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An Integrative Breakage Model
of genome architecture,
reshuffling and evolution

The Integrative Breakage Model of genome evolution, a novel multidisciplinary

hypothesis for the study of genome plasticity
Marta Farr�e1)y, Terence J. Robinson2) and Aurora Ruiz-Herrera1)3)*
Our understanding of genomic reorganization, the mechanics of genomic

transmission to offspring during germ line formation, and how these structural

changes contribute to the speciation process, and genetic disease is far from

complete. Earlier attempts to understand themechanism(s) and constraints that

govern genome remodeling suffered from being too narrowly focused, and

failed to provide a unified and encompassing view of how genomes are

organized and regulated inside cells. Here, we propose a new multidisciplinary

Integrative Breakage Model for the study of genome evolution. The analysis of

the high-level structural organization of genomes (nucleome), together with the

functional constrains that accompany genome reshuffling, provide insights into

the origin and plasticity of genome organization that may assist with the

detection and isolation of therapeutic targets for the treatment of complex

human disorders.
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Introduction

How genomes are organized and restruc-
tured through genomic rearrangements
(GRs) are questions of fundamental
importance for understanding the
dynamics of chromosomal evolution,
the evolutionary relationships among
species, and in the longer term, speci-
ation. A useful analogy for the striking
effect of structural modification is pro-
vided by Peng et al. [1]: ‘‘…if a genome is
compared to a continental landform,
then one type of change—point muta-
tions—isanalogoustogradualchanges in
the landscapedue toerosionbywindand
water. A second type of change—genome
rearrangements—comprises evolution-
ary ‘‘earthquakes’’ that dramatically
change the landscape.’’ GRs, initially
caused by double strand breaks (DSBs),
can cause lethal genetic alterations
resulting in cell death or new variants
that enhance genome instability. How-
ever, these new chromosomal forms can
have important heritable implications if
theyarise in theearly stagesof embryonic
development, or in the germ line. They
can result in structural rearrangements
that are transmitted either as potentially
deleterious genetic anomalies, or as new
chromosomal variants that are associ-
ated with some selective advantage that
possibly facilitates speciation.

Despite an extensive literature, the
contrasting behaviors of GRs (on the one
www.bioessays-journal.com 479
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hand an evolutionary marker and on the
other a potentially life-threatening neo-
plasm)arefar frombeingfullyunderstood.
However, the increasing availability of
high-throughput techniques offer unpre-
cedented ways of studying chromatin
dynamics and organization, and provide
newavenues for understanding the evolu-
tionary role of large-scale GRs. Genomes
are not merely a composite of linear DNA
sequences, but are also highly organized
and regulated inside the nucleus. In an
attempt to address the apparent conun-
drum posed by the contrasting outcomes
of genomic organization, and to further
develop a holistic appreciation of genome
complexity, we introduce a novel, multi-
disciplinary hypothesis for the study of
genome evolution: the Integrative Break-
age Model. We propose that both the
composition of DNA sequences and chro-
matin conformation are key elements
necessary tounderstandhow,andatwhat
point during the cell cycle, new chromo-
somal forms originate and are subse-
quently passed to the offspring. This
highlights the central role played by
chromatin structure in determining the
evolution of genomic architecture.
Origin and genomic
distribution of
evolutionary breakpoints

xEvolutionary biologists have long
sought to understand the mechanisms
underlying GR across the Tree of Life.
This has led to a substantial literature
that has focused on tracking GR in
vertebrates (with an evolutionary his-
tory dating back to 450 million years
ago, mya), amniotes (310 mya), and
tetrapods (360 mya) [2–7]. It is apparent
that each phylogenetic lineage has
followed an independent pattern. Mam-
mals, for example, show significant
chromosomal number variation (from
2n¼ 6 to 2n¼ 106), while birds have
a very stable karyotype (2n¼ 80)
(reviewed in [6]), raising questions
as to what drives these apparently
independent GR events. The Random
Breakage Model by Nadeau and Taylor
[8] was the first attempt to explain how
genomes evolve using human and
mouse linkage maps. Their hypothesis
relied on two main assumptions: first,
many (and large) chromosomal seg-
480
ments are expected to be conserved
among related species (so-called
Homologous Synteny Blocks, HSBs)
and, secondly, that GRs would occur
uniformly across genomes and inde-
pendently of each other (i.e. any
genomic region has an equal probability
to reorganize). Reanalysis of the increas-
ingly large numbers of orthologous
genes identified in these genomes con-
firmed initial observations [9]. However,
following the publication of the first
draft of the human andmouse genomes,
the second of Nadeau and Taylor’s
postulates was questioned by the Frag-
ile Breakage Model [10] which initially
showed that some breakpoints occurred
more than once, suggesting their reuse
since divergence from the human–
mouse common ancestor [11]. Impor-
tantly, Pevzner and Tesler [11] did not
provide specific locations for the
genomic regions that have been reused,
but relied rather on a mathematical
model that probed for the existence of
such regions. Empirical evidence of
breakpoint reuse from cross-species
fluorescence in situ hybridization
experiments (known as Zoo-FISH or
chromosome painting) comprising data
from more >100 mammalian species
[12–15], as well as from whole genome
comparisons [6, 16–18], soon followed.
These comparative studies clearly dem-
onstrated that the sites at which struc-
tural changes occur (evolutionary
breakpoint regions, EBRs), are not
evenly distributed, but rather cluster
in so-called ‘‘hotspots’’ of GR and, in
agreement with [10], that these regions
were reused. It is important to empha-
size that in a strictly phylogenetic
context, the term ‘‘breakpoint reuse’’
accounts for the occurrence of the same
breakpoint in two species that do not
share a recent common ancestor (i.e.
pointing to a polyphyletic origin for
these breakpoints [16–19]).

The idea that some chromosomal
regions have been reused during mam-
malian evolution led to investigations
to determine whether DNA configura-
tion (and/or its composition) was
responsible for genomic instability.
Are these regions labile because of
their DNA sequence and/or structural
chromatin conformation, or do they
merely represent regions where selec-
tion against breakpoints is reduced or
absent?
Bioessays 37: 4
EBRs are prone to break:
The role of repetitive
sequences
The question of whether or not a
particular DNA sequence drives GR has
enjoyed considerable attention.Mamma-
lian breakpoint regions are rich in
repetitive elements, including segmental
duplications (SDs) [20–22], tandem
repeats (TRs) [17, 19, 23], transposable
elements (TEs) [19, 24–26]. This is
particularly well illustrated by human–
chimpanzee comparisons (Box 1) where
sixof theninepericentric inversionshave
EBRs enriched with SDs and repetitive
elements (TRs and TEs) [21], suggesting a
common mechanistic role in their for-
mation. Since SDs and TEs are regions
with a high degree of homology, Non-
Allellic Homologous Recombination
(NAHR) most likely promotes chromoso-
mal rearrangements by using SDs and/or
TEs as templates [27, 28]. In fact, break-
points enriched for TEs have been
reported not only in mammals [21, 25,
29, 30] but also in Drosophila [31],
suggesting involvement across diverse
lineages. TRs, on the other hand, are an
important source of DNA variation and
mutation [32]. They are considered
important facilitators of GR as a result
of their capacity to form a variety of
secondary DNA structures that include
hairpins and bipartite triplexes [33]. The
instability associated with the presence
of TRs is thought to result from DNA
polymerase slippage during DNA repli-
cation and recombination during meio-
sis [34–36]. It seems probable that just as
TRs are affected by deletions and expan-
sions in some well-known human dis-
eases [35], so too are they implicated in
the formation of GRs during genome
evolution [17, 19], since theymay fold into
secondary DNA structures and induce
DSBs [37, 38]. In some aspects repetitive
elements represent a complex mix of
repeat types—SDs are related to TEs and
these in turn can generate microsatel-
lites. SDs, for example, have transpos-
able elements at their terminal
regions [39]. In fact, a high proportion
ofAlu elements (aclassofTEpresentonly
in primates) have been detected at the
ends of SDs in the human genome,
suggesting that they were generated by
Alu mispairing followed by homologous
recombination [39]. On the other hand,
79–488,� 2015 WILEY Periodicals, Inc.



Box 1

Chromosomal rearrangements in Great Apes

Work by Yunis and Prakash [108] is considered foundational in defining the chromosomal rearrangements that distinguish
human and chimpanzee karyotypes since their divergence from a common ancestor ~4–6 mya [109]. Differences include
nine inversions and one fusion of two ancestral hominoid chromosomes to produce the modern form of human
chromosome 2 (see Fig. below). The inversions affecting human chromosome 1 and 18 have been fixed in the human
lineage, whereas the remainder (on orthologs 4, 5, 9, 12, 15, 16, and 17) are autapomorphies that distinguish the
chimpanzee lineage [21, 64]. Chromosome 10 underwent one inversion that is fixed in humans and chimpanzees, and a
new inversion that was subsequently fixed in gorilla. Chromosome 12 is maintained in the ancestral form in humans and
orangutans but underwent an inversion that has been fixed in chimpanzee and gorilla.

Figure I: Evolutionary history of great apes chromosomes [64]. Phylogeny and divergence times are based on
previous studies [109].

Box 2

The combining role of simple repeats and TEs

TEs and microsatellites can, in combination, generate GR. For example, each new copy of an Alu element provides two
potential sources of microsatellites, the first being the linker region in themiddle of the element and the second the 30 (dA)-
rich tail [110]. The role of repeats and TEs was recently examined by Farr�e and collaborators [19], who analyzed the repeat
content in primate EBRs and found that AT-richmotifs accounted formore than 30%of all TRs detected in great apes and
rhesus macaque genomes, with the AAAT motif being the most abundant. Interestingly, this motif can form single-
stranded coils, thus favoring chromatin instability [37]. Moreover, these authors have found that only primate specific
EBRs are enriched for Alu elements and that only the AAAT motif was significantly associated with Alu elements in EBRs
suggesting there was a burst of Alu elements in the primate common ancestor at ~40 mya [39]. Given the AAAT motif is
similar to the canonical insertion motif 50-TTAAA-30 [111] and that Alu elements are capable of insertion at target sites that
are slightly different (although always AT-rich [112]), the AAAT motif could be site-specific for Alu insertion in primate
EBRs. This is consistent with observations by Kvikstad and Makova [113] who determined that young Alu families were
located in AT-rich regions in the human genome. These observations have been extended to other mammalian species
including certartiodactyls [30], where lineage-specific EBRs are enriched for LTR endogenous retrovirus 1 (LTR-ERV1),
satellite repeats, and tRNAGlu-derived SINEs strongly supporting the hypothesis that active TEs could promote lineage-
specific rearrangements [18, 19].

..... Insights & Perspectives M. Farr�e et al.
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given the high abundance of TEs in
mammalian genomes (they make up
~50% of the human genome, [40]), and
because they contain homopolymeric
tracts, TEs can generate microsatellites
themselves [19] (Box 2).
In summary, analysis of a wide range of
eukaryotic genomes such as mammals,
Drosophila [31, 41], Anopheles [42],
plants [43], and even bacterial genomes
[44] provides compelling evidence that
EBRs are linked to the presence of
repetitive elements. The evidence also
suggests that DNA sequence composi-
tion plays an important role in the
genome-wide distribution of EBRs in
eukaryotes. However, given the diver-
sity of repetitive elements in EBRs, it is
likely that sequence composition is not
alone in influencing genome instability.
Are EBRs regions of low
purifying selection?

Mongin and collaborators [45] proposed
that long-range transcriptional regula-
tion strongly influences the fixation of
chromosome breaks. In many regions,
the fitness costs of altering the spatial
associations between long-range regula-
tory regionsand their targetgenesmaybe
so high as to forbid rearrangement. As
a consequence one may ask whether
EBRs could be considered regions where
selection against breakpoints is reduced,
or even absent? In addition to themodels
discussedabove, the IntergenicBreakage
Model [1] suggests that selectionprevents
breaks occurring within genes and reg-
ulatory regions upstream from genes.
The model holds that DSBs (the origin of
EBRs) are not located at ‘‘preferred’’ sites
in the genome. Instead they appear to be
random but only in the sense that those
thatdonotdisruptessentialgenesand/or
gene expression actually become fixed.
Cells carrying disrupted genes would
incur negative selection, and the respon-
sible rearrangement would therefore
not be passed to offspring. Consequently
EBRs are not considered physically
unstable because of their sequence
composition, but rather because they
develop in areas where selection against
breakpoints is minimal.

Initial reports indicated that only
DSBs occurring within intergenic
regions escape purifying selection and
482
become fixed in the population [46, 47].
Several lines of evidence that show that
EBRs in gene dense regions are precisely
located between genes support this
view (see, for example, [48, 49])—as
does the observation that the ~4% of
the human genome under selective
constraints consists largely of coding
regions, introns, and intergenic regions
[50]. This effect is most pronounced in
promoters of genes that govern develop-
ment and basic cellular functions. It is
somewhat more relaxed in promoters
of genes linked to the immune system,
reproduction, and perception [50].
Interestingly, studies defining con-
served ancestral microsyntenic gene
pairs between all sequenced bilaterian
animals [51] show that genes from these
regions have maintained their genomic
linkage in evolution due to gene
expression co-regulation, or because
they comprise the genomic regulatory
landscapes of key transcriptional regu-
lators and developmental genes [52].
This explains why breakpoints in these
ancient cis-genomic regulatory blocks
might be under purifying selection.

But how universal is this pattern?
Certain changes in gene expression
could reflect a selective advantage,
but empirical data are weak. On the
one hand, it has been reported that
EBRs co-localize with genes related to
the immune system [18, 30, 53], sug-
gesting the connection between EBRs
and the development of new adaptive
characters may be specific to mamma-
lian lineages. On the other hand, studies
in Drosophila have shown both changes
in gene expression levels resulting from
GR [54] and a high number of gene
alterations at breakpoints in D. moja-
vensis [55], all with putative adaptive
consequences. In reality, however, data
on altered gene expression resulting
from EBR activity across entire genomes
are limited and focused almost exclu-
sively on yeast strains [56], or human
and chimpanzee [21, 57]. More confi-
dence in these conclusions will result
from greater species representation [58].

Importantly, repetitiveelements, and
notonlygenesper se,maybesubjected to
the action of selection. EBRs can be
located in genomic regions rich in SDs
(see above), and SDs have, in turn, been
associated with lineage-specific copy
number variants (CNVs) [59] that are
affected by positive selection in coding
Bioessays 37: 4
regions [60].Changes in thecopynumber
of these highly repetitive regions could
play a role in the evolution of adaptive
characters specific for each lineage,
and this may be reflected by increased
expression of genes located in CNVs, or
through the regulation of the expression
of nearby genes [61, 62]. In a similar
vein, 11% of the human gene regulatory
sequences conserved among 28mamma-
lian species were found to be co-opted
from ancestral insertions of transposable
elements [50, 63], indicating a possible
role for theseelements ingeneexpression
differences across lineages.
The genealogy of genome
reorganization: Descent
with modification

Aswith any evolutionary changeof state,
GRsmust originate in thegerm line either
before (proliferating oogonia), or during
the meiotic division (spermatocytes and
oocytes). In such cases GRs can reduce
gene flow and potentially contribute to
speciation by the suppression of recom-
bination in the reorganized regions
between chromosomally different, but
contiguous populations [64–67]. How-
ever, fewempiricaldataareavailable that
illustrate the mechanisms by which
evolutionary regions affect recombina-
tion and vice versa. Meiotic recombina-
tion in EBRs has been studied in
Drosophila [68], birds [69], human [18,
64], and chimpanzee [64], all of which
show that EBRs are regions with low
recombination. The low levels of recom-
bination could lead to a high divergence
and fixation of new mutations in these
regions which, combined with the pres-
ence of genes related to the species-
specific phenotypes and biology in these
genomic regions, reinforce the adaptive
value of EBRs. On the other hand, EBRs
are initiated by DSBs, as is meiotic
recombination [70]. Consequently, the
mechanismsresponsibleof theformation
of DSBs during recombination in germ
cell lines could similarly determine the
mammalian position of EBRs.

It is noteworthy, therefore, that an
association between repeated elements,
open chromatin conformations and hot-
spots for recombination (Box 3) has been
detected. Recent genome-wide recombi-
nation initiation maps in individual
79–488,� 2015 WILEY Periodicals, Inc.



Box 3

Meiotic recombination hotspots

In meiosis, crossover events are not randomly distributed across the genome. They tend to occur preferentially at
‘‘hotspots’’, although little is known of how these regions are selected by the cell machinery [114]. Linkage disequilibrium
(LD) analysis has identified over 30,000 hotspots in humans [115] and between 15,000 and 20,000 in the mouse [116].
Hotspots are enriched for degenerative repeat motifs (i.e. a degenerate 13-base-pair repeat motif (CCNCCNTNNCCNC)
in the case of humans [115]). These are recognized by the PR domain-containing 9 (PRDM9) protein, a meiotic-specific
methyltransferase that catalyses histone H3 lysine 4 trimethylation (H3K4me3) [117]. Studies in mice indicate that the
epigenetic modifications introduced by PRDM9 permit the recruitment of the recombination initiation machinery during
meiosis, and govern the position at which recombination takes place [116]. Significantly in this context, Prdm9 is the only
known mammalian speciation-associated gene [118]. Its sequence composition varies among species and also
individuals, affecting recombination rates in natural populations [119]. It has been shown that variation in the Prdm9
sequence affects the positioning of DSBs during meiosis, and that the number and sequence of Zn fingers modulates the
strength and specificity of DNA binding [71, 116].

..... Insights & Perspectives M. Farr�e et al.
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human males have shown that DSB
meiotic hotspots are enriched at the
breakpoints of CNVs that arise via
homology-mediated mechanisms [71].
The presence of degenerate repetitive
elements in these regions is probablydue
to the selective advantages that they
provide—the rapid evolution of recombi-
nation hotspots. This results in the
‘‘recombination hotspot paradox’’: the
contradiction between the long-term
persistence of recombination hotspots
and the self-destructive mechanism by
which they are generated [72]. This
paradox could explain why EBRs are
regions of low recombination—they may
have been hotspots in the ancestor
which, following GR, became regions of
low recombination. As a consequence,
hotspots may be considered ‘‘birth and
death events,’’ fully consistent with
Alekseyev and Pevzner’s Turnover Frag-
ile Breakage Model (TFBM) [73]. The
TFBM argues that fragile regions of the
genome are transient states – that is, few
regions in a genome are fragile at any
given time. Inotherwords, fragile regions
blink on and off at different times during
the evolution of different lineages (i.e.
they are not fixedgenomic features). This
model explains the different number of
EBRs detected in different phylogenetic
branches (seeBox 1) enforcing thenotion
that EBRs are no longer active, and exist
only as relics of rearrangements that
occurred in the evolutionary past. Con-
firmation is likely to depend on recombi-
nationmaps for a broader suite of animal
taxa that will permit determination of
lineage-specific recombination rates.
Bioessays 37: 479–488,� 2015 WILEY Pe
However, as stated previously, genomes
are not simply complexes of linear DNA
sequences. The chromatin organization
of the nucleus changes during the cell
cycle promoting accessibility of the DNA
to the replication and repair machinery.
Additionally, compartmentalization and
the spatial organization of genes and
regulatory regions are essential for gene
expression. Therefore, studying proc-
esses that promote DNA accessibilitywill
advance our understanding of the influ-
ence of genome instability on large-scale
rearrangements.
Chromatin conformation:
Facilitator of genome
reorganization?

Genomes are chromatin structures, the
regulation of which depends on several
superimposed layers of organization
that include: (i) the chemical modifica-
tion of DNA, (ii) the presence of
nucleosomes that wrap the DNA around
four core histones (H2A, H2B, H3, and
H4), (iii) the high-order organization
of chromatin compartments inside
the nucleus, and (iv) gene expression
inside chromatin compartments during
the cell cycle and during cell differ-
entiation. Points (i) and (ii) constitute
what is known as the epigenome and
(iii) and (iv) 3D and 4D chromatin
architecture, respectively. The way in
which these different levels of chroma-
tin organization interact in vivo during
the cell cycle, and in early development
riodicals, Inc.
and/or cell differentiation, determines
organizational plasticity, an area of
research that is largely unexplored,
especially so in an evolutionary context.
The evolutionary
epigenomic landscape:
The influence of genome
reorganization

The epigenome includes all chemical
changes in the DNA and histone pro-
teins of a genome that influence gene
expression and genome organiza-
tion [74, 75]. These include DNA meth-
ylation at cytosine residues, as well as
histone methylation and acetyla-
tion [76]. The general picture to emerge
from studies on human cells is that
certain histone modifications [acetyla-
tion (ac) or methylation (me)] of resi-
dues (H3K9ac, H3K27ac, and H3K4me3)
are markers of open chromatin con-
formation and regions of active tran-
scription (reviewed in [77]). Other
modifications, including H3K27me3 or
H3K9me3, are related to ‘‘closed’’ chro-
matin conformations, and correspond
to regions where gene transcription is
inactive. Most studies have been per-
formed on somatic cells where ‘‘open’’
chromatin conformations are rich in
genes and CpG islands [78], and are
characterized by low levels of DNA
methylation [63, 64]. Recently the
ENCODE consortium [79] provided an
exhaustive analysis of the chromatin
elements that regulate gene expression
483
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and genome organization. This makes it
possible to detect the presence of
potential ‘‘open/closed’’ configurations
in the human genome. Among these
elements are DNase I hypersensitive
sites (DHSs), considered markers of
regulatory DNA and nuclease binding
sites, and therefore markers of acces-
sible chromatin (i.e. nucleosome-free
regions). ENCODE lists ~2.9 million
DHSs in 125 diverse human cell lines
and tissues, but only 3,692 were con-
served in all samples. Interestingly, 5%
of these DHSs are located within 2.5 Kbp
of the genomic sequence (excluding
transcriptional start sites), some of
which are in TEs [79]. Moreover, the
authors found a negative correlation
between DHSs and methylation, sug-
gesting that accessible chromatin is
usually less methylated.

Significantly, however, little is known
of the evolutionary relationship between
the epigenome and GRs. Lemaitre and
collaborators [48] were the first to estab-
lish a link between genome organization
and the distribution of mammalian EBRs.
They observed that evolutionary rear-
rangements tend to occur in regions of
high transcriptional activity because of
the ‘‘open’’ conformation (decondensed
chromatin state) of these regions [48].
Likewise, high breakpoint density
was associated with under-methylated
regions of the genome, and hence the
accessible state of the chromatin. This is
further facilitated by transposons that
integrate into nucleosome-free regions in
vivo [80, 81], promoting genome insta-
bility through homology-mediated mech-
anisms. In similar fashion, Carbone
et al. [82] recently found that EBRs in
gibbons (a primate specieswith extensive
GRs [83, 84]) were especially rich in Alu
elements. These elements are remarkably
hypomethylated compared to human
Alu [24], suggesting that the epigenome
plays a role in the distribution of large-
scale genomic changes by determining
the accessibility/susceptibility of chroma-
tin to alteration.
New views on the
nucleome and its role in
genome organisation

Another important factor that can
influence the distribution of EBRs across
484
genomes is the three-dimensional (3D)
structure of the nucleus, also known as
nucleome [85], an aspect that has often
been overlooked in evolutionary stud-
ies. The genome is organized into
discrete, 3D chromosomal territories or
domains [86], which interact among
themselves inside the nucleus. Such
organization is important for under-
standing biological function and gene
expression/regulation and how these
processes govern genome reshuffling.
For GR to result, two DSBs have to occur
in the germ line followed by misrepair.
For instance, in a translocation two
DSBs will occur and the cell machinery
will repair them using a non-homolo-
gous chromosome as a template. This is
only possible if the regions involved in
the rearrangement are in close prox-
imity to each other.

Initial studies used high-definition
microscopy to show that the organiza-
tion of the genome inside the nucleus is
non-random. Gene-rich chromosomes
and active euchromatin tend to reside
in the inner portion of nuclei, while
gene-poor regions and genetically inert
heterochromatin are located at the
nuclear periphery [86, 87]. This peculiar
interphase positioning is evolutionarily
conserved in mammals [88, 89] and
facilitates the physical localization of
co-regulated genomic domains in the
nucleus, resulting in transcription fac-
tories [90]. Themore detailed analysis of
genome-wide physical interactions
afforded by recent chromosome con-
formation capture techniques (3C) and
derivatives (4C, 5C, and Hi-C) [91],
makes it possible to study chromosomal
interactions in vivo by analyzing the
average frequency at which genomic
loci are physically associated inside the
nucleus within cell populations [91].
This allows the structural properties
and the spatial organization of chromo-
somes to be examined by high-through-
put technologies, providing new
insights into the regulation of gene
expression, DNA replication and repair,
and recombination. This has revealed
different levels of hierarchical genome
organization: (i) chromosomal territo-
ries, (ii) ‘‘open’’ (termed ‘‘A’’)/‘‘closed’’
(termed ‘‘B’’) compartments inside
chromosomal territories, (iii) topologi-
cal associated domains (TADs), and (iv)
looping interactions [92–94] (Fig. 1).
Chromosomal territories contain A/B
Bioessays 37: 4
compartments which are composed
of TADs—discrete chromatin domains
(800 kb medium size) that contain
genomic loci that have a high tendency
to interact among themselves (more so
than with loci outside the TAD). The fact
that TADs are present in taxa as diverse
as human, mouse, and Drosophila, and
are stable across different cell types and
developmental stages [95–99], reinfor-
ces their importance as regulators of the
genomic landscape. Moreover, TADs
boundaries are enriched for genomic
elements, such as the CCCTC-binding
factor (CTCF), suggesting the bounda-
ries act as insulators (i.e. elements
that block the interaction between
enhancers and promoters) [95, 100].
An integrative model for
the origin of evolutionary
breakpoints

One may be forgiven for thinking that
there is little commonality among the
models presented. On the one hand,
studieshave shown that genomic regions
areprone tobreakagedue to thepresence
of repetitive sequences [17–19, 25]; on the
other, initial comparative results [19, 24,
48] suggested that certain properties of
DNA sequences (such as repetitive ele-
ments together with the epigenetic state)
could promote open DNA chromatin
configurations during the cell cycle that
lead to GR. Conversely, purifying selec-
tion has been mooted as the primary
driver of EBR distribution in a variety of
genomes [1, 46, 48, 101]. We are of the
view, however, that thesemodels are not
mutually exclusive, and that they can be
accommodated in a new Integrative
Breakage Model of GR that incorporates
(i) DNA sequence composition, (ii) the
nucleome, and (iii) the effect on gene
expression as key elements in determin-
ing the genomic distribution of evolu-
tionary breakpoints (Figs. 1 and 2). There
is a substantial literature that implicates
sequence composition as a cause of
genomic plasticity but, importantly, only
DSBs occurring in regions not affecting
DNA secondary structure, or that do not
modify the expression of genes related to
development or basic cellular mainte-
nance (i.e. housekeeping genes), have
the potential to become fixed and are
therefore of evolutionary significance.
79–488,� 2015 WILEY Periodicals, Inc.



Legend

B A

Chromosomal
 territories

Compartments TADs

Cohesin

Repetitive region

CTCF factor

DSBs

Figure 1. Chromatin conformation in eukaryotic cells and its involvement in genome
reshuffling. Chromosomes occupy distinct territories in the interphase nucleus, which are
compartmentalized into open (‘‘A’’) or closed (‘‘B’’) chromatic regions (see text for further
details). Both compartments contain Topological Associated Domains (TADs) delimited by
cohesins and CTCF factors. Double-strand breaks (DSBs) will occur between two TADs and
can recombine and resolve into a genome rearrangement by means of Non-Allelic
Homologous Recombination (NAHR) using repetitive regions as templates.
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Additionally, our model explains the
presence of multispecies HSBs (i.e.
genomic blocks conserved in several
species) that are enriched for gene net-
works that control embryonic and tissue
development (basic functions necessary
Figure 2. The Integrative Breakage Model of ge
TR, tandem repeats; SDs, segmental duplication
DSBs, double-strand breaks.

Bioessays 37: 479–488,� 2015 WILEY Pe
for the organisms) and why genes that
facilitate adaptive responses tend to
localize in EBRs [18, 102].

In fact, 3C high-throughput method-
ologies have made it possible to test
whether genomic regions that tend to
nome evolution. EBRs, evolutionary breakpoint r
s; CRs, chromosomal reorganizations; HSKP, ho

riodicals, Inc.
break and reorganize interact inside the
nucleus. Using the Hi-C data from the
human genome [103], Veron and col-
leagues [104] showed that orthologous
sequences that were distantly located
loci in the human genome, but closely
egions; HSBs, homologous synteny blocks;
use-keeping genes; 3D, three-dimensional;
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located in the mouse genome (and,
therefore, affected by GRs), were closer
in human interphase nuclei. In similar
fashion, mouse cells reveal that regions
involved in translocations are found in
close proximity in interphasenuclei [105]
suggesting that while breakpoint fre-
quency might be similar across all
chromosomes, the frequency of trans-
locations is probably related to the
relativeproximityofchromosomalbreak-
points. Thesedatacollectively suggest an
important role for both the epigenetic
state and the nucleome in the distribu-
tion of EBRs. The probability of inter-
chromosomal reorganization occurring
is complex: DSBs develop, and the close
proximity of ‘‘open’’ chromatin confor-
mations, such as TADs and their bounda-
ries, facilitate exchanges (Fig. 1). If these
DSBs are produced at early stages of
embryonic development or in the germ
line they can result in structural rear-
rangements that are transmittedaspoten-
tially new chromosomal variants that are
associatedwithsomeselectiveadvantage,
that may even facilitate speciation.

However, for a reorganization to
spread among individuals within a
population it is necessary to invoke some
form of selection. The Integrative Break-
age Model is also consistent with the
concept of a ‘‘functional neighbour-
hood’’ [106] whereby genes are arranged
in regions according to functional char-
acteristics. The presence of TADs and
their boundaries in taxa as diverse as
human,mouse, andDrosophila maybea
result of ‘‘cis’’ regulatory interactions
that are likely to be maintained by
purifying selection. This is supported
by the presence of ectopic intra-chromo-
somal contacts and gene expression
deregulation when boundaries between
consecutiveTADsaredeletedexperimen-
tally [96]. These neighborhoods have a
high-levelofgeneco-expressionandthey
areconsistentlydistributedacrossclosely
related species. The function of a cluster
of genes would be constrained in these
neighborhoods, but this would not influ-
ence the individualgenes themselves.Put
differently, regionswithfunctionalequiv-
alency are formed by different (non-
orthologous) genes in different species.
Remarkably, these neighborhoods are
enriched in EBRs showing the likely
effects of selection on the transcription
of blocks of functionally related genes.
Therefore, if a chromosomal rearrange-
486
ment breaks a functional neighborhood,
selection will favor further rearrange-
ments and the reconstruction of a new
neighborhood with a similar function.
This underscores the highly dynamic
nature of the genomic landscape.

Our model of a dynamic genomic
landscape characterized by fluctuations
in SDs, CNVs, and TE insertion sites is
also compatible with the Turnover
Fragile Breakage Model (TFBM) [73].
We propose that this ‘‘transient state’’ is
related to the changing genomic land-
scape (i.e. variability in DNA repeat
content, chromatin conformation, and
distribution) and that this is lineage
specific. Moreover, these are linked to
the evolutionary conservation of TADs
and their genomic boundaries across
taxa. Studies on the potential role of
CTCF and other zinc finger proteins with
insulator properties will provide the
clues on how chromatin looping activ-
ities are regulated in the cell cycle and
subjected to selective constrains. In fact,
in mammals CTCF binding sites are
composed of a 33/34 bp motif with a
two-part profile that is hierarchically
conserved across species and associated
with repeat element expansions [107].
Conclusions and outlook:
The promise of functional
genomics

We show that the genomic distribution
of mammalian EBRs is multifactorial
and depends on repetitive elements,
functional constrains, and the nucle-
ome, as well as meiotic recombination.
We propose that genomic regions
involved in evolutionary reshuffling (i)
interact physically inside the nucleus
during the formation of the germ line,
(ii) they present open chromatin DNA
configurations and epigenetic features
that could promote DNA accessibility
and therefore genomic instability, and
(iii) only those reorganizations that do
not disturb essential genes and/or gene
expression will likely be fixed within
populations. These data suggest several
potentially useful avenues of further
research. For example, the importance
of open chromatin regions for the
occurrence of GRs could be tested
through functional genomics since
heritable rearrangements would be
Bioessays 37: 4
expected to occur in those regions that
are specifically accessible in the germ
line and/or early totipotent develop-
mental stages. We foresee that high-
throughput multidisciplinary studies of
chromatin interactions, epigenetic sig-
natures, and functional genomic char-
acteristics of eukaryotic genomes will
drive future developments in the field,
and that these hold promise for improv-
ing our understanding of the mechanics
and evolution of genomic diversity.
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