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Available onfine xxxx the proper working of each cell in Eukaryotic organisms. A particularly important part

of Epigenomics concentrates on the study of chromatin, that is, a fiber composed of a
DNA-protein complex and very characterizing of Eukaryotes. Understanding how chromatin

Ié?;:g):f:ﬁonal biology is assembled and how it changes is fundamental for Biology. In more than thirty years
Algorithms and complexity of research in this area, Mathematics and Theoretical Computer Science have gained a
Formal languages prominent role, in terms of modeling and mining, regarding in particular the so-called
Combinatorics on words 10 nm fiber. Starting from some very basic notions of Biology, we briefly illustrate the

recent advances obtained via laboratory experiments on the organization and dynamics
of chromatin. Then, we mainly concentrate our attention on the contributions given by
Combinatorial and Informational Methodologies, that are at the hearth of Theoretical
Computer Science, to the understanding of mechanisms determining the 10 nm fiber. We
conclude highlighting several directions of investigation that are perceived as important
and where Theoretical Computer Science can provide high impact results.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The genomic DNA of an organism, by means of the genes contained in it, encodes the information dictating the working
of a complex biochemical machine whose aim is to produce proteins. In Eukaryotes, it is packed into the cell nucleus forming
an extremely compact, three-dimensional (3D, for short) biochemical complex, known as chromatin. Its basic building block
is the nucleosome, a spool-like complex composed of histone proteins at the center, with DNA wrapped around. Such a
packaging process can achieve staggering 3D volume reduction factors. As well put in [1], geometrically, for Human DNA
the reduction factor is as the one required to successfully store a 40 Km (24 miles) long very thin thread into the volume
of a tennis ball. The role of chromatin is not limited to such a compression process, as it was initially thought, since it
has also a deep influence on gene expression and regulation (simply put, the production of proteins and the regulation of
when such a process should start and end for a given gene). In this respect, its role is so characterizing of Eukaryotes that
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gene regulation has a different logic in Prokaryotes, due to the absence of chromatin [2]. These fundamental differences are
essential for Eukaryotic organisms to express genes in the great number of diverse patterns that are at the base of their
biological complexity.

In order to proceed gradually towards the relevant issues for Mathematics and Computer Science, it is felt as appropriate
to give a road map of the paper. With that objective in mind, some key biological facts regarding chromatin structure and
function are highlighted in Section 2. It is quite fortunate that the past few years have seen some revolutionary advances
and discoveries regarding chromatin structure, in particular with respect to its hierarchical organization. Although we pro-
vide a general picture of the State of the Art, we then focus on the first level of that organization, technically, the 10 nm
fiber. Indeed, it is in the study of how that fiber is formed that Information Theory and Theoretical Computer Science have
had the most impact. Consequently, Section 3 is dedicated to the presentation of State of the Art regarding how to obtain
mathematical models that would account for the 10 nm fiber. The need for this type of studies was clearly stated and
initiated over 30 years ago by Kornberg in a seminal paper [3], in which it is asked according to which mechanism (for-
malized via mathematical models) nucleosomes are positioned along a genome. From now on, this latter process is referred
to as nucleosome positioning. Section 4 provides an additional level of detail in terms of computational data mining tools
specifically designed for chromatin studies on the 10 nm fiber, which reveal a very rich world of “combinatorial messages”
associated to chromatin organization and dynamics. Finally, the last Section offers some conclusions and future directions of
investigation, highlighting the fact that chromatin studies offer plenty of challenging opportunities for Information Theory
and Computer Science to make a real impact on an important area of Science: for instance, very little is known regarding
the “combinatorics and mathematics” that could account for the higher levels of chromatin organization recently discovered.

2. The biology of chromatin: basic key facts

We give here an extremely concise presentation of very complicated processes, distilling-off the most important aspects
of them in relation to the aim of the paper.

2.1. Function

2.1.1. Packaging the DNA into the nucleus

As already stated in the Introduction, Eukaryotic DNA can be seen as a very long thread. The identification of the
processes by means of which this thread is packaged into the nucleus of a cell is a classic and still very active area of
research in molecular biology. Relevant is also the identification of the organization and architecture of chromatin. As a
matter of fact, thanks to recent technological advances, it is possible for the first time to observe its structure in vivo,
e.g., [4], rather than via its artificial reconstruction in vitro. The result is a sweeping change in the model describing that
architecture [4-6], apparently making obsolete classic textbook presentations of the subject. [7].

The basic folding step. The fundamental “brick” of chromatin is the nucleosome (as already stated, a spool-like protein-DNA
complex). The distribution of nucleosomes along a genome forms what is known as the 10 nm fiber, which provides a first
level of DNA packaging, in the form of length reduction. Because of its centrality for this contribution, we single it out by
providing a detailed rendering of its structure in Fig. 1. Although the existence of the 10 nm fiber is an established fact and
its organization has been long known [8], recent studies based on nanoscopy and computer simulations have allowed to
observe its organization at a single cell resolution in vivo [9], i.e., as it really is in a single cell rather than as the result of
observations over a population of cells. The important finding reported in the mentioned paper is that nucleosomes forming
the 10 nm fiber are organized into interspersed groups. Due to the reminiscence of those groups with egg clutches, they are
referred to with the same term. The accuracy of such a model for the 10 nm fiber has been acknowledged and indirectly
confirmed by the findings in [4], which have been obtained with the use of an even more advanced technology than the
one used in [9].

DNA packaging via a constrained nucleosomic disorder. The formation of nucleosomes along the genomic DNA is not
enough to achieve the level of compaction qualitatively indicated in the Introduction. More is needed. Indeed, the classic
textbook model [8] that accounts for the condensation of DNA into chromosomes resorts to the use of a series of folding
steps, summarized in Fig. 2. Although the model is supported by in vitro evidence, it has been elusive to capture in vivo [10,
11]. In particular in regard to the 30 nm fiber. Indeed, this latter is characterized by a very regular structure of nucleosome
arrays arranged on top of each other. The existence of this type of structure in vivo has been seriously challenged [4,9],
and with it, the in vivo accuracy of the textbook model. However, it is interesting to note that the “egg clutches” in Fig. 1
observed in vivo correspond to the necklace of pearls in Fig. 2. The new model of hierarchical chromatin architecture that
has emerged, e.g. [5,6], is summarized in Fig. 3. The top level is given by the segregation of chromosomes into territories,
a fact known since the 80’s and well established [12]. Very briefly, chromatin seems to be a disordered fiber that “bends”
on itself in 3D to achieve both compaction and proper cell functioning [4,13]. The mechanisms that actually govern this
bending so as to obtain segregated chromosomes (see Fig. 3(1), again) starting from the 10 nm fiber (see Fig. 1 and 3(3)
again) have not been fully identified yet and their discovery is the object of intense investigation. The state of the art is in
[14,15].
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Fig. 1. A representation of how nucleosomes, “the eggs” in the figure, assemble into clutches of different sizes along the genome, the “rod” in the fig-
ure. Heterochromatin is the part of chromatin very tightly packed. Active chromatin, also referred to as euchromatin, is the part of chromatin that is
lightly packed. The regions of the genome in which there are very few or no nucleosomes at all are referred to as depleted regions while the ones where
nucleosomes have a high density are referred to as enriched regions. Both types of region can be of various lengths.

2.1.2. Regulating gene expression

Following [1], a gene is a portion of DNA that encodes for a protein or an RNA molecule. At a very high level and
informally, the process that transforms a gene into a protein consists of two steps. In the first step DNA is transcribed into
RNA, then the RNA molecule is translated into a protein. The interested reader can find details of the two processes in [1].
In case the gene produces only an RNA molecule, the process of translation does not take place. Those genes are referred
to as non-coding. In both cases, the described process is referred to as gene expression. Chromatin organization and its core
components, i.e., histones, play a key role in this process.

A simplistic point of view, resorting to notions well known in computer science, is as follows. Gene expression can be
seen as a transduction process performed by a sort of Turing machine, which has the DNA sequence of the gene on the
input tape and which produces the corresponding sequence of the gene product on the output tape, usually corresponding
to a sequence of amino acids. The first position of the input tape corresponds to the so called Transcription Start Site (TSS
for short), i.e., the DNA letter from which the transduction process must start. In order for this process to work properly,
the gene DNA sequence must be accessible, in particular the TSS. However, a look at Fig. 1 immediately reveals that the
part of DNA wrapped around the histones, i.e., the DNA that forms nucleosomes, is not accessible. Therefore, if part of a
gene is covered by nucleosomes, it cannot be transduced properly. The point is that, in order for a gene to be expressed,
nucleosomes occluding it in full or part must be moved elsewhere.

A more accurate rendering of how chromatin affects gene expression is beyond the scope of the introductory material
presented here and needed for this study. However, for completeness, it is important to mention that chromatin can be
divided in two types: euchromatin and hetherochromatin (see Fig. 1 again). The first type is composed of lightly packed DNA
and it is usually associated with genomic regions under active transcription. The second type is composed of tightly packed
DNA. Usually it is associated with transcriptionally inactive genomic regions. Its fundamental role in the proper working of
a cell is well presented in [16]. Given the body of work that the area of string algorithms has produced regarding repetitive
structures in strings, also with attention to genomics, e.g., [17,18], we mention that highly repetitive genomic regions are a
threat to cell stability. Hetherocromatin has a fundamental role in suppressing the events that “unguarded” repetitive areas
of the genome would trigger.

Finally, it is also important to mention that histones, a building block of chromatin, play a fundamental role in gene
regulation via families of modifications. Intuitively, those latter can be seen as proteins that are obtained by histones via
modifications that occur once an histone protein has been obtained via the process of translation. Such changes are referred
to as Post-translational Modifications. The interested reader can find an excellent presentation of this topic in [19].

2.2. The 10 nm fiber: mechanisms for nucleosome positioning and dynamics

Even from the brief description given in the previous Section, it is evident that chromatin is far from being a static object,
although its organization can be described via a static hierarchical model. In particular, nucleosomes must form along the
genome and they must “move around” to make accessible the parts of the genome that are needed to be accessible at
any given time for the proper functioning of the cell. Mentioning once again that the mechanisms of chromatin dynamics
at any scale are still in the process of being discovered, (see again [14,15] and [20]), we focus on the 10 nm fiber, in
particular on nucleosome positioning. It is worth to state the problem considered here by citing verbatim Radman-Livaja
and Rando [21]: “The remarkably uniform and conserved nucleosomal organization of gene promoters begs the question:
what determines nucleosome positions throughout the genome? Are nucleosome positions primarily “encoded” in the DNA
sequence (cis factors) or are they a consequence of the regulatory activity of chromatin remodelers, transcription factors
and the transcription machinery (trans factors)?” Remodelers and transcription factors (TFs, for short) are proteins that
bind to specific DNA positions and, in doing so, intuitively and with respect to the DNA position where the binding takes
place, they either “push” nucleosomes elsewhere or “get in the way” of their formation there. We next highlight some
fundamental findings regarding the two aspects characterizing the stated problem. For completeness, we mention that they
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The Classic Model of DNA Packaging Into a Chromosome.
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Fig. 2. The classic model accounting for DNA packaging process at the chromosomal level.

The key steps of this process are shown in Fig. 2. It is worthy of mention that only the first step of this process
is known to take place in vivo, while for some of the others there is only evidence in vitro or they are simply
hypothesized. The following explains in more detail the representations shown in the figure. a) The DNA double
helix. b) The necklace of pearls, which is obtained through the wrapping of DNA around a series of spool-like
structures, each of those latter obtained via a proper assembly of histones. Each spool, with DNA wrapped
around, is referred to as a nucleosome, which is “the pearl” of the necklace. c¢) the 30 nm fiber is observed in
vitro and it is obtained by the packaging of nucleosomes into regularly spaced arrays. d) The packaging goes on
to form chromosomes.

are not mutually exclusive: as a matter of fact, they may very well coexist [22], although the extent of which each factor
contributes to nucleosome positioning is still unknown.

2.2.1. Intrinsic positioning instructions “encoded” into the genome

As all the proteins that bind to DNA, histones are “choosy” with respect to the DNA sequences “they like to bind to”. The
existence of those biochemical histonic “like” and “dislike” votes has been known for a long time, e.g., [3], and they have
been the object of intense research [21]. However, such a fact alone is not enough to convincingly claim that the genome
has “encoded” in its sequence a map of where nucleosomes must be or not. The design of an experiment giving evidence
of such a fact is challenging. Quite remarkably, with the advent of the new DNA sequencing technologies and following
ground-breaking work in [23], Kaplan et al. [24] have succeeded. Their experiment is worth a brief conceptual description.

It is known how to construct a nucleosome occupancy map in vivo. That is, a numeric vector in which each index
corresponds to a genomic position and the entry at that index gives a confidence score, referred to as occupancy value,
that such a position is covered by a nucleosome. An example is provided in Fig. 4, e.g., top curve. However, since in
order to form nucleosomes, histones have to bind to DNA, they have to face the “competition” of TFs and remodelers that,
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The Hierarchical Organization of Chromatin into the Cell Nucleus
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Fig. 3. A novel model summarizing chromatin organization into the nucleus hierarchically.

(1) The nucleus divided into chromosome territories (only boundaries shown). That is, each chromosome,
packed into chromatin, is confined in a particular part of the nucleus and, in 3D, there is very little contact
(over time) with other chromosomes. The scale refers to the length of the genome confined into each territory.
(2) Each chromosome can be further divided into two parts: Active compartments (denoted by (A) in the Fig-
ure) and inactive compartments (denoted by (B) in the Figure). There is, over time, very little contact occurs
between chromatin (the rod) in compartments (A) and (B). At the same scale as compartments, there are “local
parts” of the genome that have contact in 3D, i.e., the genome forms loops that “cluster” together, with very lit-
tle interaction among different “clusters”. Those latter, technically, assume the name of Topologically Associated
Domains (TADs). (4) Finally, we have the 10 nm fiber, whose architecture is provided in Fig. 1.

on occasions, may cause nucleosome formation in places where histones do not have high preference for the underlying
sequence. Therefore, the in vivo map would also account for the contributions of remodelers and TFs to the positioning of
nucleosomes, since those latter would be present in the culture of cells from which the map is derived. Kaplan et al. have
constructed an in vitro nucleosome occupancy map with the property of being of high quality, and in which experimental
conditions have favored that histones binding position do not depend on the competition of remodelers and TFs, since those
latter are not part of the purified DNA from which the map is obtained. Quite remarkably, there is a very high correlation
between the in vivo and in vitro maps for S. cerevisiae, indicating that indeed the underlying DNA sequence has an influence
in the determination of nucleosome positions on a genomic scale. An example of such a correlation is provided in Fig. 4
(top two curves). So, very informally, the genome “encodes” the positioning of nucleosomes along itself. We anticipate that
the mathematical nature of such an “encoding” is discussed in Section 3.2.

2.2.2. Moving nucleosomes around along the genome

As already stated, all of DNA is packaged into chromatin and, for each cell, chromatin organization follows the model
described in Fig. 3. However, it has been very well known for a long time [25] that such a layout is not maintained
exactly throughout different cell types in the same organism and in all parts of the genome within each cell, although the
underlying DNA sequence is the same. That is, different cells may have nucleosomes in differing genomic positions.

In order to give an account of those changes, the main mechanism to consider is the action of histone competitors:
remodelers and TFs. Indeed, remodelers can dislocate nucleosomes from their positions and TFs compete for the same
binding sequences. A legitimate question to ask is whether such a competition is well documented or speculative. In this
respect, there is quite some work in progress, however most of the results indicate, at the qualitative level, that it has an
impact on chromatin dynamic changes, e.g., [26,27]. For our purposes, it suffices to highlight that the in vitro map mentioned
earlier is not always in good agreement with the in vivo map. In particular, the absence of nucleosomes in genomic coding
regions measured in vivo increases with the expression level of the associated genes with respect to nucleosomal presence
measured in vitro. These results indicate that TFs, chromatin regulators and active transcription influence the resulting
nucleosome organization in vivo [28].

As an important exemplification of the dynamic process and competition just outlined above, we concentrate on one
particular aspect of it: the creation of Nucleosome Free Regions (NFR, for short) around TSS. Indeed, the understanding of
the mechanisms that contribute to create a NFR would highlight one of the most basic steps of chromatin dynamics and,
consequently, of gene expression and regulation.
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Fig. 4. (Top two curves) For a genomic region of 1024 base-pairs in length, the plots of the occupancy values for S. Cerevisiae in vivo and in vitro (SCvivo
and SCvitro, for short), respectively. The abscissa indicates a position in the sequence and the corresponding ordinate provides the occupancy value. (The
remaining plots) They provide curves analogous to the ones just described. However, the “occupancy” value of a position has been determined by one of
the computational methods considered in Section 3.2.2 and according to the sliding window method described in that Section, except for Kmodel which
has been used without a sliding window. Taking as reference SCvivo, the value of the Spearman rank correlation coefficient is also indicated for each
curve.

As already mentioned, once that DNA is packaged into chromatin, genes may not be accessible, in full or in part (see
Fig. 1 again). In order to obtain the product(s) of genes that are not accessible, the chromatin organization around them has
to be changed. Such a task is accomplished by chromatin remodelers. Even before the transduction process involving a gene
begins, the TSS upstream of it is made accessible via the creation of a NFR around it. The structure of that region is depicted
in Fig. 5(a). For quite some time, the creation of such an NFR has been attributed to the stiffness of the so-called poly(dA:dT)
tracts, i.e., the “combinatorial message” A¥ or T¥, for some constant k. The rationale being that their poor bendability favors
the creation of unstable nucleosomes that are then easy to dislocate. The main experimental evidence supporting this thesis
were the structural characteristics of the poly(dA:dT) tracts and the abundance of A-T nucleotides in NFRs [29]. Therefore,
under this thesis, poly(dA:dT) plays only a passive role in determining nucleosome positioning: via its stiffness, its relative
abundance levels along the genome would demarcate genomic regions fit for nucleosome occupancy or not. Recently, such
a point of view has been challenged and, to some extent, changed. Indeed, Lorch et al. [30], among others, have provided
experimental evidence supporting the thesis that NFRs are created by an active mechanism of nucleosome rearrangement
due to chromatin remodelers rather than by a passive mechanism connected to sequence composition. Quite remarkably,
key elements of such an active mechanism have recently been described in detail via in vitro experiments by Krietenstein
et al. [20]. Those findings are reported in Fig. 6. Even more remarkably, the poly(dA:dT) tract assumes the real role of a
message. Indeed, it must be recognized by the chromatin remodeler RSC in order to start the removal of nucleosomes to
form an NFR. Therefore, the DNA sequence actually guides the chromatin remodelers in creating the NFR. However, so far,
in this very important setting, only the message poly(dA:dT) has been identified.

For the interested reader, it is worth of mention that the latest account of the many aspects of chromatin remodeling
is reported in [31], where remodelers are described as nano-motors acting on nucleosomes. A mechanism by means of
which those motors are placed in the right place and activated at the right time has also been hypothesized. It involves
interactions between histones and remodelers via some kind of “message passing”.

3. The mathematical and informational nature of chromatin organization: simple, genome-wide, closed-form formulas
for the 10 nm fiber

Before moving on, it is useful to recall three main facts from the previous section.

(a) DNA is packaged both in vivo and in vitro into chromatin. In terms of nucleosomes, bulk chromatin is composed of arrays
of regularly spaced nucleosomes in vitro, while such a regularity is somewhat lost in vivo.
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Fig. 5. (a) The ideal representation of a NFR upstream of a gene that is “ready” for transcription. The TSS is accessible to the “machine” responsible for
carrying out the transcription. The NFR is delimited upstream and downstream by nucleosomes, with positive numbering towards the so-called 3’ end of
the gene and negative in the other direction. (b) The curve of the probability distribution of nucleosome occupancy predicted by the so-called “barrier
model”. The barrier is made by the nucleosome clutches numbered +1 in the 3’ direction and —1 in the opposite direction. (c) a histogram of nucleosome
occupancy coming from sequencing experiments in S. Cerevisiae that confirm, on a genomic scale, the validity of the “barrier model”. In the histogram,
the peacks correspond to positions that have been found to be occupied by nucleosomes in 4799 TSS in S. Cerevisiae. The histogram has been obtained by
aligning and then superimposing those 4799 occupancy maps [32].
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Fig. 6. A representation of the four stages of NFR formation and nucleosome (re)positioning in Yeast. In stage 1, a remodeler (RSC) generates a NFR by
removing nucleosomes. The action of RSC starts either because it is recruited to the task by another remodeler (GRF) or when it “reads” a properly
positioned poly(dA:dT) “message”. In stage 2 (+1 positioning), the +1 nucleosome is positioned by the action of three remodelers (INO8O ISW2, ISW1a).
In stage 3 (array alignment), ISW2 and/or INO80 generate nucleosomal arrays downstream the +1 nucleosome with a “long” nucleosomal spacing, i.e.,
the distance in base-pairs between two consecutive nucleosomes. In stage 4 (proper spacing), ISW1a generates proper nucleosomal spacing in downstream
nucleosome arrays.

(b) From the biological point of view, the genome sequence alone has enough information to determine nucleosome occu-
pancy along the genome. The term information in the previous context means that nucleosome occupancy is influenced
by the underlying genome.

(c) Nucleosome positions change in response to the needs of a cell. In particular, in order to allow for the expression of
genes, NFRs are created via the cooperation of several remodelers.

It is very natural, and very important, to establish the mathematical nature of those facts, i.e., whether or not there exist
mathematical models that can account for them, even in part. Quite remarkably, the answer is positive for (a) and (b) via
some very simple formulas. It is wide open for (c), together with many other mathematical modeling problems relating to
the 3D chromatin organization depicted in Fig. 3, which will be mentioned in Section 5.

From now on, we concentrate on Information-theoretic and algorithms on words that are relevant for the topics outlined
above. However, for the interested reader, a full account of computational resources for nucleosome studies is provided
in [33]. The specific problem of histone modifications identification on a genomic scale, and as it is solved with the use
of Machine Learning techniques, can be found in [34] and references therein (see also [35] for a review of the subject).
Moreover, computational methods that provide a genome-wide landscape of protein-DNA interaction, in particular modeling
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TFs and histone binding competition, have been recently received attention in the Literature, e.g., [36]. Once again, they are
based on machine Learning and techniques of Data Integration from several sources.

3.1. The barrier model: a regular packaging via a random process

Kornberg and Stryer [25] have shown that the regular spacing of nucleosomes in bulk chromatin can be explained via
a stochastic process. The intuition is as follows. Nucleosomes must obey steric constraints, i.e., only a single nucleosome
can occupy a certain amount of “space”. Or, put it very informally, nucleosomes cannot be on top of each other. Assume
now that a nucleosome is positioned before the others in close proximity of a barrier, e.g., a physical location where
nucleosomes cannot be. Typical examples of nucleosome barriers may be sequences disfavouring nucleosome positioning
and DNA binding proteins (e.g., TFs) bound to specific locations in the genome (again, steric constraints to satisfy), or even
“road block” nucleosomes: nucleosomes that are particularly well positioned and difficult to evict [37]. For the sake of
discussion, let us assume that the nucleosome is to the immediate right of the barrier. Then, its positioning there influences
the chances of the positions following it being occupied by a nucleosome. Intuitively, those chances are influenced to a
lesser and lesser extend as one moves away from the barrier.

Formally, a DNA sequence is seen as a one dimensional line, with a beginning point (the barrier). Moreover, each segment
of that line can be labelled in two ways: bead (if covered by a nucleosome) or bare (in the other case). Now, the following
formula gives the probability of a position ¢ units from the barrier to be bare:

p(t) =st —1Hw(1,0). (1)

Qualitatively, s gives the probability mass obtained by considering the probabilistic contribution given by each possible
arrangement of beads in the positions preceding t, while w(g,n) gives the probability of having n beads on a segment of
length g. In the case of interest, the number of beads is zero and the segment length is one. Quantitatively, both s and w
can be expressed in terms of closed formulas, which are very easy to compute numerically. The interested reader can refer
to [25] for details. Obviously, the probability of a position t units from the barrier to be bead, i.e., occupied by a nucleosome,
is 1 — p(t). An example of the graph of this latter curve is depicted in Fig. 5(b). In that Figure, a barrier is to the immediate
left of the +1 nucleosomes delimiting the NFR.

Kornberg and Stryer, in their original study, validated the proposed stochastic model by showing that it is in agreement
with experimental data. However, a genome-wide validation of it has been obtained only recently by Mavrick et al. [32]
for yeast. The experimental data was obtained by extracting, from a yeast nucleosome occupancy map produced by the
authors, the occupancy data limited to the genomic regions around (4000 bp window) each of 4799 known TSS genomic
locations. The data so extracted were then aligned on the TSS and binned to obtain an histogram, shown in Fig. 5(c), with
the intent of summarizing a common occupancy pattern, if any. Quite remarkably, the histogram shows a pattern as the one
predicted by the Barrier Model. In particular, according to that study, the +1 nucleosome acts as if it were the barrier in the
Kornberg and Stryer model, with respect to the nucleosome distribution downstream of it. The same assertion holds for the
—1 nucleosome regarding nucleosomes upstream of it. In a sense, those two nucleosomes act as the above mentioned “road
block” nucleosomes. However, in view of how the NFR is created (see again [20]), the concurrent presence of remodelers in
their proximity is not to be excluded, although the data in [32] are not amenable for such a more in-depth investigation.

It has to be mentioned that such a probabilistic model has been generalized and validated by M&bius and Gerland [37].
In that study, it has also been investigated to what extent possible sequence preferences affect the pattern observed in [32].
Moreover, a quantitative analysis is provided of yeast nucleosome positioning data, both up- and down-stream from NFRs.
In this respect, the result is that, although the typical patterns on the two sides of the NFR are different, they are both
quantitatively described by the same physical model with the same parameters, but with different boundary conditions.

Other experimental studies provide evidence that in more complex eucaryotes, such as human, many fewer nucleosomes
are positioned according to the Barrier Model than for example in yeast [38]. This is possibly due to the massive size
of genes resulting in much more space between the potential barriers located at promoters, enhancers, insulators, and
regulatory regions.

3.2. The combinatorial and information theoretic nature of the nucleosome occupancy “encoded” in the genome sequence

In contrast to the Barrier Model accounting for the packaging of DNA, the mathematical nature of the sequence specificity
mentioned in (b) has been a bit more challenging to be (at least in part) formalized and experimentally validated on
a genomic scale. Indeed, if one is interested in machine learning procedures that, properly trained, can predict reliably
nucleosome occupancy at a genomic scale, then there are plenty. The interested reader is referred to [39] for the State
of the Art. However, if one is interested in closed-form mathematical formulas or even universal mathematical laws of
modeling sequence specific nucleosome occupancy, there has been even some skepticism in regard to their existence, e.g.,
[40]. Somewhat surprisingly due to the simplicity of the approach, those formulas do exist, as shown in [41]. They are based
on very well known and very basic measures of the complexity of a sequence. We present next the work in [41].
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3.2.1. Sequence complexity measures

The complexity of a sequence can be formally defined by resorting to techniques and ideas coming from the following
related areas: sequence combinatorics and linguistic complexity [42,43], Shannon information theory [44], and Kolmogorov-
Chaitin algorithmic complexity [45]. In terms of actual numeric evaluations, measures stemming from this latter area are
not computable and can only be heuristically approximated via data compression programs (see [46,47]). However, the cor-
responding heuristics offer no performance guarantee on how good the corresponding approximations are. Therefore, only
measures obtained from the first two mentioned areas are used in [41], as follows.

Combinatorial and Linguistic. Let X be a finite alphabet of symbols. Given a sequence x of length n, defined over the alphabet
%, and an integer i <n, let LCS(i) be the number of distinct subsequences of length i that are present in x, normalized by
n. Now, fix an integer k <n and let:

k
LC(k) =Y LCS().

i=1

A few remarks are in order. LC is a normalization of a measure due to De Luca and Varricchio [43] and it is related to
the linguistic sequence complexity introduced by Trofonov [42]. Both LC and LCS measure the complexity of a sequence
based on how many distinct subsequences are present in it. It is well known that the lower that number, the less complex
the sequence is.

Information Theoretic. The empirical entropy Hg of a sequence x is defined as follows:

1=
n; n;

Ho) ==Y —logy—,
i=1 n n

where n; is the number of occurrences of symbol g; in x. It is worthy of mention that there is an important difference be-
tween empirical entropy and the entropy defined in a probabilistic setting [44]. Indeed, as detailed in [48], Shannon entropy
is an expected value taken on a probabilistic process that may emit a possibly infinite ensemble of sequences, while em-
pirical entropy is defined point-wise for any sequence: it measures the amount of information needed to optimally encode
it, without any reference to “a probabilistic model” generating sequences. That is, it is a punctual and intrinsic measure
of information characterizing a sequence alone, rather than a measure of uncertainty characterizing a model generating
sequences. Also in this case, it is well known that the lower the value of Hyp, the less complex the sequence is.

3.2.2. Experimental validation

We need to briefly present how to obtain maps in silico, in terms of a generic algorithm A that takes as input a sequence
and produces a non-negative number as output. Assume that the genome of which the map has to be built is divided into
maximal regions of contiguous bases R = {[s1, e1], [s2, 2], ..., [Sq, eq]}, where the interval endpoints naturally indicate the
start and end genome coordinate of each region, respectively. Each region in R is swept, from left to right, by a window of
length 147. The corresponding sequence is given in input to .A and the value returned in output is assigned to the genomic
position aligned with the center of the window, e.g., when [s1, e1] is swept, the result is a map for the genomic positions
in [s; + 73, e1 — 73]. The window size has been chosen to coincide with the length of a DNA sequence that “wraps around”
histones to form a nucleosome.

In order to show that simple complexity formulas can predict nucleosome occupancy with a high degree of reliability, an
extension of the procedures followed in [24] has been proposed in [41]. That is, for a given organism, a genome-wide com-
plexity map is created (via the in silico procedure described above) and for each of the measures described in Section 3.2.1.
Then, the correlation between each complexity map and a nucleosomal map for the given organism is computed. To this
end, four maps of model organisms have been used in [41]. The first three are common to the study by Kaplan et al. [24].
Namely, the normalized in vitro and in vivo S. cerevisiae maps, the adjusted occupancy C. elegans map by Valouver et al. [40]
(chromosome 2), and the D. melanogaster maps by Mavrich et al. [49] (chromosome 2).

Fig. 4 shows the in silico maps obtained with the use of algorithms that compute empirical entropy and linguistic mea-
sures of part of the genomic sequence of S. Cerevisiae. For those latter measures, the chosen values of k are the best
performing in terms of correlation with nucleosome occupancy maps of the organisms included in the study in [41]. For
comparison, a leading machine learning algorithm is also reported in the Figure, i.e.,, Kmodel [24]. The mentioned Figure
also gives an example of the excellent correlation among the in vivo and in vitro and the in silico maps. More in general,
a good level of correlation, genome-wide, has been shown [41] between each of the maps of the selected organism and
each of the corresponding complexity maps. The fact that Kmodel produces maps in good agreement with the ones of S.
Cerevisiae and C. Elegans can be inferred from results in [24].

The results just outlined have important implications. First, they give a mathematically rigorous form to the “information”
about nucleosome positioning “encoded” in a genome. Second, from the methodological point of view, they close an im-
portant gap between the Barrier Model accounting for DNA packaging and sequence-specific occupancy, which was lacking

Please cite this article in press as: R. Giancarlo et al., DNA combinatorial messages and Epigenomics: The case of chromatin organization and
nucleosome occupancy in eukaryotic genomes, Theoret. Comput. Sci. (2018), https://doi.org/10.1016/j.tcs.2018.06.047




Doctopic: Algorithms, automata, complexity and games TCS:11670

10 R. Giancarlo et al. / Theoretical Computer Science eee (esee) soo—oee

analogous elegant closed-form formulas. In algorithmic terms, the complexity measures can be efficiently computed using
standard C++ data structure and core functions provided by the SeqAn library [50] to build and traverse a suffix trie [51].
Quite remarkably, the procedures so obtained are at least an order of magnitude faster that Kmodel and need no training.

Finally, it is well known that entropy estimation, in particular for DNA sequences, is a very rich area of investigation.
The interested reader may find relevant methodologies in [46,47,52]. Therefore, it is quite natural to ask whether known
techniques would bring better results with respect to the very simple empirical entropy used here, in particular when one
resorts to compressive estimates of entropy. That is, estimation via the use of data compression programs. This possibility
has been considered in [41]. In particular, XM [53] and Arithmetic Coding [54] have been used. The first data compressor is
among the best for DNA sequences. The second is quite effective and also offers the advantage to have specific parameters
that control how fast the compressor learns statistics about the sequence to be compressed. Although the results of the
experiments were good, they were no better than the ones obtained with the use of Hy. It has also to be remarked that the
use of higher order empirical entropy gave much worse results than the memoryless case.

4. Genome-wide mining of nucleosomal maps for the identification of specific positioning motifs: combinatorics and
algorithmics on strings at work

Algorithms and computational techniques for the identification of muotifs, i.e., short regular expressions, in biological
sequences has become one of the pillars of data mining in biology and there has been revived interest in it with the advent
of the new sequencing technologies. The interested reader can find a good introduction to this, by now classic, topic in [55]
and a more recent account of the State of the Art in [56].

From that vast area, a particular branch of interest here concerns the use of statistical scores for the identification
of “unusual” sequences within a set of biological sequences. There are two main approaches that have been proposed.
One in which a set of patterns and texts are given, possibly with a background probabilistic model that characterizes the
“source” emitting the text sequences, and the procedure returns a score for each pattern indicating “how unusual” (with
respect to the background model) is the occurrence of that pattern within the texts. An introductory description of the
basic techniques, as well as software, is available in [57]. The other, in which, given a sequence, all of its subsequences are
assigned a score assessing “how unusual” their occurrences are. A notable example of those methods is given in [58].

To the best of our knowledge, none of those techniques has been applied to the identification of specific motifs and
regularities that would characterize nucleosome enrichment and depletion. Indeed, machine learning techniques trained on
nucleosomal maps have been used to identify key sequence features. Specifically, the sequence motifs and regularities that
have been identified are: (a) the 10 bp periodicity of the dinucleotides AA/TT/TA that oscillate in phase with each other
and out of phase with a similar periodicity of the GC denuclotides [23]; (b) poly(dA:dT) tracts [29] (c) the G+C content of a
genomic region, with its A+T content also playing some role [59,60]. In terms of specific k-mers, studies about their role in
favoring nucleosome positioning have only identified a handful of them [59,60].

Although it remains open to establish to what extent the statistical-combinatorial techniques mentioned earlier can be
applied in this context, we now outline an approach reported in [61] in order to identify k-mers that are characteristic of
nucleosome depletion and enrichment. However, it is worth mentioning that the technique is general as it can be applied
to other tasks in which one has to extract relevant k-mers characterizing one of two biological states or functions.

4.1. Epigenomic dictionary: basic definitions

Let o € (0, 1) be a real value and fix an integer k € [1, kmax]. Let Dy, denote a set of triplets (x, w,s) such that: x is a
k-mer, w is a real value such that @ <w <1 and s is a symbol from the binary alphabet {+, —}. Intuitively, a value of s
= +/— means that x is a “characteristic/significant feature” of favouring/disfavouring nucleosome positioning regions in a
genome. Again intuitively, the entire triple states that x favours/disfavours nucleosome formation with a “confidence level”
w at least equal to the given threshold «. The set Dy, « = U;:"jl" Dy, is a weighted k-mer dictionary. When no ambiguity
arises, it will be referred to simply as dictionary.

The “semantic” of a dictionary is given by a weighting scheme, which is a procedure that assigns weights to the k-mers
in a dictionary suitably designed to assess via data analysis the level of involvement of k-mers in nucleosome positioning.

For a given organism, the weighted dictionary that can be built directly from genome-wide nucleosome positioning maps
has the special role of a base dictionary. It can also be obtained by joining several dictionaries, each obtained with
the use of a distinct map. It is worth mentioning that the efficient collection of k-mer statistics over sets of sequences is
essential in order to construct weighted dictionaries on a genomic scale and in a reasonable amount of time. The interested
reader can find some recent advances on the collection of those statistics in [62].

4.2. The choice of a weighting scheme for nucleosome positioning

Let E and D be two sets of sequences that are nucleosome enriched and depleted, respectively. Intuition suggests that,
given a k-mer x favouring nucleosome enrichment (to fix ideas), one of the following, non-mutually exclusive, things should
happen: its frequency should be (a) able to classify well F=E U D into E and D when the frequency of x in f € F is used
as a classification score; (b) “significantly” different in E and D, i.e., such a difference in frequency is not due to chance.

Please cite this article in press as: R. Giancarlo et al., DNA combinatorial messages and Epigenomics: The case of chromatin organization and
nucleosome occupancy in eukaryotic genomes, Theoret. Comput. Sci. (2018), https://doi.org/10.1016/j.tcs.2018.06.047




Doctopic: Algorithms, automata, complexity and games TCS:11670

R. Giancarlo et al. / Theoretical Computer Science eee (esee) soo—oee 11

. ; — _,'_—rﬁ‘f‘hA
[+

weblogo berkeley.du woblogo.berkeloy odu

4 4
3 3
2

bits

ﬁ

bits

1 1
o - o~ ™ < ) o
N N

Fig. 7. Sequence Motifs obtained as described in the main text. The one on the left is associated to nucleosome enrichment, while the one of the right to
nucleosome depletion.

As elaborated next, (a) can be formalized via Binary Classification in Machine Learning, while (b) via Hypothesis Test
in Statistics. The formalization of (a) and (b) in the context of weighted k-mer dictionaries is due to [61], although the
Binary Classification technique has been implicitly used by [59] in extracting sequence nucleosome positioning signals in
S. cerevisiae. For completeness, it is worth mentioning that the identification of an appropriate weighting scheme is strongly
related to feature selection in Machine Learning [63], although neither of the two schemes outlined next can be regarded
as a feature selection technique. This remark poses the problem of investigating those latter in the context of weighted
dictionaries.

4.2.1. A weighting scheme based on binary classification

Fix a k-mer x. Each sequence in F is given a score equal to the frequency of occurrence of x in it, normalized by its
length. Those scores are then used to evaluate how well they classify E and D, via ROC analysis [64]. To this end, the
analysis is first performed by assigning class label O to sequences in E and then class label 1. Notice that the assignment of
a class label to sequences in E determines the assignment of the corresponding class label to sequences in D. The maximum
of the two corresponding AUCs (Area Under the Curve) is assigned as a confidence level to x. The symbol s is set to “+”
if the AUC with class label 1 assigned to E is higher than the AUC with class label 0 assigned to E, and to “—" otherwise.
The threshold « is a real number in [0.5,1) and corresponds to the minimum AUC that a k-mer must obtain in order to
be included in the dictionary.

4.2.2. A weighting scheme based on hypothesis test

Let Q and P be the k-mer empirical probability distributions associated to the sample sets E and D, respectively. For
each x, let dy = |px — gx|. Such a difference is normalized via the z-score z, (see, e.g., [65] for the definition of z-score and
its uses in data normalization). In order to establish the statistical significance of zy, a Hypothesis Test can be performed
via a Montecarlo simulation. The interested reader can find details in [66-68]. The Null Hypothesis that the value of z is
due to chance is formalized by the way in which the artificial datasets E’ and D’ (corresponding to E and D, respectively)
are generated in each step of the simulation. In particular, the set F = E U D is first shuffled a certain number, e.g., 1, 000,
of times, and then splitted in the two sets E’ and D’, with |E’| = |E| and |D’| = |D|. The symbol s is set to “+” if pyx > qy,
and “—" otherwise. The threshold « is set to the significance level used in the test to reject the Null Hypothesis.

4.3. Extracting nucleosome favouring/disfavouring motifs from a collection of dictionary

Once that a dictionary has been obtained, one can build sequence motifs, favouring or disfavouring nucleosome forma-
tion. For a given threshold 8 > « use it to extract nucleosome favouring motifs, the following procedure has been proposed
[61].

(a) For k € [1, kmax], extract each k-mer from Dy, o that has a + sign and a threshold at least 8 to obtain a set of
sequences ED. It is worth pointing out that ED may be composed of k-mers of different lengths.

(b) Partition ED into clusters with the use of a clustering algorithm suitable for sequences, e.g., DNACLUST [69], with a
sequence similarity threshold of 75%, computed via standard semi-global alignment.

(c) For each cluster, align the k-mers in it via a multiple sequence alignment program, e.g., CLUSTALW [70]. For each
alignment so obtained, use a tool that extracts motifs from multiple alignments, e.g., WebLogo [71].

Fig. 7, taken from [61], provides an example. The motifs have been obtained via the construction of a dictionary, Binary
Classification weighting scheme, for each of the following model organisms: fly, human, yeast and worm. Then, the inter-
section of those dictionaries has been taken and the procedure outline earlier for the extraction of favouring/disfavouring
nucleosome formation motifs has been applied to the resulting set.

4.4. Outline of experimental findings
Dictionaries have been constructed with the use of both of the mentioned weighting schemes outlined in Section 4.2

for fly, human, yeast and worm [61]. A summary of the main findings reported in that paper, in terms of data mining
methodologies, and as well as specific contributions to Epigenomics, are outlined next.
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Table 1
For each Hypothesis Test dictionary, the number of clusters (Nc) obtained via DNACLUST, their
maximum (Mxs) and medium (MDs) sizes.

+ —_
ORGANISM NC MXS MDS NC MXS MDS
yeast 335 387 31 278 382 21
human 490 1988 105 225 207 21
fly 453 687 75 373 301 36
worm 753 427 47 113 46 3

Both weighting schemes and the notion of dictionary defined in the preceding Sections provide two very different, and
equally powerful, data mining tools. Binary Classification gives a high level description of the most relevant differentiating
motifs between nucleosome enrichment and depletion while Hypothesis Test provides a rich level of detail. Therefore, the
use of both gives a hierarchical view of the essential sequence features involved in enrichment and depletion.

As for the contributions to Epigenomics, it is worth to recall that “a genomic code” for nucleosome positioning has
been claimed to exist [72], although its exact identification has been very elusive so far. The use of the Hypothesis Test
weighting scheme gives, at least qualitatively, an insight on how complex such “set of instructions” is. Indeed, Table 1
reports some statistics about the clusters extracted from the dictionaries for the already mentioned organisms, indicating
that many different favouring/disfavouring sequence signals are involved in chromatin organization. The interested reader
can find additional detail about the role of specific sequence motifs in [61].

5. Conclusions and future directions of research

Here we provided a roadmap of the State of the Art of Mathematical and Computer Science aspect of the chromatin or-
ganization characterization. Starting from some very basic notions of Biology, we have highlighted the role that in chromatin
studies has been given by two of the main areas of Theoretical Computer Science: Combinatorial and Informational Method-
ologies. Moreover, the connection of these two areas to Machine Learning is also receiving attention and hopefully it will
result in further unifying principles and methodologies, with impact in Life Sciences. As it is evident from the presentation
given, this entire subject area offers many interesting research directions, which we outline next.

(1) Sequence Complexity and Linguistic Composition of Sequences. Sections 3.2 and 4 have provided combinatorial and
algorithmic methodologies that characterize nucleosome positioning. As of now, they lack the specificity regarding ge-
nomic hallmarks such as TSS, regulatory and coding regions. It would be of great interest to characterize those hallmarks
by extending the mentioned techniques.

(2) Characterization of Histone Modifications. This is an important topic, with many implications for Medicine, in partic-
ular cancer research. As mentioned, the main known techniques to identify those modification genome-wide are based
on Machine Learning paradigms. It would be extremely interesting for Theoretical Computer Science to show that there
are algorithms based on combinatorics on words able to perform the same task. It would be even more relevant if, via
those algorithms, one would get compositional insights into this important biological process.

(3) From the Genomic Sequence to 3D Chromatin Organization. The methods in Section 3 present the mathematical for-
mulas that can “predict” nucleosome architecture in bulk chromatin or at the level of the 10 nm fiber. However, no
satisfactory mathematical model is present that reliably accounts for the 3D chromatin organization based only on
the genomic sequence. Some work in that direction has been recently done in [73], but this area needs much more
attention.
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