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In a number of recent studies a tight interconnection between the spatial organization of the eukaryotic genome

and its functioning has been demonstrated. Moreover, it is becoming evident that the folded DNA by itself consti-

tutes an important, if not the key, factor supporting the internal nuclear organization. In this review, we will dis-

cuss the current state of chromatin research with the special attention focused on chromosome territories, chro-

matin folding and dynamics, chromatin domains, transcription and replication factories. Based on this analysis we

will show how interphase chromosomes define the assembly of different nuclear compartments and underlie the

spatial compartmentalization of the cell nucleus.
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Introduction. For many years, the eukaryotic cell nuc-

leus was considered as a test tube where different proces-

ses related to the genome activity were proceeding in so-

lution. Now it is clear that this point of view is very far

from reality. It has been demonstrated that the nucleus is

subdivided into a number of functional compartments

adapted to perform various functional processes [1–4].

The list of characterized nuclear compartments includes

replication and transcription factories, splicing speckles,

Cajal bodies, PML bodies, polycomb bodies and is con-

stantly expanding. As a matter of fact, staining the nuclei

with antibodies raised against a number of different pro-

teins reveals some kind of foci, which argues for the exi-

stence of numerous functional compartments within the

cell nucleus. Taking into account all these observations

one may pose a question as to what constitutes a struc-

tural basis for the assembly of various nuclear compart-

ments. It has been proposed that all functional compart-

ments are assembled on the nuclear matrix [5, 6]. Indeed,

replication and transcription foci as well as other nuclear

compartments could be observed on isolated nuclear mat-

rices after removal of a bulk of chromatin [6–9].

However, the nature of the nuclear matrix itself re-

mains unclear. Numerous attempts to identify and cha-

racterize a proteinous network within the cell nucleus

(i. e. something similar to the cytoskeleton) resulted in

controversial observations and conclusions [10–12].

Presently, most of the scientists agree that the so-called

internal nuclear matrix does not exist in living cell (for a

review see [9, 13]).

The nuclear lamina appears to be the only skeletal

element of the cell nucleus. However, most of the func-

tional compartments are located far from the nuclear

lamina inside nucleus. Thus, nuclear lamina cannot, at

least directly, support positioning of nuclear com-

partments. Here we propose that folded DNA itself

fulfills the scaffolding function for the nuclear com-

partments.
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Spatial organization of interphase chromoso-

mes. Chromosomes become visible in mitosis. How-

ever, the fate of chromosomes in interphase remained

enigmatic until chromosome-specific probes and confo-

cal microscopy were developed. Using FISH with chro-

mosome-specific probes followed by the analysis under

confocal microscope, Cremer and collaborators demon-

strated that, in interphase, individual chromosomes oc-

cupy relatively compact non-overlapping regions that

were named «chromosomal territories» [14, 15]. Chro-

mosomal territories appeared to be separated by some

space that was relatively free of chromatin. This space

was termed «InterChromatin Domain», ICD, and was

proposed to serve for the transport of different com-

pounds across nuclei [14]. Later it was found that the in-

terchromatin domain spanned also chromosomal territo-

ries so that internal regions were also easily accessible

for different compounds including enzymes involved in

DNA and RNA metabolism [3, 15, 16]. The interchro-

matin domain also allows fast transport of RNA (RNP

particles) from transcription factories to the nuclear peri-

phery and finally to the cytoplasm [17]. High-resolution

microscopic analysis performed using combined chroma-

tin staining and immunostaining of different nuclear com-

partments demonstrated that splicing speckles, PML bo-

dies and several other functional compartments are si-

tuated in the interchromatin domain [18]. It will thus be

correct to say that the specificity of interphase chromo-

some folding delimits the portion of the nuclear space

that can be used for the assembly of the above-mentio-

ned compartments. It should be noted that chromosome

territories are not randomly positioned within the nuc-

leus. It has been mentioned that homologous chromo-

somes are positioned far from each other. Gene-dense

chromosomes tend to be located in the central part of the

nucleus and gene-poor chromosomes tend to the nuclear

periphery [14, 19–22]. If chromosome possesses gene-

rich and gene-poor regions, it acquires such a configura-

tion that gene-rich regions are located closer to the nuc-

lear center and gene-poor regions – closer to the nuclear

periphery [23]. One particular example is a centromeric

region that is gene-poor and is located in the part of the

chromosomal territory that is closer to the nuclear peri-

phery [24]. The modern model of the interphase chro-

mosome organization is based on the results obtained

using the so-called C-methods [25, 26]. Of particular

importance are the data obtained using the Hi-C proto-

col which permits to study general principles of chro-

matin folding in interphase chromosomes [27]. Hi-C

analysis has demonstrated that chromosomes are parti-

tioned into topologically-associated domains (TADs)

of various sizes (from several hundred Kb to several Mb)

[28–30]. This organization is characterized by high fre-

quency of intra-TAD contacts of remote genomic ele-

ments and low frequency of inter-TAD contacts of

remote genomic elements. Modelling experiments sug-

gest that a TAD can be considered as a globule. How-

ever, the path of the chromatin fiber within the globule

is not clear. There are some data in favor of the fractal

globule and some data in favor of the molten globule [31,

32]. The situation is complicated by the fact that the ac-

tual mode of chromatin packaging within the cell nucleus

is likely to differ drastically from the one predicted ba-

sed on in vitro experiments. For years, it has been gene-

rally accepted that chromatin is organized in a more or

less regular hierarchical set of folded structures starting

from the 10 nm fiber («beads on the string») that is further

packed in the 30 nm fiber arranged in ~100 Kb looped

domains [33, 34]. Recent studies performed using elect-

ron cryotomography, and electron spectroscopic imaging

(ESI) combined with electron tomography provided no

evidence for the existence of the 30 nm fibers within the

non-disturbed cell nucleus [35–37]. Both euchromatic

and heterochromatic regions appeared to be composed

of tightly packed 10 nm fibers [36]. This less regular

organization should allow more flexible positioning of

nucleosomes and nucleosomal fibers suggesting there is

a way to suppress interactions between neighboring fi-

bers. Here the modification of histones and the removal

of architectural proteins may play an essential role. Ba-

sed on the hierarchical model of chromatin folding, it

was reasonable to assume that progressive expansion of

chromatin domains occurs along the chromatin chain.

Within a globule composed of irregularly (stochastical-

ly) folded and closely spaced 10 nm chromatin fibers, the

distances between nucleosomes located on the same and

neighboring 10 nm fibers are likely to be comparable if

not the same [35–37]. Correspondingly, the expansion

of a chromatin domain mediated by the progressive mo-

dification of histones is to be considered as a process that

occurs in all possible directions within the 3D nuclear

space. Consequently, a three-dimensional, at first appro-
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ximation, globular chromatin domain will be formed.

This domain may be mosaic i. e. be composed of seg-

ments of chromosomes that do not necessarily neighbor

each other on a linear DNA chain. In case of spreading

active signals, the loosely packed and thus expanded 3D

domain will easily accommodate a transcription factory

or other functional compartments (reconfiguration of

chromatin occurs also in connection with DNA repair).

It is necessary to underline that all the above-men-

tioned organization is highly dynamic. The local mobi-

lity (range of fluctuations) of nucleosomes in nuclear

chromatin was estimated experimentally and found to

constitute ~ 50 nm/30 ms [38]. Higher-order organiza-

tion of chromosomes is also dynamic as it shows cell to

cell variations. Although C-methods give an integral

picture based on a statistical analysis, FISH data clearly

demonstrate that the mutual positions of different geno-

mic regions in individual cells present in a population

are variable [39–41].

The same applies to the mutual positions of chromo-

somal territories [15, 24, 42]. Furthermore, it was de-

monstrated that in living cells chromosomal territories

constantly move [43, 44].

The nature of nuclear compartments and the

role of folded chromosomes in their positioning. The

term «nuclear compartment» is not well defined. One can

consider euchromatin and heterochromatin as functional

compartments. Respectively, perilamellar, perinucleolar

and pericentromeric regions should be considered as

special compartments because heterochromatin is located

preferentially in these areas. It is hardly necessary to pro-

ve that the folded genome plays an essential, if not cru-

cial, role in the organization of these compartments. In-

deed, it has been shown that the localization of chromo-

somal regions in respect to the nuclear lamina is nonran-

dom. Segments of the interphase chromosomes that are

located in vicinity of the nuclear lamina and nucleolus

(Lamina Associated Domains LADs [45, 46] and Nuc-

leollar Associated Domains, NADs [47]) have been

identified and characterized. Genomic data demonstra-

te that LADs and NADs significantly overlap. It looks

likely that in each cell the pattern of association of in-

active chromatin regions with either the nuclear lamina

or nucleolus is established de novo after mitosis and

that the partitioning of inactive genomic domains bet-

ween the perinuclear (perilamellar) and perinucleolar

layers occurs at random [32, 47]. Based on these obser-

vations one may suggest that the assembly of inactive

domains is controlled by the internal signals (ex.: pro-

files of histone modifications) and their positioning in

the vicinity of either nuclear lamina or nucleolus occurs

in a passive fashion in order to make room for the proper

spatial organization of active chromosomal segments.

This point of view does not contradict the observations

demonstrating that the forced repositioning of a gene to

the nuclear periphery causes inactivation of this gene

[48–51]. This is due to the presence of heterochromatin

in this region rather than the direct interaction with the

nuclear lamina. All chromatin compartments are highly

dynamic. Heterochromatin is constantly disassembled

and assembled. Indeed, the exchange rate of structural

components of heterochromatin (HP1 and PcG proteins)

constitutes just seconds [52, 53]. The equilibrium is,

however, moved in the direction of heterochromatin as-

sembly due to the high local concentration of histone de-

acetylases and other proteins involved in the hetero-

chromatin assembly. These enzymes will be attracted to

the area just by the high concentration of nucleosomes

bearing relatively stable histone modifications typical

of heterochromatin (ex.: H3K9-trimet). It is not surpri-

sing that any chromatin fragment placed in such a locali-

ty will become heterochromatic. The conversion of eu-

chromatin to heterochromatin in this case will simply

follow the principle of spatial expansion of a hetero-

chromatin domain explained in the previous section.

The most important functional compartments of the

genome are transcription and replication factories [54–

56] as they are directly involved in the transfer of gene-

tic information. Replication factories were first obser-

ved as replication foci, focal places where DNA synthe-

sis occurred as followed from the analysis of spatial dis-

tribution of the places of BUdR incorporation into nas-

cent DNA [57]. It was then shown that the same foci

could be visualized in G1 cells by immunostaining with

antibodies against replication factor A [58]. Although

this observation may be interpreted in terms of the model

postulating that replication factories are special assemb-

lies of replication enzymes that exist in the absence of re-

plication, the simplest explanation is that the replication

machinery is assembled at replication origins before

the onset of replication. Several replication origins are

likely to be located close to each other in the nuclear
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space. Upon simultaneous activation of these replica-

tion origins replication factories containing several repli-

cation forks located in close spatial proximity will be

formed. Although it has been proposed that mutual po-

sitions of replication origins are locked by special links

(for example, by association with the nuclear matrix [6,

59]) there are not much data supporting this model. We

think that the location of several replication origins in

spatial proximity may be provided just by the way of

chromatin fiber folding. With the assembly of replica-

tion forks, the protein complexes attached to DNA beco-

me large enough to be gathered together and held in a

complex (replication factory) by the depletion attrac-

tion force [60–62]. Different procedures used for the

nuclear matrix isolation are likely to stabilize these dy-

namic assemblies so that they can be observed in chro-

matin-depleted nuclei [63]. The relation of replication

clusters to TADs is not clear at the moment. Based on

the sizes of replicons (~ 100 kb on the average [64, 65])

one may speculate that TADs correspond to replicon

clusters identified by immunostaining [66]. Under cer-

tain conditions, these clusters can be unfolded into a ro-

sette-like structure.

Transcription factories have gained much attention

in resent researches [54, 55, 67]. It has been proposed

that they exist in the absence of transcription [68] and

that to be transcribed genes should be moved to the pre-

existing transcription factories [54, 55]. This may in-

deed happen in the case of activation of tissue-specific

gene transcription which is likely to occur at preexis-

ting transcription factories mediating transcription of

house-keeping genes.

However, there is no solid evidence for the existen-

ce of transcription factories in the absence of transcrip-

tion. The conditions used to study this question ensured

transcription arrest but not disassembly of elongating

Pol II complexes [68]. The force that could bring inac-

tive gene to a transcription factory remains enigmatic.

We have proposed that the Pol II pre-initiation complex

is assembled on a gene located at a distance from the

transcription factory [67]. Later this gene can be brought

to the transcription factory by the depletion attraction

force [69, 70]. The same force may bring together se-

veral genes with assembled Pol II pre-initiation comp-

lexes. In this way a new transcription factory will be

formed [67, 71]. Recent analysis of the mobility of Pol

II in living cells strongly supports the model of dyna-

mic transcription factories [72]. If indeed assembly of

Pol II complexes into factories is mediated by the de-

pletion attraction mechanism, the main factor determi-

ning the specificity of gene association in transcription

factories should be their spatial proximity. Although it

was reported that in erythroid cells there is a preference

of assembly of erythroid-specific genes into common

transcription factories [39], the presented data did not

strongly support this conclusion. Indeed, although the

probability to find two erythroid-specific genes in the

same transcription factory was a little higher than ex-

pected based on the occasional distribution of transcri-

bed genes between all transcription factories, the proba-

bility that three or more erythroid-specific genes shared

the same transcription factory was already less than ex-

pected based on the random distribution [39].

Other data including our own observations made in

the chicken erythroid cells (unpublished) strongly sup-

port the supposition that genes located close to each

other (at least within the same TAD) tend to share trans-

cription factories. Of course, there are well documented

cases when genes from different chromosomal terri-

tories share the same transcription factory, for example

IgH and c-myc in B cells [40]. Apparently, this is due to

some peculiarities in the folding of chromatin in both

territories.

In most eukaryotic cells, there are two types of chro-

matin domains – Constitutive (mostly centromeric) he-

terochromatin organized via H3K9 tri-methylation and

recruitment of HP1 [73, 74] and facultative heterochro-

matin organized via H3K27 tri-methylation and recruit-

ment of Polycomb group proteins (PcG) [75]. Genomic

regions repressed via recruitment of PcG tend to asso-

ciate to form the so-called Polycomb bodies (PC bodi-

es). This process is best studied in Drosophila cells. As-

sembly of PcG targets into repressive chromatin com-

partments appears to enhance the level of the PcG-me-

diated transcriptional silencing [76], apparently due to

the increase of repressive factor local concentration. The

integrity of the repressive compartment is likely suppor-

ted by the interactions between insulator proteins. Wha-

tever is the precise mechanism of the PC body forma-

tion, it is clear that repression by PcG proteins involve

reconfiguration of chromatin in a relatively large geno-

mic area(s).
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Summarizing one may conclude that many nuclear

compartments are assembled starting from nucleation

centers located on a chromatin fiber. The positioning of

these compartments is mediated by folding the chroma-

tin fibers. Other compartments (such as splicing speckles)

are located in interchromatin domain. Already for this

reason the way of chromatin folding will partially deter-

mine their positions. However, it is possible that these

compartments are indirectly linked to some particular

genomic regions. Indeed, it has been demonstrated that,

at least in some cases, active genes (and thus, transcrip-

tion factories) are located at the surface of the speckles

[77], and transcribed RNA is moved to the speckles [78,

79]. The mechanism of the speckle assembly is not clear

at the moment. Some authors consider speckles as pla-

ces where non-used components of the splicing machi-

nery are temporarily deposited. Others suggest that spli-

cing occurs within speckles. If the latter is true, the speck-

les may expand and collapse depending on functional

necessity. Obviously, their positions in this case will be

determined by positions of active genomic regions.

Conclusions. For many years the spatial organiza-

tion of interphase chromosomes and functional com-

partmentalization of the eukaryotic cell nucleus have

been studied independently. Now it is becoming increa-

singly evident that they are tightly interconnected. It is

likely that folded chromosomes underlie the spatial com-

partmentalization of the eukaryotic cell nucleus consti-

tuting a structural milieu for the assembly of functional

compartments. One thing that should be stresses is that

both the chromosome folding and functional compart-

mentalization of the cell nucleus are highly dynamic.

Chromosomes can adopt numerous alternative configu-

rations as follows from FISH data [39–41], and nuclear

compartments are constantly assembled and disassemb-

led as follows from the high exchange rates of their con-

stituents [80]. The equilibrium between all these proces-

ses can be modulated by a number of factors. Apparent

order in the eukaryotic cell nucleus is in a way illusive. It

originates from disorder via continuous choices between

different spatial arrangements aimed to adapt the func-

tioning of the genome to the current conditions.
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Óïàêîâàíèé ãåíîì ÿê îñíîâà ôóíêö³îíàëüíî¿

êîìïàðòìåíòàë³çàö³¿ ÿäðà åâêàð³îòè÷íî¿ êë³òèíè

ª. Ñ. Þäèíêîâà, À. À. Ãàâðèëîâ, Ñ. Â. Ðàçèí

Ðåçþìå

Ó íèçö³ íåäàâí³õ ðîá³ò ïðîäåìîíñòðîâàíî ò³ñíèé âçàºìîçâ’ÿçîê

ì³æ ïðîñòîðîâîþ îðãàí³çàö³ºþ åâêàð³îòè÷íîãî ãåíîìó ³ éîãî

ôóíêö³îíóâàííÿì. Á³ëüø òîãî, ñòàº î÷åâèäíèì, ùî óïàêîâàíà ÄÍÊ

ñàìà ïî ñîá³ º âàæëèâèì, ÿêùî íå êëþ÷îâèì, ôàêòîðîì, êîòðèé

ï³äòðèìóº âíóòð³øíþ îðãàí³çàö³þ ÿäðà. Â îãëÿä³ ìè îáãîâîðþºìî

³ñíóþ÷èé ñòàí äîñë³äæåíü ó ãàëóç³ õðîìàòèíó, àêöåíòóþ÷è óâàãó

íà ïèòàííÿõ, ïîâ’ÿçàíèõ ç õðîìîñîìíèìè òåðèòîð³ÿìè, ôîëäèí-

ãîì ³ äèíàì³êîþ õðîìàòèíó, à òàêîæ õðîìàòèíîâèì äîìåíàì,

òðàíñêðèïö³éíèì ³ ðåïë³êàö³éíèì ôàáðèêàì. Íà îñíîâ³ öüîãî ìè

ïîêàçóºìî, ùî ³íòåðôàçí³ õðîìîñîìè âèçíà÷àþòü çáèðàííÿ ð³ç-

íèõ ÿäåðíèõ êîìïàðòìåíò³â ³ ñòâîðþþòü ï³äãðóíòÿ äëÿ ïðîñòî-

ðîâî¿ êîìïàðòìåíòàë³çàö³¿ êë³òèííîãî ÿäðà.

Êëþ÷îâ³ ñëîâà: ôîëäèíã õðîìîñîì, ÿäåðí³ êîìïàðòìåíòè, ïðîñòî-

ðîâà îðãàí³çàö³ÿ ãåíîìó.

Óïàêîâàííûé ãåíîì êàê îñíîâà ôóíêöèîíàëüíîé

êîìïàðòìåíòàëèçàöèè ÿäðà ýóêàðèîòè÷åñêîé êëåòêè

Å. Ñ. Þäèíêîâà, À. À. Ãàâðèëîâ, Ñ. Â. Ðàçèí

Ðåçþìå

Â ðÿäå íåäàâíèõ ðàáîò ïðîäåìîíñòðèðîâàíà òåñíàÿ âçàèìîñâÿçü

ìåæäó ïðîñòðàíñòâåííîé îðãàíèçàöèåé ýóêàðèîòè÷åñêîãî ãåíî-

ìà è åãî ôóíêöèîíèðîâàíèåì. Áîëåå òîãî, ñòàíîâèòñÿ î÷åâèäíûì,

÷òî óïàêîâàííàÿ ÄÍÊ ñàìà ïî ñåáå ÿâëÿåòñÿ âàæíûì, åñëè íå êëþ-

÷åâûì, ôàêòîðîì, ïîääåðæèâàþùèì âíóòðåííþþ îðãàíèçàöèþ

ÿäðà. Â îáçîðå ìû îáñóæäàåì òåêóùåå ñîñòîÿíèå èññëåäîâàíèé â

îáëàñòè õðîìàòèíà, îñîáîå âíèìàíèå óäåëÿÿ âîïðîñàì, ñâÿçàí-

íûì ñ õðîìîñîìíûìè òåððèòîðèÿìè, ôîëäèíãîì è äèíàìèêîé

õðîìàòèíà, à òàêæå õðîìàòèíîâûì äîìåíàì, òðàíñêðèïöèîí-

íûì è ðåïëèêàöèîííûì ôàáðèêàì. Íà îñíîâå ýòîãî ìû ïîêàçû-

âàåì, ÷òî èíòåðôàçíûå õðîìîñîìû îïðåäåëÿþò ñáîðêó ðàçëè÷-

íûõ ÿäåðíûõ êîìïàðòìåíòîâ è ñîçäàþò îñíîâó äëÿ ïðîñòðàíñò-

âåííîé êîìïàðòìåíòàëèçàöèè êëåòî÷íîãî ÿäðà.

Êëþ÷åâûå ñëîâà: ôîëäèíã õðîìîñîì, ÿäåðíûå êîìïàðòìåí-

òû, ïðîñòðàíñòâåííàÿ îðãàíèçàöèÿ ãåíîìà.
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