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Abstract. ChIP-seq technology, which is based on chromatin immunoprecipitation (ChIP), allows mapping a set of
genomic loci (peaks) containing binding sites (BS) for the investigated (target) transcription factor (TF). A TF may re-
cognize several structurally different BS motifs. The multiprotein complex mapped in a ChIP-seq experiment includes
target and other “partner” TFs linked by protein-protein interactions. Not all these TFs bind to DNA directly. Therefore,
both target and partner TFs recognize enriched BS motifs in peaks. A de novo search approach is used to search for
enriched TF BS motifs in ChIP-seq data. For a pair of enriched BS motifs of TFs, the co-occurrence or mutually exclusive
occurrence can be detected from a set of peaks: the co-occurrence reflects a more frequent occurrence of two motifs
in the same peaks, while the mutually exclusive means their more frequent detection in different peaks. We propose
the MetArea software package to identify pairs of TF BS motifs with the mutually exclusive occurrence in ChIP-seq
data. MetArea was designed to predict the structural diversity of BS motifs of the same TFs, and the functional relation
of BS motifs of different TFs. The functional relation of the motifs of the two distinct TFs presumes that they are inter-
changeable as part of a multiprotein complex that uses the BS of these TFs to bind directly to DNA in different peaks.
MetArea calculates the estimates of recognition performance pAUPRC (partial area under the Precision—Recall curve)
for each of the two input single motifs, identifies the “joint” motif, and computes the performance for it too. The goal
of the analysis is to find pairs of single motifs A and B for which the accuracy of the joint A&B motif is higher than those
of both single motifs.
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[IporpaMMHBI KOMILJIEKC MetArea [jig aHa/In3a
B3aMMOMCKJ/IIOUalollell BCTpeuaeMOCTH B Iapax MOTUBOB CaiiTOB
CBSI3bIBAHIIS TPAHCKPUIIILIMOHHBIX (PAaKTOPOB M0 JaHHBIM ChIP-seq
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2 HoBocnbrpcKmin HaLumMoHaNbHbIN NCCNefoBaTeNbCKMIA FOCYAAPCTBEHHDIN yHUBepcuTeT, HoBocnbrpck, Poccns
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AHHoTauusA. TexHonorna ChIP-seq, ocHoBaHHaA Ha UMMyHonpeuvnuTaumm xpomatuHa (ChiIP), nossonseT KapTupo-
BaTb HabOp reHOMHbIX JIOKYCOB (NMMKOB), copepaLLmx canTbl cBasbiBaHuA (CC) ana nccnegyemoro (LeneBoro) TpaHc-
KpunumnoHHoro dakTopa (T®). TO moXKeT pacno3HaBaTb HECKOSIbKO CTPYKTYPHO pasnnuHbix moTtmBos CC. Mynbtu-
6enKOBbIN KOMMNEKC, KapTupyembll B sKkcnepumeHTe ChIP-seq, BKnlouaeT LeneBon 1 apyrue «napTHepckue» TO,
cBfi3aHHble 6enok-6enkoBbIMY B3aumMopencTBmamm. He Bce u3 atux TO ceasbiBatotca ¢ [JHK Hanpamyio. Moatomy u
LeneBol, 1 napTHepckre T pacnosHatoT oborauieHHble MoTvBbl CC B NUKax. [Ins novncka o6oralleHHbIX MOTUBOB MO
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B3avmouckouaioLan BCTpeuyaemMoCTb B Mapax MOTMBOB
CalTOB CBA3bIBaHWA TPAHCKPUMLMOHHbIX GaKTOpoB

naHHbIM ChIP-seq npumeHseTca noaxop de novo novcka. na napbl o6orateHHbix MoTrBoB CC TO B Habope NMKOB Mo-
XKeT ObITb O6HApPY>KeEHa COBMECTHas WM B3aVIMOVCKITIOYaloLLas BCTPEYaeMOCTb: COBMECTHAsA OTpakaeT bonee yactoe
HaxoxaeHue aByx motnso CC TO B ofHMX NMKax, a B3aVIMOUCKJ/IIOYaloLWan — B pa3HbIX N1Kax. Mbl npeanaraem npo-
rpammHbIz komnnekc (MK) MetArea gna Bbiaieneruna nap moTtreos CC TO co B3avmouncKovatoLLen BCTPe4aeMoCTbio Mo
faHHbIM ChiP-seq. MK MetArea npeaHa3HayeH Ansa npefckasaHna CTPYKTYpHOro pasHoobpasua motnsos CC ogHoro
TO 1 dyHKUMoHanbHoM cBA3n MoTnBoB CC pasHbix TO. DyHKLUMOHaNbHaA CBA3b MOTMBOB ABYX pa3Hbix TO npeanona-
raet, YTo OHM B3aVIMO3aMeHsAEMbl B COCTaBe MyNIbTUOENIKOBOrO KOMIIeKca, KoTopblii ncnonb3yet CC atnx TO ana nps-
moro ceasbiBaHUA ¢ [IHK B pa3nuuHbix nukax. MK MetArea paccumTbiBaeT OLEHKM TOYHOCTU pacnosHaBaHua pAUPRC
(4acTnyHas nnowagb nog Kpusoi Precision—-Recall) ona Kaxkaoro 13 AByx BXOAHbIX OANUHOYHbBIX MOTUBOB, ONpeaenseT
NX «06bEAUHEHHbIN» MOTVB 1 OL€HMBAET TOYHOCTb AnA Hero. Llenblo aHanu3a ABnAeTCA NOWCK Nap OANHOYHbBIX MOTU-
BOB A 11 B, ins KOTOpbIX TOYHOCTb 06beArHEHHOIO MoTVBa A&B BbliLLe TOUHOCTEN 060MX OAVUHOUYHBIX MOTBOB.
KnioueBble cnosa: de novo Nnonck MoTMBOB; KprBas PR; niowwaab nof KpUBOI; CTPYKTYPHbIe BapuaHTbl MOTMBOB Cali-
TOB CBA3bIBaHWA TPAHCKPUMLMOHHbIX $akTOPOB; KOOMEepaTUBHOE AENCTBME TPAHCKPUMLMOHHbIX GakTOpOB.

Introduction

Transcription factors (TFs) are proteins that have the ability
to specifically bind DNA and thereby regulate gene transcrip-
tion. About 1,600 human proteins are TFs (Lambert et al.,
2018). TF binding sites (BSs) in eukaryotic genomic DNA
are short regions, typically 6 to 20 base pairs (bp) in length
(Vorontsov et al., 2024). TFs are usually able to bind not to
a single DNA sequence, but to many similar ones. The TF
BS motif in DNA is a general representation of the available
diversity of such similar sequences (D’haeseleer, 2006). It is
very difficult to establish clear patterns that determine the af-
finity of nucleotide sequences of genomic DNA to TFs. Only
a few nucleotide positions are at least moderately conserved
in TF BS motifs, i. e. they are unchanged in most natural BSs.
Typically, the number of such positions is much less than a
half of a motif length. The diversity of TF BS motifs in vivo
is still very poorly studied because of the great variety of
TF binding mechanisms to DNA. They include, in addition
to direct binding, binding by other TFs or through them as
intermediaries, use of the spatial structure of DNA within
the nucleosome for binding, etc. (Morgunova, Taipale, 2017;
Levitsky et al., 2020; Zeitlinger, 2020).

The most popular model of TF BS motifs is the traditio-
nal positional weight matrix (PWM) (Wasserman, Sandelin,
2004; Tognon et al., 2023). The PWM estimates the affinity
of a site as the sum of the contributions (weights) of all its
positions, where the weight of each position is defined by its
nucleotide type. Alternative motif models are able to comple-
ment the predictions of the PWM model (Levitsky et al., 2007;
Siebert, S6ding, 2016; Tsukanov et al., 2022), i.e. to predict
TF BSs in such genomic loci where the PWM model does
not. The common difference between all alternative motif
models and the traditional PWM model is the assessment of
site affinity through the contribution of nucleotide frequency
dependences between different motif positions.

DNA-binding domains (DBDs) provide TFs the ability to
interact with DNA. The structure of a TF’s DBD determines
the variants of its BS motifs (Wingender, 2013; Lambert et
al., 2018; Nagy G., Nagy L., 2020). Hierarchical classification
of TFs based on the DBD structure in the TFClass database
(Wingender, 2013; Wingender et al., 2013, 2015, 2018) defines
classes of TFs based on their DBD structure. For example,
the Hocomoco database (Vorontsov et al., 2024) annotates
the BS motifs of 949 different human TFs. These TFs belong
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to 34 classes, but ten classes with at least ten TFs account for
858 TFs (more than 90 % of all 949 TFs), and the three largest
classes, C2H2 zinc finger factors {2.3}, Homeo domain fac-
tors {3.1}, and Basic helix-loop-helix factors (hpHLH) {1.2}
include 373, 184, and 76 TFs, respectively. The alignment of
TF DBD sequences defines families and subfamilies of TFs
below the classes in the hierarchy.

TFs of eukaryotes interact with DNA in vivo as part of mul-
tiprotein complexes including several TFs. TFs in such com-
plexes are called “partner TFs”, as there are protein-protein
interactions between them. The common (cooperative) action
of several TFs on the regulatory region of a gene is able to
change the local environment of chromatin and regulate gene
transcription (Morgunova, Taipale, 2017; Zeitlinger, 2020;
Georgakopoulos-Soares et al., 2023). Many classes of TFs
are characterized by the ability of TFs to bind to completely
structurally different BSs (Rogers et al., 2019; Vorontsov et
al., 2024). For example, TFs of the “Nuclear receptors with C4
zinc fingers {2.1}” class can bind as monomers and dimers.
In the dimer case, the BS includes two half-sites; the spacer
between them and the DNA strands of half-sites can vary. TFs
of the “Basic leucine zipper factors (bZIP) {1.1}” class bind
only as dimers, two half-sites are always located in the same
DNA strand and the spacer is almost unchanged (Nagy G.,
Nagy L., 2020). Hereinafter, indices in curly brackets are
labelled according to the TFClass database (Wingender et
al., 2013, 2015, 2018). There are several types of DBDs of
eukaryotic TFs that can function as dimers including pairs of
closely related TFs (Amoutzias et al., 2008). TFs similar in
DBD structure often recognize similar TF BS motifs (Lambert
etal., 2018; Ambrosini et al., 2020), with the only clear excep-
tion to this rule being the BS motifs of TFs from the “C2H2
zinc finger factors {2.3}” class.

The identification of TF BSs in genomes has advanced
significantly in the last 15 years with the advent of high-
throughput massive sequencing methods, in particular, the
experimental ChIP-seq technology. This technology gives for
the target TF a set of genomic loci (peaks), usually several
hundred bp in length, where the binding of the multiprotein
complex of many TFs, including the target TF, has been
experimentally mapped. Therefore, two types of peaks are
responsible for direct and indirect binding of the target TF
to genomic DNA. Direct binding means that the target TF is
bound to DNA directly, and indirect binding means that the
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Motif 2

Motif 2

Uniform distribution of motifs

Mutually exclusive occurrence in pairs of motifs
of transcription factor binding sites

Co-occurrence of motifs

Motif 2

Mutually exclusive occurrence

Motif 2

Fig. 1. Schema of the distinction between the terms of co-occurrence and mutually exclusive occurrence of

TF BS motifs.

Let the frequency of occurrence of each of the two motifs in a peak be 50 %. a - the two motifs appear in the peaks inde-
pendently of each other, there are four equally likely cases of motif mapping in the peaks; b - co-occurrence means that
both motifs are in the same peak or neither of them is present; ¢ — mutually exclusive occurrence denotes that only one
of two motifs can be found in a peak. The arrows from panel a to panels b and c indicate that the four cases of panel a

are exactly separated into two groups of two cases in panels b and c.

target TF is bound only by protein-protein interactions with
one or more partner TFs, which in turn are bound to DNA
directly. The presence of direct/indirect binding implies that
the BS motifs of the target/partner TFs are enriched in the
peaks, and the motifs of the target TFs are present only in
part of the peaks. The term “enrichment” is used to reflect the
increased content of TF BS motifs in genomic loci obtained
from ChIP-seq massive sequencing data, i.e. increased content
of TF BS motifs compared to their expected content due to
random reasons. The negative set of DNA sequences is applied
to estimate this expected motif content. We have shown that for
ChIP-seq peaks, it is more efficient to select random genome
loci matching the peaks in G/C-content into the negative set
than to use synthetic sequences obtained from the peaks by
nucleotide shuffling (Raditsa et al., 2024).

Once enriched BS motifs have been identified for a given
ChIP-seq dataset of peaks, the analysis of statistical patterns of
motif occurrences in pairs can identify the mechanisms of ac-
tion of TFs. The concepts of synergy and antagonism of motifs
within composite elements (CEs), as stable pairs of motifs,
have been previously proposed (Kel et al., 1995). Synergy
means that the result of the action of a pair of TFs is notably
superior to that of each of them separately. Antagonism, on the
contrary, implies that TFs impede each other. For example, one
of two TFs is an activator and the other is a repressor, so that
one displaces the other. Unfortunately, the concepts of synergy
and antagonism refer to a stable pair of two motifs occurring
in DNA, and these two cases cannot be distinguished by the
frequencies of co-occurrence in the pair of motifs.

More than 15 years have passed since the era of massive
sequencing of TF BS began (Jonhson et al., 2007); today,
the role of bioinformatics analysis of whole-genome data in
understanding the mechanisms of TF’s action cannot be over-
estimated. In the case of ChIP-seq data, bioinformatics analy-
sis does not deal with individual loci in the genome, but with
a set of hundreds or even thousands of such loci where both
direct and indirect binding of the target TFs can be observed.
In moving from separate consideration of the frequencies of
two TF BS motifs in a set of ChIP-seq peaks to observation
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of statistical patterns in their pairs, it is reasonable to consider
two possibilities for these two motifs:

* they co-occur more frequently in the same peaks than it is
expected by chance and less frequently occur separately
in different peaks;

* they occur more often in different peaks and less often co-
occur in the same peaks.

Therefore, we propose the terms of co-occurrence and
mutually exclusive occurrence for the pair of TF BS motifs
(Fig. 1).

Co-occurrence in a pair of motifs reflects the presence of a
CE, a pair of closely located TF BS motifs in DNA, a small
spacer between them, or they overlap (Kel et al., 1995; Le-
vitsky et al., 2019). Mutually exclusive occurrence in a pair
can have two explanations. Either it represents two structural
types of the BS of the same TF (it binds differently in various
peaks), or these two BSs belong two distinct TFs. Assuming
that the two BS motifs correspond to two distinct TFs within
the same multiprotein complex, we can propose that one TF
interacting directly with DNA is replaced by another TF.
Therefore, the trend of divergence of BS motifs of two TFs into
different peaks may indicate a functional relationship of these
motifs, in the simplest case representing the aforementioned
substitution. For a co-occurrence, in the case of both synergy
and antagonism, the two TFs bind to DNA in close proximity
to each other (at least for some time they may be in contact
even in antagonism), most likely they are within the same
multiprotein complex. In the case of mutually exclusive oc-
currence, on the contrary, the BS motifs and the corresponding
TFs are in distant DNA regions (different peaks). Therefore,
we assume that the two motifs represent alternative traces of
one common molecular function of TFs:

* the same TF recognizes two BS motifs of different struc-
ture, or

* binding to DNA occurs through distinct TFs and their BS
motifs; these TFs are in the same multiprotein complex.
Figure 2 shows both these possibilities.

The AUC ROC (Area Under Curve) is the traditional
quantitative measure of the accuracy of a binary classifier.
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The term ROC stands for Receiver Operating Characteristic
curve. For the TF BS motif, the ROC curve is defined as
the dependence of the fraction of predicted sequences from
the positive set (TPR, True Positive Rate) on the fraction of
predicted sequences from the negative set (FPR, False Posi-
tive Rate). However, for TF BS motif recognition models in
ChIP-seq data, it is more efficient to measure FPR as the
expected frequency of a motif in the negative sequence set,
but not as the fraction of predicted sequences for this set.
This provides higher accuracy of assessment of motif model
predictions at stringent and even medium recognition thresh-
olds (Tsukanov et al., 2022). For the TF BS motif recogni-
tion model, the recognition accuracy can be calculated as the
partial area under the ROC curve (pAUC ROC) (Tsukanov et
al., 2022). The pAUC ROC value is equal to the fraction of
the area under the curve bounded by the maximum allowable
expected frequency of a motif. The area under the ROC curve
integrates the fraction of peaks having the predicted TF BSs
(the fraction of correctly predicted peaks, Y axis) over a wide
range of recognition thresholds, calculated as the frequency
of the motif in the negative set (X axis).

In this study, we propose the MetArea approach, which
considers two separate “single” motifs as well as a “joint”
motif, meaning the occurrence of either of the two single
motifs. To predict a joint motif in a DNA sequence, it is suf-
ficient to predict at least one of the two single motifs in it at
a given threshold of expected motif frequency. Calculating
the frequency of such a joint motif exactly even for a single
DNA sequence poses an obstacle due to the huge variety of
possible overlaps between single motifs. Therefore, to assess
the accuracy of a motif model, we developed and applied
the measure of accuracy “Partial area under the PR curve
(Precision—Recall)”. To calculate it we need only to track the
number of recognized sequences in the positive and nega-
tive sets.

The PR curve is the dependence of the Precision measure
(the ratio of the number of predicted sequences in the positive
set to the number of predicted sequences in the positive and
negative sets) on the Recall measure (the ratio of the number
of predicted sequences in the positive set to the total number
of sequence in this set). The PR curve is an alternative to the
more popular ROC curve (Davis, Goadrich, 2006; Keilwagen
et al., 2019). The advantage of the area under the PR curve
measure over the area under the ROC curve measure is the
ratio between the contributions of the mild and stringent
recognition thresholds corresponding to the predicted sites
of low and high affinity. Compared to the ROC curve, the
PR curve provides greater contributions from high-affinity
sites than from low-affinity sites. The ROC curve does the
opposite. According to the PR curve, the contributions from
sites with a low affinity may even tend to zero if such sites do
not contain a specific nucleotide context. This is due to equal
probabilities of site recognition in the positive and negative
sets (Saito, Rehmsmeier, 2015).

We developed the MetArea software package (SP) to iden-
tify pairs of TF BS motifs with mutually exclusive occurrence.
The MetArea SP calculates the partial area under the PR curve
(pAUPRC) accuracy estimates for each of the two input single
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One peak Another peak
Two motifs
refer to BSs TF1 TF1
of the same TF Motif 2
Two motifs TF2 TF1
. refer.to.BSs TF1 TF2
of two distinct TFs Motif 2

Fig. 2. Presumed origin of the mutually exclusive occurrence of two TF BS
motifs in a set of ChIP-seq peaks.

The two columns represent two different peaks. Mutually exclusive occurrence
in a pair of motifs could mean that either the pair of motifs represents two
structurally distinct motifs of the same TF (this TF recognize these two motifs
in different peaks), or the pair of motifs corresponds to BSs of different TFs.
In this case, we assume that one TF interacting directly with DNA is replaced
by another TF in some multiprotein complex (TF1 by TF2).

motifs as well as for their combination, the “joint motif”. This
allows the detection of mutually exclusive occurrence of these
two input motifs.

Materials and methods

ChIP-seq data from the GTRD database were used in the
analysis (Kolmykov et al., 2021). For each ChIP-seq experi-
ment, a set of 1,000 best quality peaks was analyzed according
to preprocessing with the MACS?2 tool (Zhang et al., 2008).
In this study, enriched motifs obtained from the results of
de novo motif search and mouse Mus musculus TF BS motifs
from the Hocomoco database (https://hocomoco12.autosome.
org/) (Vorontsov et al., 2024) were used in the analyses.
De novo search for motifs of the traditional PWM and alter-
native SiteGA models of TF BS motifs was performed using
STREME https://meme-suite.org/meme/tools/streme (Bailey,
2021) and https://github.com/parthian-sterlet/sitega (Tsukanov
et al., 2022). The significance of similarity of the enriched
motifs from the results of de novo search (STREME motifs)
with the motifs of known TFs from the Hocomoco, Cis-BP
(Weirauch et al., 2014) and JASPAR (Rauluseviciute et al.,
2024) databases was assessed by the TomTom tool https://
meme-suite.org/meme/tools/tomtom (Gupta et al., 2007).
The MetArea SP also allows motifs from the Hocomoco and
JASPAR databases to be selected for analysis according to the
previously used approach (MCOT SP) (Levitsky et al.,2019).
The best hit of a motif model has an expected frequency of at
least 2E-5 in the set of promoters of all protein-coding genes
of the genome. The best hit is given by the predicted site
with the highest possible value of the recognition function
of a motif model.

In total, the MetArea SP includes 1,420/1,142 motifs for
942/713 human/mouse TFs from the Hocomoco database, and
556/151 motifs for 555/148 plant/insect TFs from the JASPAR
database. The MetArea SP is available at https://github.com/
parthian-sterlet/metarea. For a detailed description of the
MetArea SP algorithm, see the Results section below. The
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MetArea SP implements the approach from the MCOT SP
(Levitsky et al., 2019) to assess the similarity of the analyzed
motifs of the PWM model (nucleotide frequency matrices).

Results

General description of the MetArea SP
The MetArea SP allows analyzing both pairs of motifs of the
traditional PWM model and pairs of motives of the traditional
PWM and alternative SiteGA models (Levitsky et al., 2007;
Tsukanov et al., 2022). Figure 3 presents the general scheme
of the MetArea SP pipeline.

The input data and parameters of the MetArea SP are listed
below:

» Two motifs: (1) a combination of two motifs of the PWM
model given by two nucleotide frequency matrices (NFMs),
or (2) a combination of a motif of the PWM model given
by an NFM and a motif of the SiteGA model given by its
weight matrix, see https://github.com/parthian-sterlet/sitega
(Tsukanov et al., 2022).

* Positive set in FASTA format (the set of ChIP-seq peaks,
NF sequences, Number of Foreground sequences).

* Negative set in FASTA format (NB sequences, Number of
Background sequences); it is recommended to prepare it
in advance from the positive set and the whole genome by
the AntiNoise SP (Raditsa et al., 2024), https://github.com/
parthian-sterlet/antinoise. For each sequence of the positive
set, several sequences of the negative set are selected ran-
domly in the whole genome by its length and G/C-content.
Further in the analysis, NF/NB = 5.

* The set of promoters of all genes of the genome is required
to determine recognition thresholds based on the calculation
of the Table ‘Threshold vs. ERR’ (“Recognition function
threshold vs. Motif frequency in the set of all genome
promoters”) for each of the input motifs.

Mutually exclusive occurrence in pairs of motifs
of transcription factor binding sites

* The ERRyjsx threshold for the maximum expected motif
frequency (Expected Recognition Rate, ERR) for each
input motif.

* Tables ‘Threshold vs. ERR’ for each input motif.

The maximum motif frequency of 0.01 means that BS
specificity corresponds to one site per one hundred nucleo-
tide positions. The recommended range for the threshold
of expected motif frequency ERRy5x is 0.001 to 0.01. The
ERRyax value of 0.002 is used below. We have previously
used the ‘“Threshold vs. ERR’ tables to set recognition thresh-
olds across motifs (Levitsky et al., 2019; Tsukanov et al.,
2021, 2022). Each motif and its ‘Threshold vs. ERR’ table are
presented in a binary-format file generated by the MetArea
SP components to calculate the expected motif frequencies
for the PWM and SiteGA motif models.

The outputs of the MetArea SP are:

* A text file with PR curves for each of the input motifs as
well as their joint motif.

* Atext file with the values of pAUPRC recognition accuracy
estimates for each of the input motifs, as well as for their
joint motif, the value of the ratio of areas under the curves
(see below), and the estimate of motifs’ similarity (for pairs
of PWM motifs only).

Definition of recognition thresholds for different motifs
The recognition function thresholds of each of the two input
motifs, according to pre-calculated ‘Threshold vs. ERR’
tables, are transformed into a common scale of expected motif
frequency, ERR (Levitsky et al., 2019; Tsukanov et al., 2021,
2022). This is necessary to construct the PR curve of the joint
motif. The expected motif frequency ERR for the input motifs
is calculated up to the threshold ERRy;5x, so that all expected
frequencies satisfy the criterion: ERR < ERRyjax.

The expected motif frequency in the promoter set was calcu-
lated as follows. The values of the motif recognition function

Fig. 3. General scheme of the MetArea SP pipeline.

Set Threshold of expected i . .
of all promoters frequency of motifs, Motifs Positive Negative Input data
from the genome ERRyax 1and 2 sequence cet sequence cet and parameters
Y y
Calculation Recognition . .
of the Table of motifs 1 and 2 Calculation of PR curve Calculation of PR curve
"Threshold vs expected in the positive and recognition accuracy and recognition accuracy Steps
frequency of motif” and negative estimates pAUPRC estimate pAUPRC of work
o e 1 e 2 sequence sets for motifs 1 and 2 for joint motif
A /
PR curves, PR curves,
recognition accuracy recognition accuracy Output
estimates pAUPRC estimate pAUPRC data
for motifs 1 and 2 for joint motif
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for each predicted site in the set at each position and DNA
strand were determined. Then, for each recognition threshold,
the expected motif frequency was calculated as the ratio of
the number of predicted BSs with the recognition function
values equal to or higher than the recognition threshold to the
total number of positions available for such BSs in the set in
both DNA strands.

Statistical metrics and the PR curve

The PR curve (Davis, Goadrich, 2006) for the TF BS motif
model can be defined as follows: the X axis means the ratio
of the number of sequences from the positive set (peaks) with
predicted sites to the number of all peaks (TPR, True Positive
Rate, Recall, REC):

TP

Here, TP/FN (True Positives/False Negatives) is the number
of correctly/incorrectly predicted sequences from the positive
set (TP + FN = NF).

The Y axis of the PR curve implies the ratio of the number
of predicted sequences in the positive set to the number of all
predicted sequences in positive and negative sets (Precision,
PREC), according to (Davis, Goadrich, 2006):

TP
TP+FP" @)

Here, FP (False Positives) is the number of predicted se-
quences in the negative set. Taking into account the difference
in the number of sequences between the positive (NF) and ne-
gative (NB) sets, we corrected the calculation of the Precision
value as follows:

PREC =

 TPR _ TP/NF
PREC = TpRTFPR ~ TP/NF+FP/NB _
3)
_ TP
TP+ (NE/NB)xFP

Here, TPR and FPR are the fractions of predicted sequences
in the positive and negative sets. The NF/NB coefficient takes
into account the difference between the sizes of negative (NB)
and positive (NF) sets. The expected numbers of predicted
sequences of positive (TP) and negative (FP) sets due to
random reasons are proportional to the set sizes, NF and NB,
respectively. Hence, we introduce the NF/NB coefficient to
unify the behavior of the PR curve for different ratios of posi-
tive and negative set sizes.

Partial area under the PR curve

and the ratio of areas under curves

The MetArea algorithm uses the tables “Recognition func-
tion threshold vs. Motif frequency in the set of all genome
promoters” described above, and performs recognition of two
input single motifs in the positive and negative sets. Next, the
pAUPRC measure is calculated for the single motifs as well
as for the joint motif. The calculation of the partial area under
the curve PR (pAUPRC) is limited by the criteria imposed
on the Recall (X axis) and Precision (Y axis) measures, that
is, the area is partial on both the X axis and the Y axis. The
example in Figure 4 explains the choice of the partial area in
both axes.
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The criterion for the partial area under the PR curve on the
X axis is the participation in the calculation of the pAUPRC
measure of a part of the whole range of the Recall measure
from O to 1. This criterion means that not all peaks with pre-
dicted sites are involved, but only those peaks, the best hits
of which have an expected frequency below the threshold,
ERR < ERRyax (Fig. 4). Here, we chose the milder thresh-
old of the expected frequency (ERRypx = 0.002) than the
one previously used to analyze the motifs of target TFs
(ERRyax = 0.001) (Tsukanov et al., 2022). We previously
analyzed the motifs of target TFs of ChIP-seq experiments,
and the MetArea SP analyzes the BS motifs of both target TFs
and less conservative ones of partner TFs.

The criterion for the partial area under the PR curve on the
Y axis subtracts from each value of the Precision measure its
expected value PRECgyp (Fig. 4) (Saito, Rehmsmeier, 2015).
For a model that is equally likely to recognize sequences
from the positive and negative set, the PR curve is a horizon-
tal line:

NF
PRECgxp = —=———==0.5. 4
1.0
Area of Recall values
09 corresponding to
too low specificity
08 of predictions,
’ ERR > ERRyjax
0.7
§ 06
@
o
& 05
04
0.3 Area of Precision values worse
than those for ‘no skill’ motif model,
0.2 Precision < 0.5
0.1
0 01 02 03 04 05 06 07 08 09 10
Recall

Fig. 4. Scheme of calculation of the partial area under the PR curve.

The X axis is the Recall measure (the probability of predicting the positive set
sequence, Recall = TPR = TP/NF), formula (1). The Y axis is the Precision mea-
sure, the ratio of the probability of predicting the positive set sequence to the
sum of the probabilities of predicting the positive and negative set sequences,
Precision = TPR / (TPR + FPR), formula (3). The pink area marks Precision < 0.5
values corresponding to predictions worse than those of a “no skill” model
equally likely to predict sequences in the positive and negative sets. The crite-
ria Precision > 0.5/Precision < 0.5 mark areas of selection towards the positive/
negative sets. The blue area shows the area of predicted sequences of the po-
sitive set with very low specificity. They correspond to the expected frequency
of the motif greater than the threshold, ERR > ERRy,5x. The normal distribution
with the mean and standard deviation (u, oy) = (5, 2.5) was taken to gener-
ate the data of the negative set example, and the positive set was a mixture
of 50 %/50 % normal distributions (Wp, Opq) = (10, 1) and (upy, Opy) = (5.5, 4).
These distributions model sites passing and failing to pass the threshold
ERRmax of the expected motif frequency. The shading denotes the area de-
termining the metric pAUPRC as the partial area under the curve.
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This ratio is constant and equal to 0.5 because the FP value
was normalized above, so the set sizes in this formula can
already be considered equal. Hence, the partial area under the
PR curve in the MetArea SP is calculated as the following sum:

{PREC(i)+PREC(i ) _pREcEXP}x
2

PAUPRC = 1&:x X},

x {REC(i) _REC(i- 1)H. (5)

Here, NI is the mildest threshold, determined as described
above from the expected frequencies and the input parameter
ERRy1ax- The 2/NF factor is required to normalize the value of
pAUPRC to the maximum value of 1. The maximum value of
the first multiplier under the sum, {(PREC(i)+PREC(i—1))/2 —
— PRECgxp}, is 0.5 since the maximum Precision value is 1;
and the maximum value of the sums of the second multipliers,
{REC(i/)-REC(i—1)}, is NF, the size of the positive set.
The criterion for predicting the functional relation of
motifs reflects the increase in the accuracy estimate of the
joint motif compared to the accuracy estimates of single
motifs. This criterion quantitatively assesses mutually ex-
clusive occurrence in pairs of motifs. For a pair of motifs A
and B, the criterion requires a higher value of the accuracy
estimate pAUPRC(A&B) of the joint motif A&B compared
to the values of the accuracy estimates of both single motifs,
pAUPRC(A) and pAUPRC(B). Calculated as follows, the
Ratio of Areas Under Curves (RAUC) should exceed one:

pAUPRC(A&B) L 6
AUPRC(A), pAUPRC@B)T =+ ©

RAUC(A, B) = g

Application options of the MetArea SP

MetArea SP inputs can be TF BS motifs with expected enrich-

ment in the positive VS negative set, e. g., such motifs are the

results of a de novo motif search (Bailey, 2021). Separate ap-
plications of SP implement massive analyses of the collections
of TF BS motifs from the Hocomoco and JASPAR databases.

Analysis of multiple pairs of motifs allows identification of

pairs that reveal a larger increase in pAUPRC recognition ac-

curacy estimates when motifs are combined. The MetArea SP
allows several application options, implemented as separate
programs. The following application options consider the

PWM motif model:

* two given motifs;

* several given motifs, for K motifs all possible {K x (K—1)/2}
pairs are checked;

* a given motif'vs all M motifs of BS of known TFs from the
database. For a given motif, all its M pairs with the motifs
from the Hocomoco (human, mouse) or JASPAR (plants,
insects) collections are checked;

« all BS motifs of known TFs from the database are checked.
From all M motifs of known TFs from the Hocomoco or
JASPAR collection, K motifs with the highest pAUPRC
accuracy scores are selected and all {K % (K—1)/2} possible
pairs of these motifs are tested.

The application options for the PWM and SiteGA motif
models:

* motif PWM and motif SiteGA.

Next, we provide examples of the results of ChIP-seq data
analysis for different application options of the MetArea SP.
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Mutually exclusive occurrence in pairs of motifs
of transcription factor binding sites

Analysis of several given motifs of the PWM model
Consider the ChlP-seq dataset for the BHLHA1S5 TF (Hess
et al., 2016) (GTRD PEAKS039234, GEO GSE86289) for
mouse pancreas. Application of a de novo search (STREME
tool) (Bailey, 2021) showed that among the five motifs with the
highest enrichment, four had significant similarity (p <0.001)
(Gupta et al., 2007) to known BHLHA15 TF BS motifs from
the Hocomoco. The motifs #1/#5 and #2/#4 are similar to
BHA15.H12CORE.0.P.B and BHA15.HI2CORE.1.SM.B,
respectively (Fig. 5a). These motifs correspond to the con-
sensus E-box CAnnTG with spacers GC and AT, so they
are labelled BHLHA15 GC 1/BHLHA15 GC 2, and
BHLHA15 AT 1/BHLHAL1S AT 2, respectively. Motif #3
has significant similarity (p < 0.001) to the BS motif of the
CTCF TF (CTCF.H12CORE.0.P.B) (Fig. 5a).

Analysis of the values of the pAUPRC recognition accuracy
estimates for single motifs and their pairwise joint motifs
(Fig. 5b) is based on the corresponding RAUC values for
pairs of motifs (Fig. 5¢), the similarity assessment of pairs of
motifs is required to control for significantly similar motifs
(Fig. 5d). High RAUCs are found for the pairs of motifs
BHLHA15 GC 1/BHLHAI15 TA2 and BHLHA15 GC 1/
BHLHA15 TAIl, the PR curves for them are shown in
Figure 5e, f. The CTCF motif has high RAUCs with
BHLHA15 GCI and BHLHA15 TA2 motifs (Fig. 5¢). The
pair of BHLHA15 TA2 and CTCF motifs was found to have
the maximum RAUC of 1.48 (Fig. 5¢). Overall, our results
are consistent with the ability of the TF BHLHA1S5 to bind to
DNA only as part of the dimer of two bHLH TFs (Amoutzias
et al., 2008). The trend towards divergence of BSs of vari-
ous structure of the BHLHAT1S5 TF into different peaks could
mean that (1) the dimer may comprise different TFs from the
bHLH class (including BHLHA 15 TF), and (2) the binding of
the dimer is influenced by other partner TFs, that form multi-
protein complexes with the BHLHA1S5 TF. Hence, the DBD
of the BHLHA15 TF adopts various conformations, e.g.,
TF CTCEF, the BS motif of which is also enriched (Fig. 5a),
may be a partner TF. According to experimental data:
(1) several TFs from the bHLH class have protein-protein
interactions with the CTCF TF (BIOGRID database, https://
thebiogrid.org/); (2) analysis of partner TFs by genomic co-
localization (Hu et al., 2020) confirms that several TFs from
the bHLH class are co-localized with CTCF TFs at the same
genomic loci in vivo.

Analysis of all BS motifs of known TFs from the database

Consider the ChlP-seq dataset for TF AR (Androgene Re-
ceptor) for the mouse prostate (Chen et al., 2013) (GTRD
PEAKS035588, GEO GSM1145307). Figure 6 for this
ChIP-seq dataset shows the matrix of the pairwise RAUC va-
lues for the 15 most enriched TF BS motifs according to the
pAUPRC measure out of all 1,142 mouse TF BS motifs from
the Hocomoco database. Among these 15 motifs, seven motifs
belong to the TF AR BS and its homologues from the same
subfamily GR-like (NR3C) {2.1.1.1.1} of the Steroid hormone
receptors {2.1.1} family of the Nuclear receptors with C4 zinc
fingers {2.1} class. This family defines the target TF AR, and
the likely motifs of its BS. The other eight motifs out of 15
belong to BS of TFs from the subfamilies FOXA {3.3.1.1},
FOXJ {3.3.1.10}, FOXM {3.3.1.13} and FOXP {3.3.1.16}.
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Fig. 5. Analysis of the five most enriched motifs from the de novo motif search results (STREME) (Bailey, 2021) for the ChIP-seq
dataset for mouse BHLHA15 TF (Hess et al., 2016) (GTRD PEAKS039234, GEO GSM2299654/GSM2299655).

a - sequence logos for five motifs, sorted by enrichment significance obtained from the STREME tool; BHLHA15 TF BS motifs are labelled
according to the dinucleotide in their spacer in the CAnnTG consensus; b — table of pairwise values of pAUPRC accuracy estimates of the
joint motifs constructed from pairwise combinations of motifs, headers indicate pAUPRC values for single motifs, shades of red mark the
maximum pAUPRC values of the joint motifs; ¢ — table of pAUPRC values in pairs of motifs, shades of red and blue mark values greater than
and less than one; d - table of significances of motifs similarity, -Logg[p-value]; e, f — PR curves for single motifs and their pairwise joint
motifs BHLHA15_GC_1/BHLHA15_TA1 and BHLHA15_GC_1/BHLHA15_TA2.

They comprise the same FOX family {3.3.1} from the class
Fork head/winged helix factors {3.3}. TFs of this family are
putative partner TFs for AR TFs, e. g. Foxal TF is known for
the same prostate tissue (Yang, Yu, 2015).

The pAUPRC values are greater than 1 for almost all pairs
of GR-like/FOX motifs. For example, the RAUC value of
1.03 for the ANDR.HI2CORE.0.P.B (pAUPRC rank 1) and
FOXA2.H12CORE.0.PSM.A (rank 5) pair corresponds to the
maximum value pAUPRC = 0.853 among all pairs of GR-like/
FOX motifs. The pAUPRC values for pairs of GR-like/
GR-like motifs exceed the value of 1 only for some pairs
of motifs. The ANDR.HI2CORE.2.P.B motif (rank 7) has a
distinct consensus among all other GR-like motifs (AAACA
instead of GNACA, see the Logo column, Figure 6); it has
high RAUC values, and this is the only motif with RAUC va-
lues above 1 in all pairs with other GR-like and FOX motifs.
In particular, among pairs of GR-like/GR-like motifs, the
maximum pAUPRC value of 0.876 with a RAUC of 1.06
is achieved for the pair of motifs ANDR.HI2CORE.0.P.B
(rank 1) and ANDR.HI12CORE.2.P.B (rank 7). Also, high
RAUC values in pairs of GR-like/GR-like motifs were found
for the MCR.H12CORE.1.SM.B motif, but it has the lowest
pAUPRC rank of 15. This motif is a monomer-binding motif,
not a dimer. Among the FOX/FOX motif pairs, there are almost
no RAUC values greater than 1.

Overall, the high RAUC values of many pairs of GR-like/
GR-like motifs suggest that the AR TF binds in different peaks

FTEHOMUKA N TPAHCKPUNTOMUKA / GENOMICS AND TRANSCRIPTOMICS

using distinct structural types of GR-like motifs. A similar as-
sumption can be made on the binding of a TF dimer consisting
of AR and a TF from the FOX family according to the high
RAUC values for pairs of GR-like/FOX motifs. The results
obtained for ChIP-seq data for the AR TF imply the following.
(1) Binding of AR TF to DNA occurs in the AR/AR and AR/
Foxal dimers (if it is the Foxal TF that binds to FOX motifs
under experimental conditions), and (2) both TFs allow a large
variety of different structural types of BSs, so various pairs of
motifs diverge in different peaks.

Analysis of the pair of motifs

of the PWM and SiteGA models

Consider the ChIP-seq dataset for the E2F4 TF for primary
innate immunity dendritic cells derived from mouse bone
marrow stimulated with the pathogenic component lipo-
polysaccharide for 120 minutes (Garber et al., 2012) (GTRD
PEAKSO035857, GEO GSM881061). Figure 7 shows the
PR curves for the PWM, SiteGA, and their joint PWM &
SiteGA motifs calculated by the MetArea SP. The pAUPRC
values for the PWM, SiteGA, and the joint PWM & SiteGA
motifs are 0.457, 0.358, and 0.47, respectively; the pAUPRC
value of the joint motif is 1.028.

The PWM and SiteGA motif models are based on very dif-
ferent methodological principles (Levitsky et al., 2007). The
PWM model represents high-affinity sites defined by the most
conserved positions and the most frequent nucleotides in them.
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TF class Nuclear receptors with C4 zinc fingers

TF family Steroid hormone receptors
TF subfamily GR-like (NR3C)
TF Ar Nr3c1 Nr3c2  Pgr
pAUPRC
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Pairs of motifs
GR-like/GR-like

Pairs of motifs
GR-like/FOX

Mutually exclusive occurrence in pairs of motifs
of transcription factor binding sites

Fork head/winged helix factors
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Pairs of motifs
FOX/FOX

Fig. 6. Results of the analysis of BS motifs of known TFs from the Hocomoco database for the ChIP-seq dataset for AR TF in mouse prostate (Chen

etal., 2013).

The 15 most enriched motifs according to the pAUPRC accuracy estimates are included in the analysis, headers of rows and columns show values and ranks of
the pAUPRC metrics and the names of TFs from the Hocomoco database. Row headers indicate motif identifiers from Hocomoco, and column headers indicate
the names of the TF class, family, and subfamily. In the table, shades of red/blue indicate changes in RAUC up/down from the neutral value of 1. The rightmost
column shows the sequence logos of the motifs from the Hocomoco database. Black rectangles mark GR-like and FOX motifs in row and column headers, and in

the table, pairs of BS TF motifs GR-like/GR-like, GR-like/FOX and FOX/FOX.

The SiteGA model comprises sites containing dependencies of
different positions that presumably originate from the common
actions of at least two TFs in cooperative binding to DNA
(Morgunova, Taipale, 2017; Levitsky et al., 2020). Predicted
sites of the SiteGA model are markedly less conserved than
those of the PWM model; the SiteGA model is able to predict
low affinity sites better than the PWM model (Tsukanov et
al., 2022). Combining the PWM and SiteGA models improves
recognition of low-affinity sites, as reflected by the greater
extent of the PR curve of the joint PWM & SiteGA motif on
the X axis (Recall), compared to each of the single PWM and
SiteGA motifs. Although the joint motif has smaller Preci-
sion values (Fig. 7, Y axis) than the PWM model, the wider
range of Recall values (X axis) determines the increase in
the pAUPRC measure of the joint motif. Single motifs up to
the threshold of expected motif frequency ERRy;px = 0.002
recognize 73.2 % (PWM) and 63.3 % (SiteGA) of peaks, the
joint motif recognizes 79.9 %.

The hypothesis that the PWM and SiteGA models represent
different structural types of the E2F4 TF BS is confirmed by
the TomTom motif comparison tool ( p-value < 0.05) (Gupta
et al., 2007). To prove this, for the PWM model, we used its
nucleotide frequency matrix, and for the SiteGA model, as
previously (Tsukanov et al., 2022), the nucleotide frequency
matrix constructed from the predicted sites. The ability of the
E2F4 TF to bind to different structural types of BSs is also
indicated by the experiment of M. Garber et al. (2012), where
the genomic binding loci of 25 TFs were determined under the
same conditions. The loci of E2F4 TFs were shown to overlap

1.00
PWM

SiteGA

095 PWM & SiteGA

0.90

0.85

0.80

0.75

Precision

0.70
0.65

0.60

0 0.2 0.4 0.6 0.8 1.0
Recall

Fig. 7. Results of analysis of the motif pair of the PWM and SiteGA models
by the MetArea SP.

Red, blue, and black represent PR curves for the PWM, SiteGA motifs, and
the joint motif PWM & SiteGA. The ChlIP-seq dataset for TF E2F4 (GTRD
PEAKS035857, GEO GSM881061) was used in the analysis.

significantly with the loci of five TFs: EGR2, EGR1, IRF2,
ETS2 and E2F 1. Consequently, it can be assumed that the TF
E2F4 is part of the same multiprotein complexes with these
TFs. Therefore, in different TF loci, E2F4 has to change its BSs
to a greater or lesser extent to adapt to the BSs of partner TFs.
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Discussion

In our study, we propose the novel MetArea approach for
detecting mutually exclusive occurrence in pairs of TF BS
motifs based on analyses of single ChIP-seq datasets. If two
motifs are structurally distinct BS motifs of the same TF in
various peaks, then the mutually exclusive occurrence is due
to the preferences of this TF to bind to either one or the other
structural type of BS in the peaks, but it is less common to
observe two BSs of different structures in the same peaks. If
the BS motifs belong to two different TFs, mutually exclusive
occurrence can result from the participation of both TFs in
the same multiprotein complexes, but in different peaks one
or another TF binds to DNA directly, but it is less common
to observe BSs of both TFs in the same peak.

During the development of the MetArea SP, we abandoned
the use of the metric of the partial area under the ROC curve
(pAUC ROC) (Levitsky, Tsukanov, 2024) and used the metric
of the area under the PR curve (Davis, Goadrich, 2006) to
determine the metric of the partial area under the PR curve. It
had been previously proposed (Davis, Goadrich, 2006) that the
application of the area under the AUC ROC curve cannot be
correct if the actual recognition thresholds of a binary classi-
fier should be quite stringent. Therefore, we should take note
if the advantage of one motif relative to another is recruited
in the interval of mild recognition thresholds (at the right tail
of the ROC curve). To correctly compare two motifs in this
case, instead of the metric of the area under the AUC ROC
curve, we previously used the metric “Partial Area Under
the ROC Curve, pAUC”. Instead of the full-size range of the
False Positive Rate (FPR, the fraction of recognized objects
from the negative set, X axis of the ROC curve) from 0 to 1,
this metric uses only a certain left part of it, discarding the
range of too large FPR values. We implemented this approach
to compare the recognition accuracy of TF BS motifs of the
PWM, BaMM and SiteGA models (Tsukanov et al., 2022).
There, we used the criterion on the Expected Recognition
Rate, ERR < 0.001, to restrict the recognition thresholds of
motifs in order to compute the pAUC ROC accuracy estimates.

Unfortunately, this approach is not suitable to compute the
accuracy of the joint motif required in the implementation of
the MetArea approach. The rationale for this is the necessity
to count the frequency of the joint motif, i.e. the number of
its hits. It is possible for non-overlapping single motifs, and in
the case of their overlapping, the frequency of the joint motif
should be reduced in some way. An alternative way to get rid
of the overestimation of accuracy given by the AUC ROC
measure is to switch from the ROC curve to the PR curve
and calculate the area under the PR curve (Davis, Goadrich,
2006; Keilwagen, et al., 2019).

Several approaches have been previously proposed to iden-
tify the occurrence of different TF BS motifs or different sets
of motifs in various peak fractions of a single set of ChIP-seq
peaks. The DIVERSITY tool (Mitra et al., 2018) partitions a
set of ChIP-seq peaks into several non-overlapping groups,
so that each group is represented by its enriched motif from
de novo search results. Later, the authors allowed that each
group of peaks is not represented by a single motif, but by a
combination of several motifs. The cisDIVERSITY tool (Bis-
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was, Narlikar, 2021) for the set of peaks performs a de novo
search for enriched motifs using the PWM model, and then
distributes the found motifs into several non-overlapping
groups of peaks so that all groups make up the entire set of
peaks. Each of the motifs has different frequencies across
groups, €. g., some groups have higher frequencies than other
groups, while other groups may not have a motif. The tasks of
the DIVERSITY/cisDIVERSITY and MetArea tools are simi-
lar in that different motifs are separated into certain fractions
of peaks. However, the DIVERSITY/cisDIVERSITY tools:
(1) identify the entire variety of motifs and divide all peaks
into groups in order to find distinct motifs or combinations
of them for different groups; (2) consider only the traditional
PWM motif model. The MetArea SP (1) considers only pairs
of motifs, to find pairs of motifs that better complement each
other by maximizing the accuracy measure pAUPRC for the
joint motif; (2) considers both the traditional PWM model and
alternative models of the TF BS motif.

Conclusion

We have developed the MetArea SP. It uses a single set of
ChIP-seq peaks to calculate the “Partial Area Under the PR
Curve” (pAUPRC) accuracy measure for the two input single
TF BS motifs, determines the joint motif from them, and also
calculates the pAUPRC measure for it. Creating a joint motif
from the two single motifs and calculating a pAUPRC accu-
racy estimate for it allows comparing two single motifs and
their overall effect on a uniform scale. The excess of accuracy
estimates of the joint motif over those of both single motifs
indicates their mutually exclusive occurrence. The results of
the MetArea analysis allow predicting the functional relation-
ship of the two motifs, and hence their corresponding TFs.
In particular, the MetArea SP can offer substantial arguments
for or against the hypothesis that the two motifs are structural
types of the BS of a single TF. Similarly, support or rejection
are proposed for the hypothesis that the BS motifs represent
two TFs together involved in the regulation of gene transcrip-
tion as part of a single multiprotein complex. In summary, the
MetArea SP predicts for a given ChIP-seq dataset (1) structural
diversity of BSs of a single TF and (2) pairs of BS motifs of
different TFs acting to regulate gene transcription as part of
single multiprotein complexes of many TFs.

References

Ambrosini G., Vorontsov 1., Penzar D., Groux R., Forne O., Nikolae-
va D.D., Ballester B., Grau J., Grosse 1., Makeev V., Kulakovskiy I.,
Buche P. Insights gained from a comprehensive all-against-all tran-
scription factor binding motif benchmarking study. Genome Biol.
2020;21:114. doi 10.1186/s13059-020-01996-3

Amoutzias G.D., Robertson D.L., Van de Peer Y., Oliver S.G. Choose
your partners: dimerization in eukaryotic transcription factors.
Trends Biochem. Sci. 2008;33(5):220-229. doi 10.1016/j.tibs.2008.
02.002

Bailey T.L. STREME: accurate and versatile sequence motif discove-
ry. Bioinformatics. 2021;37:2834-2840. doi 10.1093/bioinformatics/
btab203

Biswas A., Narlikar L. A universal framework for detecting cis-regula-
tory diversity in DNA regions. Genome Res. 2021;31(9):1646-1662.
doi 10.1101/gr.274563.120

831



V.G. Levitsky, A.V. Tsukanov
T.I. Merkulova

Chen Y., Chi P.,, Rockowitz S., laquinta P.J., Shamu T., Shukla S.,
Gao D., Sirota 1., Carver B.S., Wongvipat J., Scher H.I., Zheng D.,
Sawyers C.L. ETS factors reprogram the androgen receptor cistrome
and prime prostate tumorigenesis in response to PTEN loss. Nat.
Med. 2013;19(8):1023-1029. doi 10.1038/nm.3216

Davis J., Goadrich M. The relationship between Precision-Recall and
ROC curves. In: Proceedings of the 23rd International Conference
on Machine Learning. New York: Assoc. for Computing Machinery,
2006;233-240. doi 10.1145/1143844.1143874

D’haeseleer P. What are DNA sequence motifs? Nat. Biotechnol. 2006;
24(4):423-425. doi 10.1038/nbt0406-423

Garber M., Yosef N., Goren A., Raychowdhury R., Thielke A., Gutt-
man M., Robinson J., Minie B., Chevrier N., Itzhaki Z., Blecher-
Gonen R., Bornstein C., Amann-Zalcenstein D., Weiner A., Fried-
rich D., Meldrim J., Ram O., Cheng C., Gnirke A., Fisher S.,
Friedman N., Wong B., Bernstein B.E., Nusbaum C., Hacohen N.,
Regev A., Amit L. A high-throughput chromatin immunoprecipita-
tion approach reveals principles of dynamic gene regulation in mam-
mals. Mol. Cell. 2012;47(5):810-822. doi 10.1016/j.molcel.2012.
07.030

Georgakopoulos-Soares 1., Deng C., Agarwal V., Chan C.S.Y., Zhao J.,
Inoue F., Ahituv N. Transcription factor binding site orientation and
order are major drivers of gene regulatory activity. Nat. Commun.
2023;14:2333. doi 10.1038/s41467-023-37960-5

Gupta S., Stamatoyannopolous J.A., Bailey T.L., Noble W.S. Quanti-
fying similarity between motifs. Genome Biol. 2007;8(2):R24. doi
10.1186/gb-2007-8-2-r24

Hess D.A., Strelau K.M., Karki A., Jiang M., Azevedo-Pouly A.C.,
Lee A.H., Deering T.G., Hoang C.Q., MacDonald R.J., Koniec-
zny S.F. MIST]1 links secretion and stress as both target and regula-
tor of the unfolded protein response. Mol. Cell. Biol. 2016;36(23):
2931-2944. doi 10.1128/MCB.00366-16

Hu G., Dong X., Gong S., Song Y., Hutchins A.P., Yao H. Systematic
screening of CTCF binding partners identifies that BHLHE40 regu-
lates CTCF genome-wide distribution and long-range chromatin in-
teractions. Nucleic Acids Res. 2020;48(17):9606-9620. doi 10.1093/
nar/gkaa705

Johnson D.S., Mortazavi A., Myers R.M., Wold B. Genome-wide map-
ping of in vivo protein-DNA interactions. Science. 2007;316(5830):
1497-1502. doi 10.1126/science.1141319

Keilwagen J., Posch S., Grau J. Accurate prediction of cell type-spe-
cific transcription factor binding. Genome Biol. 2019;20(1):9. doi
10.1186/s13059-018-1614-y

Kel O.V.,, Romaschenko A.G., Kel A.E., Wingender E., Kolchanov N.A.
A compilation of composite regulatory elements affecting gene tran-
scription in vertebrates. Nucleic Acids Res. 1995;23(20):4097-4103.
doi 10.1093/nar/23.20.4097

Kolmykov S., Yevshin 1., Kulyashov M., Sharipov R., Kondrakhin Y.,
Makeev V.J., Kulakovskiy 1.V., Kel A., Kolpakov F. GTRD: an in-
tegrated view of transcription regulation. Nucleic Acids Res. 2021;
49(D1):D104-D111. doi 10.1093/nar/gkaal 057

Lambert S.A., Jolma A., Campitelli L.F., Das PK., Yin Y., Albu M.,
Chen X., Taipale J., Hughes T.R., Weirauch M.T. The human tran-
scription factors. Cell. 2018;172(4):650-665. doi 10.1016/j.cell.
2018.01.029

Levitsky V.G., Ignatieva E.V., Ananko E.A., Turnaev LI., Merku-
lova T.I., Kolchanov N.A., Hodgman T.C. Effective transcription
factor binding site prediction using a combination of optimization,
a genetic algorithm and discriminant analysis to capture distant in-
teractions. BMC Bioinformatics. 2007;8(1):481. doi 10.1186/1471-
2105-8-481

Levitsky V., Zemlyanskaya E., Oshchepkov D., Podkolodnaya O.,
Ignatieva E., Grosse 1., Mironova V., Merkulova T. A single ChIP-
seq dataset is sufficient for comprehensive analysis of motifs co-
occurrence with MCOT package. Nucleic Acids Res. 2019;47:¢139.
doi 10.1093/nar/gkz800

Mutually exclusive occurrence in pairs of motifs
of transcription factor binding sites

Levitsky V., Oshchepkov D., Zemlyanskaya E., Merkulova T. Asym-
metric conservation within pairs of co-occurred motifs mediates
weak direct binding of transcription factors in ChIP-Seq data. Int. J.
Mol. Sci. 2020;21(17):E6023. doi 10.3390/ijms21176023

Levitsky V.G., Tsukanov A.V. MetArea tool for predicting structural
variability and cooperative binding of transcription factors in ChIP-
seq data. In: 14th International Conference on Bioinformatics of Ge-
nome Regulation and Structure/Systems Biology (BGRS/SB-2024).
2024;136-138. doi 10.18699/bgrs2024-1.2-17

Mitra S., Biswas A., Narlikar L. DIVERSITY in binding, regulation,
and evolution revealed from high-throughput ChIP. PLoS Comput.
Biol. 2018;14(4):e1006090. doi 10.1371/journal.pcbi.1006090

Morgunova E., Taipale J. Structural perspective of cooperative tran-
scription factor binding. Curr. Opin. Struct. Biol. 2017;47:1-8. doi
10.1016/j.sb1.2017.03.006

Nagy G., Nagy L. Motif grammar: the basis of the language of gene
expression. Comput. Struct. Biotechnol. J. 2020;18:2026-2032. doi
10.1016/j.¢sbj.2020.07.007

Raditsa V.V., Tsukanov A.V., Bogomolov A.G., Levitsky V.G. Genomic
background sequences systematically outperform synthetic ones in
de novo motif discovery for ChIP-seq data. NAR Genom. Bioinform.
2024;6(3):1qae090. doi 10.1093/nargab/lqac090

Rauluseviciute 1., Riudavets-Puig R., Blanc-Mathieu R., Castro-Mon-
dragon J.A., Ferenc K., Kumar V., Lemma R.B., Lucas J., Chéne-
by J., Baranasic D., Khan A., Fornes O., Gundersen S., Johansen M.,
Hovig E., Lenhard B., Sandelin A., Wasserman W.W., Parcy F.,
Mathelier A. JASPAR 2024: 20th anniversary of the open-access
database of transcription factor binding profiles. Nucleic Acids Res.
2024;52(D1):D174-D182. doi 10.1093/nar/gkad1059

Rogers J.M., Waters C.T., Seegar T.C.M., Jarrett S.M., Hallworth A.N.,
Blacklow S.C., Bulyk M.L. Bispecific forkhead transcription factor
FoxN3 recognizes two distinct motifs with different DNA shapes.
Mol. Cell. 2019;74(2):245-253.¢6. doi 10.1016/j.molcel.2019.01.019

Saito T., Rehmsmeier M. The Precision-Recall plot is more informative
than the ROC plot when evaluating binary classifiers on imbalanced
datasets. PL0oS One. 2015;10(3):e0118432. doi 10.1371/journal.
pone.0118432

Siebert M., S6ding J. Bayesian Markov models consistently outperform
PWMs at predicting motifs in nucleotide sequences. Nucleic Acids
Res. 2016;44:6055-6069. doi 10.1093/nar/gkw521

Tognon M., Giugno R., Pinello L. A survey on algorithms to characte-
rize transcription factor binding sites. Brief. Bioinform. 2023;24(3):
bbad156. doi 10.1093/bib/bbad156

Tsukanov A.V., Levitsky V.G., Merkulova T.I. Application of alter-
native de novo motif recognition models for analysis of structural
heterogeneity of transcription factor binding sites: a case study of
FOXA2 binding sites. Vavilov J. Genet. Breed. 2021;25(1):7-17. doi
10.18699/VJ21.002

Tsukanov A.V., Mironova V.V., Levitsky V.G. Motif models proposing
independent and interdependent impacts of nucleotides are related
to high and low affinity transcription factor binding sites in Arabi-
dopsis. Front. Plant Sci. 2022;13:938545. doi 10.3389/fpls.2022.
938545

Vorontsov L.E., Eliseeva I.A., Zinkevich A., Nikonov M., Abramov S.,
Boytsov A., Kamenets V., Kasianova A., Kolmykov S., Yevshin L.S.,
Favorov A., Medvedeva Y.A., Jolma A., Kolpakov F., Makeev V.J.,
Kulakovskiy 1.V. HOCOMOCO in 2024: a rebuild of the curated
collection of binding models for human and mouse transcription
factors. Nucleic Acids Res. 2024;52(D1):D154-D163. doi 10.1093/
nar/gkad1077

Wasserman W.W., Sandelin A. Applied bioinformatics for the identifi-
cation of regulatory elements. Nat. Rev. Genet. 2004;5(4):276-287.
doi 10.1038/nrg1315

Weirauch M.T., Yang A., Albu M., Cote A.G., Montenegro-Mon-
ter A., Drewe P., Najafabadi H.S., Lambert S.A., Mann 1., Cook K.,
Zheng H., Goity A., van Bakel H., Lozano J.C., Galli M., Lew-

832 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 8



B.I. leBuuknii, A.B. LlykaHos
T.N. Mepkynosa

sey M.G., Huang E., Mukherjee T., Chen X., Reece-Hoyes J.S., Go-
vindarajan S., Shaulsky G., Walhout A.J.M., Bouget F.Y., Ratsch G.,
Larrondo L.F., Ecker J.R., Hughes T.R. Determination and inference
of eukaryotic transcription factor sequence specificity. Cell. 2014;
158(6):1431-1443. doi 10.1016/j.cell.2014.08.009

Wingender E. Criteria for an updated classification of human tran-
scription factor DNA-binding domains. J. Bioinform. Comput. Biol.
2013;11(1):1340007. doi 10.1142/50219720013400076

Wingender E., Schoeps T., Donitz J. TFClass: an expandable hierarchi-
cal classification of human transcription factors. Nucleic Acids Res.
2013;41(D1):D165-D170. doi 10.1093/nar/gks1123

Wingender E., Schoeps T., Haubrock M., Donitz J. TFClass: a classi-
fication of human transcription factors and their rodent orthologs.
Nucleic Acids Res. 2015;43(D1):D97-D102. doi 10.1093/nar/gku1064

2024
288

B3avmouckouaioLan BCTpeuyaemMoCTb B Mapax MOTMBOB
CalTOB CBA3bIBaHWA TPAHCKPUMLMOHHbIX GaKTOpoB

Wingender E., Schoeps T., Haubrock M., Krull M., Dénitz J. TFClass:
expanding the classification of human transcription factors to their
mammalian orthologs. Nucleic Acids Res. 2018;46(D1):D343-D347.
doi 10.1093/nar/gkx987

Yang Y.A., Yu J. Current perspectives on FOXA1 regulation of andro-
gen receptor signaling and prostate cancer. Genes Dis. 2015;2(2):
144-151. doi 10.1016/j.gendis.2015.01.003

Zeitlinger J. Seven myths of how transcription factors read the cis-
regulatory code. Curr. Opin. Syst. Biol. 2020;23:22-31. doi 10.1016/
j-c0isb.2020.08.002

Zhang Y., Liu T., Meyer C.A., Eeckhoute J., Johnson D.S., Bern-
stein B.E., Nussbaum C., Myers R.M., Brown M., Li W., Liu X.S.
Model-based Analysis of ChIP-Seq (MACS). Genome Biol. 2008;9:
R137. doi 10.1186/gb-2008-9-9-r137

Conflict of interest. The authors declare no conflict of interest.

Received October 19, 2024. Revised November 20, 2024. Accepted November 21, 2024.

FTEHOMUKA N TPAHCKPUNTOMUKA / GENOMICS AND TRANSCRIPTOMICS

833



