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Abstract

X-chromosome inactivation (XCI) is the process by which one of two X chromosomes in mammalian
female cells is inactivated. The DNA of the inactive X chromosome is packaged in transcriptionally inactive
heterochromatin. It is generally accepted that XCI have evolved to enable dosage compensation in mammals
as a way to equalize X-linked gene expression between XX and XY individuals. However, there remain
several controversial issues regarding the causes of XCI. The most important of them, why dosage
compensation of genes? An alternative hypothesis is discussed that XCI is caused by dose compensation
for heterochromatin, rather than genes, in the genome of female mammals due to the lack of a sex
chromosome in their karyotype with a large constitutive heterochromatin block, as in Y chromosome in
males. It is for this reason that heterochromatinization of the euchromatin regions of one of the X
chromosomes occurs. The biological meaning of heterochromatinization is to increase the density of
condensed chromatin (CC) around the interphase nucleus, responsible for removing excess heat from the
nucleus into the cytoplasm, since the compaction of CC depends on the amount of heterochromatin. The
consequence of this process is the inactivation of genes that were in the area of heterochromatinization of
the X chromosome.
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heterochromatin. It is believed that X-

Introduction chromosome inactivation (XCI) have evolved

to enable dosage compensation in marsupial
X-chromosome inactivation (lyonization) is a and placental mammals as a way to equalize X-
process in which one of two X chromosomes in linked gene expression between XX and XY
mammalian female cells is inactivated. The individuals. XCI mechanisms have been the
DNA of the inactive X chromosome is subject of intensive research for more than half
packaged in  transcriptionally  inactive a century and significant progress has been

made in this direction [1].
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However, several questions remain
regarding the causes of XCI. The most
important of them, why dosage
compensation of genes? We, in particular,
believe that with XCI, not dosage
compensation of genes occurs, but a dosage
compensation of the amount of
heterochromatin in mammalian genomes.
There are other questions, some of which
are listed below.

Facts that raise doubts about the causes
of XCI in mammals

1) Among the higher eukaryotes, including
homeotherm animals, XCI occurs for some
reason only in mammals.

2) Chromosome inactivation does not occur in
autosomes even in cases where there is a
clear excess dose of genes in the genome.
For example, in trisomy of autosomes in
humans there is no inactivation of the extra
chromosome.

3) XCI does not occur in the germ cells of
females, where in all oocytes both X-
chromosomes are active.

4) It is known, that the mammalian X
chromosome is very large, harboring
>1,000 genes in mice and humans. It is
believed that a double dose of some of these
genes is clearly problematic because failure
to induce XClI in XX embryos leads to early
lethality during development [2, 3, 4]. If all
genes are not inactivated on a
heterochromatinized X chromosome, then
why do mammals need XCI at all?

5) The XCI also displays some degree of
epigenetic  plasticity in  pathological
contexts such as cancer. For example, in
tumors, the Barr body appears to be absent

[5].

Facts supporting views on a dosage
compensation of heterochromatin

It is known, that in somatic nuclei of female
mammals, the two X chromosomes display
very different chromatin states: one X is

typically euchromatic and transcriptionally
active, and the other is mostly silent and forms
a cytologically detectable heterochromatic
structure (Barr body).
We believe that the biological meaning of XCI
is to compensate for the dose of
heterochromatin in the genome of female
mammals, in which the total amount of
constitutive heterochromatin is usually less
than that of males. The following facts speak in
favor of such an assumption.

1) The sex chromosomes of mammals are
carriers of the largest blocks of
chromosomal  heterochromatin  regions
(HRs).

2) The amount of heterochromatin in the
genome of men was found to be
significantly higher than in women due to
the largest block of constitutive
heterochromatin on the Y chromosome [6].

3) There are two groups of data indicating the
existence of dose compensation for
chromosomal heterochromatin  regions
(HRs) in the human genome. The first
group relates to the data on the distribution
of the amount of chromosomal Q-
heterochromatin  regions (Q-HRs) on
autosomes in women [7]. The second group
of data relates to the relationship between
the Y chromosome size and the amount of
autosomal Q-HRs [8]. These data are
obtained on human populations living
permanently in different climatogeographic
conditions of Eurasia and Africa.
Unfortunately, such studies cannot be
carried out on chromosomal C-
heterochromatin regions (C-HRs) due to
the fact that after C-staining, most
chromosomes in the human karyotype are
not identified.

The first group of data shows that at the
population level the total number of
chromosomal Q-HRs on autosomes of women
is significantly higher than Q-HRs on
autosomes in men. Currently the following
quantitative characteristics of chromosomal Q-
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heterochromatin polymorphism is used in
comparative population studies:

a) the distribution of the numbers of Q-HRs in
a population, i.e., distribution of individuals
having different numbers of Q-HRs in the
karyotype regardless of the location
(distribution of Q-HRs), which also reflected
the range of Q-HRs variability in the population
genome;

b) the mean number of chromosomal Q-HRs
per individual, as determined by dividing the
total number of Q-HRs detected in a given
sample by the number of individuals studied;

¢) the distribution of Q-HRs on autosomes
according to their size and intensity of
fluorescence (type of Q-HRs), estimated as
described by the Paris Conference (1971, 1975)
[6];

d) the size of the Y chromosome, being (a) large
(Y=F), (b) medium (F>Y>G), and (c) small
(Y=G).

Table 1 shows the distribution of the numbers
and mean number of chromosomal Q-HRs on
autosomes in males and females in two age
groups of Kazakh nationality.

Table 1: Distribution of the numbers and mean number of Q-HRs on autosomes in
males and females in newborns and 18 - 25 years individuals.
Newborns Newborns Males Females
Number of Boys Girls 18 - 25 years 18 - 25 years
Q-HRs (n=207) (n=182) (n=49) (n=190)
| I " v
0 3 1
1 5 4 9 7
2 39 21 12 24
3 47 38 13 45
4 51 46 11 49
5 37 39 4 40
6 18 20 17
7 7 13 7
Total number of Q-
HRs 770 750 136 745
Mean number of Q-
HRs 3.72 £0.102 412 +£0.111 2.78£0.176 3.92 +£0.104
t L, 1 = 2649; df = 387, P = 0.008*
Statistics t 1, m = 5775 df = 229, P = <0.001*
t m, v = 5119; df = 237, P = <0.001*
t I, MM = 4137, df = 254, P = <0.001*
t1l, IV =1.313; df = 370; P = 0.190
* - these differences are statistically significant.

As can be seen from this Table, in every case
females are characterized by the highest mean
number value, and by a broad range of
variability in the distribution of the numbers of
chromosomal Q-HRs as compared to males.
These differences are statistically significant.
The same data were obtained for other racial
and ethnic groups [7]. The amount of

chromosomal Q-HRs in the human genome can
be additionally evaluated according to their size
and intensity of fluorescence on a five-point
degree [6]. Later, recommendations of the Paris
Conference on this issue have been further
developed in a number of papers [9-12] and
comparative population studies began to
consider Q-HRs with only 4 and 5 degrees of
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fluorescence intensity. In estimating the size of
Q-HRs we adhered to the recommendations of
Yamada and Hasegawa (1978) according to
which the sizes of Q-bands were divided into
five degrees, comparing them with the short
arm of chromosome 18. However, mostly Q-
HRs of medium (> 0.5-0.75 x 18p) and large (>
0.75-1,0 x 18p) sizes are found in a population.
Abbreviation “QFQ” stands for “Q-bands by
fluorescence using quinacrine” [6]. For
example, “QFQ 15” indicates that the given Q-
band has the medium size with very bright
fluorescence. Table 2 presents data on the size
and intensity of fluorescence of chromosomal
Q-HRs in newborns and young adults (18-25-
year-olds) of the Kazakh nationality. In the
examined samples of individuals QFQ points
ranged from 15 to 112. Here QFQ 15 indicates

that the genome of a given individual has one
Q-HR of medium size with the intensity of
fluorescence equal to 5 degrees. While, QFQ 98
means that the karyotype of this individual has
seven Q-HRs of medium size with the
fluorescence intensity of 5 degrees. For
statistical analysis types of Q-HRs we divided
into 7 groups: Group 1 (14, 15 points); Group 2
(28, 29 points), Group 3 (40 to 45 points);
Group 4 (53 to 58 points); Group 5 (from 67 to
73 points), Group 6 (80 to 86 points); Group 7
(98 to 112 points). In other words, Group 1
included individuals the karyotype of which
had only one Q-HR, Group 2 with two, and the
remaining groups with three or more Q-bands
with intensity of fluorescence of 5 degrees.

Table 2: Types of Q-HRs on autosomes in males and females in newborns and 18 - 25 years
individuals of Kazakh nationality.
Types of Q-HRs Newborns Newborns Males Females
Boys Boys 18-25 years 18-25 years
(n =180) (n=159) (n=143) (n=120)
| I Il v
0 3 2
1 6 4 8 7
2 34 15 7 14
3 40 33 13 28
4 42 36 12 30
5 36 40 2 26
6 14 14 1 11
7 5 13 4
8 4
Total number of Q-HRs
661 668 125 463
Mean number of Q-HRs
3.67 £0.110 4.20 + 0.668 2.91+0.193 |3.83+0.132
Statistics t1, 1l =3.164; df = 337; P = 0.002*
t 111, 1V = 3.807; df = 161; P = <0.001*
*These differences are statistically significant.

As shown in this Table, in the genome of
females the amount of chromosomal Q-HRs
significant more not only in number but also in
size and intensity of fluorescence. Similar data
were obtained in other samples [7]. The second
group of data indicating the existence of

heterochromatin  dosage compensation is
illustrated by the example of the relationship
between the Y chromosome size and the
number of autosomal Q-HRs in human
populations [8]. It should be emphasized that in
comparative population cytogenetic studies
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only autosomal Q-HRs are considered.
Nevertheless, variability of the largest Q-
heterochromatin band in the human genome,
localized on the ql2 segment of the Y
chromosome, has been mainly considered
separately from the quantitative variability of
autosomal Q-HRs [9-23]. Here we show the
results of our observations on the populations of
Eurasia and Africa, which indicate that there is
connection between the mean number of

autosomal Q-HRs and sizes of Q-
heterochromatin blocks on Y chromosome
[19,22]. Table 3 presents the distribution of the
numbers and mean number of autosomal Q-
HRs in males with Y chromosomes of various
sizes in Kazakh newborns. The same patterns
were found in other racial and ethnic groups
[7,8].

Table 3: Distribution of the numbers and mean number of autosomal Q-HRs in males with Y

chromosomes of various sizes Kazakh newborns.
Large Medium Small

Number of Q-HRs Y>F F>Y>G Y<G
(n=53) (n=102) (n=32)
| I 11

0 3

1 5 1

2 21 12 2

3 11 26 1

4 6 28 10

5 7 22 13

6 10 4

7 3 2

Total number

of Q-HRs 139 406 150

Mean number of

Q-HRs 2.62 +0.185 3.98 +0.129 4.69 + 0.203
tl, 11 =6.077; df = 153; P = <0.001*

Statistics t L1 =2.748; df = 132; P = 0.007*
t LI =7.223; df = 83; P = <0.001*

* these differences are statistically significant.

The existence of a close connection between the
number of Q-HRs on autosomes and the size of
Q-heterochromatin on the Y chromosome were
showed on adult individuals, representing all
three racial and ethnic groups living
permanently in Eurasia and Africa [22]. Table
4 shows the distribution of the numbers and the
mean number of Q-HRs on autosomes in males
having different Y chromosome sizes.
Significant decreases in mean numbers in males
with large Y chromosomes were noted. Of
interest is the fact that in the group of males
with large Y chromosomes narrowing of the
distribution of numbers of autosomal Q-HRs

was evident, as well as its ‘upwards’ shift
during the greatest range of variability in the
number of Q-HRs in the karyotype in groups
with medium and small Y chromosomes. Males
with large Y chromosomes were characterized
by low values in the mean number of Q-HRs
per individual and by a low range of variability
in the distribution of Q-HRs compared with
males with medium and especially small Y
chromosomes.  These  differences  are
statistically significant.
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Table 4: Distribution of the numbers and mean number of autosomal Q-HRs in males with Y chromosomes
of various sizes (Ibraimov et al., 2000).
Populations Number of Q-HR Y>F F>Y>G Y<G
(n=30) (n=261) (n=36)
[ 1 "
Negroes of Africa | 0
(Mozambique, 1 1
Guinea-Bissau, 2 5 16
Zimbabwe, 3 5 42 7
Angola) 4 7 64 7
5 7 66 6
6 1 46 8
7 4 20 5
8 4 2
9 2 1
10 1
Total number
of Q-HRs 123 1220 187
Mean number
of Q-HRs 4.10+0.30 4.67 £0.09 5.10+£0.28
t1, 11=1.98; df = 289; P = <0.049
Statistics t Il, 11l = 1.61; df = 295; P = <0.108;
t 11l = 2.66; df = 64; P = <0.009;
Continued
Populations Number of Q-HRs | Y>F F>Y>G Y<G
(n=20) (n=178) (n=16)
[ 1 "l
Steppe Mongoloids | 0 2
(Kazakhs, Chinese) 1 7 11 2
2 4 26 4
3 4 21 2
4 2 11 3
5 1 4 4
6 5 1
Total number
of Q-HRs 40 220 54
Mean number
of Q-HRs 2.00+£0.31 2.82+£0.15 3.38£0.40
t 1,11 = 2.39; df = 30; P = <0.021;
Statistics t 11,111 = 1.32; df = 20; P = <0.194;
t L1l = 2.75; df = 32; P = <0.008;
Continued
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Populations Number of Q-HRs Y>F F>Y>G Y<G
(n =56) (n = 280) (n=24)
| I Il
Russians 0 10 23 1
1 21 53 5
2 14 103 6
3 7 65 7
4 4 25 2
5 9 2
6 2 1
Total number
of Q-HRs 86 611 62
Mean number
of Q-HRs 1.53+0.15 2.18 +0.07 2.58 +0.29
t 1,11 =3.93; df = 82; P = <0.000;
Statistics t 1L = 1.34; df = 26; P = <0.183;
t 1,1 =3.14; df = 37; P = <0.003;
Continued
Populations Number of Q-HRs Y>F F>Y>G Y<G
(n=16) (n=125) (n=11)
| I Il
Kyrgyz of Pamir 0 3 11
and Tien-Shan 1 5 26 3
2 6 49 4
3 2 20 3
4 14 1
5 3
6 2
Total number
of Q-HRs 23 267 24
Mean number
of Q-HRs 1.43+0.24 2.13+0.11 2.18 +0.29
tl, 11=212; df =139; P =<0.036;
Statistics t 11,111 = 0.13; df = 134; P = <0.900;
t LI =1.97; df = 25; P = <0.060;
Continued
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Populations Number of Q-HRs Y>F F>Y>G Y<G
(n =56) (n=215) (n=26)
I I Il
Northern 0 10 24
Mongoloids
(Chukchi,  Yakuts, 1 22 o0 6
Khakass, Nenets, | 2 12 71 9
SEIKUDS) 3 6 46 9
4 6 17 2
5 7
Total number
of Q-HRs 88 433 59
Mean number
of Q-HRs 1.57 +0.16 2.01 £0.08 2.27 £0.18
t 1,11 =2.48; df = 269; P = <0.017;
Statistics t 11,111 = 1.29; df = 38; P = <0.198;
t LIl = 2.88; df = 66; P = <0.005;

It is generally known that the size of the Q-
heterochromatin on the long arm of a Y
chromosome of even medium size is greater
than that of the Q-HRs on any of seven Q-
polymorphic autosomes in the human
karyotype, especially as the morphological
variability of the Y chromosome (large,
medium, small) is mainly determined by the
size of the Q-heterochromatin segment on its
long arm. Based on the data presented above,
we assume, that the Q-heterochromatin block
on the Y chromosome, being the largest Q-
heterochromatin  segment in the human
genome, somehow ‘restricts’ the overall
amount of Q-HRs on autosomes in males.
Apparently, for the same reason, amount of
autosomal Q-HRs increases in females
compared to males within each individual
population. In addition, human chromosomal
Q-HRs may have a basically similar role
regardless of their location in the karyotype
[7,22]. We believe the correct to explain the
increasing number of chromosomal Q-HRs on
autosomes in females at the population level by
the existence of some evolutionary established
mechanism that “compensates” the difference
in the “dose” of Q-heterochromatin material in
the female genome due to the lack of

chromosomes in their karyotype, which carries
largest Q-HR, as Y chromosome. Apparently,
there is some mechanism that limits the “dose”
of chromosomal Q-HRs in the human genome
to a certain level. Indeed, the human karyotype
has 25 loci (3 cen, 4 cen, 13 pl1, 13 pl13, 14
pll, 14 p13, 15 p11, 15 p13, 21 p11, 21 p13, 22
pll, 22, pl3 and Yql2), where Q-
heterochromatin can potentially be detected.
However, as yet no one could found 25
chromosomal Q-HRs in the human karyotype;
usually their number varies from 0 to 10
[12,14,24,25]. These data gave us reason to
believe that: 1) Q-heterochromatin on the Y
chromosome, being the largest in the human
genome, somehow “restricts” the total content
of Q-HRs on the autosomes in males; and 2) Q-
HRs on human chromosomes appears to have a
common nature, regardless of their localization
in the karyotype.

Discussion

As it is known, Lyon (1961) [25] proposed the
single-active X-chromosome hypothesis to
explain the observation that in the mouse,
females heterozygous for X-linked fur color
genes are patchy mosaics of two colors. To
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quote Lyon: “... (1) that the heteropicnotic X-
chromosome can be either paternal or maternal
in origin in different cells of the same animal;
(2) that it is genetically inactivated”. According
to Lyon this mechanism provides dosage
compensation for X-linked genes because each
cell, male or female, has only one X-
chromosome that is transcribed. We believe
that the Lyon’s hypothesis, although flawless in
terms of logic, nevertheless, it does not fully
reflect the essence of XCI. If only the problem
was that XCI have evolved to enable dosage
compensation in mammals as a way to equalize
X-linked gene expression between XX and XY
individuals, then all X-linked genes would be
inactivated. The point that we are trying to
convey is that: a) X-inactivation is not involved
in the sex determination, as Lyon stated (1992)
[26]; b) X-chromosome is not being
inactivated, but it is heterochromatinized in
order to compensate the lacking in the female
karyotype the largest block of the constitutive
HRs in the interest of the cell thermoregulation
(CT).

By CT we mean the elimination of the
temperature difference between the nucleus and
cytoplasm, when, for one reason or another, the
level of thermal energy in the nucleus becomes
higher than of the cytoplasm. Based on
investigations of condensed chromatin (CC),
interphase nucleus and redundant ncDNAs in
the genome, an attempt is made to justify the
view of possible participation of chromosomal
HRs in cell thermoregulation. 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 [27,28]. The CT hypothesis has
experimental evidence at the level of the human
body. In particular, it is shown that individuals
in population differ from each other in body
heat conductivity (BHC) and its level depends
on the amount of chromosomal Q-HRs in
human genome (lbraimov et al., 2014) [7]. As a
whole our results show that: a) individuals in a
population differ from each other on the level
of BHC; b) on the average BHC of males is

statistically significantly 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 [29-34].

Thus, it would be more correct to speak about
compensation of the heterochromatin dosage
and not about the dosage (double) of genes.
That CT may be related to inactivation of one
X-chromosome in humans is evidenced by such
fact as the statistically significantly low level of
the BHC in women compared to men [31, 32].
This is probably due to the fact that the
condensed chromatin (CC) in interphase cells
of women does not have the same density as in
men. Apparently, facultative heterochromatin
of the inactivated X-chromosome is still
inferior to constitutive heterochromatin on the
Y chromosome on ability to compactize CC in
the cells of the female body. The question of the
reality of the existence of heterochromatin dose
compensation, on the example of human
chromosomal Q-HRs, we believe proven. In
this case, can we assume that XCI and Q-HRs
dose compensation in the genome of women are
of the same nature? Our answer: Yes, rather
than no.

There are few arguments in favor of such a
point of view. However, some of them deserve
attention.

1) From a morphological point of view,
constitutive and facultative
heterochromatin is not  significantly
different.

2) Once inactivated, the X chromosome is
consistently found in close association with
the nuclear membrane [35, 36, 37]and/or at
the periphery of the nucleolus [38, 39].

3) Inactivated X chromosome is often found
in the nucleolus [38], where chromosomal
HRs of autosomes 1, 9, and 16 accumulate,
as well as Y chromosome [39], which we
consider as components of the CT that are
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involved in the removal of excess heat from
the cell nucleus [40, 28].

4) In embryogenesis, XCI begins at the
blastocyst stage, that is, at the stage of
multicellularity, when the problem of
removing excess heat from the nucleus
begins [27,41-45]

If we recognize that the tasks of both types of

heterochromatin in the cell are the same, then

there is no reason to consider their possible
biological role separately. In this case, both
types of heterochromatin should be involved in

CT because their dose is important, not

localization in the karyotype.

Concluding remarks

Returning to the beginning of the article, we
will try to answer the questions posed there.

1) To the question why among
homeotherm animals, XCI occurs only in
mammals, can be answered like this;
mammalian homeotherms have the highest
level of metabolic rate and they are able to
maintain fluctuations in body temperature
within very narrow limits.

2)  Chromosome inactivation does not
occur in autosomes even when there is a
clear excess dose of genes in the genome
(as in trisomy) just because there is no need
to compensate for such a big block of
constitutive heterochromatin as is available
on'Y chromosome.

3)  XClI does not occur in the germ cells
of females, where both X-chromosomes are
active in all oocytes because there are high
level metabolism rate and active cell
proliferation associated with the production
of gametes that need the full set of X-linked
genes.

4)  The answer to the question of why a
complete inactivation of all (> 1,000) genes
does not occur on an inactive X
chromosome can be very simple; the
essence of heterochromatinization of the X
chromosome is not in gene inactivation, but
in compensating for the dose of the missing

constitutive heterochromatin in the female
genome.

5)  Why does the XClI also display some
degree of epigenetic plasticity in
pathological contexts such as cancer? For
example, in tumors, the Barr body appears
to be absent. The answer is obvious: in
tumors the level of cellular metabolism is
very high and rapidly growing tumor cells
need many, including all X-linked genes of
a given organism.

Thus, the cause of XCI is a dose compensation
of heterochromatin, rather than genes, in the
genome of female mammals due to the lack in
their karyotype of the sex chromosome with a
large block of constitutive heterochromatin, as
Y chromosome in males. It is for this reason
that heterochromatinization of the euchromatin
regions of one of the X chromosomes occurs.
The biological meaning of
heterochromatinization is to increase the
density of condensed chromatin around the
interphase nucleus (responsible for removing
excess heat from the nucleus into the cytoplasm
at CT) to compensate for the missing dose of
constitutive heterochromatin in the genome of
mammalian females, since the compaction of
condensed chromatin depends on the amount of
chromosomal HRs. The consequence of this
process is the inactivation of genes that were in
the area of heterochromatinization of the X
chromosome.
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