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ABSTRACT
Despite the over 90-year history of studying the heterochromatin part of the genome of higher eukaryotes,
its biological role remains unclear. Our ignorance of the true role of heterochromatin has left the field open
for a variety of hypotheses ranging from the idea that it is “selfish DNA” simply perpetuating itself to
ascribing to it an important function in development and evolution. Currently, most researchers believe,
that chromosomal heterochromatin regions (HRs) are responsible for accurate chromosome segregation
in cell division. Our experience shows that chromosomal HRs is more likely to be associated with cell
thermoregulation (CT) than the guiding correct chromosome segregation during mitosis. Based on
investigations of chromosomal HRs variability in human populations, as well as on the analysis of existing
literary data on the condensed chromatin (CC) in the genome, an attempt is made to justify the view of
possible participation of HRs in СT. CC, being the densest domains in a cell, apparently conducts heat
between the cytoplasm and nucleus when there is a difference in temperature between them. The essence
of the proposed hypothesis is the assumption that the CC, nucleolus, along with the chromocenters
participate in CT. Namely, they are involved in the removal of excess heat from the "hot” areas of the
interphase nucleus through a dense layer of peripheral CC in the cytoplasm. We believe that such a
complex process as mitosis and meiosis cannot rely on the chromosomal HRs, which differ from
euchromatin in their high variability in evolution and in individual development.
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INTRODUCTION
A fundamental feature of chromosomes in higher eukaryotes, including man, is the presence of two
evolutionally consolidated types of genetic material: euchromatin and heterochromatin. Euchromatin,
the conservative portion of the genome, contains transcribed structural genes, while heterochromatin, the
variable portion of the genome, is predominantly composed of non-transcribed repeated DNA sequences.
Heterochromatin is universally distributed in the chromosomes of all the eukaryotes - plants, animals and
man, accounting for 10% to 60% of their genome. Heterochromatin regions (HRs) account for about 15%
- 20% of the human genome [1-4]. Chromosomal HRs does not change during ontogenesis and are inherited
in a regular manner as discrete traits.
To-date two types of constitutive heterochromatin are recognized: Q– and C–heterochromatin [5]. There
are several significant differences between them: C-heterochromatin is found in the chromosomes of all
the higher eukaryotes, while Q-heterochromatin - only in man (Homo sapiens), the chimpanzee (Pan
troglodytes) and gorilla (Gorilla gorilla) [6,7]. C-heterochromatin regions (C-HRs) are known to be
invariably present in all the chromosomes of man, varying mainly in size and location (inversion).
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Basic features of chromosomal HRs upon which all hypotheses about their role are based, are the following:
they consist, basically, of highly repeated sequences of DNA; HRs occupy quite certain loci of chromosomes
having rather great values, namely: areas of centromeres and telomeres, and areas of nucleolar organizers,
bearing rRNA genes; replication lability; wide intraspecific variability and, on the other hand, evolutionary
fixedness of chromosomal HRs in higher eukaryote genome.
However, the role – if any – that heterochromatin plays is still essentially unknown. This is also reflected in
variety of hypothesis, none of them backed up by solid evidence, concerning the possible effects of
heterochromatin. These range from the idea that heterochromatin has no function, consisting of “selfish
DNA, to the assumption that it has an important role in development and evolution.
The search for a possible biological role for chromosomal HRs continues to be the subject of intense
research. Now there is no longer any doubt that chromosomal HRs plays more than one role in the life of
eukaryotes. Therefore, they are credited with many functions. Some of these possible roles seem so
logically obvious that they are not even questionable, despite the lack of experimental evidence necessary
in such cases.
However, in our opinion there is one point that causes us serious doubts. We are talking about an almost
generally accepted point of view that pericentromeric constitutive heterochromatin plays a decisive role in
cell division, in particular, during the divergence of metaphase chromosomes at the cell poles during
mitosis and meiosis. Almost all authors discussing the possible biological role of pericentromeric
heterochromatin note precisely this role of chromosomal HRs.
Back in the last century, it was suggested that since the centromere is the most important structural
element of the chromosome, which binds to the spindle filaments in mitosis, the hrDNAs contained in it
should play an important role in the organization of the mitotic spindle microtubules, with all the ensuing
consequences for cell division [8,9]. This idea continues to exist and has hardly become generally accepted
in recent years. Below а just a few examples.
Thus, Verdaasdonk and Bloom [10] argue that ‘Centromeres do play a conserved function in guiding
correct chromosome segregation during mitosis, suggesting an epigenetic basis for centromere identity’.
‘The constitutive heterochromatin maintained by H3K9me3 is pivotal for genomic integrity by preventing
abnormal chromosome segregation, recombination, and DNA replication’ [11]. Saksouk et al., [12] write
that ‘Pericentromeres consist of repetitive tandem satellite repeats and are crucial chromosomal elements
that are responsible for accurate chromosome segregation in mitosis’. ‘Centromeres and telomeres,
composed of constitutive heterochromatin, are two essential features of all eukaryotic chromosomes. The
centromeres interact with spindle microtubules to ensure segregation of sister chromatids during mitosis
and of homologous chromosomes in meiosis. They evolve rapidly, and undergo transcription. Defects in
centromere function can lead to aneuploidy and chromosomal instability. [13].
Chromosomal heterochromatin regions: cell division or cell thermoregulation?
Our experience in studying the possible biological role of chromosomal HRs using the example of human
populations shows that HRs is more likely associated with cell thermoregulation (CT) than the guiding
correct chromosome segregation during mitosis [14-23]. This assumption is supported by the following
facts: a) there is a wide quantitative and qualitative polymorphism of chromosomal HRs in the population
of animals and plants; b) the divergence of homologous chromosomes in anaphase begins from the end of
the chromosome arms [24], and not from the centromeric regions, as previously assumed; c) the divergence
of homologues at the poles from the equator of the dividing cell (both in speed and in the pattern of
divergence) does not depend on the amount of pericentromeric constitutive heterochromatin; d) in three
species of higher primates, in the pericentromeric region of chromosomes, in addition to Cheterochromatin, there is another type of constitutive heterochromatin - Q-heterochromatin. Unlike Cheterochromatin, which is present without exception on all chromosomes in humans, this constitutive
heterochromatin: i) may be completely absent in the karyotype in a significant part of individuals in the
human population without visible phenotypic manifestations, and ii) in humans, it can occur only on seven
autosomes (3, 4, 13-15, 21 and 22) and on the Y chromosome. However, as is known, these three higher
primates do not differ from other mammals in the mechanisms of mitosis and meiosis; e) there is no
evidence of a fundamental difference between pericentromeric heterochromatin and other chromosomal
HRs, which would indicate an exclusive affinity to cell division.
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Now let's try to substantiate our objections. Speaking about the wide polymorphism of chromosomal HRs
in the population genome and the supposed role of constitutive heterochromatin in cell division, we first
of all imply that such a complex process as mitosis and meiosis cannot rely on HRs that differ from
euchromatin precisely by its high variability in evolution and in individual development. It is well
established that the divergence of homologues in anaphase begins from the end of the chromosome arms,
and not from the centromeric regions, as previously assumed [24]. It is also known that the pericentromeric
regions of homologous chromosomes very often differ significantly in the sizes of C- and Qheterochromatin. However, there is no evidence of an effect of the size of C- or Q-HRs on the divergence of
homologous chromosomes during mitosis or meiosis. Our objections regarding the role of the centromeric
heterochromatin for accurate chromosome segregation on the example of the human karyotype are
reduced to the following considerations: a) since some chromosomes (autosomes 1, 9 and 16 and the Y
chromosome) in the population almost always differ in size by C-HRs, and by Q-HRs even more, it is difficult
to imagine why they do not affect the divergences of these homologues at all. Why should it not be expected
that homologues with large blocks of constitutive heterochromatin will diverge somewhat later than
chromosomes with small HRs, or autosomes with large heterochromatin will pull along a homologue with
a smaller HR size? As is known, the well-studied example of non-divergence of homologues in meiosis is
Down syndrome. Thus, no one has yet shown that this type of aneuploidy is somehow related to the size of
C- and Q-HRs in the karyotype of parents of patients with Down syndrome; b) in three species of higher
primates in the pericentromeric regions of chromosomes, in addition to C-heterochromatin, there is
another type of constitutive heterochromatin - Q-heterochromatin, and nevertheless, this important
circumstance did not effect on mitosis and meiosis in these primates.
The following studies also support our objection. Thus, Sumner [1991] thoroughly investigated mammalian
chromosomes from prophase to telophase using scanning electron microscopy. Two important findings
have emerged from this study. The first is that prophase chromosomes do not become split into pairs of
chromatids until late prophase or early metaphase. The second finding is that the centromeric
heterochromatin does not split in two at the same time as the rest of the chromosome, but remains
undivided until anaphase. Vig [25] has reviewed evidence that at anaphase the sister chromatids of
different chromosomes do not separate simultaneously, but that their order of separation is related to the
amount of centromeric heterochromatin that they possess. Fadloun et al., [26] write that ‘The centromere
ultrastructurally, takes the form of a distinct primary constriction on the condensed metaphase
chromosome of higher eukaryotes. The constricted region comprises a different chromatin
structure consisting of DNA and protein complexes (the kinetochores) to which microtubules bind to effect
proper chromosome movements. The DNA sequence in the centromere is not conserved between
organisms, yet the centromere displays similar features across evolution such as the presence of repetitive
elements that include the alpha satellite in humans, the minor satellite in mice, the AATAT and TTCTC
satellites in Drosophila (Cleveland et al., 2003). Consequently, the sequence requirements, if any, for a
functional centromere are not established. [26].
And what is offered in return?
We believe that the biological role of chromosomal HRs mainly lies in their participation in
thermoregulation at the cellular level. Based on investigations of chromosomal HRs variability in human
populations, as well as on the analysis of existing literary data on the condensed chromatin (CC) in the
genome, justified the view of possible participation of CC in cell thermoregulation (CT). CC, being the
densest domains in a cell, apparently conducts heat between the cytoplasm and nucleus when there is a
difference in temperature between them. The assumed heat conductivity effect of CC is stipulated by its
principal features: a condensed state during the interphase, association with the lamina and the inner
nuclear membrane, replication at the end of the S period of a cell cycle, formation of the nucleolus and
chromocenters, genetic inertness, and wide variability in the quantitative contents both within and
between species [14, 15].
The material bases of CT, we believe, are СС, localized around the nucleus, chromosomal HRs of nucleoli
and chromocenters. Everything that is known about chromosomal HRs, an interphase nucleus and noncoding DNAs does not contradict the idea of a possible heat conductivity role of CC between cytoplasm and
nucleus in a cell, including the following: (1) Non-coding DNAs of most eukaryotic organisms is complexed
with proteins in highly compact structures designated as CC. Heterochromatins are a particular case of the
differential packaging of the chromosome [27]; (2) The nuclear periphery in most cell types is
predominantly occupied by heterochromatin, which is closely associated with the lamina and the inner
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nuclear membrane, and nucleoli are surrounded by dense chromatin, which in addition connects the
nuclear membrane with one of the nucleoli [1-4, 28-33]; (3) There are observations of contacts of nucleolus
with secondary constriction of chromosomes 1, 9 and 16, containing the largest C-HRs blocks in the human
karyotype [34]. Constitutive heterochromatin of Y chromosome and heterochromatinized X-chromosome
in mammals interphase nuclei are associated with the nucleolus body [58]. Thus, the CC and chromosomal
HRs being the densest formations in the interphase cell must have the appropriate heat conductivity with
all the ensuing consequences.
How do we imagine the mechanisms of cell thermoregulation? Chromosomes have both internal (repair,
recombination, rearrangement, modification, restriction) and external (replication, transcription,
packaging, organized movement) molecular activities, which are accompanied, inter alia, by some heat
output. If for any reasons the temperature in a nucleus begins to exceed than in cytoplasm there is a need
for dissipation of surplus heat outside the nucleus. To do this the nucleus has two options: increasing its
volume or increasing the heat conductivity of the nuclear membrane. The first option is limited for obvious
reasons. The second option is the more promising one should the heat conductivity of the nuclear
membrane be increased somehow. Since the nuclear envelope consists of double-membraned extension of
the rough endoplasmic reticulum, the nuclear membrane cannot essentially change its structure. But it is
necessary to remove the surplus heat from the nucleus somehow.
Certainly, CT hypotheses should be checked on the cell level. But till present no one had the opportunity to
evaluate CT at the level of individual cells. Nevertheless, we have checked this hypothesis on the level of
human organism assuming that CT is the basis for heat conductivity of whole cell part of body [16,35]. As a
whole our results show that: a) individuals in a population differ from each other on the level of body heat
conductivity (BHC); b) on the average BHC of males is higher than that of females; c) individuals differ in
BHC from different age groups, on the average human BHC level is steadily changed decreasing with age;
d) natives of low altitude regions of southern latitude differ on the average by higher BHC than population
of high mountains and northern latitude; e) weight, height, types of body constitution (normosthenic,
asthenic and hypersthenic), pulse rate and level of arterial pressure do not effect on the variability of BHC
in population [16,36,37].
It is interesting that these results meet the data obtained during investigation of quantitative variability of
chromosomal Q-HRs in human population, namely: a) individuals in a population differ from each other in
the number of chromosomal Q-HRs in the genome; b) as a rule, amount of chromosomal Q-HRs in male is
higher than in female one on the population level, since the male chromosome Y has the largest Q-HR block
in the human karyotype ; c) different age groups have different amount chromosomal Q-HRs: the greatest
number of Q-HRs is characteristic of neonates, while the lowest – of elderly subjects; d) a consistent
interpopulation differences in the quantitative amount of chromosomal Q-HRs in their genome were
established. These differences proved to be related to features of the ecological environment of the place
of permanent residence, and not to their racial and ethnic composition. The amount of chromosomal Q-HRs
in the population genome tend to decrease from southern geographical latitudes to northern ones, and
from low-altitude to high-altitude ones [17, 18, 38-55].
Lack of interest on the possibility of the existence of thermoregulation at the level of nucleus has quite
objective reasons. Recognized internal sources of heat in the body are localized in the cytoplasm
(mitochondria). Apparently, it is taken for granted that if the temperature of the cytoplasm rises above the
optimal level for the organism, it should be freely displayed in the interstitial fluid, at least
because of the microscopic size of the cells. The cell nucleus is not usually considered as one of
the internal heat sources, despite the fact that very active biochemical processes take place there (repair,
recombination, rearrangement, modification, restriction, replication, transcription etc. of DNA). And,
finally, there is no known mechanism for a cell to actively dissipate excessive thermal energy. It is
considered that diffusion and possibly convection are the primary means to passively remove the heat
generated inside the cell [56]. This explanation is strongly objected to. Matter of fact, ‘Inside the cell the
molecules are mostly associated with polymeric structures (cytoskeletal polymers or membranes)
and thus exist in very heterogeneous, solid state environments that alter their behavior dramatically
compared to free molecules in test tubes’ [57]. As such, highly localized heat sources are expected to create
a subcellular temperature gradient. In other words, the interacting molecules in the cell do not float freely,
as in a test tube with a water solution. Therefore, diffusion and convection cannot be the primary means to
remove the heat generated inside the cell. Consequently, it is necessary to look for other additional
mechanisms for removing surplus heat from the cell, and especially from its largest organelle - the nucleus.
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There are still no direct data on the temperature of different parts of the cell nucleus, measured in vivo.
Nevertheless, it is difficult to expect that the temperature in the nucleus will be the same in all its parts. It
is obvious that the biochemical activity in the nucleoli or chromocenters will be higher than in the rest of
the nucleus. In addition, the nucleus is not a heterogeneous mass and a deeply structured organelle (for
more details see [19, 22, 23]).
The nucleus, in contrast to the cytoplasm, cannot conduct heat directly in the extracellular space,
from where the heat is taken by the circulating flow of sap, lymph and blood. Thus, the nucleus can
conduct heat only in the cytoplasm. The role of the circulatory systems (CS) has not been discussed
here in maintaining temperature homeostasis of the cells. The thing is the CS cannot influence directly
the temperature inside the cells, as they are linked with the CS indirectly through the intercellular space.
The only exception may be endothelial cells lining the inner surface of blood vessels. Thus, the CS influence
on inner cellular temperature homeostasis is limited. That is why it seems that the problem of maintaining
the inner cellular temperature homeostasis is solved by cells themselves, and we call it the cell
thermoregulation [5,6,34-36].
Apparently Nature chose a very simple and effective solution: it increased heat conductivity of the nuclear
areas where excess heat is produced into temporary structures in the form of CC around the nucleus,
nucleoli and chromocenters. The essence of the proposed hypothesis is the assumption that the CC,
nucleolus, along with the chromocenters participate in cell nucleus thermoregulation. Namely, they are
involved in the removal of excess heat from the "hot” areas of the interphase nucleus through a
dense layer of peripheral CC in the cytoplasm.
Features of the elimination of excess heat from the cell nucleus
We still do not know exactly the mechanisms for removing excess heat from the cell. It is also not known
whether the mechanisms of heat elimination of the cytoplasm differ from the nucleus. One can only
assume that they should be different. Perhaps the main difference of the cytoplasm is that excess heat is
diffused from it without the formation of special “heat-removing” structures, such as CC, nucleolus and
chromocenters as in the nucleus. If the excess heat in the cytoplasm is actively eliminated into the
intercellular space, then for this it uses the cytoskeleton, since all the organelles that produce excess
heat are somehow attached to it [19,22].
However, such a mechanism of heat removal may not be acceptable, and even dangerous, to the nucleus.
Firstly, the elimination of all excess thermal energy uniformly throughout the nuclear envelope can
damage its unique physicochemical property as a bio membrane under the influence of high temperature.
The fact is that, unlike nuclear envelope, the surface area of the cell membrane is very large and does not
correspond to the volume of the cytoplasm due to the many protrusions emerging into the intercellular
space, including cilium. Compared to the cell membrane, the surface area of the nuclear envelope is small
and corresponds to the volume of the nucleus. Secondly, the most active biochemically parts of the
nucleus where it is expected that the highest heat production, we believe, are organized into special
temporary structures in the form of nucleoli and chromocenters to remove excess thermal energy [19,22].
The question arises: why are three different structures required to eliminate excess heat from the
interphase nucleus: a dense layer of peripheral CC around the nucleus, nucleoli and chromocenters? The
answer may be the following. A dense layer of CC lining the inner surface of the nuclear envelope removes
heat into the cytoplasm not only from the entire interphase nucleus, but also from the nucleoli and
chromocenters, because they have physical contact with inner nuclear membrane.
It seems highly probable that the localization and compaction of chromosomal HRs at the periphery of the
nucleus is due to two reasons: a) the need for CT to effectively remove excess heat from the nucleus;
and b) the risk of damage to the fine structure of the cell membrane from the effects of high
temperature emanating from the biochemically highly active interphase nucleus. The first reason,
apparently, does not need any additional argument, since the CC layer located on the periphery of the
nucleus is the densest and, accordingly, the most heat-conducting structure in the interphase cell with all
the ensuing consequences for cell thermoregulation. The second reason is related to the features of cellular
membrane. As is known, membranes are very sensible to fluctuations in a temperature: at a low
temperature they become too hard, and at high temperature too liquid to perform their function normally.
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Apparently, the high vulnerability of cell membranes to temperature fluctuations seems to have ‘forced’
Nature to use chromosomal HRs, lamina, nucleolus, chromocenters and cytoskeleton to protect
them. The layer of lamina is located between the CC and nuclear envelope. Why? It is accepted to consider
that the lamina just beneath the inner nuclear membrane functions to give a nucleus its strength and shape.
But, in principle, lamina could be located outside the nuclear envelope, as a cell wall on the plasma
membrane in plant cells or in prokaryotes, if the task of lamina is limited only to strengthening the strength
and shape of the nucleus. Perhaps in the localization of lamina just beneath the inner nuclear
membrane lies a deep biological meaning - to protect the nuclear envelope from the dangerous
effects of high temperature emanating from the biochemically active nucleus.
We believe that in the removal of heat surplus from a nucleus a nucleolus is actively involved. Thus, some
of the chromosomes have nucleolar organizer regions (NORs), which contain ribosomal cystrones. In
humans, NORs are localized on acrocentric chromosomes (13-15, 21 and 22). The observations that
human chromosomes 1, 9 and 16, which do not contain ribosomal cystrones, but have a big C-HRs blocks
and contacts with nucleolus still have no explanation. In the same situation there is a preferential
spatial proximity of sex chromosomes HRs to nucleoli in interphase nuclei. As it is known, NORs, together
with chromosomal HRs form the nucleolus bodies. Since chromosomal HRs are in the body and around the
nucleolus, there is nothing surprising in the assumption that they due to its high density can promote
removal of excess heat from the nucleolus and further to CC around the nucleus.
We have already discussed the possible role of nucleoli and chromocenters in CT [19, 22]. Very short,
chromocenters and nucleoli transfer excess heat from the “hot” sections of the interphase nucleus because:
a) one of the fundamental properties of their components - chromosomal HRs - is the ability to conjugate
to each other, forming the densest regions; b) nuclear staining reveals foci of the nucleus known as
chromocenters corresponding to regions with dense and compact DNA domains; c) the vital genes whose
products are needed in large quantities are most often localized closer to the chromosomal HRs
and the latter serve as a solid surface a temporary fixation of the polymer chain under synthesis on the
insoluble polymer carrier. In other words, the appearance of dense layers of CC creates a physical basis
for the removal of excess heat from the «hot» areas of the interphase nucleus. In principle, nucleoli
are also chromocenters, but more specialized in the sense that they organize a dense layer of CC from
chromosomal HRs of acrocentrics, where NORs and ribosomal genes are located [14,15,23].
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