even rarer.
Otherwise, the TGA T (A TCA) sequence forms one of the half-
sites of CAREs ( 73 ). The other group of bZIP elements is the
heptamers, which are the shorter forms of CREs, composed
of 2 ‘partially overlapping’ CRE-type half-sites and called
TRE or AP-1 binding sites (TGANTCA) ( 71 ). MAF proteins
bind the extended forms of TREs: small MAFs with a CNC
(NFE2 or BACH) partner require one extended half-site (re-
sulting in a decamer, TGANTC AGC A ), while dimers of large
MAFs have a long MARE extended to both directions (result-
ing in a tridecamer) ( 66 ,74 ). There is an additional ‘variant’
of ‘short’ MAREs, of which the extended half-site is degen-
erate (TGAN NNN GCA—NNN means any trimer but TCA
now)—this is called antioxidant response element (ARE) ( 75 ).

We started our sequence enrichment analyses with the oc-
tameric elements, and as bZIP proteins prefer certain flank-
ing nucleotides as shape motifs ( 72 ), we calculated the enrich-
ments for any sequence matching with the NTKDNNHMAN
consensus (K = T / G, M = C / A), representing all the charac-
teristic C / EBP, CARE, and CRE sequences ( Supplementary 
Table S2 ). We found 39 octamers enriched, 4 of which are
non-specific hits showing the characteristics of PU.1, AP-1,
and RUNX elements with—direct or indirect—AP-1 bind-
ing (Figure 4 C, left, grey). More than half of the octamers
are dominated by C / EBP proteins, even if they could be a
CARE based on their composition (TTGCTTCA), and 13
out of 18 have the canonical TTGC half-site. There are two
C AREs (TTKC ATC A), which are bound both by ATF3 and
C / EBPs, and there are 2 unusual CAREs, which can be bound
by C / EBPs and ATF2 (TTGCGCC A and TTGTGAC A). The
remaining sequences are methylatable (CG is highlighted
in blue, n = 3) and non-methylatable CREs ( n = 10), al-
though the TTA CG TCA sequence behaves like the latter
group, bound by ATF, JUN, and NRF2 proteins, especially
ATF2, cJUN and JUND. There is an additional CARE-like se-
quence, TT ACA TCA, which is equally bound by the exam-
ined 2 ATF proteins. Notably, the TTAC half-site, depending
on the other half-site, can behave both as a C / EBP and ATF2
binding site. We observed that CREB1-specific sites are un-
derrepresented by the octamers, but additional methylatable
‘half-sites’ (TGA CG N) could be detected in higher amounts
( Supplementary Table S2 ). These behave similarly to the com-
plete CREB1-specific CREs, including the relatively frequent
ATF2, NRF2, cJUN and JUND binding (Figure 4 C, left).
Cluster-specific enrichments also show that even if different
CREs are frequent at CREB1-specific sites, only methylatable
ones are bound by CREB1 with higher frequency (Figure 4 D,
left). While ATF2 binds to any CREs and shows the enrich-
ment of certain CAREs, ATF3 is the real CARE binder, and
it has also a high affinity to CREs with the same C ATC A se-
quence. All C / EBP proteins prefer their specific dimer binding 
sites over CARE (and CRE) both in enrichment and binding 
frequency (Figure 4 D, left; Supplementary Figure S4 D, left),
and all JUNs and NRF2 proteins bind various CREs to a cer- 
tain extent ( Supplementary Figure S4 D, right). Overall, the CG 

content of CREs is of more importance than that of C / EBP 

elements because the former can be discriminated by specific 
TFs. 

The other group of bZIP elements is the simple and ex- 
tended heptamers, from which 4 TREs and 36 (M)AREs en- 
riched (Figure 4 C, right; Supplementary Table S2 ). Notably, as 
long MAREs are found variable and mostly incomplete, they 
are represented by decamers in further analyses. Comparing 
the protein binding at the enriched sequences, it is clear that 
in general, these cannot be bound by C / EBP and CREB1 pro- 
teins, and MARE-like sequences ending with GCY behave as 
TREs with AP-1 binding—in the further steps, we excluded 

these decamers and used the enriched TRE sequences instead.
More than half of the decamers are CNC protein binding sites 
(short MAREs), typically with more frequent BACH1 binding 
even if these are called AREs, and 9 MAREs are dominated by 
MAFB (Figure 4 C, right). Cluster-specific enrichments show 

that even if the consensus MARE shows the highest enrich- 
ment at BACH1-dominated sites, AREs show more frequent 
BACH1 binding (Figure 4 D, right). In the case of NRF2, AREs 
are not only enriched but also highly occupied. In contrast,
MAFB requires one complete and one imperfect MAF half- 
site, which latter can be both non-extended and non-TGA- 
containing. Although MAREs with TGA half-site are enriched 

at MAFB-specific binding sites, those with trinucleotides other 
than TGA result in higher-affinity MAFB binding. Unsurpris- 
ingly, AP-1 and ATF proteins all prefer TREs, and (M)AREs 
are less enriched and less bound by these TFs (Figure 4 D, right; 
Supplementary Figure S4 E). 

Flanking nucleotides determine E-box specificity 

In order to discriminate specific E-boxes, we investigated 

the most enriched oligomers of the bHLH cistromes. Ac- 
cording to the sequences represented by our motif enrich- 
ments ( Supplementary Figure S3 B), E-boxes are basically hex- 
amers with a variable middle part (CNNNNG instead of 
CACGTG). This diversity and the nature of the flanking nu- 
cleotides may provide the specific binding by the numer- 
ous bHLH dimers ( 51 ,76 ). Based on our analyses, 63 oc- 
tamers (representing 18 hexamers) enriched in any of the 
two bHLH clusters (Figure 3 C, Supplementary Table S2 ),
and based on USF2 and cMYC binding, they almost per- 
fectly separate depending on the presence or absence of a 5 

′ 

TCA sequence—a flanking T followed by CA core nucleotides 
( Supplementary Figure S4 F). In the presence of 5 

′ TCA, USF2 

shows a much higher recruitment than cMYC, while cMYC 

prefers C / G flanking nucleotides as the motif enrichments also 

indicated ( Supplementary Figure S3 B). Importantly, 2 / 3 of the 
identified E-box oligomers can be methylated, and these are 
higher-affinity binding sites than the non-methylatable ones,
in general ( Supplementary Figure S4 F). 

MEF2, RUNX and RXR elements are typically 

unmethylated 

We also applied sequence enrichment analysis for the remain- 
ing cistromes to make our oligonucleotide list more com- 
plete. MEF2 proteins bind to a variable AT-rich octamer that 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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s flanked with typically non-A / T nucleotides ( 23 ), thus the
sed raw consensus sequence of MEF2 binding sites was
Y AAAAA T AN. Using this sequence pool allowing 2 addi-

ional mismatches resulted in 42 decamers enriched in any
f the 3 clusters of the aggregate MEF2 cistrome (Figure
 D, Supplementary Figure S4 G, Supplementary Table S2 ).
he resulting sequences show similar enrichments and affini-

ies to all examined family members, so protein-protein in-
eractions should affect their specific genomic distribution,
oo. 

The consensus sequence of RUNX1 binding sites is the AC-
 AC A hexamer ( 77 ), but motif enrichments show some alter-
ative variants and the possible significance of at least 2 flank-

ng nucleotides in both directions. Within the filtered RUNX1
istrome, 135 decamers (39 octamers) showed an enrichment
 Supplementary Table S2 ). The most enriched octamers can
e described as RA CCA CAR, but there are some less frequent
nd less typical sequences with higher affinity binding (grey)
 Supplementary Figure S4 H). We found one single methylat-
ble hit (AA CCGCA G) (blue), but this does not show major
ifferences compared to the non-methylatable sequences. 
RXR is the heterodimerizing partner of class II nuclear re-

eptors that bind to various direct repeats of the AGGTCA
onsensus sequence ( 63 ,66 ). As this hexamer also shows some
ariety and RXR can have a 5 

′ nucleotide preference ( 60 ),
e started our analysis with the set of NN RGKKSA N non-

mers (S = C / G) ( Supplementary Table S2 ). 67 out of the
ossible sequences enriched (representing 7 hexamers), but
his enrichment is below those of other TFs, probably be-
ause of the repetitive nature of the nuclear receptor elements
 Supplementary Figure S4 I). The most enriched sequences
atch with the extended AR AGGTCA N consensus, while

hose showing the highest RXR density are the A GA GTTCA
equences (grey), suggesting the binding of the RXR partner
itamin D receptor (VDR) as it prefers this kind of half-site
 66 ,78 ). 

Altogether, the elements of MEF2, RUNX1 and RXR typi-
ally do not contain CG dinucleotides, which further strength-
ns the observed correlations between the CG content of el-
ments and their promoter proximity (like in the case of
ABP α and CREB1). 

SS-proximal and distal elements contribute 

ifferentially to determine chromatin openness and 

ranscription initiation 

ur next goal was to characterize how the hundreds of
ligomers specific for macrophage-determining TFs affect
hromatin functions. For this, first, we classified the oligomers
ased on their CG content and the TF patterns they show and
etermined their genomic distribution relative to the closest
SS (Figure 5 A, Supplementary Table S3 ). Notably, in certain
ases, the presence or absence of CG did not make a major dif-
erence: Certain methylatable CREs, (M)AREs and RUNX1
nd C / EBP elements, similarly to their CG-free forms, gen-
rally show a promoter-distal distribution ( Supplementary 
igure S5 A). In contrast, methylatable EBSs, E-boxes, and
REB1 sites—CREB1-specific CREs (cCREs) and CRE half-

ites (hCREs)—all show a TSS-proximal (light green) or bi-
odal distribution (medium green), and in the lack of CG,

he majority of the elements are farther than 1 kb from any
SS (dark green) (Figure 5 A). 
In order to approach the additional general and
macrophage-specific elements and possible DNA-protein
interactions, we compared the aggregate cistromes with
the set of open-chromatin regions based on A T AC-seq
( Supplementary Figure S5 B). More than a third (n = 15462)
of the (n = 42951) A T AC-seq peaks show low or no binding
by the major TFs, and these are enriched for the TSS-
proximal GC-box and a smaller number of CTCF binding
sites and PU-boxes ( Supplementary Figure S5 C). Chromatin
openness here is approximately half of the openness mea-
sured at sites that are highly occupied by the examined TFs
( Supplementary Figure S5 D, left). Relative to these sites,
ELF1- and CREB1-specific sites show even higher openness
( Supplementary Figure S5 D, right) and more promoter-
specific motif hits, including those of SP1, NFY, GFY and
NRF1 ( Supplementary Figure S5 E, asterisks). In order to
improve these motifs, we used the highest A T AC-seq peaks
that carry them for an additional de novo motif enrichment
analysis. Besides the targeted ones, an additional PBX motif
was also enriched, and as PBX2 is a high-expressed TF in
BMDMs (Figure 2 A, column ‘Other’), we included it in the
further analyses. Most of the identified promoter-specific
motifs can be methylated, or at least a part of the mapped
elements contains a CG sequence (Figure 5 B, asterisks). This
way, SP1 motifs can be separated into GC- and ‘GT’-boxes;
CCAAT-box can have a CG both right up- and downstream;
ideally both half-sites of the NRF1 element can be methy-
lated; and both the GFY and PBX elements can be methylated
at several sites. The ability to be methylated correlates with
the genomic distribution to some degree also in the case of
these elements (Figure 5 C). 

After having the most important elements of BMDMs, we
turned to the initial question of how TF-bound non-coding se-
quences determine chromatin openness and transcription ini-
tiation. First, we selected those elements, around which there
is no other element within 50 bp, and plotted the per element
class median A T AC-seq and GRO-seq densities measured at
the specific single sites (Figure 5 D, left). Except for the CREB1-
specific sites (cCRE and hCRE), all methylatable elements
(blue) separated well from the non-methylatable ones (red).
The former elements are associated with both higher open-
ness and higher transcription initiation frequency, while there
are two populations of the non-methylatable ones: (i) bZIP,
MEF2 and RUNX elements do not contribute much to tran-
scription initiation, although TREs and RUNX elements con-
tribute to openness to a higher degree, while (ii) the others oc-
cupy an intermediate position on the plot, in a similar pattern
to those of their methylatable forms (if they have). EBSs and
E-boxes are better ‘initiators’ than ‘openers’ (top left), while
the promoter-specific elements identified by A T AC-seq rather
contribute to chromatin openness (right). We also tested pairs
of elements within 50 bp and got a distribution similar to that
in Figure 1 B (Figure 5 D, right; purple indicates pairs with one
methylatable element). According to this, two ETS elements,
if at least one of them is methylatable, can lead to significant
transcription initiation with low openness, while TREs—and
also the non-methylatable CCAAT-boxes—in several combi-
nations are good openers with minimal transcription. SP1 el-
ements, in contrast, are not only good openers; depending on
their pair, they can lead to high initiation frequency. Overall,
a more or less additive effect can be observed, and this way,
the top values of the single elements can be exceeded by the
pairs (dotted lines). 
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Figure 5. Characterizing TSS-proximal and distal elements. ( A ) Violin plots represent the genomic distribution of the indicated classes of elements 
relative to the closest TSS. ‘m’ initials denote classes of only methylatable elements. Asterisk indicates that some of the elements within the given 
class contain a CG dinucleotide. cCRE: CREB1-specific CRE; aCRE: ATF / JUN-specific CRE; hCRE: CRE half-site with CG; s / lMARE: short / long MARE; 
dark, medium, and light green colours highlight TSS-distal, bimodal, and proximal distribution, respectively. ( B ) Motif logos represent promoter-specific 
sequences having or lacking at least one CG dinucleotide. Asterisks represent possible CG sites. ( C ) Violin plot represents the genomic distribution of 
promoter-specific elements relative to the closest TSS. Asterisk indicates that not all GFY elements contain a CG dinucleotide. The colour code is the 
same as in (A). ( D ) Dot plots represent correlations between the median chromatin openness (A T AC-seq) and median polymerase activity (GRO-seq) for 
the indicated classes of elements (left) or their combinations (right). Elements farther than 50 bp from other elements were considered single elements 
(left), and pairs of elements within 50 bp but more than 50 bp a w a y from other elements were considered double elements. 

 

 

 

 

 

Certain macrophage-specific promoters are 

composed exclusively of prototypically distal 
elements 

After characterizing single and double elements, we turned our
attention to promoters, from which both initiation and elon-
gation take place. In order to determine BMDM-specific pro-
moters, we used the de novo transcript predictions determined
by GRO-seq and RNA-seq coverages ( Supplementary Figure 
S6 A). Then, we assigned the groups of putative elements to
the predicted TSSs and classified them based on their compo- 
sition (Figure 6 A). Most of these promoter(-proximal) regions 
contain the characteristic elements only (black) or in com- 
bination with prototypically distal elements (grey). Elements 
with bimodal distribution are also included in this latter cat- 
egory . Importantly , 14.4% of TSS-proximal regions lack any 
of the characteristic promoter elements, instead, macrophage- 
specific, otherwise distal elements are present (red). From 

now on, we call this unusual group of regulatory regions 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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Figure 6. Identification of macrophage-specific promoter classes. ( A ) Pie chart represents the ratio of putative promoters with the indicated 
composition. ( B ) B o x plot represents the le v els of nascent transcripts (GRO-seq) originating from the different classes of promoters indicated. Whiskers 
are plotted according to the Tuk e y method. ( C ) The distribution of TSSs (CAGE), the identified motifs, and CG sites and the extent of DNA methylation 
(Bisulfite-seq), chromatin openness (A T AC-seq), H3K27ac and H3K4me3 modifications (MC, MNase-ChIP-seq), and nascent transcription (GRO-seq) are 
depicted in 1-kb windows around the top TSSs at the indicated promoter classes (TSS selection is detailed in the Methods section). (D–I) Histograms 
show the distribution of CG sites ( D ), the extent of DNA methylation ( E ), the H3K27ac ( F ) and H3K4me3 modifications ( G ) and nascent transcription (H, 
I) around the top TSSs at the indicated promoter classes. ( J ) Line plots represent per-position nucleotide frequencies around the top TSSs at the 
promoters with distal elements only (left) or proximal elements only (right). 
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‘LDTF-driven’ promoters. Unsurprisingly, mixed promoters
are the most active regarding openness and transcription ini-
tiation frequency, while ‘distal’ elements result in the lowest
initiation frequency, and clearly promoter elements are in be-
tween ( Supplementary Figure S6 B). 

For a more thorough characterization of LDTF-driven pro-
moters, we collected all highly expressed genes (over 1 RPKM
gene body enrichment according to GRO-seq) having only
those promoters with ‘distal’ elements only. As control sets,
promoters of highly expressed genes with proximal elements
only and those of deactivating (low turnover) and completely
silent (inactive) genes were selected (Figure 6 B). TSSs—where
it was possible—were determined based on BMDM-derived
CAGE data, which showed a sharp TSS distribution in most
active promoters ( Supplementary Figure S6 C, Figure 6 C, left).
In promoters with exclusively proximal elements ( n = 741)
not only the elements but also their environment is CG-
rich, while LDTF-driven promoters (‘distal elements only’,
n = 257) contain much fewer CG sites (Figure 6 C, middle).
Importantly, the extent of demethylation (Bisulfite-seq) and
chromatin openness (A T AC-seq) is especially lower at LDTF-
driven promoters, but in the transcriptional output (GRO-
seq), the opposite can be observed (Figure 6 B, C, right). No-
tably, trimethylation of H3K4 residues follows the GRO-
seq patterns, while the high H3K27ac signal is specific for
LDTF-driven promoters (Figure 6 C, right). Deactivating genes
(n = 166) can have both CG-rich and CG-poor promoters,
and their chromatin is clearly less active, while inactive pro-
moters (n = 363) show the lowest demethylation level and
zero activity (Figure 6 C, bottom). 

During these analyses, a pattern in CG distribution grabbed
our attention because a shift could be observed towards the
genes (Figure 6 D). A more thorough analysis showed that
at least two curves can model the distribution of CG se-
quences around TSSs ( Supplementary Figure S6 D). We iden-
tified a peak right upstream of the TSS (at -30 bp), and
a much higher and broader one mostly within the 5 

′ UTR
(around +120 bp). In addition, an ascending line was required
for more accurate modelling. As no motifs are enriched in the
5 

′ UTRs, these results suggest a function other than the clas-
sical DNA-TF interactions. In any case, demethylation of 5 

′

UTRs seems to be a process required for gene activation be-
cause 5 

′ UTRs following deactivating and inactive promot-
ers show higher and higher levels of methylated CGs (Figure
6 E). Importantly, at these sites, promoters are less methylated
than 5 

′ UTRs, and the difference is more pronounced at com-
pletely inactive promoters. Furthermore, this phenomenon is
in line with chromatin openness because differences can be
observed not only at promoters but also at the 5 

′ of the genes
( Supplementary Figure S6 E). These results suggest that gene
inactivation and DNA methylation start at CG sites of 5 

′

UTRs that cannot be bound by TFs. 
Then, we focused on nucleosome positioning and histone

modifications using MNase-ChIP-seq data and found the ex-
pected nucleosome loss at active promoters and a series of
peaks (nucleosomes) both up- and downstream of the TSSs
(Figure 6 F, G). H3K27ac behaves as an LDTF-driven pro-
moter marker showing a signal approximately twice as high as
of the other active promoters (Figure 6 F). In the sense direc-
tion, promoters with extreme composition (‘Prox. only’ and
‘Distal only’) show a similar extent of H3K4 trimethylation,
while there is a difference in the antisense direction (Figure
6 G): CG-rich (‘Prox. only’) promoters have significantly more
K4 trimethylated H3 histones than the LDTF-driven (‘Distal 
only’) and the less active ones. This correlates well with the 
transcriptional activities observed on the two strands because 
CG-rich promoters show higher activity in the antisense di- 
rection ( 79 ). Furthermore—as expected—CG-rich promoters 
show higher initiation frequency on the sense strand but reach 

lower gene body enrichment relative to the LDTF-driven pro- 
moters, in general (Figure 6 H, I). 

Next, we aimed to test whether LDTF-driven promoters 
show any specific positioning of the elements that make them 

up. For this, per position frequencies of nucleotides were plot- 
ted around TSSs in LDTF-driven promoters and also CGI pro- 
moters as a comparison set (Figure 6 J). The most characteristic 
enrichment in both promoter classes is that of C / T (-1) and 

A / G (+1) right at the TSSs, which form the core of Initiator 
( 79 ). In general, CGI promoters contain approximately twice 
as many C / G nucleotides as LDTF-driven promoters, and A / T 

nucleotides show a moderately elevated frequency only at the 
position of the T A T A-box (around -30). Although A / T enrich- 
ment is more pronounced in LDTF-driven promoters, this still 
represents only ∼5% of T A T A-boxes ( Supplementary Figure 
S6 F). We also checked the motif composition of these pro- 
moters and found that non-methylatable ETS (mostly PU)- 
boxes dominate in these regions, but any other LDTF alone 
or in combination can bind directly to LDTF-driven promot- 
ers ( Supplementary Figure S6 G). Although the mostly unidi- 
rectional transcription suggests a fixed position of a motif at 
these promoters, even the most frequent ETS core does not 
show any specific enrichment ( Supplementary Figure S6 H). 

LDTF-dri ven promoter s regulate 

macrophage-specific gene expression 

In order to further characterize LDTF-driven promoters, we 
also investigated the function of their targeted genes. The 257 

promoters belong to a total of 217 genes, out of which 198 

are protein-coding (Figure 7 A). Among these genes, we iden- 
tified several of those essential to ‘macrophageness’. One of 
the major myeloid-specific genes is colony-stimulating fac- 
tor 1 receptor ( Csf1r ), whose protein product allows the re- 
sponse to macrophage colony-stimulating factor (MCSF) ( 80 ).
In addition, our list includes several genes involved in bac- 
terial pattern recognition ( Cd14 , Trem2 ) ( 81 ,82 ) or antiviral 
response ( Irf5 , Isg15 , Ifi203 , Ly6e ) ( 83–86 ), as well as those
encoding chemokines ( Ccl3 , Ccl4 , Ccl9 ) ( 87 ) or macrophage- 
specific proteases ( Lyz2 , Mmp12 , Ctss , Psmb8 ) ( 62 ,88–90 ).
Importantly, the top 20 biological processes obtained by GO 

analysis were all related to immune functions (Figure 7 B),
while genes with CGI promoters are related mostly to other,
more general cellular functions such as nitrogen metabolism 

( Supplementary Figure S7 A). 

Discussion 

The widespread use of murine BMDMs in functional ge- 
nomics studies allowed us to thoroughly examine multiple lev- 
els of gene regulation, including the extent of DNA methy- 
lation (Bisulfite-seq), chromatin openness (A T AC-seq), his- 
tone modifications (MNase-ChIP-seq), DNA-TF interactions 
(ChIP-seq), polymerase activity (GRO-seq), and mature RNA 

production (RNA-seq). The remarkably high number of avail- 
able TF cistromes ( n = 41 as listed in Supplementary Table S1 ) 
served as the basis of our analyses, allowing the mapping of 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae088#supplementary-data
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Figure 7. Characteristics of LDTF-driven promoters. ( A ) Scatter plot represents correlations between the nascent (GRO-seq) and mature mRNA levels 
(RNA-seq) associated with LDTF-driven promoters. ( B ) GO terms (Biological processes) specific to LDTF-driven promoters are shown. ( C ) Putative 
models (top) and examples (bottom) for LDTF-driven (left) and CGI promoters (right) are shown. Model: Arrows represent TSSs and transcription 
initiation frequencies. Gre y scale, white, red, and light gold bo x es represent respectively methylatable, non-methylated, and prototypically TSS-distal or 
pro ximal non-meth ylatable elements. Black, gre y scale and white circles represent respectiv ely meth ylated, potentially meth ylated, and non-meth ylated 
cytosines. LDTF: lineage-determining TF, CBTF: CGI-binding TF. Genome browser views show the chromatin openness (dark olive), nascent transcription 
(light and dark green, strand specifically), mRNA le v el (dark grey), the density of CG (light blue) and methyl-CG dinucleotides (blue), and the distribution 
of elements (black and red bo x es) of representative genes (middle) and promoters (bottom). 
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the most significant elements that correspond to the localiza-
tion of transcription initiation. Taking advantage of this rich
data source and using millions of sequences selected based
on specific de novo motifs, we identified the most enriched
oligomers and compared their binding frequencies by the ac-
tive TFs ( Supplementary Table S2 ). Although we excluded
rare, unusual, and low-affinity elements that may also play
important roles ( 91 ), this approach provides exact sequences
with exact specificity instead of motifs representing mixes of
sequences with different characteristics. Importantly, some of
these characteristics have significant functional consequences
for transcription regulation, which have not been shown in
detail before because mixing up different elements obscures
causality. 

Now, we demonstrate that macrophage-specific TF bind-
ing sites with a methylatable CG dinucleotide are typically
(i) located proximal to TSSs and (ii) bound by promoter-
specific TFs and (iii) their specific interactions result in high
chromatin openness and high polymerase activity relative to
the TSS-distal DNA-TF interactions independent of DNA
methylation. Importantly, we also demonstrate significant ex-
ceptions to these regularities: promoters composed exclu-
sively of non-methylatable, macrophage-specific, and proto-
typically promoter-distal elements can also be responsible
for the regulation of macrophage-specific gene expression.
This class of promoters is not unprecedented in the liter-
ature on macrophage gene expression: for example, both
Csf1r and Tlr9 have been described with T A T A-less and non-
CGI promoters that contain purine-rich elements (Figure 7 C,
Supplementary Figure S7 B) ( 92 ,93 ). However, we thoroughly
characterized, contrasted with more traditional ones, and
greatly extended the list of these promoters ( Supplementary 
Table S4 ). 

Although > 80% of the open-chromatin regions could be
covered by the identified elements, the major limitation of
our approach is the missing DNA-TF interactions. Most of
the highest expressed TFs are coupled with a cistrome, but
there are still many, whose binding sites would be informa-
tive regarding the gene regulation of macrophages. Based on
gene expression levels, there are several candidates to fill this
gap. For example, > 20 bHLH genes are at the top of the
TF list, suggesting the presence of different bHLH dimers
in BMDMs, and the large number of identified E-box vari-
ants further strengthens the notion about an extensive bHLH
network. Regardless, members of the MiTF / TFE family have
similar binding sites to those of USF1 / 2, as well as the partner
and competitors of cMYC (respectively MAX and MAD pro-
teins) may play important roles in unstimulated macrophages
( 76 ,94–97 ). There are additional, highly expressed TFs with
possible binding sites such as PBX2, XBP1, or YBX1. PBX
motifs were identified in open-chromatin regions. A part of
CREB1 binding sites may function as the XBP1-specific X-
boxes, suggesting a possible collaboration between CREB1
and XBP1 (bZIP) ( 98 ). Furthermore, there can be some kind
of interaction between NFY and YBX1, as well, because they
have identical elements: CCAAT- and Y-boxes, respectively
( 99 ). In the case of the TFs listed above, we cannot be sure that
these are permanently active components of the chromatin be-
cause several TFs have small cistromes in spite of their high
gene expression levels. These characteristics are true of several
well-known macrophage-specific SDTFs from the IRF, ST A T,
NF κB and nuclear receptor families ( 25 ,63 ). Some bZIP pro-
teins can also be classified here as they can be sensitive to either
endoplasmic reticulum (ER) stress (CREB3, ATF6) or amino 

acid deprivation (ATF4) ( 33 ,100 ). Interestingly, while motifs 
of SP1, GFY and NRF1 showed high enrichment, no T A T A- 
box could be detected in any of the motif enrichment analyses.
This does not mean that all identified promoters lack this el- 
ement, rather these elements are inactive, e.g. suppressed by 
the highly expressed TBP inhibitor DR1 / DRAP1 heterodimer 
( 65 ). 

Most of the extensively examined TFs have largely 
promoter-distal cistromes, and only 4 TFs (GABP α, ELF1,
CREB1 and cMYC) have a preference for promoters vs. dis- 
tal regions. Importantly, there is a sharp demarcation between 

proximal and distal binding sites around 1 kb relative to the 
closest TSS (this is the separating line between all bimodal dis- 
tributions observed). Active promoters detected by TF bind- 
ing, in general, show a low extent of DNA methylation in a 
broad, up to 1 kb lane, as well as high chromatin openness and 

high transcription initiation and elongation rates. In contrast,
approximately only half of the promoter-distal regions are 
open and active. The length of the non-methylated lane, in this 
case, is a few hundred bp, except for the ATF2 / 3-specific bind- 
ing sites, where only minimal demethylation can be observed.
Notably, there is a well-visible difference between the binding 
sites of signal-activated (ATF3) and signal-inhibited repressors 
(BACH1 and MAFB). In the latter case, there is a more ac- 
tive or at least more accessible chromatin environment show- 
ing some demethylation, openness, and transcription. Overall,
patterns of demethylation, co-localizing TFs, chromatin open- 
ness, and polymerase activity highly correlate with each other,
which is in agreement with the general DNA methylation pat- 
terns of vertebrates according to which all cytosines—out of 
the active cis -regulatory regions and most CGIs—are methy- 
lated ( 101 ,102 ). 

Based on our and others’ results, the feature of sequences 
to be methylated serves as a switch, so independent of the 
clustering and composition of elements, their DNA environ- 
ment should be demethylated to become active ( 101 ). Except 
for the transcriptional repressor Kaiso ( 103 ,104 ), TFs show 

low or no affinity to methylated sequences, so demethylation 

probably originates from certain non-methylatable elements,
which recruit DNA demethylases releasing the neighbouring 
DNA segments—including methylatable elements—from in- 
hibition ( Supplementary Figure S7 C). This suggests that each 

promoter should carry at least one strong, non-methylatable 
element, for example, a T A T A-, CCAA T - or GT -box besides 
the CG-containing elements. In contrast, promoter-distal el- 
ements are less strictly regulated by DNA methylation, they 
contain CG dinucleotides less frequently, and their func- 
tion depends primarily on the concentration of their bind- 
ing TFs ( Supplementary Figure S7 C). Likely this explains the 
high mRNA levels of LDTFs compared to the basically CGI- 
binding TFs such as GABP, CREB1, cMYC, as well as the 
SP1 family members. In line with this, elements of the well- 
known LDTFs of macrophages (PU.1, IRF8, C / EBP, AP-1,
MEF2 and RUNX1) are typically non-methylatable, either 
they do not contain a CG dinucleotide, or it does not have 
a significant effect. Despite this, promoters that consist ex- 
clusively of the elements of LDTFs appoint the TSS(s) of 
hundreds of macrophage-specific genes. This means that not 
only promoter-distal regions, but also promoters can be acti- 
vated by LDTFs prior to demethylation and independent of 
CGI-binding TFs. Although these contain less CG sites, their 
methylation level is similar to those measured at CGI promot- 
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rs (Figure 7 C, Supplementary Figure S7 B). Notably, CG sites
lso extend to the 5 

′ UTR(s) of these genes like in the case of
GI promoters (Figure 7 C). As the extent of demethylation
round gene regulatory sites is a feature discriminating pro-
oters from enhancers ( 101 ), CGs in 5 

′ UTRs may participate
n directing polymerases towards the genes, thus facilitating
longation, while this does not happen at most enhancers. 

Considering the composition of the identified macrophage-
pecific promoters, we termed them as LDTF-driven promot-
rs. There are two evolutionary ways leading to this com-
osition: (i) certain groups of promoter-distal elements (en-
ancers) gained promoter properties (got ‘promoterized’) to
nitiate cell type-specific gene transcripts or (ii) certain pro-
oters have lost their characteristic elements to be controlled

xclusively by LDTFs. These processes are in line with the re-
ults of CAGE experiments from different mammals, accord-
ng to which immune-related promoters are not highly con-
erved, suggesting a rapid evolution of the immune system ( 6 ).
e propose that this class of promoters can be a general fea-

ure in cell type-specific gene expression and affects not only
yeloid or immune cells but any other cell type to a certain

xtent. 
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