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ABSTRACT Sex chromosome evolution is accompanied by significant divergence in morphology and gene content
and results in most genes of one of the sex chromosomes being present in two dosages in one sex and in one dosage in the other. To eliminate the difference in the expression levels of these genes between sexes and to restore
equal expression levels of the genes between sex chromosomes and autosomes, mechanisms of dosage compensation have appeared. Studies of three classical objects, Drosophila melanogaster, Caenorhabditis elegans, and mammals, have shown that dosage compensation of X-linked genes can be achieved through completely different
chromosome-wide mechanisms. New data on sex chromosome gene expression demonstrating that many sex
chromosome genes can be expressed at different levels in males and females were recently obtained from birds
and butterflies. In this review, dosage compensation mechanisms in D. melanogaster, C. elegans, and mammals
are considered and the data on sex chromosome gene expression in birds and butterflies, and their influence on
our view of dosage compensation, are discussed.
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Coevolution of Sex Chromosomes and
Dosage Compensation Mechanisms
In a variety of organisms, sex correlates with a distinct
sex chromosome set. In particular, in Drosophila melanogaster, as well as in most mammals, females have two
X-chromosomes, while males are heterogametic with
two different sex chromosomes, X and Y. Nonetheless,
the systems determining sex in D. melanogaster and
mammals are completely different. In D. melanogaster,
sex depends on the ratio between doses of X-linked and
autosomal genes [1], whereas in mammals the presence
of the Y-chromosome, rather the Sry gene responsible
for male sex determination, is crucial [2]. In contrast, in
birds, butterflies, and some reptiles, females are heterogametic (chromosomes Z and W), while males have
two Z-chromosomes. The sex chromosomes X and Y,
as well as Z and W, considerably differ from each other in size, morphology, and gene content (Fig. 1). The
chromosomes Y and W are heterochromatinized and
mainly composed of tandem DNA repeats, and their
gene content is poor in comparison with that of X- and
Z-chromosomes.
It is thought that X- and Y-chromosomes appeared
independently in different taxa and originated from
a pair of homologous autosomes. The first step in sex
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chromosome evolution was the development of a genetic system of sex determination in a population of
hermaphrodites or individuals whose sex is determined by temperature. The most consistent is an order
of events with initial mutation leading to the appearance of a recessive gene of male sterility on the future
X-chromosome, followed by the appearance of a dominant gene of female sterility on the future Y-chromosome. This resulted in the suppression of recombination
between the X- and Y-chromosomes at the loci, which
enabled the linkage of the genes responsible for male
or female sex determination. The following step was
the accumulation of genes beneficial to males (but decreasing the female’s fitness) on the Y-chromosome.
The necessity of a tight linkage between these genes
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ZW sex chromosome systems.
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and the Y-chromosome resulted in the suppression of
recombination between the X- and Y-chromosomes in
new loci and gradual expansion of the nonrecombining region. Suppression of recombination led to the
accumulation of mutations and deletions in Y-linked
genes, which are not associated with the formation of
male features, thereby resulting in their degradation.
Finally, the entire Y-chromosome could be lost, which
probably occurred in Caenorhabditis elegans males that
only possess the X-chromosome. A similar process is
likely to have resulted in the divergence of Z- and Wchromosomes [3, 4].
To compensate for such an essential loss of genes on
the Y-chromosome, natural selection might have favored mechanisms that elevated the expression of Xlinked genes in males [5]. Up-regulation of the genes
localized on the single X-chromosome in males has been
known for a long time and is well-studied in D. melanogaster [6]. A similar path of restoring the X-linked
gene expression level (dosage compensation) was proposed for mammals and C. elegans, but convincing arguments took a long time to emerge. A hypothesis on Xchromosome up-regulation in mammal and C. elegans
males was recently confirmed thanks to the development of microarray techniques. This method allowed to
determine the mean expression level of autosomal and
X-linked genes, which was found to be equal in males
of both mammals and C. elegans [7–9].
An increase in the transcription level of X-linked
genes might result in an excess of their products in
females. However, studies on gene expression using
microarray have shown that X-linked genes are expressed in females of D. melanogaster, C. elegans, and
mammals at the same level as autosomal genes [7–9].
Hence, females should also possess the mechanism(s)
supporting the transcription balance between the Xlinked and autosomal genes, as well as an equal expression level of the X-linked genes in both sexes. Despite
the fact that it has a similar origin, dosage compensation of X-linked genes occurs in different ways in D.
melanogaster, C. elegans, and mammals (Fig.2). In D.
melanogaster, dosage compensation only occurs in
males, while in females the expression levels of genes
localized on the autosomes and both X-chromosomes
are equal [7]. In C. elegans, the single X-chromosome in
males and both X-chromosomes in hermaphrodites are
up-regulated. The restoration of the transcription balance in hermaphrodites is achieved by a specific mechanism that partially down-regulates gene expression on
both X-chromosomes [7]. In mammals, gene expression
is up-regulated on the X-chromosome in males and one
of the two X-chromosomes in females. On the second
X-chromosome, transcription of most genes is completely repressed; i. e., this X-chromosome undergoes
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Fig. 2. Diversity of X-linked gene dosage compensation
systems A – autosomal set, X and Y – sex chromosomes.

inactivation [7, 8]. The mechanisms underlying these
processes deserve a more detailed examination.
Dosage Compensation of X-linked
Genes in D. melanogaster
The elevated level of expression of X-linked genes in
D. melanogaster males is supported by a complex composed of six proteins: MSL1 (male-specific lethal 1),
MSL2, MSL3, MOF (males absent on the first), MLE
(maleless), and JIL1 (Janus kinase 1), and two noncoding RNAs: roX1 and roX2 (RNA on the X). The key element for the assembly of this complex is MSL2, which
is only synthesized in males. The MSL2 protein is absent
in females, so other components cannot form the dosage compensation complex. According to the generally
accepted model, MSL2 stabilizes MSL1 by direct interaction, thus forming a platform for further assembly
of the dosage compensation complex [10]. The proteins
MOF and JIL1 are responsible for the activation of Xlinked gene transcription in males. The MOF protein
acetylates histone H4 at Lys16 (H4K16). This modification is characteristic of the transcriptionally active
chromatin and specific for the male X-chromosome
[11, 12]. However, recent data suggest that MOF can
acetylate H4K16 not only on the X-chromosome, but
also on the autosomes of both sexes [13]. MOF has been
found to interact not only with the MSL complex, but
also with the so-called NSL (nonspecific lethal) complex that binds to promotors of transcriptionally active
autosomal genes in males as well as autosomal and sex-

VOL. 2 № 4 (7) 2010 | Acta naturae | 37

REVIEWS

chromosomal genes in females. Hence, MOF, via interaction with different protein complexes, is implicated in
two processes: dosage compensation of X-linked genes
in males and general regulation of gene transcription in
D. melanogaster [14, 15]. Moreover, homologues of MOF
and the NSL complex exist in mammals, in which they
play the same role in the histone H4 acetylation [16,
17]. These facts suggest that the mechanism of dosage
compensation in D. melanogaster did not appear de novo
but was formed on the basis of existing proteins which
could retain their initial functions. JIL1 kinase is freely
associated with the MSL complex and phosphorylates
histone H3 at Ser10. This modification is also implicated
in the formation of transcriptionally active chromatin,
likely counteracting the binding of the heterochromatin
protein HP1 [18, 19]. Thus, up-regulation of X-linked
genes in D. melanogaster is achieved through the creation of an “open” incompact chromatin structure accessible to transcription factors [20]. RNA-DNA-helicase
MLE is thought to promote the integration of roX1 and
roX2 RNAs into the dosage compensation complex [10].
These RNAs are interchangeable and essential for the
binding of the dosage compensation complex with the
X-chromosome [21]. Interestingly, the human homologue of the MSL complex does not contain the roX1
and roX2 RNAs. So, the recruitment of these noncoding
RNAs into the MSL complex might be the turning point
in the formation of the dosage compensation mechanism in D. melanogaster [22].
The X-chromosome of D. melanogaster has no less
than 150 specific sites, called chromatin entry sites,
which contain MSL recognition elements for the binding of the dosage compensation complex. Following
the binding of these sites, the MSL complex spreads
along the X-chromosome and interacts with actively
transcribed genes [23]. Epigenetic features, such as
trimethylated H3K36 (a characteristic of transcribed
genes), rather than nucleotide sequences, are most
likely significant at this stage [24]. Nevertheless, not all
transcriptionally active genes of the D. melanogaster
male X-chromosome bind the dosage compensation
complex. Moreover, binding of the MSL complex not
always leads to exactly a twofold increase in the Xlinked gene expression level. In some cases, the level
of transcription remains virtually unchanged [25–27].
Therefore, the mechanism controlling the expression
level of individual X-linked genes in D. melanogaster
males has yet to be identified.
The mechanism underlying up-regulation of Xlinked genes in mammalian and C. elegans males remains unknown. It is likely to be supported by epigenetic mechanisms as in D. melanogaster. However, it
is worth noting that no significant difference has been
found between the chromatin structures of the X-
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chromosome and autosomes. So, the X-chromosome
up-regulation in males may be a result of alterations in
the nucleotide sequences of the gene regulatory regions
that took shape during evolution [8, 28]. Besides, there
is another possible way of enhancing X-linked gene expression in mammals. The fact is that the genes of the
active and inactive X-chromosomes differ in methylation patterns. The alleles of the inactive X-chromosome
are hypermethylated at the CpG-dinucleotides of promotor regions, which matches their inactivation. At
the same time, the alleles of the active X-chromosome
in females and genes of the X-chromosome in males
are hypermethylated at the CpG-dinucleotides of gene
bodies [29]. However, it remains absolutely unclear how
methylation of gene bodies can lead to elevated expression of X-linked genes in mammals.
Dosage Compensation
of X-linked Genes in C. elegans
As mentioned above, dosage compensation of the C.
elegans X-linked genes includes two processes: Xlinked gene up-regulation in males and partial repression of the genes localized on both X-chromosomes in
hermaphrodites. While the mechanism of the first
process is absolutely unknown, the complex of dosage compensation composed of nine proteins SDC-1,
SDC-2, SDC-3, DPY-21, DPY-26, DPY-27, DPY-28,
DPY-30, and MIX1 has been characterized in C. elegans hermaphrodites [30]. Three proteins (DPY-26,
DPY-27, and DPY-28) closely resemble the proteins
of the 13S condensin complex responsible for chromosome compaction in mitosis and meiosis not only
in C. elegans, but also in other eukaryotes. Another
protein, MIX1 (mitosis and X-associated protein 1),
is common to both complexes [31–34]. However, not
only MIX1 has a dual function. The protein DPY-28
controls the number and distribution of crossovers between homologous chromosomes in meiosis [35]. DPY30 is part of a complex that is homologous to the yeast
complex Set1/COMPASS methylating histone H3.
DPY-30 is likely implicated in both dosage compensation and the general regulation of gene transcription in C. elegans males and hermaphrodites [36, 37].
An important role in the assembly and function of the
dosage compensation complex is played by the protein
SDC-2 (sex determination and dosage compensation
2). Unlike other proteins, SDC-2 is only expressed in
hermaphrodites and seems to be responsible for the
specific impact of the dosage compensation complex
on the X-chromosome, because it can bind to the Xchromosome independently of other components of
the complex [38]. The complex assembly begins with
the interaction between SDC-2, SDC-3, and DPY-30,
which creates a platform for the binding of all other
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proteins to the X-chromosome [39–41]. Interestingly,
the same complex (except for DPY-21) is implicated
in a 20-fold transcription repression of the autosomal
gene her-1 (hermaphrodization of X0 animals), which
is responsible for male sex determination [38, 41]; i.e.
this complex participates not only in the dosage compensation of X-linked genes, but also in the sex determination system.
To bind to the dosage compensation complex there
are specific nucleotide sequences on the C. elegans Xchromosome, but their density is significantly lower
than that on the D. melanogaster X-chromosome (~40
and 150, respectively). These sequences are divided into
two types: the rex- and dox-sites. Rex (recruitment elements on X)-sites can bind to the dosage compensation
complex regardless of whether they are localized on
the X-chromosome or autosomes and are most likely
responsible for the primary recognition of the complex. Dox (dependent on X)-sites only interact with the
dosage compensation complex when localized on the
X-chromosome, and they are mainly implicated in the
spreading of the complex along the X-chromosomes of
C. elegans hermaphrodites [42].
The mechanism of dosage compensation complexdependent partial repression of X-linked gene expression in hermaphrodites is not yet known; however, a
certain similitude between the C. elegans dosage compensation and the 13S condensin complexes allows to
assume that the same principle underlies both the transcription repression of X-linked genes and the chromosome condensation in mitosis and meiosis [37]. The
similarity to the 13S condensin complex and the dual
function of some proteins of the dosage compensation
complex suggest that in both C. elegans and D. melanogaster dosage compensation appeared due to the acquisition of novel functions by existing proteins, rather
than the development of an absolutely new mechanism.
Which X-linked genes are subjects to dosage compensation in C. elegans hermaphrodites (and to what extent) remains unknown.
Dosage Compensation of X-linked
Genes in Mammals
Like C. elegans, mammals demonstrate up-regulation
of X-linked genes in both sexes. The restoration of the
gene transcription balance in females is achieved by
transcription repression (inactivation) of the majority
of genes localized on one of the two X-chromosomes
[43]. X-inactivation may be either random or imprinted
[28]. When X-inactivation is imprinted, the paternally
inherited X-chromosome is predominantly inactivated.
This variant of inactivation occurs in marsupials as well
as in the extraembryonic tissues of some eutherians.
When the inactivation is random, the chances of the

paternal and maternal X-chromosomes being inactivated are equal. This type of X-inactivation takes place
in somatic tissues of eutherians.
The eutherian X-chromosome has a specific locus called the X-inactivation center. One gene from
this locus, Xist, is the key gene in the initiation of
the X-inactivation process. It encodes a noncoding
RNA, which then spreads along the further inactive
X-chromosome, which leads to a series of epigenetic
changes [28, 44–46]. As a result, RNA polymerase II is
excluded from the inactive X-chromosome, and chromatin-modifying complexes appear. Consequently, the
inactive X-chromosome loses modifications that are
characteristic of transcriptionally active chromatin,
such as histone H3 dimethylated at Lys4 (Н3К4) and
acetylated histones H3 and H4. Instead, the inactive
X-chromosome gains modifications characteristic of
transcriptionally inactive chromatin, such as histone
H3 trimethylated at Lys27 (Н3К27), histone H2A ubiquitinylated at Lys119 (uH2A), histone H3 dimethylated at Lys9 (Н3К9), and histone H4 monomethylated
at Lys20 (Н4К20). In addition, the inactive X-chromosome becomes late-replicating and associates with a
histone H2A variant (macroH2A) containing a nonhistone domain. The last epigenetic event in the X-inactivation process is methylation at X-linked gene promotor regions, which allows to maintain the stability of
the inactive state of the X-chromosome. Complexes of
polycomb proteins are implicated in the establishment
of the inactive state of the X-chromosome in mammalian females. PRC1 (polycomb repressor complex
1) is responsible for the ubiquitinylation of histone
H2A [47, 48], while PRC2 is responsible for Н3К27 trimethylation [49, 50]. However, these complexes are
not specific to females, as they are also implicated in
the repression of both X-linked and autosomal genes
[22]. The enzymes fulfilling Н3К9 dimethylation and
Н4К20 monomethylation have not been known precisely. It is believed that they are methyltransferase
G9a and PR-Set7, respectively [51, 52]. It is worth noting that noncoding RNAs and chromatin-modifying
complexes are involved in the dosage compensation of
X-linked genes both in mammals and D. melanogaster,
but their effects on gene expression are diametrically opposite. The question of how Xist RNA interacts
with chromatin-modifying factors still remains open.
Moreover, the gene Xist was not found in marsupials
[53], despite the fact that their chromatin modification
patterns on the inactive X-chromosome closely resemble those in eutherians. It becomes obvious that both
the X-inactivation center and random X-inactivation
only developed in eutherians [53, 54], and that the Xinactivation process in marsupials differs from that in
placental mammals.
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In its mechanism, X-inactivation is similar to the imprinting of autosomal genes. In both cases, noncoding
RNAs are involved whose expression leads to the establishment of the same chromatin modifications: hypomethylated Н3К4, hypoacetylated Н3К9, trimethylated Н3К27, uH2A, dimethylated Н3К9, and DNA
methylation [55, 56]. The final result of both processes is
the transcription repression of one of two alleles. Hence,
the method of gene transcription repression during Xinactivation in mammalian females is not unique; the
same mechanism is also at play in the establishment of
monoallele expression for certain autosomal genes.
It is worth noting that not all genes of the inactive X-chromosome undergo inactivation. Studies on
the expression status of human X-linked genes have
shown that 15% of genes always escape X-inactivation, while 10% of genes have heterogeneous expression; i.e., they undergo X-inactivation in some women and escape X-inactivation in others [57]. Besides,
genes escaping X-inactivation were found in mice and
some other mammals [58, 59]. However, the reason
why some X-linked genes escape X-inactivation is as
yet unknown. In some cases, this may be explained by
the presence of a Y-chromosomal homologue of an Xlinked gene. In this case, escaping X-inactivation enables the restoration of equal X-linked gene expression
between the sexes. Nonetheless, many X-linked genes
escaping X-inactivation have no Y-homologues. It is
possible that a higher expression level of these genes
in females is associated with the formation of femalespecific features [60, 61]. Interestingly, the expression
level of many genes escaping X-inactivation on the inactive X-chromosome is much lower than that on the
active X-chromosome [8, 9, 57]. This suggests that a
higher expression level of these genes in females is of
little importance. It is also possible that an imbalance
of X-linked genes can be evened out after transcription [60, 61].
It has been suggested that special elements are necessary for the effective spreading of the inactive state
along the X-chromosome. The most likely candidates
are long, interspersed nuclear elements (LINEs) [62].
This hypothesis is supported by the fact that murine
and human X-chromosomes are twice richer in LINEs
as compared to autosomes. It is worth noting that the
distribution of LINEs on the human X-chromosome
correlates with gene expression status. The highest
density of LINEs is observed in the X-inactivation center and in regions of gene inactivation. Conversely, the
density of LINEs in regions that escape X-inactivation
is lower [57, 63, 64]. Yet, what are the sequences necessary for effective spreading of the inactive state along
the X-chromosome and what are the mechanisms of
their action remains unknown.
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Common Features of X-linked Gene
Dosage Compensation Systems
Examination of three model objects (D. melanogaster, C.
elegans, and mammals) demonstrates that X-linked gene
dosage compensation can occur via a variety of mechanisms. The difference in dosage compensation mechanisms appears to reflect an independent origin of sex
chromosomes in these species and, as a result, independent formation of the mechanisms directed toward the
regulation of X-linked gene expression. Despite the difference in means of X-linked gene dosage compensation
in D. melanogaster, C. elegans, and mammals, there are
several common features. First, dosage compensation is
achieved via mechanisms operating at the chromosomal
level; these mechanisms do not appear de novo: existing
proteins and protein complexes adapt to the regulation of
X-linked gene expression. Second, up-regulation of the
single X-chromosome in males is common to all three dosage compensation systems, though the mechanisms underlying this phenomenon may differ. Third, the required
gene expression level is supported via a change in the Xchromosomal chromatin structure by chromatin-modifying complexes. In D. melanogaster and mammals, the
effect of chromatin-modifying complexes in the course of
X-linked gene dosage compensation is associated with the
expression of noncoding RNAs. Tight association between
the noncoding RNAs and regulation of gene expression
implies that noncoding RNA is likely to be also found in
the C. elegans dosage compensation system. Fourth, the
X-chromosome contains a set of sequences responsible
for binding and effective spreading of the dosage compensation complexes. Thus, the mechanisms of dosage
compensation enable the leveling of the expression of autosomal and X-linked genes, as well as maintenance of
an equal expression level of X-linked genes in both sexes.
Transcriptional balance of X-linked genes is supported in
different somatic cell types and the germinal cells of D.
melanogaster and mammals in both sexes [7, 8], thus suggesting its importance to the organism.
Dosage Compensation of Z-linked
Genes in Birds and Butterflies
By analogy with the XY system of sex chromosomes,
one might expect that the ZW system of sex chromosomes should also be characterized by the up-regulation of genes on the single Z-chromosome in females
(heterogametic sex). However, early studies on the expression of a small number of Z-linked genes in birds
and butterflies showed an elevated expression of some
Z-linked genes in males, as compared to females [65–
68]. Thus, the existence of Z-linked gene dosage compensation was called into doubt for a long time.
The use of microarray techniques allowed to determine the level of Z-linked and autosomal gene expres-
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sion in two avian species (chicken and zebra-finch)
and in silkworm. The ratio between male and female
Z-linked gene expression levels in birds ranged between 1 and 2: i.e., one gets the impression that the Zchromosome is between dosage compensation at the
chromosomal level and the lack of dosage compensation [69, 70]. Similar data was obtained from the study
of Z-linked gene expression in silkworm [71]. Moreover, in zebra-finch, Z-linked genes were distinctly divided into two groups: genes with an equal expression
level in both sexes and those with a higher expression
level in males [69]. Birds and butterflies do not appear
to have mechanisms controlling the gene expression
of the whole Z-chromosome; however, some Z-linked
genes in females do undergo dosage compensation
(Fig.3). The mechanisms involved in this process are
not yet understood. Nonetheless, a specific locus, MHM
(male hypermethylated), has been found on the avian
Z-chromosome. This locus is hypermethylated in males,
while in females a noncoding RNA is transcribed from
this locus and accumulates in the region surrounding
MHM. In females, this region is acetylated at Lys16 of
histone H4 (H4K16). Besides, despite the genes undergoing dosage compensation being distributed along the
Z-chromosome, the majority of them are concentrated near the MHM locus. It is likely that Z-linked gene
dosage compensation in birds occurs the same way it
does in D. melanogaster: noncoding RNA and Н4К16
acetylation provide an elevated expression level of Zlinked genes in females [72].
The difference in the degrees of dosage compensation between the X- and Z-chromosomes might be ascribed to their age. When sex chromosomes are young
enough, the mechanisms controlling gene expression
might not have developed yet. While avian and mammalian sex chromosomes are close in age (no less than

150 and 166 MYA, respectively), the sex chromosomes
of D. melanogaster are relatively young (~65 MYA), but
the age is enough in order for the chromosomal dosage
compensation mechanism to have developed. Hence,
the age of sex chromosomes does not influence the extent of dosage compensation [22, 73]. It is known that
hemizygosity at several genes or small genomic regions
may remain, with no consequences for the organism.
The avian and butterfly Z-chromosomes contain about
840 and 600 genes, respectively, which is considerably
less than the number of genes on the D. melanogaster,
C. elegans, and human X-chromosomes (2,300; 3,100;
and 1,100 genes, respectively). It is likely that it is the
lower number of genes on the sex chromosomes of
birds and butterflies that allows them to do without
chromosomal dosage compensation mechanisms. However, hemizygosity at several hundred genes must be
lethal anyway; so the limited dosage compensation in
birds and butterflies cannot be the result of lower gene
density on sex chromosomes [22, 73]. As of now, the local dosage compensation is only found in species whose
heterogametic sex is female (ZW). Since the Z-linked
gene expression level was only examined in representatives of two taxa, it remains unclear whether this path
of dosage compensation is characteristic of organisms
with the ZW sex chromosome system or whether it is
a coincidence. The study of other taxa, whose heterogametic sex is female, will likely answer this question
[22, 73].
Conclusion
The data on sex-chromosomal gene expression in birds
and butterflies force us to look anew at the problem of
gene dosage compensation. It is becoming obvious that
sex-chromosomal genes undergo dosage compensation
to different extents, up to its complete escaping. It is
possible that dosage compensation mechanisms evolved
to control the expression of a distinct gene set, rather
than the entire sex chromosome. This postulate seems
to be correct not only for the Z-chromosome, but also
for the X-chromosome, because genes escaping dosage
compensation were found in mammals and D. melanogaster. Further studies will probably focus on the
identification of the sex-chromosomal genes requiring
dosage compensation, as well as on the mechanisms
that determine the extent of dosage compensation for
individual genes. Another important line of inquiry
may be uncovering the mechanisms underlying the
up-regulation of the X-linked genes in mammals and
C. elegans. Studies on heteromorphic sex chromosomes
in new taxa could shed light on the matter.
This study was supported by the RAS Presidium
Program Molecular and Cell Biology.

VOL. 2 № 4 (7) 2010 | Acta naturae | 41

REVIEWS

References
1. Bridges C.B. // Am. Nat. 1925. V. 59. P. 127–137.
2. Koopman P., Gubbay J., Vivian N., Goodfellow P., LovellBadge R. // Nature. 1991. V. 351. P. 117–121.
3. Charlesworth B. // Science. 1991. V. 251. P. 1030–1033.
4. Charlesworth B. // Curr. Biol. 1996. V. 6. P. 149–162.
5. Dementyeva E.V., Shevchenko A.I., Zakian S.M. // Bioessays. 2009. V. 31. P. 21–28.
6. Akhtar A. // Curr. Opin. Genet. Dev. 2003. V. 13. P. 161–169.
7. Gupta V., Parisi M., Sturgill D., Nuttall R., Doctolero M.,
Dudko O.K., Malley J.D., Eastman P.S., Oliver B. // J. Biol.
2006. V. 5. P. 3.
8. Nguyen D.K., Disteche C.M. // Nat. Genet. 2006. V. 38.
P. 47–53.
9. Johnston C.M., Lovell F.L., Leongamornlert D.A., Stranger
B.E., Dermitzakis E.T., Ross M.T. // PLoS Genet. 2008. V. 4.
e9.
10. Straub T., Becker P.B. // Nat. Rev. Genet. 2007. V. 8.
P. 47–57.
11. Akhtar A., Becker P.B. // Mol. Cell. 2000. V. 5. P. 367–375.
12. Lucchesi J.C., Kelly W.G., Panning B. // Annu. Rev. Genet.
2005. V. 39. P. 615–651.
13. Kind J., Vaquerizas J.M., Gebhardt P., Gentzel M., Luscombe N.M., Bertone P., Akhtar A. // Cell. 2008. V. 133.
P. 813–828.
14. Prestel M., Feller C., Straub T., Mitlohner H., Becker P.B.
// Mol. Cell. 2010. V. 38. P. 815–826.
15. Raja S.J., Charapitsa I., Conrad T., Vaquerizas J.M., Gebhardt P., Holz H., Kadlec J., Fraterman S., Luscombe N.M.,
Akhtar A. // Mol. Cell. 2010. V. 38. P. 827–841.
16. Taipale M., Rea S., Richter K., Vilar A., Lichter P., Imhof
A., Akhtar A. // Mol. Cell Biol. 2005. V. 25. P. 6798–6810.
17. Cai Y., Jin J., Swanson S.K., Cole M.D., Choi S.H., Florens
L., Washburn M.P., Conaway J.W., Conaway R.C. // J. Biol.
Chem. 2010. V. 285. P. 4268–4272.
18. Lerach S., Zhang W., Deng H., Bao X., Girton J., Johansen
J., Johansen K.M. // Genesis. 2005. V. 43. P. 213–215.
19. Ebert A., Schotta G., Lein S., Kubicek S., Krauss V., Jenuwein T., Reuter G. // Genes Dev. 2004. V. 18. P. 2973–2983.
20. Park Y., Kuroda M.I. // Science. 2001. V. 293. P. 1083–1085.
21. Li F., Schiemann A.H., Scott M.J. // Mol. Cell Biol. 2008.
V. 28. P. 1252–1264.
22. Vicoso B., Bachtrog D. // Chromosome Res. 2009. V. 17.
P. 585–602.
23. Alekseyenko A.A., Peng S., Larschan E., Gorchakov A.A.,
Lee O.K., Kharchenko P., McGrath S.D., Wang C.I., Mardis
E.R., Park P.J., Kuroda M.I. // Cell. 2008. V. 134. P. 599–609.
24. Larschan E., Alekseyenko A.A., Gortchakov A.A., Peng
S., Li B., Yang P., Workman J.L., Park P.J., Kuroda M.I. //
Mol. Cell. 2007. V. 28. P. 121–133.
25. Hamada F.N., Park P.J., Gordadze P.R., Kuroda M.I. //
Genes Dev. 2005. V. 19. P. 2289–2294.
26. Gilfillan G.D., Straub T., de Wit E., Greil F., Lamm R.,
van Steensel B., Becker P.B. // Genes Dev. 2006. V. 20.
P. 858–870.
27. Legube G., McWeeney S.K., Lercher M.J., Akhtar A. //
Genes Dev. 2006. V. 20. P. 871–883.
28. Heard E., Disteche C.M. // Genes Dev. 2006. V. 20.
P. 1848–1867.
29. Hellman A., Chess A. // Science. 2007. V. 315. P. 1141–1143.
30. Meyer B.J., McDonel P., Csankovszki G., Ralston E. //
Cold Spring Harb. Symp. Quant. Biol. 2004. V. 69. P. 71–79.
31. Chan R.C., Severson A.F., Meyer B.J. // J. Cell Biol. 2004.
V. 167. P. 613–625.

42 | Acta naturae | VOL. 2 № 4 (7) 2010

32. Chuang P.T., Albertson D.G., Meyer B.J. // Cell. 1994.
V. 79. P. 459–474.
33. Lieb J.D., Capowski E.E., Meneely P., Meyer B.J. // Science. 1996. V. 274. P. 1732–1736.
34. Lieb J.D., Albrecht M.R., Chuang P.T., Meyer B.J. // Cell.
1998. V. 92. P. 265–277.
35. Tsai C.J., Mets D.G., Albrecht M.R., Nix P., Chan A.,
Meyer B.J. // Genes Dev. 2008. V. 22. P. 194–211.
36. Nagy P.L., Griesenbeck J., Kornberg R.D., Cleary M.L. //
Proc. Natl. Acad. Sci. USA. 2002. V. 99. P. 90–94.
37. Meyer B.J. // WormBook. 2005. P. 1–14.
38. Dawes H.E., Berlin D.S., Lapidus D.M., Nusbaum C., Davis
T.L., Meyer B.J. // Science. 1999. V. 284. P. 1800–1804.
39. Chuang P.T., Lieb J.D., Meyer B.J. // Science. 1996. V. 274.
P. 1736–1739.
40. Davis T.L., Meyer B.J. // Development. 1997. V. 124.
P. 1019–1031.
41. Yonker S.A., Meyer B.J. // Development. 2003. V. 130.
P. 6519–6532.
42. Jans J., Gladden J.M., Ralston E.J., Pickle C.S., Michel
A.H., Pferdehirt R.R., Eisen M.B., Meyer B.J. // Genes Dev.
2009. V. 23. P. 602–618.
43. Lyon M.F. // Nature. 1961. V. 190. P. 372–373.
44. Heard E. // Curr. Opin. Genet. Dev. 2005. V. 15. P. 482–489.
45. Shevchenko A.I., Pavlova S.V., Dement'eva E.V., Golubeva
D.V., Zakian S.M. // Genetika. 2006. V. 42. P. 1225–1234.
46. Wutz A., Gribnau J. // Curr. Opin. Genet. Dev. 2007. V. 17.
P. 387–393.
47. de Napoles M., Mermoud J.E., Wakao R., Tang Y.A., Endoh
M., Appanah R., Nesterova T.B., Silva J., Otte A.P., Vidal M.,
Koseki H., Brockdorff N. // Dev. Cell. 2004. V. 7. P. 663–676.
48. Fang J., Chen T., Chadwick B., Li E., Zhang Y. // J. Biol.
Chem. 2004. V. 279. P. 52812–52815.
49. Silva J., Mak W., Zvetkova I., Appanah R., Nesterova T.B.,
Webster Z., Peters A.H., Jenuwein T., Otte A.P., Brockdorff
N. // Dev. Cell. 2003. V. 4. P. 481–495.
50. Cao R., Zhang Y. // Curr. Opin. Genet. Dev. 2004. V. 14.
P. 155–164.
51. Ohhata T., Tachibana M., Tada M., Tada T., Sasaki H.,
Shinkai Y., Sado T. // Genesis. 2004. V. 40. P. 151–156.
52. Nishioka K., Rice J.C., Sarma K., Erdjument-Bromage
H., Werner J., Wang Y., Chuikov S., Valenzuela P., Tempst
P., Steward R., Lis J.T., Allis C.D., Reinberg D. // Mol. Cell.
2002. V. 9. P. 1201–1213.
53. Duret L., Chureau C., Samain S., Weissenbach J., Avner P.
// Science. 2006. V. 312. P. 1653–1655.
54. Elisaphenko E.A., Kolesnikov N.N., Shevchenko A.I.,
Rogozin I.B., Nesterova T.B., Brockdorff N., Zakian S.M. //
PLoS ONE. 2008. V. 3. e2521.
55. Reik W., Lewis A. // Nat. Rev. Genet. 2005. V. 6. P. 403–
410.
56. Zakharova I.S., Shevchenko A.I., Zakian S.M. // Chromosoma. 2009. V. 118. P. 279–290.
57. Carrel L., Willard H.F. // Nature. 2005. V. 434. P. 400–404.
58. Disteche C.M., Filippova G.N., Tsuchiya K.D. // Cytogenet. Genome Res. 2002. V. 99. P. 36–43.
59. Yen Z.C., Meyer I.M., Karalic S., Brown C.J. // Genomics.
2007. V. 90. P. 453–463.
60. Disteche C.M. // Trends Genet. 1995. V. 11. P. 17–22.
61. Brown C.J., Greally J.M. // Trends Genet. 2003. V. 19.
P. 432–438.
62. Lyon M.F. // Cytogenet. Cell Genet. 1998. V. 80. P. 133–137.
63. Bailey J.A., Carrel L., Chakravarti A., Eichler E.E. //
Proc. Natl. Acad. Sci. USA. 2000. V. 97. P. 6634–6639.

REVIEWS
64. Ross M.T., Grafham D.V., Coffey A.J., Scherer S.,
McLay K., Muzny D., Platzer M., Howell G.R., Burrows C.,
Bird C.P., Frankish A., Lovell F.L., Howe K.L., Ashurst J.L.,
Fulton R.S., Sudbrak R., Wen G., Jones M.C., Hurles M.E.,
Andrews T.D., Scott C.E., Searle S., Ramser J., Whittaker
A., Deadman R., Carter N.P., Hunt S.E., Chen R., Cree A.,
Gunaratne P., Havlak P., Hodgson A., Metzker M.L.,
Richards S., Scott G., Steffen D., Sodergren E.,
Wheeler D.A., Worley K.C., Ainscough R., Ambrose K.D.,
Ansari-Lari M.A., Aradhya S., Ashwell R.I., Babbage A.K.,
Bagguley C.L., Ballabio A., Banerjee R., Barker G.E.,
Barlow K.F., Barrett I.P., Bates K.N., Beare D.M., Beasley
H., Beasley O., Beck A., Bethel G., Blechschmidt K., Brady
N., Bray-Allen S., Bridgeman A.M., Brown A.J., Brown
M.J., Bonnin D., Bruford E.A., Buhay C., Burch P., Burford
D., Burgess J., Burrill W., Burton J., Bye J.M., Carder C.,
Carrel L., Chako J., Chapman J.C., Chavez D., Chen E.,
Chen G., Chen Y., Chen Z., Chinault C., Ciccodicola A.,
Clark S.Y., Clarke G., Clee C.M., Clegg S., Clerc-Blankenburg K., Clifford K., Cobley V., Cole C.G., Conquer J.S.,
Corby N., Connor R.E., David R., Davies J., Davis C., Davis
J., Delgado O., Deshazo D., Dhami P., Ding Y., Dinh H.,
Dodsworth S., Draper H., Dugan-Rocha S., Dunham A.,
Dunn M., Durbin K.J., Dutta I., Eades T., Ellwood M.,
Emery-Cohen A., Errington H., Evans K.L., Faulkner L.,
Francis F., Frankland J., Fraser A.E., Galgoczy P., Gilbert J.,
Gill R., Glockner G., Gregory S.G., Gribble S., Griffiths C.,
Grocock R., Gu Y., Gwilliam R., Hamilton C., Hart E.A.,
Hawes A., Heath P.D., Heitmann K., Hennig S., Hernandez
J., Hinzmann B., Ho S., Hoffs M., Howden P.J., Huckle E.J.,
Hume J., Hunt P.J., Hunt A.R., Isherwood J., Jacob L.,
Johnson D., Jones S., de Jong P.J., Joseph S.S., Keenan S.,
Kelly S., Kershaw J.K., Khan Z., Kioschis P., Klages S.,
Knights A.J., Kosiura A., Kovar-Smith C., Laird G.K.,
Langford C., Lawlor S., Leversha M., Lewis L., Liu W.,
Lloyd C., Lloyd D.M., Loulseged H., Loveland J.E., Lovell
J.D., Lozado R., Lu J., Lyne R., Ma J., Maheshwari M.,
Matthews L.H., McDowall J., McLaren S., McMurray A.,
Meidl P., Meitinger T., Milne S., Miner G., Mistry S.L.,
Morgan M., Morris S., Muller I., Mullikin J.C., Nguyen N.,

Nordsiek G., Nyakatura G., O'Dell C.N., Okwuonu G.,
Palmer S., Pandian R., Parker D., Parrish J., Pasternak S.,
Patel D., Pearce A.V., Pearson D.M., Pelan S.E., Perez L.,
Porter K.M., Ramsey Y., Reichwald K., Rhodes S., Ridler
K.A., Schlessinger D., Schueler M.G., Sehra H.K., ShawSmith C., Shen H., Sheridan E.M., Shownkeen R., Skuce
C.D., Smith M.L., Sotheran E.C., Steingruber H.E., Steward
C.A., Storey R., Swann R.M., Swarbreck D., Tabor P.E.,
Taudien S., Taylor T., Teague B., Thomas K., Thorpe A.,
Timms K., Tracey A., Trevanion S., Tromans A.C., d'Urso
M., Verduzco D., Villasana D., Waldron L., Wall M., Wang
Q., Warren J., Warry G.L., Wei X., West A., Whitehead S.L.,
Whiteley M.N., Wilkinson J.E., Willey D.L., Williams G.,
Williams L., Williamson A., Williamson H., Wilming L.,
Woodmansey R.L., Wray P.W., Yen J., Zhang J., Zhou J.,
Zoghbi H., Zorilla S., Buck D., Reinhardt R., Poustka A.,
Rosenthal A., Lehrach H., Meindl A., Minx P.J., Hillier L.W.,
Willard H.F., Wilson R.K., Waterston R.H., Rice C.M.,
Vaudin M., Coulson A., Nelson D.L., Weinstock G., Sulston
J.E., Durbin R., Hubbard T., Gibbs R.A., Beck S., Rogers J.,
Bentley D.R. // Nature. 2005. V. 434.
P. 325–337.
65. Baverstock P.R., Adams M., Polkinghorne R.W., Gelder M.
// Nature. 1982. V. 296. P. 763–766.
66. McQueen H.A., McBride D., Miele G., Bird A.P., Clinton M.
// Curr. Biol. 2001. V. 11. P. 253–257.
67. Suzuki M.G., Shimada T., Kobayashi M. // Heredity. 1998.
V. 81. P. 275–283.
68. Suzuki M.G., Shimada T., Kobayashi M. // Heredity. 1999.
V. 82. P. 170–179.
69. Itoh Y., Melamed E., Yang X., Kampf K., Wang S., Yehya
N., van Nas A., Replogle K., Band M.R., Clayton D.F., Schadt
E.E., Lusis A.J., Arnold A.P. // J. Biol. 2007. V. 6. P. 2.
70. Ellegren H., Hultin-Rosenberg L., Brunstrom B., Dencker
L., Kultima K., Scholz B. // BMC Biol. 2007. V. 5. P. 40.
71. Zha X., Xia Q., Duan J., Wang C., He N., Xiang Z. // Insect
Biochem. Mol. Biol. 2009. V. 39. P. 315–321.
72. Melamed E., Arnold A.P. // Genome Biol. 2007. V. 8.
Р. R202.
73. Mank J.E. // Trends Genet. 2009. V. 25. P. 226–233.

VOL. 2 № 4 (7) 2010 | Acta naturae | 43

