
Genome compaction is required to fit approximate-
ly two meters of human DNA into a cell nucleus. There
are several levels of genome compaction, each involving
interaction of DNA with specific proteins. At the primary
level, the DNA is wrapped around histones (Fig. 1),
which resembles thread (DNA) wound around a spool
(nucleosomes formed by histones) [1]. The wrapped
DNA forms a fiber, which twists and bends creating mul-
tiple loops. Large loops may contain smaller loops, gen-
erating a structure close to fractal [2]. It is considered that
architectural proteins, especially CTCF and cohesin, play
the main role in loop formation [3].

Both levels of DNA compaction are important for
genome functioning. Modifications of histones affect
DNA accessibility and demarcate regions of active or
repressed chromatin [4]. Loops allow spatial connections
between promoters and distal regulatory elements.

Groups of loops are coordinately regulated during basic
genomic processes: transcription and replication, repre-
senting units of genome organization [5-7].

Techniques developed for analyzing histone modifi-
cations, such as ChIP (chromatin immunoprecipitation),
provide extensive information about epigenetic changes
of chromatin during normal and pathological develop-
ment [4]. Much less is known about spatial organization
of the genome, the role of 3-dimensional nuclear archi-
tecture in gene regulation, and clinical consequences of
alteration of chromatin topology.

CHROMOSOME CONFORMATION
CAPTURE METHODS

For a long time, microscopy was almost the only tool
to study spatial organization of genomes. Major princi-
ples of genome architecture – the presence of chromoso-
mal territories and radial asymmetry of eu/heterochro-
matin distribution [8] were suggested and proved using
different microscopy-based methods, especially fluores-
cent in situ hybridization (FISH). Although the resolu-
tion of optical imaging systems increases with time, there
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is a fundamental maximum to the resolution of any opti-
cal system due to the diffraction limit.

To overcome the resolution limit of optical systems,
Dekker and colleagues proposed a novel biochemical
approach called chromosome conformation capture (3C)
to study chromosomal architecture indirectly, without
visualizing DNA [9]. The original 3C technology and its
derivatives require DNA fixation and genome-wide gen-
eration of double strand breaks in the first step of the
experiment. Next, the method employs the fact that ends
of spatially collocated fragments of DNA can be ligated to
each other, and products of the ligation reaction can be
detected using methods of molecular biology (often by
DNA-sequencing). Each product of ligation reaction
between pairs of loci is interpreted as evidence of physical
contact (or interaction) between these loci in nuclei. For
details of 3C technology, we recommend a recent review
[10].

It is important to note that in a 3C experiment dis-
tance between loci is estimated indirectly, based on the
number of physical interactions between them – the
more interactions are detected, the closer loci are consid-
ered to be located. For this reason, it is possible to pre-

cisely estimate distance, even if it is below the limit of
microscopy resolution. Moreover, the Hi-C method, the
high-throughput extension of 3C technology, provides
information about contact frequencies of all pairs of
genomic loci in a single experiment [11].

There is a special characteristic of all 3C technolo-
gies, including Hi-C, which one should bear in mind
while analyzing experimental data. The farther apart two
loci are located in linear DNA molecules, the rarer, on
average, they contact with each other [7, 9, 11]. Because
sequencing of 3C-reaction products is a stochastic
process, the less abundant the product is, the deeper
sequencing needed to estimate its quantity. To estimate
distances between loci separated by several hundreds of
megabases, one should capture several billion of
contacts – the sequencing costs for such experiments
account for hundreds of thousands of dollars [7].

Recommendation: Use Hi-C databases containing

large numbers of contacts (interactions), preferentially more

than 100 million. Some databases provide numbers of reads

instead of numbers of contacts. Note, that number of con-

tacts is typically several times smaller than number of reads

because of filters applied during reads-to-contacts conver-

sion.

To reduce experiment cost, researchers usually con-
duct moderately deep sequencing and merge information
about contacts of neighboring loci. Theoretically, infor-
mation about contacts can be acquired for a locus as small
as 400-4000 bp; the exact locus size is determined by
properties of enzymes used in a 3C experiment. In exist-
ing databases, the actual size of a locus called resolution

vary from 5000 to 100,000 bp. Lower resolution means
higher minimal locus size, i.e. resolution 5000 is higher
than 100,000. Of course, the fewer the contacts are deter-
mined in Hi-C experiment, the lower will be the resolu-
tion of the analysis.

Recommendation: Exploring Hi-C data, the user may

use different resolutions. Considering that distant loci have

small numbers of interactions, we recommend using low res-

olution for analysis of faraway regions. Averaging of contacts

of several neighboring loci will allow better estimation of rare

long-range contacts.

SPATIAL CONTACT MAPS
AND THEIR ANALYSIS

Result of Hi-C experiment is an information about
pairwise contact frequency for every genome loci. Such
information may be represented as a table, where genome
coordinates situated on rows and columns and respective
contact frequencies situated on table cells (Fig. 1).
Contact frequencies may be indicated by color scale, and
thus patterns of contact distribution are visible at first
sight. Such table is called the heatmap or the matrix of spa-

tial contacts.

Fig. 1. The major structures formed during DNA compaction.
Left: schematic image of hierarchical levels of DNA compaction in
the nucleus. Right: their representation on Hi-C maps. Arrow
indicates a peak that reflects the fact that anchor loci are juxta-
posed by loop closure.
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Functional Role of Spatial Genome Organization

Hi-C allowed identifying various topological struc-
tures in the human genome ranging from several kilobas-
es to megabases and investigating their functional role.
Consider these structures and the aftermath of their dis-
ruptions in the context of the development of genetic dis-
eases.

Compartments. Compartments are long DNA
regions having the same distribution of contacts with
other genome loci [11, 12]. There are several definitions
of compartments. For example, all genome can be divid-
ed into active A-compartment and inactive B-compart-
ment [11, 12]. Regions from the same compartments
often spatially interact, and contacts between loci from
different compartments are infrequent. Therefore, a Hi-
C map looks like a chessboard – intensive colored squares
of interactions between regions from certain compart-
ment alternates with squires depleted of contacts, which
belong to intersections of regions from different compart-
ments (Fig. 1).

Taking that compartments are identified by analysis
of spatial contacts of loci, one may consider that com-
partments matter only for spatial genome organization.
However, in fact, loci of A- and B-compartments are dif-
ferent not only by situation in nucleus, they have different
genetic and epigenetic features [5, 12]. A-compartment
characterized by high GC-content, high gene density,
transcriptional activity, and epigenetic modification that
is specific for open chromatin. B-compartment is charac-
terized by opposite features and corresponds to hete-
rochromatin [5, 12]. Compartments may be further divid-
ed to more types, for example, in one report [7] the
authors identified six types of compartments: A1, A2, B1,
B2, B3, B4, and each of these types display specific sets of
epigenetic markers.

It is difficult to predict how chromosomal rearrange-
ment may affect structure of compartments. With respect
of the rearrangement, one should consider the phenome-
non of “spreading”, when chromatin markers propagate
through the genome [13]. This means that fusion of regions
from different compartments as result of rearrangement
may lead to alterations of their epigenetic state.

Loops. It may be easy to notice by Hi-C map analy-
sis that spatial distance of DNA loci strictly correlates to
distance between them in the linear molecule. This obser-
vation is consistent with the fractal model of genome
compaction – the closer regions lie in linear DNA, the
higher frequency of their spatial contacts. Therefore, hav-
ing information about genome coordinates of any two loci
we can expect defined frequency of contacts between
them. For several loci, observed contact frequencies is
significantly higher than expectations [7]. Such contacts
are defined as peaks and may be explained as a stable
chromatin loop between corresponding loci (anchors of
the loop) (Fig. 1).

Loops play a crucial role in regulation of genes. In
most cases, a loop contains interacting enhancers and
promoters [7]; therefore, loop disruption leads to dysreg-
ulation of gene expression [14-17]. Sometimes several
smaller loops appear in one large loop, and specific
enhancer–promoter pairs lie in each of them [7]. There is
also a case where a large regulatory element (super-
enhancer) is situated in one loop with several genes whose
functions it regulates [18].

In the great majority of cases, loop anchors are con-
vergent CTCF-binding sites [7]. It is experimentally shown
that deletion or inversion of a CTCF-binding site disrupts
the local loop organization of the genome [14, 15]. This
means that comparing translocation coordinates with
CTCF-binding sites we may conjecture how rearrange-
ment can influence loop topology near it borders.

There are two experimental approaches for detecting
CTCF-binding sites in the whole genome – ChIP-seq and
ChIA-PET. Using a dataset obtained by ChIA-PET is
preferable because this method not only allows searching
for CTCF-binding sites but also identifying which pairs of
CTCF proteins interact in vivo forming a loop [19]. ChIP-
seq only reveals CTCF-binding sites, and because far from
all pairs of convergent CTCF-binding sites form a loop, it
is difficult to predict consequences of CTCF-binding site
rearrangement based on ChIP-seq data.

Recommendation: Pay attention to CTCF-binding site

locationы when analyzing chromosome rearrangement. If a

CTCF-binding site near a loop anchor is deleted or inverted,

and ChIA-PET verifies involvement of the CTCF-site in

loop formation, it is probable that regulation of genes in this

loop may be disrupted.

Topologically associated domains, also known as
TADs, are regions of DNA that often contact within
themselves but rarely with other genomic loci (Fig. 1) [6].
We may imagine a TAD as a ball, or ravel of loops, isolat-
ed from surrounding chromatin. This analogy is useful but
not true by looking at TAD formation mechanisms. TADs
likely do not exist in a single cell, but represent statistical
ensemble of dynamic small loops, forming inside a big
stable loop. A stable loop is revealed in a greater fraction
of cells, but dynamic loops are short-lived and exist in a
small number of cells. By averaging of information about
loops in a cell population, topological structure that is
reminiscent of a ball become detectable [20]. Therefore,
TAD boundaries often represent an anchor of a strongly
marked loop on a Hi-C heatmap (Fig. 1). TADs having
such a loop are called loop domains, and these domains
can be visualized in a Hi-C map because of a peak in a
vertex of a triangle corresponding to this domain.

Considering that TADs are formed by loops, it is not
surprising that their boundaries are enriched with conver-
gent CTCF-binding sites [6, 7, 19]. There are many other
elements marking TAD boundaries, of which we note
housekeeping genes. It is believed that their active tran-
scription interferes with a chromatin loop appearing,
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thereby preventing contacts of TADs with each other [6,
21].

Recent studies have identified compact structures
within TADs [22]. They are spatially separated from the
remaining part of the TAD and therefore are called
subTADs. The existence of subTADs is in consistent with
the fractal model of the genome. The fractal principle, or
nesting, is also evident considering small loops that
appear within a greater loop [7].

TADs play important roles in many molecular
processes [23]. For estimation of consequences of chro-
mosomal rearrangements, one must consider that loops
formed within TADs create an environment for specific
enhancer–promoter interactions. At the same time, TAD
boundaries prevent interactions between regulatory ele-
ments and genes lying in different TADs.

If rearrangements result in changes in intra-TAD
contacts, it may lead to loss of connection between genes
and their regulators lying within a TAD. Moreover,
translocation of part of a TAD region that does not con-
tain a TAD boundary or deletion of boundaries between
TADs may lead to their fusion. This may induce severe
damage, because genetic elements from one TAD are
placed under control of regulators from another TAD,
resulting in an aberrant expression pattern of affected
genes.

Recommendation: For analysis of chromosome aberra-

tions, we may estimate a probability of TAD disruption or

changes of intra-TAD contacts by the method that we used

for loops – guided by CTCF-binding site distribution

according to ChIP-Seq and ChIA-PET data. As in the case

of a loop, disruption of a TAD boundary (caused by inver-

sion or deletion of CTCF-binding sites) may lead to alter-

ation of gene regulation within a TAD. In addition, there is

a need to consider the fact that translocations of part of a

TAD may cause its fusion with another domain and forma-

tion of ectopic enhancer–promoter interactions.

EXAMPLES OF CHROMOSOMAL
REARRANGEMENTS ENTAILING

PATHOLOGICAL PHENOTYPE
DUE TO DISRUPTION OF NUCLEAR

SPATIAL ARCHITECTURE

Misregulation of gene expression and consequent
development of a disease because of disturbances in 3-
dimensional chromatin architecture has been clearly
demonstrated in many experimental studies. The group
led by Stefan Mundlos investigated large chromosomal
rearrangements (ranging from hundreds of kilobytes to
megabytes) in several patients with limb deviations (poly-
dactyly, brachydactyly, F-syndrome) [14], sex inversion,
or Cooks syndrome [15]. In some cases, genomic
rearrangements resulted in abnormal gene dosage; how-
ever, some rearrangements do not change gene dosage,

but still result in development of pathology. Furthermore,
the analysis of the human genome spatial contact maps
revealed that all rearrangements disrupt TAD boundaries,
and the genes associated with the developing pathology
appeared to lie within the altered TADs.

To account for the cause-effect relationships
between mutations and the resulting phenotype, the
authors designed a similar chromosomal rearrangement
in the mouse genome. Analysis of the chromatin archi-
tecture of modified animals confirmed the correlation
between the chromosome rearrangements and aberrant
structure of TADs, leading to the formation of new,
abnormal promoter–enhancer interactions, changes in
gene expression, and, as a result, the development of
pathological phenotype in mutant mice similar to that of
patients [14, 15].

Another research group investigated the chromoso-
mal rearrangement t(2;13)(q35;q14) often found in rhab-
domyosarcoma [24]. This rearrangement is known to
provoke PAX3 and FOXO1 gene fusion, and the resulting
protein activates the genes responsible for cell prolifera-
tion. A recent study showed that not only the “hybrid”
PAX3–FOXO1 gene is formed as a result of translocation,
but also the TADs containing these genes unite.
Consequently, the hybrid gene PAX3–FOXO1 acquires a
unique pattern of expression, which is presumably an
important event in the process of malignant cell transfor-
mation. It should be noted that the hypothesis is based
upon the analysis of spatial contact maps showing dis-
rupted TAD structure and changes in the pattern of gene
expression.

Finally, we want to mention recent analysis describ-
ing various balanced chromosome rearrangements identi-
fied in the amniotic fluid of 10 embryos. Comparing
rearrangement positions with the map of spatial contacts,
the authors predicted misregulation of gene expression
related to changes in TADs spatial organization.
Pregnancy outcomes coincided quite well with the
authors’ forecast [25].

PRACTICAL GUIDE FOR INTERPRETING
CHROMOSOMAL REARRANGEMENTS

To find various elements of topological structure in a
region of chromosomal rearrangement (compartments,
TADs, loops), it is necessary to analyze Hi-C data. It is
important to note that 3D architecture is conserved
across different cell types. For example, coordinates of
65% of the borders of TADs were similar in human
embryonic stem cells and fibroblasts [6]. Even such a dif-
ferent cell types as spermatozoa and fibroblasts show a
high degree of similarity of three-dimensional genome
organizations [26]. Therefore, a rough estimation of the
spatial genome organization of the cell type of interest
can be done by analyzing Hi-C data obtained on another
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type of cell or tissue. This is important, since high-resolu-
tion Hi-C data are available for only a very small number
of human cell types.

On the other hand, it is worth keeping in mind that
the spatial genome organization in different cell types can
have its own features. For example, if a gene has an
enhancer that is active only in neurons, then the loop
connecting this enhancer with the gene promoter can
appear exclusively on the neuron spatial contacts map
and will not exist on maps obtained for other cell types.

Different computational tools have recently been
developed to analyze and visualize Hi-C data. However,
working with most of this software requires programming
skills, so their use will be difficult for most physicians and
biologists. Fortunately, two convenient online services
allow visualizing 3D contact maps without installing spe-
cial programs.

HiGlass [27] (http://higlass.io/app/) can visualize
the contact map for GM12878, the human lymphoblas-
toid cell line. These data have been published [7].
Navigation on the map is carried out as in the usual
online maps such as Google maps. The user can specify
the coordinates of the region of interest (according to the
genome version hg19) or zoom into the area of interest
with scroll. Note that when you zoom in, the resolution
that is depicted in the lower right corner changes. In addi-
tion, it is convenient to navigate in the genome relative to
genes whose position is displayed on the left and top of
the screen. The advantages of the HiGlass service include
convenient interface and quick work. Since the spatial
contact map is a very large data set, without special opti-
mization, working with it heavily loads even powerful per-
sonal computers. Disadvantages of HiGlass: only one
human lymphoblastoid cell map is available in the online
version; it is not possible to load the available information
according to ChIP-Seq, ChIA-PET, RNAseq, etc.
However, this information is easy to obtain using a
genome browser such as the UCSC Genome Browser
(https://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19).

Juicebox [28] (http://aidenlab.org/juicebox/) is a
more versatile tool for working with spatial contacts maps
that was created and is maintained by one of the leading
scientific teams in the field – the laboratory of Erez
Aiden. Unlike the online version of HiGlass, in Juicebox
you can choose to operate one of the many available Hi-
C datasets. In addition, the list of available maps is updat-
ed when new data is published. Unfortunately, when
choosing a map from the list by the name of the map, it is
not always clear from what cells or tissues it was obtained.
The choice of the necessary map is also complicated by
the fact that in the list there are maps not only for human
cells, but also for various animals and even plants.

When using Juicebox, we recommend loading the
following available maps of human cells in high resolution:

– 4DN Dekker Lab H1 hESC combined – map for
human embryonic stem cells H1 [5];

– Phanstiel and Van Bartle et al. | Bioarxiv 2017 –
PMA THP-1 Monocytes (3.9B) – for human monocytes;

– Phanstiel and Van Bartle et al. | Bioarxiv 2017 +
PMA THP-1 Macrophages (3.7B) – for human
macrophages [29];

– Rao and Huntley et al. | Cell 2014 GM12878
(human) in situ MboI primary + replicate (4.9B) – for
lymphoblastoid cell line GM12878 [7].

The GM12878 map is the only one available in the
HiGlass service. A big advantage of Juicebox is the abili-
ty to display not only basic genomic annotations, such as
the position of genes, but also data obtained by the
ENCODE consortium, including ChIP-seq, CTCF
simultaneously with the contact map. In addition, it is
possible to install a desktop version of the program with
an extended function to the personal computer. The dis-
advantage of Juicebox is that it requires substantial PC
resources.

Let us try to use the available information about the
spatial genome organization for the analysis of one of the
somatic mutations found in a large-scale study of patients
with acute lymphoblastic leukemia [30]. The mutation is
a deletion of 155,000 bp in the intergenic region of chro-
mosome 11 (33,917,424-34,072,424) and does not affect
the coding parts of known genes (Fig. 2). If you zoom into
the area surrounding the deletion in HiGlass, you can
find that the deletion overlaps with a pronounced TAD
bounded by the loop. There is a single gene in this TAD,
the LMO2 gene. It is known that LMO2 is a protoonco-
gene, so it can be assumed that a deletion removing one
of the bases of the loop leads to a change in the correct
folding of chromatin in this region, which in turn leads to
a change in the expression of the protooncogene and
causes the disease [31].

Finally, we would like to review the 3Diseases brows-
er (http://3dgb.cbi.pku.edu.cn/disease/) [32]. This soft-
ware was developed in the frame of analysis of more than
154,000 chromosomal rearrangements available in the
ClinVar database. The authors draw a connection
between genomic positions of rearrangements and TADs
generating a list of rearrangements that potentially disrupt
gene regulation due to changes in genome architecture.
Using the 3Diseases browser web-application, one can
find chromosomal rearrangement and associated pathol-
ogy by a gene symbol. It is important to note that this tool
used data obtained on several different human cell types.

CORRELATION BETWEEN LOCALIZATION
OF CHROMOSOMAL REARRANGEMENTS

AND 3-DIMENSIONAL GENOME
ARCHITECTURE

Spatial chromatin folding needs to be considered not
only for explanation of the results of chromosomal aber-
rations, but to understand causes of their occurrence,
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because a spatial proximity contributes to partner selec-
tion in translocations [33, 34].

In most cases, translocations are related to repara-
tion of two double-strand breaks (DSBs) of DNA. Causes
of chromatin breakage may be universal: ionizing radia-
tion, oxidative stress, replication across a nick, patholog-
ic action of nuclear enzymes and mechanical pressure;
but may also be cell-type specific: off-target activity of
activation-induced cytidine deaminase (AID) and pro-
teins of recombination-activating genes (RAGs) complex
in lymphoid cells [35] and meiotic recombination in the
germ line.

Further physical juxtaposition of two DSBs is neces-
sary for their reparation. We do not consider homologous
recombination, because it rarely leads to translocations
and does not correlate with spatial proximity. There are
two models describing nonhomologous end-joining repa-
ration. The “contact first” model supposes that spatial
proximity of loci determines partner selection and pre-
cedes breakage. The alternative model “breakage first”
proposes that a free end of a chromosome starts directed
migration in search of a translocation partner, and they
juxtapose after DSB occurrence [36, 37]. It is necessary to
mention that both models may take a place, but we apply
the “contact first” model as more general. According to
this model, spatial distance between genomic loci must
play an important role in determination of frequency of
translocations.

Direct experimental evidence that spatial proximity
has an impact on translocation partner selection was

reported [34]. The researchers obtained B-cell lines capa-
ble of inducible G1-phase cell cycle arrest and single inte-
grations of the meganuclease restriction site. These cells
were arrested in G1-phase for the prevention of homolo-
gous reparation and apoptosis and treated with gamma-
irradiation to induce DSB, and at the same time, the
expression of meganuclease was induced. This lead to fre-
quent translocations of a region near the meganuclease
site to random genomic loci, and the authors applied high
throughput genome wide translocation sequencing to
identify frequencies of different translocations. These
data were compared with contact frequencies obtained by
Hi-C analysis. The comparison revealed that transloca-
tion frequencies strictly correlate with Hi-C contacts of
loci, especially in the case of cis-translocations. Although
these results indicate that translocations are guided by
spatial genome architecture, the same study provided evi-
dence of frequent translocations between regions of
genome where frequency of DSB is high, even if corre-
sponding loci are located far from each other according to
the Hi-C data. To explain this observation, the authors
highlight heterogeneity of spatial contacts of cells, mean-
ing that in some cells these loci can be close in space, even
if population-averaged number of contacts between them
is low [34].

An interesting and atypical example of how spatial
position of a locus influences translocation partner selec-
tion is a reciprocal translocation between regions on
chromosomes 8 and 14 in human B-cells that leads to
fusion of IGH (immunoglobulin heavy chain) promoter to

Fig. 2. LMO2 gene region on HiGlass contact map. Deletion borders are from [30], TAD including LMO2 and a peak of the loop forming this
TAD are highlighted.
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the MYC oncogene. The result of this translocation is
development of Burkitt lymphoma. HIV-1 infected indi-
viduals have a significant predisposition to this type of
cancer [38]. For a long time, the mechanisms of this phe-
nomenon remained unclear, the most intriguing in this
story was the way in which HIV, not infecting B-cells,
causes predisposition to the specific chromosomal
rearrangement in them.

It was known that when resting B-lymphocytes
receive a proliferation-activating signal, they start
expressing MYC. In this case, the MYC locus moves pref-
erentially to the transcription factory where the IGH locus
is [39]. In this way, if a DSB will be created in the MYC

locus, translocation between MYC and IGH may occur
with high probability. It should be noted that MYC is not
active in circulating lymphocytes and DSB do not occur
in the MYC locus in the absence of HIV infection.

Creation of DSBs in the MYC loci in HIV-infected
individuals is mediated by Tat protein. That protein is
encoded by HIV and regulates the life cycle of the virus,
but it also changes the expression of the host genes. It
accumulates in the nuclei but also can be found in signif-
icant concentrations in blood plasma [40]. Circulating B-
cells are able to internalize Tat. There it causes RAG1
ectopic expression that recognizes recombination signal
sequence (RSS) and creates DSBs. Unfortunately, RSS is
present in the MYC region. After DSB creation and bind-
ing of DNA reparation complexes, MYC relocates direct-
ly to the IGH loci by an unknown means. Colocalization
of IGH and MYC increases frequency of their transloca-
tion [38]. At least for now there is no evidence of a special
molecular mechanism taking part in recombination of
those loci.

Finally, another important report should be men-
tioned. In that work, a massive database of known
human translocations that cause cancer and genetic dis-
eases was compiled [33]. It reveals that the loci partners
of these translocations have a significantly higher Hi-C
contacts score than randomly selected pairs of loci with
the same size, and the most frequent translocations have
a higher frequency of contacts than others. The most
interesting achievement of this research is that it shows
that the loci of cell-type-specific cancer translocations
have a higher frequency of Hi-C contacts in this cell
type than translocations specific for other types. This
means that tissue-specific features of the chromatin
architecture explain why different types of cells have
predispositions for different chromosomal rearrange-
ments [5, 41].

Whereas spatial genome architecture clearly influ-
ences translocation partner selection, many other factors
influence translocation frequency: fragile loci of the
genome, dynamics of DSBs, epigenetic chromatin states,
and positive selection may increase frequency of translo-
cation that should be rare if only spatial architecture of
the genome is taken into account [33].

The spatial architecture of chromatin plays an
important role in regulation of human genomic events.
For understanding of way chromosomal rearrangements
influence phenotype, it is necessary to find answers for
three questions: (1) How will rearrangement change the
spatial chromatin architecture? (2) How will these
changes affect gene expression? (3) What kind of pheno-
typical aftermath will be caused by changes of gene
expression in the whole organism?

Answering each of these questions is challenging and
requires new studies of molecular mechanisms, compiling
large databases, developing of models, and their experi-
mental verification. Right now, many scientific groups are
focused on these questions [42, 43], including our labora-
tory. Unfortunately, we are still far from being able to
accurately predict the phenotype that will be generated by
a chromosomal rearrangement. However, for particular
cases, medical genetics can be guided by simple recom-
mendations and the user-friendly services that were
described in this report for conjecture about the fact that
aberration affects development of pathology in the
patient.
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