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Abstract: The human genome demonstrates variable levels of instability during ontogeny. Achieving the highest rate dur-

ing early prenatal development, it decreases significantly throughout following ontogenetic stages. A failure to decrease or 

a spontaneous increase of genomic instability can promote infertility, pregnancy losses, chromosomal and genomic dis-

eases, cancer, immunodeficiency, or brain diseases depending on developmental stage at which it occurs. Paradoxically, 

late ontogeny is associated with increase of genomic instability that is considered a probable mechanism for human aging. 

The latter is even more appreciable in human diseases associated with pathological or accelerated aging (i.e. Alzheimer’s 

disease and ataxia-telangiectasia). These observations resulted in a hypothesis suggesting that somatic genomic variations 

throughout ontogeny are determinants of cellular vitality in health and disease including intrauterine development, postna-

tal life and aging. The most devastative effect of somatic genome variations is observed when it manifests as chromosome 

instability or aneuploidy, which has been repeatedly noted to produce pathologic conditions and to mediate developmental 

regulatory and aging processes. However, no commonly accepted concepts on the role of chromosome/genome instability 

in determination of human health span and life span are available. Here, a review of these ontogenetic variations is given 

to propose a new “dynamic genome” model for pathological and natural genomic changes throughout life that mimic 

those of phylogenetic diversity. 
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INTRODUCTION 

 Natural variation in the genome at DNA sequence and 
chromosome level is a pervasive feature of eukaryotes un-
derlying phylogenetic diversity of chromosome structure and 
numbers among species during evolution [1, 2]. Similar 
processes seem to occur during ontogeny in the same organ-
ism and commonly manifest as chromosome instability 
(CIN) or aneuploidization [3]. In humans, CIN/aneuploidiza-
tion affects almost all conceptions and achieves the highest 
rate in day 3 or preimplantation embryos or the first trimester 
of prenatal development [4-7]. At the following developmen-
tal stages, the rates seem to decrease significantly either 
through programmed cell death or through spontaneous 
aborting. This leads to at least threefold decrease of instabil-
ity rates after birth [5, 8-10]. However, persisting throughout 
cellular divisions probably due to failed clearance of affected 
cells, such instabilities may give rise to pathological condi-
tions. More precisely, CIN manifesting as somatic ane-
uploidy is associated with abnormal prenatal development, 
chromosomal syndromes, cancer, and brain diseases [8, 9, 
11-18]. Therefore, acquired genomic instability (GIN) initi-
ated by CIN/aneuploidization can be considered as a regula-
tory developmental process and, if failed, a mechanism for 
human prenatal mortality and postnatal morbidity. Addition-
ally, related manifestations of GIN and CIN are consistently  
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observed to hallmark human aging and are suggested to re-
sult from exhausting of mitotic machinery [19-22]. The lat-
ter, however, remains uncertain, because GIN, CIN and ane-
uploidzation are also observed in aged tissues, which are 
composed of post-mitotic cells (i.e. brain). Recently, a hy-
pothesis has been developed to solve this paradox through 
changing current assessing of time-scale of biological proc-
esses with new twists on GIN/CIN effect on cellular homeo-
stasis [22]. Nonetheless, there are no available and com-
monly accepted concepts on the role of genetic instabilities 
in determination of human health or life span. To fill this 
gap, a review of ontogenetic variation of the human genome 
appears to be required. 

SOMATIC GENOME VARIATIONS (SGV) DURING 

PRENATAL DEVELOPMENT 

 There are numerous evidences for high rates of SGV in 
human embryos. Up to 50% of human conceptions appear to 
be aneupoid, representing, therefore, cases of unstable ge-
nome due to meiotic nondisjunction [3, 8, 9, 23-25]. How-
ever, the overwhelming majority of aneuploid embryos seem 
to be spontaneously aborted at the following developmental 
stages [3, 8, 26]. Nonetheless, studying of preimplantation 
embryos that demonstrates genomic variations at the next 
ontogeny stages depicts occurrence of SGV in almost all 
specimens affecting no less than 20-50% of cells [3, 8, 23, 
24, 27]. The latter is supposed to manifest essentially as ane-
uploidy, but more recent reports have shown other types of 
CIN (structural genomic rearrangements) to be involved, as 
well [7]. Consequently, the instabilities are hypothesized to 
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diminish through the prenatal development. Otherwise, a 
pathological condition is likely to occur [3, 8, 22]. Unfortu-
nately, no direct evidences for this are, as yet, available, but 
analysis of spontaneous abortions and brain diseases in chil-
dren supports these assumptions [8, 13, 15, 28, 29]. Another 
feature of CIN during early ontogeny stages is the ability to 
confine to a tissue. The best documented in this context is 
chromosomal mosaicism confined to placenta that is identi-
fied in about 1-2% of all the conceptions by prenatal diagno-
sis [30]. Another documented cause of tissue-specific chro-
mosomal mosaicism is the confinement of aneuploidy to the 
developing human brain [6]. Fetal ovarian tissues seem to 
exhibit increased rates of aneuploidy involving chromosome 
21, as well [25]. Additionally, non-random tissue-specific 
distribution of karyotypically abnormal cells is observed in 
prenatally analyzed cases of supernumerary marker chromo-
somes [31]. Table 1 summarizes available data on develop-
mental CIN in humans. These observations evidence that a 
variety of CIN-associated processes does occur in human 
fetuses and suggest a definitive role of SGV in human prena-
tal development. CIN manifesting as aneuploidy appears to 
be involved in the normal human placentation [32]. As to the 
establishment of the role that developing CIN and ane-
uploidization plays, one can propose to compare CIN rates 
before and after birth. 

SGV DURING POSTNATAL LIFE: LATE ON-
TOGENY AND AGING DISEASES 

 Unfortunately, data on SGV in the early postnatal life of 
unaffected individuals is almost unavailable. Nevertheless, 
controls in studies of brain diseases in childhood exhibit in-
significant rates of mosaic aneuploidy and CIN [13, 18, 33]. 
A comparison of sporadic aneuploidy rates in the developing 
and adult human brain shows an exact threefold decrease [5, 
6, 8, 10, 16, 18, 33]. Otherwise, related studies were per-

formed for the clinical population only [3, 8, 9, 15, 34, 35]. 
Human aging tissues appear to be more thoroughly studied 
in this context. Therefore, there is a gap in our knowledge 
about ontogenetic variations of the human genome in child-
hood and early adulthood. However, to define whether GIN 
or CIN increases during human life, control population, that 
is usually individuals of adult or middle age, has been ana-
lyzed [20, 22, 36-39]. Another possibility to prove the exis-
tence and effects of age-related SGV is referred to studying 
diseases associated with accelerated or pathological aging 
[22]. Currently, there are more than 30 diseases that are as-
sociated with GIN, CIN and aging. However, only few of 
them were evaluated in the light of genome variations mani-
festing as GIN or CIN. Among these are some monogenic 
CIN syndromes, Alzheimer’s disease (AD) and Down syn-
drome (trisomy of chromosome 21) [18, 22, 33, 40, 41]. Ad-
ditionally, aneuploidy, as a whole, is likely to cause acceler-
ated senescent phenotypes either at cellular or at organismal 
level [17, 22, 42-45]. The latter is also observed in cancer-
predisposing diseases (i.e. ataxia-telangiectasia or AT) and in 
malignant tissues [18, 21, 33, 40, 41]. Table 2 summarizes 
natural genome variations through human aging and 
GIN/CIN in aneuploidy-associated and aging diseases. 

 As one can see (Table 2), regardless of the stage of on-
togeny, an increase of GIN and CIN causes aging pheno-
types. However, normal ontogenetic variations of the human 
genome are more apparent when aging tissues are studied [5, 
10, 16, 18, 20, 22, 36-39]. This raises an important question 
about their origins. Firstly, GIN and CIN (aneuploidization) 
cause a wide spectrum of diseases both in childhood and in 
adulthood [8, 9, 11-18, 26, 29, 33-35]. Additionally, some 
GIN/CIN signatures such as uniparental disomy due to in-
trauterine trisomy rescue via confined placental mosaicism 
[46] and low-level chromosomal mosaicism in child and 
adult individuals [3, 8, 9, 34] have been reported. Taken to-
gether, it suggests previous (GIN’n’CIN) hypothesis applied 

Table 1. CIN in Human Conceptions During the Prenatal Development 

Developmental Stage Tissue Type of CIN Normal Variation 
Pathological  

Condition 
Key Refs 

NA Aneuploidy + + [21, 24, 27] 
Preimplantation embryos 

NA Aneuploidy/structural abnormalities + ? [7] 

Chorionic villi Aneuploidy + - [6] 

Brain  Aneuploidy + ? [5, 6] 

Skin  Aneuploidy + - [6] 

Fetuses at 7-12 weeks 

gestation 

Ovarian tissue Aneuploidy + - [25] 

Spontaneous abortions (7-

15 weeks gestation) 
Chorionic villi  Chromosomal mosaicism (aneuploidy) - + [28] 

Prenatal diagnosis (~7-12 

weeks gestation) 

(choriocentesis) 

Chorionic villi 

Placenta 
Chromosomal mosaicism (aneuploidy) + - [30] 

Prenatal diagnosis at 20th 

week gestation 

14 different 

tissues 

Derivative chromosomes (marker chro-

mosomes) 
- + [31] 

NA — not applicable. 
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Table 2. GIN and CIN (SGV) Associated with Normal Human Aging and Aging Diseases 

Condition Tissue/Cell Types Overview of Instability Key Refs 

Natural genomic variations during normal aging 

Blood lymphocytes 

Chromosome X: 1.5%-2.5% and 4.5%-7.3%*; Chromosome Y loss: 

0.17%; 

Autosomes: 1.2% and 1-2%* 

[20, 36, 37, 

39] 

Skin fibroblasts 2,2% and 4,4%* [38] Normal aging 

Brain 

0.3-0.9% and 1.4-3%* 

(no targeted studies of the  

aging brain are, as yet, available) 

[5, 10, 16,  

18, 22, 33] 

Aneuploidy and aneuploidy-associated/aging diseases 

Aneuploidy Aneuploid cell lines Aneuploid cells demonstrate senescent phenotypes [42] 

Down syn-

drome 

(trisomy 21) 

Blood lymphocytes (other tissues are 

rarely analyzed) 

100% (?) of cells with additional chromosome 21 cause accelerated 

aging phenotype 
[17, 25, 43] 

AT Brain 

Aneuploidy and chromosome breakage producing additional rearranged 

chromosomes (partial aneuploidy) confine to the degenerated cerebel-

lum and affect up to 40% of cells 

[18, 33] 

Brain Chromosome 21 aneuploidy affecting 6-15% of brain cells [18] 

Transfected human presenelin1-mutated 

cells  

Acquired chromosome missegregation causing aneuploidy associated 

with abnormal presenelin 1 functioning 
[44] 

AD 

Transgenic mice and 

transfected human cells 

Amyloid precursor protein 

gene (APP) induce chromosome missegregation and aneuploidy 
[45] 

Cancers Almost all types of malignant tissues/cells 
Aneuploidy hallmarks almost all cancers; aneuploid cells exhibit senes-

cent phenotype 

[14, 21, 40, 

41] 

* — middle age and aged individuals, respectively. 

to the human brain [22] to be also true for all the human tis-
sues. Thus, the timeline of ontogenetic genomic variations 
mediated by GIN, CIN or aneuploidization is as follows: 
CIN achieves the highest rate during early perinatal devel-
opment, then GIN/CIN signatures are only observed (apart 
from pathologic conditions) and, finally, it begins to increase 
in late ontogeny. This appears to fit well data on SGV in 
different human tissues and implicates mitotic machinery 
exhausting as the main cause of aging-associated GIN/CIN 
progression [19, 22]. However, post-mitotic cells are un-
likely to become aneuploid via these mechanisms [22]. Nev-
ertheless, molecular cytogenetic replication analyses that 
depict mitotically non-arrested cells [47-49], yielded positive 
results in the diseased brain [50]. Further studies have dem-
onstrated gene mutations associated with early-onset AD to 
be involved in mitotic chromosomal missegregation leading 
to CIN [44, 45]. Despite of chromosome 21-aneuploidization 
of the AD brain [18], this hypothesis can still be challenged, 
because of highly specific CIN manifestation and technical 
limitations of single-cell molecular cytogenetic replication 
analyses. To solve this paradox, positive data from all the 
molecular cytogenetic studies of the AD brain and AD mod-
els have been gathered [51]. This resulted in a model propos-
ing that accumulation of GIN and CIN due to abnormal mi-

totic behavior of brain cells during prenatal development and 
early childhood followed by natural selection leads to persis-
tence of chromosome 21-aneuploid cells, which produce 
recognizable disease phenotype in the late ontogeny [22, 51]. 
This accords well with observations of monogenic AD mod-
els [44, 45]. Similar processes seem to underlie AT patho-
genesis with the sole exception that GIN/CIN manifests in 
the early childhood, probably due to specifity of genome 
maintaining protein behavior encoded by the AT-causing 
gene (ATM) as well as more pathogenic value of CIN [18, 
33]. However, one has to keep in mind that GIN and CIN in 
aging diseases are evaluated after manifestation. Therefore, 
no data is available on previous ontogenetic periods. Still, to 
get an integrated view of somatic genome changes through-
out ontogeny, data on origins of genomic variations (so-
matic, germline or syntenic), their associations with aging 
phenotypes and parental development can be used. 

ONTOGENETIC VARIATIONS OF THE GENOME: 
PHYLOGENY-ONTOGENY PARALLELS AND UP-

DATED “GIN’N’CIN” HYPOTHESIS 

 Summarizing the data described above, we have pro-
posed a schematic graph showing the trend of genome varia-
tion throughout ontogeny due to natural intercellular genome 
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variations and in aging diseases associated with GIN and 
CIN (Fig. 1). The graph also indicates ontogenetic stages 
that need to be analyzed for definition of mechanisms by 
which SGV are formed and maintained throughout develop-
ment to produce the aging phenotype (at least in AT and 
AD). As to natural ontogenetic genome variations, the dy-
namics appear to be better understood [3, 8]. However, this 
has to be thoroughly re-evaluated and the data on benign 
SGV have to be provided.  

 Since the evaluation of SGV evidences that the human 
genome is subjected to dynamic changes during ontogeny, it 
appears appropriate to refer to “dynamic genome”, a term 
introduced to define the process of transposition of mobile 
genetic elements changing the amount of DNA in the ge-
nome. Discovered more than 50 years ago by Barbara 
McClintock, it was used to explain numerous genetic proc-
esses including genome changes during phylogeny [52]. Cur-
rent concepts in genome research allow to extrapolate prin-
ciples of phylogenomics to SGV [3, 53]. This is, in parts, 
inspired by the observations of parallels between chromo-
some number/structure or DNA sequence variations along 
branches of the phylogeny and somatic mutations manifest-
ing as GIN or CIN along ontogeny [3, 22, 53-56]. If phylo-
genomic principles are applied to cellular genomes, Darwin-
ian or natural selection appears to play a role not only in evo-
lution, but also in brain diseases and cancer [3, 53, 54, 56]. 
As one can see, it can be also successfully applied to the 
normal human development and aging (ontogeny), as well 
[3, 6, 9, 22, 53, 54]. Therefore, during prenatal development, 
aneuploidization or CIN/GIN serves as a mechanism for 
regulation of cell population size through the clearance of 
abnormal cells or growth arrest [6, 8, 22, 32, 51, 57]. The 
lack of clearance or increase of cell viability due to genomic 

variations (as in malignant cells) would lead to pathological 
conditions such as aneuploidy-associated diseases or can-
cers. In the late ontogeny, increase of CIN/GIN would lead 
to aging phenotype due to either a failure of abnormal cell 
clearance or aging-related alterations to mitotic machinery. 
The aging tissues composed of post-mitotic cells seem to 
become senescent by a different mechanism that is probably 
related to changes of genome expression in cells with ab-
normal chromosome complement accumulated at earlier on-
togenetic stages. To this end, “dynamic genome” model in 
the ontogenetic sense can be postulated as follows: SGV in 
early prenatal development reach its highest rate in order to 
highlight cells for cell clearance machinery (this makes a 
decrease of abnormal cell content); at the following ontoge-
netic stages, the amount of cells with altered genome exhib-
its less significant variation, which is undetectable by avail-
able techniques; in the latest ontogenetic stages, a re-increase 
of SGV rates is observed and is associated with aging; fi-
nally, the rates of ontogenetic genome variations are proba-
bly specific for each tissue. 

CONCLUDING REMARKS 

 Currently, almost all the studies in the fields of human 
genetics and genomics operate with “an average cell ge-
nome”. The approach allows the determination of genomic 
variations between individuals. Although it is unavoidable to 
apply such technologies for genomic studies, SGV cannot be 
adequately described by techniques analyzing DNA isolated 
from a large pool of cells. As a result, much less attention is 
paid to such phenomena as ontogenetic variations of the hu-
man genome, which are impossible to evaluate by studying 
“average cell genome”. Single-cell genomic as well as single 
cell proteomic approaches are more sophisticated [3, 15, 34, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic representation of SGV manifested as GIN/CIN changing during ontogeny due to natural variations of the genome and in 

aging diseases: AT (CIN syndrome) and AD. Being increased in the early prenatal development, GIN/CIN decreases throughout following 

ontogeny stages, showing, however, a slight increase in the late ontogeny. In cases of CIN syndromes, GIN/CIN probably decreases insig-

nificantly and demonstrates high rates after birth as exemplified by studying the AT brain [17, 32]. AD is suggested to be associated with 

failed clearance of cells affected by GIN/CIN exhibiting high rates of the chromosome 21 aneuploidy in diseased brain analyzed after the 

manifestation (late ontogeny) [7, 17, 21]. Intervals marked by question symbol show ontogenetic periods that have not been studied in con-

text of SGV. 
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58] and their results are much more difficult to interpret. 
Nevertheless, several molecular cytogenetic studies demon-
strated the existence of SGV and their role in normal human 
development, disease and aging. Regardless of available 
data, which allows to propose hypotheses and models de-
scribing genome variations over the human lifespan, ontoge-
netic genome research requires additional studies. Taking 
into account that genome variations are likely to be specific 
for each ontogenetic stage and each tissue, one can imagine a 
large amount of work still to be performed. The present 
model and an update of GIN’n’CIN hypothesis intend to 
shed light on the genome behavior during ontogeny in health 
and disease. The future of genomic research appears to be 
linked with single-cell biology that refutes the “average cell 
concept” and postulates a continuous (structural and func-
tional) variation of cellular genome. Therefore, further stud-
ies of the human genome would be incomplete without ad-
dressing its ability to dynamically change along ontogeny. 

ACKNOWLEDGEMENTS 

 This article is dedicated to Dr. Ilia V. Soloviev. The 
authors are supported by Philip Morris USA Inc. and 
DLR/BMBF (RUS 09/006). 

REFERENCES 

[1] Armengol, L.; Pujana, M.A.; Cheung, J.; Scherer, S.W.; Estivill, X. 
Enrichment of segmental duplications in regions of breaks of syn-

teny between the human and mouse genomes suggest their in-
volvement in evolutionary rearrangements. Hum. Mol. Genet., 

2003, 12, 2201-2208. 
[2] Perry, G.H. The evolutionary significance of copy number varia-

tion in the human genome. Cytogenet. Genome Res., 2008, 123, 
283-287. 

[3] Iourov, I.Y.; Vorsanova, S.G.; Yurov, Y.B. Intercellular genomic 
(chromosomal) variations resulting in somatic mosaicism: mecha-

nisms and consequences. Curr. Genomics, 2006, 7, 435-446. 
[4] Munné, S.; Weier, H.U.; Grifo, J.; Cohen, J. Chromosome mo-

saicism in human embryos. Biol. Reprod., 1994, 51, 373-379. 
[5] Yurov, Y.B.; Iourov, I.Y.; Monakhov, V.V.; Soloviev, I.V.; Vostri-

kov, V.M.; Vorsanova, S.G. The variation of aneuploidy frequency 
in the developing and adult human brain revealed by an interphase 

FISH study. J. Histochem. Cytochem., 2005, 53, 385-390. 
[6] Yurov, Y.B.; Iourov, I.Y.; Vorsanova, S.G.; Liehr, T.; Kolotii, 

A.D.; Kutsev, S.I.; Pellestor, F.; Beresheva, A.K.; Demidova, I.A.; 
Kravets, V.S.; Monakhov, V.V.; Soloviev, I.V. Aneuploidy and 

confined chromosomal mosaicism in the developing human brain. 
PLoS ONE, 2007, 2, e558. 

[7] Vanneste, E.; Voet, T.; Le Caignec, C.; Ampe, M.; Konings, P.; 
Melotte, C.; Debrock, S.; Amyere, M.; Vikkula, M.; Schuit, F.; 

Fryns, J.P.; Verbeke, G.; D'Hooghe, T.; Moreau, Y.; Vermeesch, 
J.R. Chromosome instability is common in human cleavage-stage 

embryos. Nat. Med., 2009, 15, 577-583. 
[8] Iourov, I.Y.; Vorsanova, S.G.; Yurov, Y.B. Chromosomal variation 

in mammalian neuronal cells: known facts and attractive hypothe-
ses. Int. Rev. Cytol., 2006, 249, 143-191. 

[9] Iourov, I.Y.; Vorsanova, S.G.; Yurov, Y.B. Chromosomal mo-
saicism goes global. Mol. Cytogenet., 2008, 1, 26. 

[10] Iourov, I.Y.; Liehr, T.; Vorsanova, S.G.; Kolotii, A.D.; Yurov, 
Y.B. Visualization of interphase chromosomes in postmitotic cells 

of the human brain by multicolour banding (MCB). Chromosome 
Res., 2006, 14, 223-229. 

[11] Yurov, Y.B.; Vostrikov, V.M.; Vorsanova, S.G.; Monakhov, V.V.; 
Iourov, I.Y. Multicolor fluorescent in situ hybridization on post-

mortem brain in schizophrenia as an approach for identification of 
low-level chromosomal aneuploidy in neuropsychiatric diseases. 

Brain Dev., 2001, 23, S186-S190. 
[12] Vorsanova, S.G.; Iurov (Iourov), I.Y.; Demidova, I.A.; Voinova-

Ulas, V.Iu.; Kravets, V.S.; Solov'ev, I.V.; Gorbachevskaia, N.L.; 
Iurov (Yurov), Y.B. Variations of heterochromatic chromosomal 

regions and chromosome abnormalities in children with autism: 

identification of genetic markers in autistic spectrum disorders. Zh. 
Nevrol. Psikhiatr. Im S S Korsakova, 2006, 106, 52-57. 

[13] Yurov, Y.B.; Vorsanova, S.G.; Iourov, I.Y.; Demidova, I.A.; Ber-
esheva, A.K.; Kravetz, V.S.; Monakhov, V.V.; Kolotii, A.D.; Voi-

nova-Ulas, V.Y.; Gorbachevskaya, N.L. Unexplained autism is fre-
quently associated with low-level mosaic aneuploidy. J. Med. 

Genet., 2007, 44, 521-525. 
[14] Duesberg, P. Chromosomal chaos and cancer. Sci. Am., 2007, 296, 

52-59. 
[15] Iourov, I.Y.; Vorsanova, S.G.; Yurov, Y.B. Molecular cytogenetics 

and cytogenomics of brain diseases. Curr. Genomics, 2008, 9, 452-
465. 

[16] Yurov, Y.B.; Iourov, I.Y.; Vorsanova, S.G.; Demidova, I.A.; 
Kravets, V.S.; Beresheva, A.K.; Kolotii, A.D.; Monakhov, V.V.; 

Uranova, N.A.; Vostrikov, V.M.; Soloviev, I.V.; Liehr, T. The 
schizophrenia brain exhibits low-level aneuploidy involving chro-

mosome 1. Schizophr. Res., 2008, 98, 139-147. 
[17] Dierssen, M.; Herault, Y.; Estivill, X. Aneuploidy: from a physio-

logical mechanism of variance to Down syndrome. Physiol. Rev., 
2009, 89, 887-920. 

[18] Iourov, I.Y.; Vorsanova, S.G.; Liehr, T.; Yurov, Y.B. Aneuploidy 
in the normal, Alzheimer's disease and ataxia-telangiectasia brain: 

differential expression and pathological meaning. Neurobiol. Dis., 
2009, 34, 212-220. 

[19] Ly D.H.; Lockhart, D.J.; Lerner, R.A.; Schultz, P.G. Mitotic mis-
regulation and human aging. Science, 2000, 287, 2486-2492. 

[20] Leach, N.T.; Rehder, D.; Jensen, K.; Holt, S.; Jackson-Cook, C. 
Human chromosomes with shorter telomeres and large hetero-

chromatin regions have a higher frequency of acquired somatic cell 
aneuploidy. Mech. Ageing Dev., 2004, 125, 563-573. 

[21] Finkel, T.; Serrano, M.; Blasco, M.A. The common biology of 
cancer and ageing. Nature, 2007, 448, 767-774. 

[22] Yurov, Y.B.; Vorsanova, S.G.; Iourov, I.Y. GIN'n'CIN hypothesis 
of brain aging: deciphering the role of somatic genetic instabilities 

and neural aneuploidy during ontogeny. Mol. Cytogenet., 2009, 2, 
23. 

[23] Los, F.J.; Van Opstal, D.; van den Berg, C. The development of 
cytogenetically normal, abnormal and mosaic embryos: a theoreti-

cal model. Hum. Reprod. Update, 2004, 10, 79-94. 
[24] Delhanty, J.D. Mechanisms of aneuploidy induction in human 

oogenesis and early embryogenesis. Cytogenet. Genome Res., 
2005, 111, 237-244. 

[25] Hultén, M.A.; Patel, S.D.; Westgren, M.; Papadogiannakis, N.; 
Jonsson, A.M.; Jonasson, J.; Iwarsson, E. On the paternal origin of 

trisomy 21 Down syndrome. Mol. Cytogenet., 2010, 3, 4. 
[26] Hassold, T.; Hall, H.; Hunt, P. The origin of human aneuploidy: 

where we have been, where we are going. Hum. Mol. Genet., 2007, 
16, R203-R208. 

[27] Weier, J.F.; Ferlatte, C.; Baumgartner, A.; Jung, C.J.; Nguyen, 
H.N.; Chu, L.W.; Pedersen, R.A.; Fisher, S.J.; Weier, H.U. Mo-

lecular cytogenetic studies towards the full karyotype analysis of 
human blastocysts and cytotrophoblasts. Cytogenet. Genome Res., 

2006, 114, 302-311. 
[28] Vorsanova, S.G.; Kolotii, A.D.; Iourov, I.Y.; Monakhov, V.V.; 

Kirillova, E.A.; Soloviev, I.V.; Yurov, Y.B. Evidence for high fre-
quency of chromosomal mosaicism in spontaneous abortions re-

vealed by interphase FISH analysis. J. Histochem. Cytochem., 
2005, 53, 375-380. 

[29] Vorsanova, S.G.; Yurov, I.Y.; Demidova, I.A.; Voinova-Ulas, 
V.Y.; Kravets, V.S.; Solov'ev, I.V.; Gorbachevskaya, N.L.; Yurov, 

Y.B. Variability in the heterochromatin regions of the chromo-
somes and chromosomal anomalies in children with autism: identi-

fication of genetic markers of autistic spectrum disorders. Neurosci. 
Behav. Physiol., 2007, 37, 553-558. 

[30] Kalousek, D.K.; Vekemans, M. Confined placental mosaicism and 
genomic imprinting. Baillieres Best. Pract. Res. Clin. Obstet. Gy-

naecol., 2000, 14, 723-730. 
[31] Fickelscher, I.; Starke, H.; Schulze, E.; Ernst, G.; Kosyakova, N.; 

Mkrtchyan, H.; MacDermont, K.; Sebire, N.; Liehr, T. A further 
case with a small supernumerary marker chromosome (sSMC) de-

rived from chromosome 1 — evidence for high variability in mo-
saicism in different tissues of sSMC carriers. Prenat. Diagn., 2007, 

27, 783-785. 
[32] Weier, J.F.; Weier, H.U.; Jung, C.J.; Gormley, M.; Zhou, Y.; Chu, 

L.W.; Genbacev, O.; Wright, A.A.; Fisher, S.J. Human cytotro-



Ontogenetic Variation of the Human Genome Current Genomics, 2010, Vol. 11, No. 6    425 

phoblasts acquire aneuploidies as they differentiate to an invasive 

phenotype. Dev. Biol., 2005, 279, 420-432. 
[33] Iourov, I.Y.; Vorsanova, S.G.; Liehr, T.; Kolotii, A.D.; Yurov, 

Y.B. Increased chromosome instability dramatically disrupts neural 
genome integrity and mediates cerebellar degeneration in the 

ataxia-telangiectasia brain. Hum. Mol. Genet., 2009, 18, 2656-
2669. 

[34] Vorsanova, S.G.; Yurov, Y.B.; Iourov, I.Y. Human interphase 
chromosomes: a review of available molecular cytogenetic tech-

nologies. Mol. Cytogenet., 2010, 3, 1. 
[35] Erickson, R.P. Somatic gene mutation and human disease other 

than cancer: An update. Mutat. Res., 2010, (in press) 
[36] Nowinski, G.P.; van Dyke, D.L.; Tilley, B.C.; Jacobsen, G.; Babu, 

V.R.; Worsham, M.J.; Wilson, G.N.; Weiss, L. The frequency of 
aneuploidy in cultured lymphocytes is correlated with age and gen-

der but not with reproductive history. Am. J. Hum. Genet., 1990, 
46, 1101-1111. 

[37] Guttenbach, M.; Koschorz, B.; Bernthaler, U.; Grimm, T.; Schmid, 
M. Sex chromosomes loss and aging: in situ hybridization studies 

on human interphase nuclei. Am. J. Hum. Genet., 1995, 57, 1143-
1150. 

[38] Geigl, J.B.; Langer, S.; Barwisch, S.; Pfleghaar, K.; Lederer, G.; 
Speicher, M.R. Analysis of gene expression patterns and chromo-

somal changes associated with aging. Cancer Res., 2004, 64, 8850-
8557. 

[39] Russel, L.M.; Strike, P.; Browne, C.E.; Jacobs, P.A. X chromo-
some loss and aging. Cytogenet. Genome Res., 2007, 116, 181-185. 

[40] Kipling, D.; Davis, T.; Ostler, E.L.; Faragher, R.G. What can 
progeroid syndromes tell us about human aging? Science, 2004, 

305, 1426-1431. 
[41] Neveling, K.; Bechtold, A.; Hoehn, H. Genetic instability syn-

dromes with progeroid features. Z. Gerontol. Geriatr., 2007, 40, 
339-348. 

[42] Vorsanova, S.G. Dynamics of changes in anomalous human cells 
during prolonged cultivation in the stationary phase. Trisomy 7 

cells. Biull. Eksp. Biol. Med., 1977, 3, 742-744. 
[43] Vorsanova, S.G.; Iourov, I.Y.; Beresheva, A.K.; Demidova, I.A.; 

Monakhov, V.V.; Kravets, V.S.; Bartseva, O.B.; Goyko, E.A.; So-
loviev, I.V.; Yurov, Y.B. Non-disjunction of chromosome 21, al-

phoid DNA variation, and sociogenetic features of Down syn-
drome. Tsitol. Genet., 2005, 39(6), 30-36. 

[44] Boeras, D.I.; Granic, A.; Padmanabhan, J.; Crespo, N.C.; Rojiani, 
A.M.; Potter, H. Alzheimer's presenilin 1 causes chromosome mis-

segregation and aneuploidy. Neurobiol. Aging, 2008, 29, 319-28. 
[45] Granic, A.; Padmanabhan, J.; Norden, M.; Potter, H. Alzheimer 

Abeta peptide induces chromosome mis-segregation and ane-

uploidy, including trisomy 21: requirement for tau and APP. Mol. 

Biol. Cell, 2010, 21, 511-520. 
[46] Liehr, T. Cytogenetic contribution to uniparental disomy (UPD). 

Mol. Cytogenet., 2010, 3, 8. 
[47] Soloviev, I.V.; Yurov, Y.B.; Vorsanova, S.G.; Fayet, F.; Roizes, 

G.; Malet, P. Prenatal diagnosis of trisomy 21 using interphase 
fluorescence in situ hybridization of postreplicated cells with 

sitespecific cosmid and cosmid contig probes. Prenat. Diagn., 
1995, 15, 237-248. 

[48] Vorsanova, S.G.; Yurov, Y.B.; Kolotii, A.D.; Soloviev, I.V. FISH 
analysis of replication and transcription of chromosome X loci: 

new approach for genetic analysis of Rett syndrome. Brain Dev., 
2001, 23, S191-S195. 

[49] Yeshaya, J.; Amir, I.; Rimon, A.; Freedman, J.; Shohat, M.; Avivi, 
L. Microdeletion syndromes disclose replication timing alterations 

of genes unrelated to the missing DNA. Mol. Cytogenet., 2009, 2, 
11. 

[50] Yang, Y.; Herrup, K. Cell division in the CNS: protective response 
or lethal event in post-mitotic neurons? Biochim. Biophys. Acta, 

2007, 1772, 457-466. 
[51] Iourov, I.Y.; Vorsanova, S.G.; Yurov, Y.B. Genomic landscape of 

the Alzheimer’s disease brain: chromosome instability — ane-
uploidy, but not tetraploidy — mediates neurodegeneration. Neu-

rodegener. Dis., 2010, (in press)  
[52] Federoff, N.; Botstein, D. Eds. The dynamic genome: Barbara 

McClintock’s ideas in the century of genetics. Cold Spring Harbor 
Lab. Press, Plainview: New-York; 1992. 

[53] Sgaramella, V.; Astolfi, P.A. Somatic genome variations interact 
with environment, genome and epigenome in the determination of 

the phenotype: a paradigm shift in genomics? DNA Repair, 2010, 
9, 470-473. 

[54] Gericke, G.S. An integrative view of dynamic genomic elements 
influencing human brain evolution and individual neurodevelop-

ment. Med. Hypotheses, 2008, 71, 360-373. 
[55] Iourov, I.Y.; Vorsanova, S.G.; Yurov, Y.B. Developmental neural 

chromosome instability as a possible cause of childhood brain can-
cers. Med. Hypotheses, 2009, 72, 615-616. 

[56] Little, M.P. Cancer models, genomic instability and somatic cellu-
lar Darwinian evolution. Biol. Direct, 2010, 5, 19. 

[57] Williams, B.R.; Prabhu, V.R.; Hunter, K.E.; Glazier, C.M.; Whit-
taker, C.A.; Housman, D.E.; Amon, A. Aneuploidy affects prolif-

eration and spontaneous immortalization in mammalian cells. Sci-
ence, 2008, 322, 703-709. 

[58] Wang, D.; Bodovitz, S. Single cell analysis: the new frontier in 
'omics'. Trends Biotechnol., 2010, (in press). 

 

 
 

 


