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Preface 
 

Genetic information is physically carried on large DNA strings that are organized into 
chromosomes. Each species is characterized by a chromosome set that carry the 
information necessary and sufficient for its development and survival.  Eukaryotic 
organisms are mostly diploid, containing two sets of  chromosomes  with each pair 
carrying nearly identical genetic information. Occasionally, exceptions to this rule are 
found, such as haploid yeast (with only one set of chromosomes) or polyploid ferns 
and frogs (with multiple sets). Nevertheless, the composition of chromosome set 
remains identical within a species. 

Aneuploidy describes exceptions from this rule. Some organisms or individual cells 
might contain an extra chromosome or two, some might have lost a chromosome arm.  
These alterations might be rare in normal, healthy organisms, but are often found 
under pathological conditions.  Years of research uncovered a multitude of 
mechanisms and defects in cellular pathways that can lead to aneuploidy, and the list 
is still growing. Recent analysis shed first light on the effects that aneuploidy instigates 
upon cells. Only slowly we start to untangle the intricate relationship between 
chromosome numbers and structure and cell physiology.  

Part of the urge to study aneuploidy is triggered by the clear association of aneuploidy 
with various pathologies. In humans, aneuploidy is the most frequent cause of 
spontaneous abortions as it severely impairs embryo development. A handful of 
aneuploidies compatible with survival leads to newborns with variable handicaps and 
a limited life span. The majority of  malignant tumors consists of cells with an 
aneuploid karyotype. The relationship of tumorigenesis and aneuploidy remains 
enigmatic despite growing scientific interest. Recently, novel observations suggest that 
aging and, in particular, neurodegeneration might be associated with aneuploidy as 
well.  

Aneuploidy means anything that is not euploid, anything that stands outside the 
norm. Thus, aneuploidy takes numerous variable features and is remarkably 
demanding to study. Two particular characteristics make the studies of aneuploidy 
challenging. First, it is often hard to distinguish what is a cause and what is a 
consequence. Was aneuploidy first and then the pathological conditions came? Or is 
aneuploidy itself a consequence of a gene mutation or other cellular changes? The 
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progress in long term imaging techniques as well as the techniques enabling to 
generate artificially aneuploid cells expand our experimental tools to address these 
questions.  Secondly, aneuploidy is often associated with chromosomal instability, a 
persistent defect of the cellular ability to equally distribute genetic information into 
daughter cells. Thus, working with aneuploid, chromosomally unstable cells means to 
analyze an ever changing creature and capture the features that persist. The hopes are 
high that new genome-wide systems biology approaches will help to identify the 
patterns shared among aneuploid cells and organisms. 

This book attempts to map our current knowledge on aneuploidy from the basic 
research view on the causes and consequences of aneuploidy, covered in Part I, to the 
medical relevance of aneuploidy in cancer research, reproductive biology and stem 
cell research, which is addressed in Part II. The multitude of covered topics reflects the 
variability of aneuploid cells as well as the broad extent of methods applied in 
aneuploidy research. I would like to thank the authors for the broad and at the same 
time deep review of their topics, and the editors for the support that enabled to 
produce the book in your hands. 

 
Dr. Zuzana Storchová 

 Max Planck Institute of Biochemistry 
 Martinsried, Germany 
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The Causes and Consequences  
of Aneuploidy in Eukaryotic Cells 

Zuzana Storchova 
Max Planck Institute of Biochemistry 

Germany 

 

1. Introduction 
Correct transfer of genetic information to daughter cells is essential for successful 
propagation of any organism. Three processes are involved in maintenance and propagation 
of genetic information: DNA replication, DNA damage repair and chromosome segregation. 
Error in any of these processes might result in cell death, or, in another scenario, in survival 
of cells with altered genetic information. This might be reflected either by single nucleotide 
changes as well as small insertions and deletions; or it might lead to larger alterations in the 
structure and number of chromosomes, together called aneuploidy. In this chapter, our 
current knowledge on causes and consequences of aneuploidy in human cells and relevant 
model organisms will be summarized.  

2. What is aneuploidy? 
Aneuploidy describes any karyotype that differs from a normal chromosome set (called 
euploidy) and its multiples (called polyploidy). Aneuploidy can occur either by 
chromosome gains and losses due to chromosome segregation errors, a so called “whole 
chromosomal” aneuploidy, or due to rearrangements of chromosomal parts, often 
accompanied by their deletion and amplification, that is referred to as a “structural” or 
“segmental” aneuploidy (Fig. 1). Frequently, a combination of both structural and numerical 
chromosomal changes can be found, in particular in cancer cells (composite aneuploidy). 
Aneuploidy and its link to various pathologies has been known for more than a century.  

Aneuploidy often reflects chromosomal instability (CIN), which is an ongoing defect in 
faithful transmission of chromosomes [1, 2]. Chromosomally instable cells accumulate new 
karyotype alterations as they proliferate and they are always aneuploid. In contrast, not 
every aneuploidy is linked to CIN, some cells can remain in a stable aneuploid status for 
multiple generations. This is well documented by the fact that patients with trisomy 
syndrome (e.g. trisomy of chromosome 21 in Down syndrome) usually show stable 
karyotype [3]. CIN, and consequently aneuploidy levels are often elevated in high-grade 
tumors and can be considered a reliable marker of high malignancy and drug resistance at 
least in some cancer types [4] [5]. 
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Fig. 1. Types of aneuploidy and copy number changes in eukaryotic cells. 

2.1 Whole chromosomal aneuploidy  

Whole chromosomal aneuploidies might arise due to random and sporadic chromosome 
missegregation events that occur with low frequency during any cell division. The 
missegregation levels range from 1/1000 to 1/10000 for human cells, and 1/10000 – 
1/100000 for budding yeast in laboratory conditions and can increase in response to 
endogenous and exogenous agents that impair mitotic functions. The frequency of 
aneuploidy in vivo is difficult to estimate and likely depends on the type of tissue, but it 
might be as high as 1-2% abnormal numbers per chromosome. 

Missegregation errors can occur also in germline cells. Aneuploid germinal cells that arise 
due to a chromosome segregation error in meiosis give rise to aneuploid embryos that show 
significant defects and frequently die during embryonic development. In fact, a whole 
chromosome aneuploidy is one of the major causes of spontaneous miscarriages [6]. There 
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are only few types of aneuploidies that are compatible with survival. Various aneuploidies 
of sex chromosomes usually do not interfere with the survival and manifest with rather mild 
growth alterations, mild mental disability and infertility [7]. The effect of sex chromosome 
abnormalities is relatively low and does not interfere with viability due to the small genetic 
contribution of chromosome Y and due to X chromosome silencing via an epigenetic 
mediated pathway [8]. 

Autosomal trisomies have a much larger effect and only trisomy of chromosome 13 
(Edwards syndrome), trisomy of chromosome 18 (Pateu syndrome) and trisomy of 
chromosome 21 (Down syndrome) are compatible with survival [9]. In all cases the presence 
of an extra chromosome copy results in a complex pathologic phenotype (for example there 
is up to different 72 pathological features linked to trisomy 21) that often severely impair 
quality of life. Down syndrome with mental disability, frequent heart defects, multiple facial 
and dactylic alterations and early onset lymphomas (among other pathologic features) is the 
only trisomy compatible with survival untill adulthood. The reasons for the dramatic effect 
of the trisomies as well as the molecular mechanisms underlying the phenotypes are not 
fully understood [10]. Accordingly, no targeted therapy is available for trisomy syndrome 
patients despite several decades of intense research.  

Congenital trisomy leads to embryonic death also in mice, indicating that whole 
chromosomal aneuploidy is generally not well tolerated and leads to detrimental changes in 
organism physiology. In some cases, mosaic aneuploidy or aneuploidy only within a part of 
a tissue can be identified suggesting that low levels of aneuploidy might be better tolerated 
or even beneficial. 

2.2 Structural aneuploidy 

Recent large-scale screens of the human genome by deep sequencing, single nucleotide 
polymorphism analysis (SNP) and comparative genomic hybridization (CGH) revealed a 
fascinating and dynamic genomic landscape with multiple copy number changes of various 
chromosome regions. In principal there are two major types of copy number changes that 
usually cover a sequence from approximately one kilobase to several megabases. 

First, copy number variations (CNV) describe congenital abnormalities in gene copy 
numbers that usually affect segments of individual chromosomes. Their identification 
suggests an unanticipated plasticity of the human genome and it has been proposed that 
CNVs represent an important factor that affects the outcome of complex, multifactorial 
genetic traits ([11], for review see [12]). Many of the subchromosomal CNVs identified so far 
are functionally linked to various pathological phenotypes that are frequently related to 
neurological defects. The second type of structural changes called somatic copy number 
alterations (SCNA) was uncovered by large scale deep sequencing that revealed a puzzling 
dynamic landscape of copy number changes of human genome and reflects the variability 
within somatic cells of a single individual [13]. SCNAs are found in both normal tissues and, at 
much higher frequency in human cancers, in particular in leukaemias and lymphomas. 

3. Causes of aneuploidy 
As aneuploidy describes broad spectra of numerical and structural chromosome changes, 
multiple different mechanisms may lead to the emergence of aneuploid karyotypes.  



 
Aneuploidy in Health and Disease 6 

3.1 Whole chromosome aneuploidy  

Whole chromosome aneuploidy results mostly from chromosome segregation errors, thus 
generating daughter cells that have lost or gained an individual chromosome (or few of 
them). This can occur even during normal unpertubed cell division or after an exposure to 
endogenous or exogenous damaging agents. Live cell microscopy of cells missegregating 
their chromosomes suggests that spontaneously arising aneuploid cells often die or arrest in 
a p53 dependent manner [14]. Even if the aneuploids survive, they are likely outgrown by 
fitter euploid cells (see below).  

The frequency of aneuploidy is significantly enhanced by gene mutations that impair 
chromosome segregation. Such a mutation leads to both aneuploidy as well as to a general 
chromosomal instability phenotype (CIN). This has been observed for mutations of genes 
that affect cell cycle regulation, mitotic spindle checkpoint and sister chromatid cohesion. 
Increased frequency of cells with abnormal karyotype and CIN phenotype might be also 
due to mutations that disrupt the capacity of cells to activate the p53 pathway or to undergo 
apoptosis. However, this is likely not sufficient as a knock out of p53 does not increase 
aneuploidy and chromosome instability in human cells [15]. 

 
A. Normal, amphitelic attachment, B. Kinetochore or microtubule defect that interferes with correct 
attachment, C. Defect in sister chromatid cohesion hinders correct attachment, D. multiple centrosomes 
lead to formation of multipolar spindles, which in turn interferes with normal chromosome segregation, 
E. merotelic attachments are not recognized by spindle assembly checkpoint and often remain 
uncorrected, resulting in lagging chromosomes and aneuploidy, F. syntelic attachments lead to 
incorrect chromosome segregation, G. defects in SAC interfere with error recognition and repair. 
Fig. 2. Schematic depicting the mitotic spindle defects that lead to whole chromosomal 
aneuploidy 

The most obvious triggers of chromosome missegregation are defects of the spindle. During 
cell division, the genetic information carried on chromosomes is equally divided into the 
two daughter cells. The elaborate mitotic spindle consists of microtubules emanating from 
the spindle poles formed by microtubule organizing centers (called centrosomes in 
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mammalian cells and spindle pole bodies in yeast) that attach to a proteinaceous structure, 
so called kinetochore, that forms at the centromeric DNA of each chromosome. Defects in 
kinetochore composition, microtubule dynamics or in spindle pole function lead to 
increased frequency of chromosome segregation errors (Fig. 2). Correct chromosome 
segregation is surveyed by complex machinery called spindle assembly checkpoint (SAC). 
Components of SAC, such as Bub1, Bub3, BubR1, Mad1, Mad2, Mad3, Mps1 and CENP-E, 
recognize incorrectly attached or empty kinetochores and trigger cell cycle delay until all 
chromosomes are properly attached to microtubules and aligned at the metaphase plate 
[16]. The cell cycle delay is executed via inhibition of the anaphase promoting complex-
cyclosome (APC/C), whose activity is required for the metaphase-to-anaphase progression 
[17]. Defects in SAC lead inevitably to high chromosome missegregation levels both in vitro 
and in vivo and thus to aneuploidy.  

Besides mutations in spindle assembly checkpoint and in mitotic spindle genes, aneuploidy 
is also increased in cells that carry mutant alleles of genes important for sister chromatid 
cohesion. Sister chromatid cohesion is maintained by evolutionary conserved cohesin rings 
that hold the two newly replicated chromatids together until they are separated during 
mitosis. Cohesion is essential for the maintenance of structural integrity of chromosomes 
and for proper attachment of chromosomes to the mitotic apparatus [18, 19]. The functional 
relevance of sister chromatid cohesion and aneuploidy has been underscored by finding that 
age-dependent defects in sister chromatid cohesion lead to increased frequency of aneuploid 
oocytes in older women, thus decreasing the chances of conceiving a healthy embryo [20, 
21]. Recently, it was shown that inactivation of STAG2, which codes one of the cohesin 
subunits, leads to aneuploidy in human cells [22].  

The widespread aneuploidy in cancer suggests that the majority of cancer cells should carry 
a mutation that compromises maintenance of chromosomal stability. There is over a 
hundred of genes identified in budding yeasts in screens aimed to identify factors avoiding 
CIN, most of them conserved and with multiple human orthologues. Yet mutations in these 
genes are not very frequent in tumors. Thus, it is possible that aneuploidy might be 
triggered by other events as well. Recent observations suggest that increased ploidy 
instigates chromosomal instability in both budding yeast [23] and human cells [24]. The 
hypothesis that tetraploidy facilitates CIN and subsequently tumorigenesis is supported by 
several in vivo data such as the observation that early pre-malignant stages of several tumors 
are characterized by increased levels of tetraploid cells [25]. 

Tetraploidy can arise spontaneously, by a sporadic cytokinesis error or due to cell-cell 
fusion induced by viral activity [26]. The list of mutations and defects that trigger formation 
of tetraploid cells has continuously increased in the past years. For example, telomere 
shortening most likely enhances the aneuploidy levels also via promoting tetraploidy as it 
has been shown that progressive telomere shortening leads to the accumulation of tetraploid 
cells in p53 deficient cell lines. It remains to be addressed in future experiments whether 
these mechanisms indeed contribute to the occurrence of aneuploid cells and potentially to 
tumorigenesis in humans.  

3.2 Causes of structural aneuploidy 

Whereas whole chromosomal instability and whole chromosomal aneuploidy are mostly 
linked to the defects in mitotic spindle function, the structural aneuploidy is generally 
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viewed as a consequence of DNA breakage. The inherited CNVs are likely generated 
through meiotic unequal crossing over or nonallelic homologous recombination (NAHR) 
mediated by flanking repeated sequences or segmental duplications [27]. The somatic SCNA 
may arise by multiple mechanisms acting on a primary DNA damage. This might lead to the 
breakage-fusion-bridge cycle, where the broken chromosomes can join, thus forming a bi-
centric chromosome that will be inevitable exposed to massive pulling forces upon 
attachment to microtubules during mitosis. The opposing pulling forces cause a 
chromosome breakage, thus providing new DNA break points for yet another fusion. 
Hence, once destabilized, the genome may undergo several rounds of structural changes.  

The priming DNA breakage can occur by multiple mechanisms, but the relative importance 
remains unclear. The identified brake sites are both recurrent, e.g. they occur at specific 
hotspots, or random, thus suggesting a nonspecific mechanism of DNA damage (oxidative 
free radicals, ionizing radiation, or spontaneous DNA backbone hydrolysis). The non-
random DNA breaks can arise near telomeres, as the DNA ends get exposed due to telomere 
attrition and become free for the double strand break repair, mostly via non-homologous 
end joining with another chromosome, thus generating a bi-centric chromosome. However, 
it should be noted that telomere shortening is not the only factor in genomic instability and 
tumor formation[28]. The primary break can be also formed at chromosome fragile sites, 
where DNA fork is frequently posing during replication stress and might eventually 
disassemble, thus exposing vulnerable DNA [29]. Surprisingly, the breakpoints identified at 
sites of copy number changes in cancer cells mostly do not overlap with the mapped fragile 
sites, thus suggesting other factors influencing the DNA strand breaks. The increasingly 
detailed map of human DNA will certainly bring new insight into the possible links 
between DNA secondary structure and sites of DNA breaks [13]. For example, recent large-
scale genome profiling studies of breakpoints in cancer cells identified spatial clusters that 
are significantly enriched for potential G-quadruplex-forming sequences [30].  

Recently, occurrence of DSBs in a close vicinity of centromeric DNA has been observed 
during mitosis in human cells in vitro. These pericentromeric breaks occur due to the 
merotelic attachments, where one kinetochore attaches to microtubules emanating from 
both spindle poles, thus exposing a chromatid to opposing pulling forces[31]. Similar 
pericentromeric breaks were observed also in tumor cells in vivo, and whole arm changes 
that could result from this type of breaks are frequently found in cancerous genomes. 
Furthermore, it has been suggested that lagging chromosomes can be damaged when the 
lagging DNA gets trapped within the cleavage furrow and brakes due to the forces of the 
actomyosin ring during cytokinesis [32]. Further research will be required to address how 
frequently these mitotic DNA breaks occur in vivo and whether they can explain the 
chromosomal rearrangements observed in tumors. 

The lagging chromosomes are often left behind the main chromosome mass during cell 
division. These chromosomes, even if segregated properly, often form a micronucleus 
surrounded by its own nuclear envelope, hence isolated from the main nucleus. Recently, it 
has been shown that the replication of DNA trapped in the micronuclei is often defective, 
most likely due to the unbalanced sources of DNA replication machinery [33]. In several 
cases, a total “pulverization” of such a chromosome or chromosome part can be observed 
(called chromothripsis). The chromosome can get again reassembled and joins with the main 
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chromosome mass during the next mitosis. Such abnormally reassembled chromosomes are 
observed in some specific tumor types at low frequency[34], and might also lead to copy 
number alterations, as some parts of the chromosome are lost or amplified. 

4. Consequences of aneuploidy 
The severe consequences of abnormal chromosome numbers in trisomy syndromes as well 
as the link of aneuploidy to cancer clearly suggest remarkable effects of aneuploidy on the 
physiology of eukaryotic cells. Recently, several model systems have been carefully 
analyzed in respect to the consequences of copy number changes. This research brought a 
plethora of observations of the phenotypes of aneuploid cells, but so far only a little 
understanding about the underlying molecular mechanisms. 

4.1 Growth defect of aneuploid cells 

Whole chromosomal aneuploidy has a detrimental effect in nearly all organisms analyzed so 
far, which is most frequently manifested by the remarkably slow growth or even cell death. 
Various developmental abnormalities and growth defects have been shown in many 
different organisms starting from Schizosaccharomyces pombe [35], Saccharomyces cerevisiae 
[36], Drosophila [37], Caenorhabditis elegans [38], mouse [39] and human [9]. This is in 
particular remarkable in response to monosomy, where one homologous chromosome is 
missing. Monosomy is nearly non-existent in normal, non-cancerous human cells, most 
likely due to a frequent haploinsufficiency of many human genes. In contrast, diploid 
budding yeasts cells with monosomy can survive, as there are only few haploinsufficient 
genes [40]. Yet, even in this case a population of cells with a normal diploid karyotype will 
be quickly selected [41]. Cancerous cells often show a monosomic pattern for individual 
chromosomes. However, as monosomy in tumor cells is often accompanied by multiple 
additional changes within their composite karyotype, we can assume that the 
haploinsufficiency is compensated for by other genomic changes. 

Not only a loss of chromosomes detrimental; a presence of extra chromosomes impairs cell 
growth as well. The first studies linking aneuploidy to the decreased fitness of eukaryotic 
cells were conducted in primary fibroblasts from Down syndrome patients that were shown 
to proliferate more slowly than euploid control cells in vitro [42]. Moreover, aneuploid 
embryos are often characterized by slow intrauterinal growth and a lower birth weight. 
Similarly, trisomic human cells generated in vitro by a single chromosome transfer show 
frequently a slow growth, which is also observed in mouse trisomic cells obtained by 
selection of cells after Robertsonian translocation [39]. Experimentally generated disomic 
budding yeasts show a significant growth delay as well [36]. 

What exactly causes the growth defect that is often observed in cells with an extra 
chromosome remains an open question. It has been shown that it is not simply the presence 
of extra DNA, as an artificial chromosome engineered from non-transcribed human DNA 
does not cause a growth delay in budding yeasts [36]. Thus, an increased expression of the 
extra genes is necessary to trigger the detrimental effect. There are at least two principal 
possibilities. First, the phenotypic changes might be due to an effect of individual de-
regulated gene(s) that affect pathways important for cell survival. As an example, disomy of 
chromosome 6 in budding yeast is not viable, whereas other disomies are, and the likely 
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explanation is the increased expression of TUB2 and ACT1, which were previously shown to 
interfere with cell viability [36]. Further lines of evidence support this idea. For example, 
some regions of the genome are rarely amplified, which might be due to the presence of a 
gene whose over-expression would not be compatible with survival. Addition of an extra 
chromosome might be also advantageous, if for example a specific gene supporting 
proliferation is carried on the extra chromosome.  

The second possibility is that the defect of aneuploid cells is due to a cumulative effect of 
low but chronic overexpression of many genes. For example, over-expression of up to a few 
thousands of genes on a single human chromosome might bring the cellular homeostasis 
out of balance. It has been found that the gene expression analyzed on the level of mRNA 
roughly corresponds to the gene copy numbers in most of the organisms analyzed so far. 
This suggests that all the genes of the extra chromosome are transcribed and likely also 
translated, thus leading to the presence of extra proteins. One of the current models 
hypothesizes that the overexpression of extra copies of specific genes might lead to 
accumulation of useless proteins that impair general cellular proteostasis. This interesting 
option is discussed in more details below. 

4.2 Protein homeostasis in aneuploids 

The hypothesis of impaired protein homeostasis in aneuploid cells originates mostly from 
recent analysis of artificially prepared haploid yeast strains with a single disomic 
chromosome. The presence of an extra chromosome significantly decreases the growth rates 
and renders the cells sensitive to drugs that target transcription, translation and protein 
degradation via the proteasome. Thus, it was proposed that the presence of an extra 
chromosome leads to imbalances in protein composition that might be partially 
compensated for by increased protein degradation. This conclusion is further supported by 
the fact that disomic budding yeasts that evolved to improve their growth rates often 
acquired mutations in Ubp6 gene [43]. This gene encodes a ubiquitin-specific protease that 
removes ubiquitin from ubiquitin chains and negatively regulates proteasomal degradation. 
Thus, increased permissivity of the proteasome improves the growth of artificially prepared 
disomic budding yeast [43]. Rapid development in proteomics enabled analysis of protein 
levels in budding yeast cells. Interestingly, using the model disomic cell lines, Torres et al. 
[43] showed that although the transcript levels correspond to the copy number changes, the 
corresponding protein levels are partially compensated, that means expressed at levels more 
similar to the abundance identified in normal haploid cells. This compensatory effect was 
observed in approximately 20 % of proteins and significantly more often for subunits of 
multimolecular complexes. However, it remains unclear whether the increased proteasome 
activity improves the cellular growth by enhancing the compensatory effect, or rather by a 
more general increase of turnover of cellular proteins. Moreover, no similar compensatory 
effects were detected by analysis of aneuploid budding yeasts with a more complex 
karyotype [44], leaving the question whether the compensation of protein levels occurs and 
affects growth of aneuploid cells open for future experiments. 

Using Drosophila as another excellent model for analysis of the effects of aneuploidy,  
recent research revealed a significant buffering of genes in aneuploid regions [45, 46].  
The authors also identified that the buffering is more efficient for differentially expressed 
genes than for genes that are expressed ubiquitously. Remarkably, the buffering of copy 
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number changes on both autosomes and sex chromosomes occurs on the transcriptional 
level, making the Drosophila model significantly different from mammalian and yeast 
model systems. Further research will be required to confirm the buffering on transcriptional 
level in Drosophila (and the lack thereof in yeasts and mammalian cells) and to identify the 
reasons of the differences.  

4.3 Global response to aneuploidy 

One of the interesting questions is whether aneuploidy elicits a specific physiological 
response in eukaryotes, or whether its effects depend on the extra chromosomes due to a 
deregulation of cellular pathways depending on the specific karyotype combination. 
Addressing this question is important as the existence of a specific response to aneuploidy, 
or the identification of essential adaptations that are required for survival of aneuploid cells 
might provide new targets for therapy of aneuploid tumors.  

The most comprehensive analysis so far was performed in two different models of budding 
yeast aneuploids. Microarray analysis of haploid disomic budding yeasts shows a common 
gene expression pattern [36] that was identified previously as the environmental stress 
response (ESR) signature [47]. Moreover, an increased expression of ribosomal biogenesis 
and nucleic acid metabolism genes and down-regulation of carbohydrate energy 
metabolism genes were determined under growth conditions that normalized the growth 
differences between euploid and aneuploid strains [36]. Using budding yeast with complex 
aneuploidies that originated from aberrant meiosis of polyploid cells, Pavelka et al. revealed 
the ESR expression pattern in three out of five analyzed strains, but only when the highest 
stringency analysis was applied [44]. No other specific pathway deregulations were 
identified. Thus, although it appears that the rather general stress response is often activated 
in disomic budding yeast, no clear expression pattern shared by different types of aneuploid 
cells was identified. The differences in the two studies might be explained by the a 
difference between disomic and complex aneuploidies. Moreover, possible genome 
instability of aneuploid cells [48] might mask gene expression patterns.  

There is only limited data regarding the effects of aneuploidy on gene expression in other 
eukaryotes. Using model trisomic human cells that were created by transfer of individual 
chromosomes into both normal and transformed human cells, no specific pathway 
deregulation was identified [49], although it should be noted that the complex pattern of 
transcriptional deregulation was not analyzed in detail. Another study used trisomic mouse 
embryonic fibroblasts (MEFs) harboring an extra chromosome 1, 13, 16, or 19 [39]. Similarly, 
microarray analysis of mRNA levels revealed a gene-dosage dependent increase of mRNA 
levels of genes encoded on the extra chromosomes, as well as other deregulations, but no 
specific expression pattern in these trisomic MEFs [39]. Analysis of transcriptional data from 
Drosophila cells with various segmental and chromosomal aneuploidies identified no 
general response to the chromosome number changes [45, 46]. Thus, further research will be 
required to address the question whether all eukaryotic cells show a unified response to 
aneuploidy, or whether this is something to be observed only in budding yeast. 

Recent results obtained from a drug sensitivity screen using the above mentioned MEF cells 
suggest that there is a common defect in aneuploid cells. The authors tested approximately 
20 drugs inducing genotoxic, proteotoxic as well as energy stress; most of them showed no 
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specific effect except for AICAR, chloroquine and 17-AAG [50]. AICAR induces energy 
stress, leading to the activation of the AMP-activated protein kinase AMPK1, whereas 17-
AAG is a derivative of Geldanamycin, which inhibits the heat shock responsive chaperone 
Hsp90. Chloroquine, also used as an anti-malaric drug, was found to inhibit autophagy, a 
protein degradation pathway. These results correspond with the previously observed 
changes in energy metabolism and protein homeostasis in aneuploid budding yeast, thus 
pointing out these molecular processes as the possible pitfalls of aneuploidy. The authors 
also showed that these three identified compounds inhibit growth of aneuploid cancer cell  
lines significantly more than the growth of euploid cancer cell lines [50]. Thus, the drugs 
that inhibit growth of trisomic cells might potentially be useful for treatment of highly 
aneuploid cancer types. Indeed, autophagy inhibiting drugs are currently tested for cancer 
treatments.  

4.4 Benefits of aneuploidy 

Aneuploidy can also provide benefits to the cells as is documented by the fact that 
aneuploidy conveys resistance to antimycotic drugs in the human pathogene Candida 
albicans [51]. Aneuploid and polyploid strains of budding yeast Saccharomyces cerevisiae can 
be frequently found in nature, and multiple laboratory strains, in particular the ones that 
contain various deletions, show some degree of aneuploidy [52]. The association with a 
deletion mutation suggests that aneuploidy arises as a consequence of these mutations or 
that it might provide some compensation of the effect of specific mutations. 

The decision whether aneuploidy will be beneficial or detrimental is likely influenced by the 
type of aneuploidy and the type of selection imposed by the environment. Experimentally 
created budding yeast cells that contain one extra chromosome show a significant growth 
impairment and increased sensitivity to numerous drugs [36], however, in vitro evolution 
lead to selection of fast growing cell populations adapted to disomy [43]. Aneuploid 
budding yeasts that arose via meiosis of triploid parents do not show a remarkable growth 
defect, and their karyotype confers an increased phenotypic variability, as assessed by 
altered sensitivity to multiple drugs in comparison to the original euploid wild type [44]. 
The sporulation efficiency of triploid parents is very low and thus likely only karyotype 
combinations with the least detrimental effect on viability survive. The various 
compositions arising from the meiosis could lead to chromosome combinations that provide 
a compensation of the imbalances. Moreover, aneuploid cells might be chromosomally 
unstable, thus allowing continuous “reinvention” of the karyotype composition during 
various drug treatments, a phenomenon that resembles the enhanced resistance acquisition 
in chromosomally unstable composite aneuploid cancer cells [5] [53]. Further investigations 
should address the mechanisms of the increased fitness in aneuploid cells.  

How can aneuploidy be advantageous? One can envision that an addition of a single 
chromosome triggers a stress response, as it has been shown in budding yeast. Activation of 
a stress response to one stress factor can potentially protect cells against another stress 
factors. Another possibility is that aneuploidy increases chromosomal instability and thus 
accelerates evolution of a clone with a karyotype that provides an advantage under specific 
conditions. A recent study revealed that aneuploid fission and budding yeasts indeed 
display an increased level of chromosome missegregation, DNA damage and mitotic 
recombination, compared to haploid yeast [35, 48]. Similarly, aneuploid MEF cells were able 
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to immortalize faster than normal diploid MEFs [39]. Since immortalization is an event that 
requires multiple mutations of various genes leading to increased proliferation, this finding 
could be due to an increased mutation rate as it was observed for aneuploid yeasts. Taken 
together, the observations so far suggest that despite the adverse effects of addition of a 
single (or few) chromosome, the aneuploid cells can adapt to the situation and these 
adaptations may provide new characteristics that may be advantageous under specific 
conditions. It will be interesting to investigate what molecular mechanisms are responsible 
for the increased genome instability in aneuploid cells and how this can contribute to 
increased fitness.  

5. Aneuploidy and cancer 
The vast majority of cancer cells contain abnormal chromosome numbers (Fig. 3) - 
approximately 75 % of heamatopoietical cancers and 90% of solid tumors consists of cells 
with abnormal chromosome numbers [26]. Recently, a comprehensive analysis of somatic 
copy number alterations across human cancers revealed that nearly a quarter of the entire 
genome of cancer cells is affected by a whole arm or a whole chromosome copy number 
changes, whereas approximately 10 % shows small, site specific change, so called focal 
SCNAs [13]. Many of these changes are non-random, with strong preferences across 
cancer lineages, thus implying that selection plays an important role. The remarkable 
prevalence of aneuploidy in cancer has been noticed already at the end of the 19th century 
and aneuploidy was even proposed to trigger tumorigenesis [54]. However, with 
discoveries of tumor-suppressor genes and oncogenes, another view won appreciation 
that aneuploidy is rather a side-effect of gene mutations that are the real triggers of 
malignancy [25].  

One of the major obstacles in causatively linking CIN and aneuploidy with tumorigenesis 
was the lack of evidence that mutations triggering CIN are also causing cancer. For example, 
mutations in SAC components clearly show a CIN phenotype, and although mutations in 
SAC genes can be found in chromosomally unstable colon cancers, the frequency is very low 
[55]. Recently, an interesting link was found by identification of the causal mutations of a 
congenital syndrome called Mosaic Variegated Aneuploidy. MVA is a rare recessive 
constitutional mosaicism of chromosomal aneuploidy caused by a germline mutation in 
BUB1B, which encodes BubR1, a key SAC protein [56]. Approximately 25 % of cells from 
MVA patients carry variable monosomies and trisomies, with multiple different 
chromosomes involved. Importantly, the syndrome is associated with a 50% risk of early 
childhood cancer. 

Only recently the hypothesis that aneuploidy triggers cancer could be tested more 
rigorously. Several mouse models have been developed to address the question whether 
altered chromosome numbers can trigger tumorigenesis. Most of these mouse models carry 
a mutation in one of the SAC genes, thus reducing the ability of cells to avoid incorrect 
chromosome segregation. Depending on the type of mutation, this leads to variable levels of 
chromosome missegregation, resulting in ongoing chromosome instability and increased 
frequency of cells with variable karyotypes. Indeed, many of these mouse models carrying 
either a deletion of one of the gene copies (as deletion of both copies is usually embryonic 
lethal) or a hypomorphic allele (labeled H), are more tumor-prone than the wild type  
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Skygrams (graphical depiction of spectral karyotyping) of normal human tissue (A); cancerous cells 
from acute myeloid leukemia (B), ovarian adenocarcinoma (C) and from colorectal cancer (D). Mitelman 
Database of Chromosome Aberrations and Gene Fusions in Cancer 
(http://cgap.nci.nih.gov/Chromosomes/Mitelman). 

Fig. 3. Variable karyotypes in cancer cells. 

mouse, in particular when exposed to carcinogen. Several of the mouse models show an 
increased tumor incidence per se, in particular defects in Bub1, Mad1, Mad2 and others (for 
an excellent review on the mouse models, see [57]). Interestingly, there is no direct 
correlation between the probability of cancer development and the degree of aneuploidy. 
For example, Bub1-/H and Bub1H/H mouse models show similar levels of aneuploidy [58] as 
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Rae2+/- -Bub3+/- [59] or Rae2+/--Nup98+/- [60] double heterozygous mice, yet the latter ones 
do not show any increase in spontaneous tumorigenesis. Moreover, not all tissues are 
comparably prone to aneuploidy-associated tumorigenesis. Additionally, some mutations in 
spindle-assembly checkpoint genes were shown to prevent or at least delay the occurrence 
of tumors in some tissues. For example, in Cenp-E heterozygous mice the levels of 
spontaneous liver tumor formation are much lower than in the controls [61].  

Not only gene mutations that impair the protein function, but also changing the expression 
levels can lead to aneuploidy and tumorigenesis. Transgenic mice engineered to overexpress 
Mad2 have cells with widespread chromosomal instability and develop various types of 
neoplasms. Interestingly, continued overexpression of Mad2 is not required for tumor 
maintenance, suggesting that whereas the chromosomal instability was important for 
initiating carcinogenesis, it is dispensable for maintaining the neoplastic phenotype [57]. 
Other genes were associated with cancer formation and triggering chromosomal instability 
as well. For example, constitutive expression of cyclin E results in karyotypic instability in 
mammalian cells [62] and high levels of cyclin E are correlated to breast, endometrial and 
skin cancers, that also show increased aneuploidy [63]. However, it should be noted when 
using model systems with gene mutations, it is often difficult to distinguish whether the 
observed effects are indeed due to chromosomal instability or due to as yet unknown function 
of the analyzed factor. Thus, to address the question whether tumorigenesis can be triggered 
by chromosomal instability and aneuploidy, it would be necessary to develop a model lacking 
any initial mutation, yet showing high chromosomal instability and aneuploidy. 

So far only one experimental set up fulfils this condition. In this model, p53 deficient 
tetraploid mouse mammary epithelial cells were subcutaneously injected into a nude 
mouse. Tetraploid cells are inherently instable and the frequency of chromosome 
missegregation is significantly increased in comparison to diploids in many models 
analyzed so far [25]. Thus, tetraploidy alone can facilitate aneuploidy. Whereas none of the 
mice injected with isogenic diploid cells developed tumors, 10 out of 39 mice injected with 
tetraploid cells did [24]. The tumors were near-tetraploid showing multiple chromosome re-
arrangements. Taken together, it appears plausible that aneuploidy and chromosomal 
instability itself can facilitate tumorigenesis, most likely by providing a variability that 
serves as a material for selection. It will be interesting to uncover the molecular mechanisms 
underlying chromosomal instability of aneuploid and tetraploid cells and how exactly this 
facilitates tumorigenesis. 

6. Role of aneuploidy in neurodegeneration and aging 
Recent discoveries that abnormal chromosome numbers impact on protein homeostasis has 
pointed out a possible link to neurodegenerative diseases and instigated the interest in the 
association of aneuploidy and neuropathologies. Neurons might be particularly sensitive to 
random genetic changes: diploid population cannot outgrow cells with abnormal 
karyotypes because neurons are mostly postmitotic. 

Interestingly, an increasing body of evidence indicates that the adult brain cells show low 
levels of aneuploidy (0.5 - 0.7%) and might be viewed as a mosaic of cells with variable 
genotypes [64]. The level of chromosomal aneuploidy correlates with diseases affecting the 
brain [65]. In particular, the percentage of aneuploid cells is higher in brains from patients 
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with Alzheimer disease (AD) than in the healthy population. This is likely not restricted to 
neuronal tissues as lymphocytes and splenocytes from the AD patients are aneuploid as 
well and exhibit defects in mitosis and chromosomal segregation [66]. It should be noted 
that the the fluorescence in situ hybridization (FISH) of interphase cells that is used for 
aneuploidy evaluation in tissues of dominantly postmitotic cells is particularly prone to 
artifacts. So far, detailed data are lacking about the effects of the aneuploidy on neuronal 
cells, but the cells appear to be fully functional and the expression levels are altered 
according to the copy number changes [67]. The frequent occurrence of aneuploidy in the 
brain raises an attractive possibility that aneuploidy is required for neuronal functions, for 
example by contributing to the functional variability of neuronal types. On the other hand, 
the association of increased aneuploidy levels with AD suggests pathological effects of 
abnormal karyotypes in neurons. 

Aneuploidy and genome instability, in particular DNA damage, are also linked to aging, as 
is supported by the observation that the frequency of chromosomal aberrations in 
senescence-accelerated strains of mice increases [68]. Similarly, frequency of aneuploidy 
increases with age in fibroblasts taken at successive times from the same donors as part of 
the Baltimore Longitudinal Study of Aging [69]. Similarly as for cancer, it remains a matter 
of  debate whether increased levels of DNA damage and aneuploidy might be a primary 
trigger of cellular aging, or whether they are mere consequences of other age-associated 
changes. Lushnikova et al. demonstrated that aging increased specific forms of genomic 
instability, and proposed that the probability of accumulation of certain chromosomal 
abnormalities linked to cancer development might increase with aging [70]. 

An interesting supporting evidence of the link between aneuploidy and aging came recently 
from a different model. Mouse model expressing low levels of spindle assembly checkpoint 
protein kinase BubR1 develop progressive aneuploidy, no significant cancer increase and 
multiple aging-associated phenotypes [71]. Although the authors suggest that BubR1 might 
regulate aging, another attractive hypothesis is that aneuploidy in these cells accelerates the 
onset of aging.  

7. Aneuploidy in stem cells 
An emerging importance of aneuploidy in embryonic stem cells (ESCs) research is 
substantiated by two interesting phenomena. First, it was observed that the early human 
and mouse embryos contain remarkable numbers of chromosomally aberrant cells. Second, 
in vitro cultivation of both embryonic and adult stem cells leads to the accumulation of 
chromosomal abnormalities. As the usage of stem cells for human therapies is accompanied 
by great expectations, the causes and consequences of aneuploidy in stem cells become a 
subject of intense research. 

Eukaryotic cells maintain genomic integrity through control checkpoint mechanisms, but ES 
cells differ significantly in the mechanism of cell cycle regulation and it’s link to  
checkpoints [72]. This is most likely due to the requirement for rapid cell divisions during 
the early development, which is achieved by relaxing the cell cycle control and uncoupling 
the checkpoint control from apoptosis. The control systems are activated later, when 
differentiation begins [73]. The ES cells compensate the lack of checkpoint coupling to cell 
cycle and apoptosis by increased repair efficiency after DNA damage [74]. Nevertheless, the 
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lack of the checkpoint control leads to a high frequency of chromosomal mosaicism (as high 
as 50 %) in normal human preimplantation embryos, as was revealed by fluorescence in situ 
hybridization (FISH). Upon differentiation, the efficient checkpoint control and the coupling 
to apoptosis are established [75]. This ensures that after the cleavage stage, embryos 
undergo a selection that prefers euploidy, which results in lower aneuploidy levels [76] [77]. 
How exactly this selection occurs and what is the effect on the efficiency of the early 
embryonic survival remains poorly understood. 

For use in therapies, large amounts of stem cells need to be prepared in vitro. Remarkably, 
stem cells acquire chromosomal aberrations in culture in a process known as culture 
adaptation [78] [79]. These aberrations may increase the tumorigenicity of the ES cells [80] 
and impair their differentiation capacity, rendering the stem cells dangerous and ineffective 
for therapy. Previously, it has been already shown that transplantation of human adult stem 
cells may result in tumor formation [81], possibly due to the chromosomal aberrations. 
Thus, validating the genomic integrity and developing culturing strategies that would 
minimize the occurrence of aneuploidy in stem cells is essential for future development of 
their therapeutic potential.  

8. Closing remarks 
More than a hundred years ago, abnormal karyotypes were suggested to have a detrimental 
effect on cellular physiology and ultimately to cause cancer. Now, we slowly collect 
information that suggest indeed abnormal chromosome number, even so minimal such as 
gain or loss of a single chromosome, remarkably alter physiology of eukaryotic cells. They 
can lead to imbalance of protein homeostasis, changes in genome stability and altered 
growth characteristics. To what degree these physiological changes are responsible for 
aneuploidy linked diseases such as Down syndrome or multiple variegated aneuploidy 
remains to be addressed by future experiments. The emerging association of aneuploidy 
with cancer and with neuropathologic diseases might provide novel opportunities for 
developing efficient treatments of these diseases. 
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1. Introduction

Human cancers are heterogeneous due to combined effects of genetic instability and selection,
where the accumulation of the most advantageous set of genetic aberrations results in
the expansion of cancer cells (Pinkel & Albertson, 2005). There are many different types
of instability that occurs during tumor development, such as point mutation, alteration
of microsatellite sequences, chromosome rearrangements, DNA dosage aberrations and
epigenetic changes such as methylation. These abnormalities acting alone or in combination
alter the expression levels of mRNA molecules. However, the genetic history of tumor
progression is difficult to decipher. Because it is only a sufficiently protumorigenic aberration
or obligate products of a crucial alteration that results in tumor development (Pinkel &
Albertson, 2005).

Genomic DNA copy number variations (CNVs), kilobase- or megabase-sized duplications
and deletions, are frequent in solid tumors. It has been shown that CNVs are useful diagnosis
markers for cancer prediction and prognosis (Kiechle et al., 2001; Lockwood et al., 2005).
Therefore, studying the genomic causes and their association with phenotypic alterations is
emergent in cancer biology. The underlying mechanism of CNV related genomic instability
amongst tumors includes defects in maintenance/manipulation of genome stability, telomere
erosion, chromosome breakage, cell cycle defects and failures in DNA repairs (Albertson,
2003). Consequential copy number aberrations of the above mentioned malfunctions will
further change the dosage of key tumor-inducing and tumor-suppressing genes, which
thereby affect DNA replication, DNA damage/repair, mitosis, centrosome, telomere, mRNA
transcription and proliferation of neoplastic cells. In addition, microenvironmental stresses
play a role in exerting strong selective pressure on cancer cells with amplification/deletion
of particular regions of the chromosome (Lucas et al., 2010). Recently, high-throughput
technologies have mapped genome-wide DNA copy number variations at high resolution,
and discovered multiple new genes in cancer. However, there is enormous diversity in each
individual’s tumor, which harbors only a few driver mutations (copy number alterations
playing a critical role in tumor development). In addition, CNV regions are particularly large
containing many genes, most of which are indistinguishable from the passenger mutations
(copy number segments affecting widespread chromosomal instability in many advanced
human tumors) (Akavia et al., 2010). Thus analysis based on CNV data alone will leave
the functional importance and physiological impact of genetic alteration ineluctable on the
tumor. Gene expression has been readily available for profiling many tumors, therefore, how
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to incorporate it with CNV data to identify key drivers becomes an important problem to
uncover cancer mechanism.

This chapter is laid out as follows: Section 2 covers a variety of CNV data topics, starting with
a range of different CNV measurement techniques, which includes a brief discussion of the
data format. Practical examples are used to show collecting, generating and assessing data,
plus several ways to manipulate data for normalization. In the end, different computational
approaches are introduced for analyzing CNV data. Section 3 focuses on an algorithm
for integrating CNV with mRNA expression data, which can be potentially extended to
incorporate multiple genomic data. Basic concepts of Bayesian factor analysis are briefly
mentioned. Case studies then provide detailed description for this particular approach.
Section 4 provides a brief wrap-up of the main ideas in the chapter. It illustrates the advantage
of our statistical models on studying cancer genomics, and discusses the significance of the
approach for clinical application.

2. Copy number analysis

2.1 Copy number analyses techniques

Comparative genome hybridization (CGH) is a recently developed technology and profiles
genome-wide DNA copy number variations at high resolution. It has been popular for
molecular classification of different tumor types, diagnosis of tumor progression, and
identification of potential therapeutic targets (Jonsson et al., 2010; McKay et al., 2011). The
use of CGH array offers many advantages over traditional karyotype or FISH (fluorescence in
situ hybridization). It can detect microduplications/deletions throughout genome in a single
experiment.

BAC Array

The CGH array using BAC (bacterial artificial chromosome) clones has been widely used.
The spotted genomic sequences are inserted BACs: two DNA samples from either subject
tissue (target sample) or control tissue (reference sample) are labeled with different fluorescent
dyes–for example, with the test labeled in green and reference in red. The mixture is
hybridized to a CGH array slide containing hundreds or thousands of defined DNA probes.
The probes targeting regions of the chromosome that are amplified turn predominantly green.
Conversely, if a region is deleted in the test sample, the corresponding probes become red.
However, given the resolution limitation on the order of 1Mb and array size of 2400 to ∼30000
unique elements, the BAC array data is relatively low density.

cDNA/oligonucleotide Array

cDNA and oligonucleotide arrays are designed to detect complementary DNA "targets"
derived from experiments or clinics. It allows greater flexibility to produce customized arrays,
and reduces the cost for each study. Since commercial arrays are often more expensive and
contain a large number of genes that are not of interest to the researchers. The shorter probes
spotted on these new arrays are less robust than large segmented BACs. But they provide
higher resolution in the order of 50-100kb, where oligonucleotide array is a particular case.

Tiling Array

Tiling arrays are available now for finer resolution of specific CNV regions. These arrays
are designed to cover the entire genome or contiguous regions within the genome. Number
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of elements on the array ranges from 10000 to over 6000000. This relatively high resolution
technique allows the detection of micro-amplifications and deletions.

SNP Array

SNP (single nucleotide polymorphism) arrays are a high-density oligonucleotide-based array
that can be used to identify both loss of heterozygosity (LOH) and CNVs. LOH is the
loss of one allele of a gene, which can lead to functional loss of normal tumor suppressor
genes, particularly if the other copy of the gene is inactive. LOH is quite common in
malignancies. Therefore, utilization of SNP arrays to detect LOH provides great potential
for cancer diagnosis.

Array CGH

Array comparative genomic hybridization (array CGH, or aCGH) is a high-resolution
technique for genome-wide DNA copy number variation profiling. This method allows
identification of recurrent chromosome changes with microamplifications and deletions, and
detects copy number variations on the order of 5-10kb DNA sequences. In the rest of this
chapter, we will use the CNV data generated from the general Agilent Human Genome CGH
microarray 244A.

2.2 Array CGH data

The CNV data is obtained from The Cancer Genome Atlas (TCGA) project. TCGA is a
joint effort of the National Cancer Institute and the National Human Genome Research
Institute (NIHGRI) to understand genomic alterations in human cancer. It aims to study the
molecular mechanisms of cancer in order to improve diagnosis, treatment and prevention.
The importance of DNA copy number variations has been demonstrated in many tumors.
TCGA targets to perform high-resolution CNV profiling in a large-scale study, using diverse
tumor tissues and across different institutes. In this section, we will show an example from
TCGA project.

Sample collection

Biospecimens were collected from newly diagnosed patients with ovarian serous
cystadenocarcinoma (histologically consistent with ovarian serous adenocarcinoma
confirmed by pathologists), who had not received any prior treatment, including
chemotherapy or radiotherapy. Technical details about sample collection and quality
control are described in (Integrated genomic analyses of ovarian carcinoma, 2011). Raw copy
number data was generated at two centers, Brigham and Women’s Hospital of Harvard
Medical School and Dana Farber Cancer Institute, using the Agilent Human Genome
Comparative Genome Hybridization 244A platform.

Data process

After the array CGH is constructed and tumor DNA samples hybridized to the platform,
several steps need to be completed for detecting regions of copy number gains or losses:
image scanning, image analysis (including gridding, spot recognition, segmentation and
quantification, and low-intensified feature removal or mark), background noise subtraction,
spot intensity ratio determination, log-transformation of ratios, signal normalization and
quality control on the measured values. For Agilent 244K array, there are specific details
on the data generation (Comprehensive genomic characterization defines human glioblastoma genes
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and core pathways, 2008). First of all, the raw signal is obtained by scanning images using
Agilent Feature Extraction Software (v9.5. 11), followed by image analysis steps mentioned
above. Background correction: The background corrected intensity ratios for both channels
are calculated by subtraction of median background signal values (median pixel intensities
in the predefined background area surrounding the spot) of each channel from the median
signal values (median pixel intensities computed over the spot area) of each probe in the
corresponding channel. Since there are multiple copies of probes on an array, the final
background corrected values are computed by taking the median across the duplicated
probes. The log2 ratios of the above results are then estimated based on the background
corrected values of sample channel over that of the reference channel. Normalization of
logarithmic ratio: The normalization procedure involves the application of LOWESS (locally
weighted regression and scatterplot smoothing) algorithm on log2 ratio data. This method
assumes that the majority of probe log2 ratios do not change, and are independent of
background corrected intensities of the probes. To develop the LOWESS model, a 21-probe
window is applied for smoothing process after sorting the chromosome positions. It corrects
the log2 ratio data so that the corresponding central tendency after normalization lies along
zeros, assuming an equal number of up- and down- regulated features in any given intensity
range. In addition, the artifact of the difference in the probe GC content on log2 ratios is
considered for correction, in which case, the probe GC%, regional GC % (GC% of 20KB of
genome sequence containing the probe sequence) and log2 ratio are used in the LOWESS
model. Quality control: There are several criterions taken into account for quality assurance at
various stages. 1) Probes that are flagged (marking spots of poor quality and low intensity)
or saturated by the Agilent feature extraction software are eliminated; 2) Screening of the
array image is conducted to exclude probes whose median signal values are lower than that
of the background intensity; 3) Arrays with over 5% probes flagged out or being faint are
considered as low quality; 4) The square root of the mean sum squares of variance in log2
ratio data between consecutive probes are calculated for quality assessment. Arrays with the
value over 0.3 are considered as low quality.

The final result after these processes forms a data set containing 227614 probes with
normalized log2 ratio values for every sample. The logarithmic ratios are computed as
log2(x) − log2(2), where x is the copy number inferred by the chip. Thus, ratios should be
0 for double loss, 1

2 for a single loss, 1 for the normal situation, 3
2 for a single gain, and n

2
for n copies. TCGA provides an Array Design Format file with annotation data, including
information on chromosomal location and gene symbol for each probe.

Algorithms for CNVs detection

The main biomedical question for studying CNVs and downstream research is to accurately
identify genomic/chromosomal regions that show significant amplification or deletion in
DNA copy number. Satisfactorily solving this problem requires a method that reflects the
underlying biology and key features of the technological platform. The array CGH data has
particular characteristics: The status of DNA copy number remains stable in the contiguous
loci, and the copy number of a probe is a good predictor for that of the neighboring
ones, whereas for probes located far apart, it provides less information to predict the likely
state of its neighboring probes (Rueda & Díaz-Uriarte, 2007). However, widely used array
CGH platforms, such as cDNA/oligonucleotide arrays, do not have equally spaced probes,
making it less informative based on consecutive probes. Furthermore, the identification of
disease causal genes sometimes requires examining the amplitude of CNVs, especially when
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high-resolution technologies are available, it can be valuable to distinguish between moderate
copy number gains and large copy number amplification.

A number of well-known methods have been developed to carry out automatic identification
of copy number gains/loss, and correlate that with diseases. These approaches are designed
to estimate the significance level and location of CNVs. Models differ in distribution
assumption and incorporation of penalty terms for parameter estimation. Subsequently,
smoothing algorithms were derived for denoising and estimating the spatial dependence,
such as wavelets (Hsu et al., 2005) and lowess methods (Beheshti et al., 2003; Cleveland, 1979).
Later on, a binary segmentation approach, called circular binary segmentation (CBS) (Olshen
et al., 2004), was proposed that allows segments in the aCGH data in each chromosome, and
computes the within-segment means. CBS recursively estimates the maximum likelihood
ratio statistics to detect the narrowed segment aberrations. A more complicated likelihood
function was used with weights chosen in a completely data adaptive fashion (Adaptive
weights smoothing procedure, AWS) (Hup et al., 2004). A different kind of modeling
approach involves the hidden Markov model (HMM ) (Fridlyand, 2004), which assigns
hidden states with certain transition probabilities to underlying copy numbers. Thus, it
adequately takes advantage of the physical dependence information of the nearby fragments.
However, questions arise on how to appropriately select the number of hidden states. The
sticky hidden Markov model with a Dirichlet distribution (sticky DD-HMM) (Du et al.,
2010) was then developed to infer the number of states from data, while also imposing
state persistence. Alternatively, the reversible jump aCGH (RJaCGH) (Rueda & Díaz-Uriarte,
2007) was introduced to fit the model with varying number of hidden states, and allow for
transdimensional moves between these models. It also incorporates interprobe distance.

3. Joint analysis on copy number variation and gene expression

3.1 Overview

With the increasing availability of concurrently generating multiple different types of high
throughput data on single samples, there is a lot of interest to jointly analyze this information
and refine the generation of relevant biological hypotheses. This will lead to a greater, more
integrated understanding of cellular mechanism, and will allow the identification of genomic
regulators as well as suggest potentially synergistic drug targets for those regulators, which
will lead to potential combination therapies for the treatment of human cancer. A number
of approaches have demonstrated an ability to select specific genes from joint analysis and
test specific hypotheses regarding the regulation of cellular responses, which is a tremendous
advantage over the pathway analyses that can be obtained from gene expression or CNVs
alone.

Recently, there are publications that highlight the impact of combining other types of DNA
modification and gene expression. (Parsons et al., 2008) have identified a number of potential
driver mutations in Glioblastoma through an analysis of mutation, copy number variation and
gene expression. Their approach is designed around the use of currently available methods
for the analysis of individual data types to create a compressed set of features which are then
used independently in predictive models. They utilize tree models, however the compressed
features are independent variables that can, in principle, be used in any type of predictive
model. The approach does make use of correlation within each type of data, but not across
different data types.
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A similar approach to the integration of disparate types of data is outlined in (Lanckriet et al.,
2004), but in this case features are compressed through the use of kernel functions. These
must be predefined for each data type, but once that is done all of the different data types are
mapped to the same vector space allowing joint analysis. The approach is particularly suited
to the use of support vector machines, rather than tree models, for the generation of models
from all of the different data types. The approach is remarkably general in that almost any
type of data may be incorporated, and in the paper they include compelling examples of the
integration of expression and protein sequence data. It, however, does suffer from the same
flaws as (Parsons et al., 2008) in that there is no provision for dealing with correlation across
data types.

Another approach to integrative analysis is through the use of data from different assays to
filter lists of genes sequentially. (Garraway et al., 2005) describe such an approach, in the
context of the identification of MITF as a genomic determinant in malignant melanoma. The
algorithm first identifies genomic regions that show copy number variation in the condition of
interest, and then searches for genes that are significantly over or under expressed in samples
that have duplications or deletions in that region. This is a very powerful approach in cases
where there are few genes that pass the filtering criteria and where the relationship between
gene expression and CNV is direct. Through our own experimentation, we find that there are
often many genes that pass both filtering criteria. Additionally, the approach is dependent on
the order in which the data types are used to perform the filtering. This is because the filtering
criterion on the second data set is determined by the behavior observed on the first.

The version of integrative genomic analysis that is most similar to our own proposal is
CONEXIC, detailed in (Akavia et al., 2010). CONEXIC is based on gene modules, which was
initially developed for the analysis of gene expression data in isolation. Gene modules consist
of groups of genes that are coexpressed, and these are embedded as leaves in a binary tree
structure where the nodes are populated by putative gene expression regulators. In its original
incarnation, the approach was intended to identify important regulators of groups of genes
in the context of experimental interventions. As such, expression is assumed to be constant
within any particular experimental group. Also, the original approach depends on a list of
putative regulators, which can be tricky to generate. With CONEXIC, the identification of lists
of potential regulators is generated from regions of the genome that demonstrate consistent
copy number variation, and the gene module algorithm is largely retained. Fundamental to
a binary tree model is the assumption that the expression pattern of a leaf, conditional on the
expression pattern of its parent node, is independent of all other elements in the tree. This
is a shortcoming of the CONEXIC approach. It is quite reasonable to expect that there are
many ways that a cell has available to control the expression of a particular gene, including
CNV, methylation, inactivation of promoters, and RNA interference, and multiple different
regulators may combine to ultimately regulate gene expression. Because each node of the tree
contains only one putative regulator, the model assumes that only one regulator is responsible
for the observed expression pattern of a module.

3.2 Bayesian factor analysis

Bayesian factor analysis is a dimension reduction method to decompose variability among
observations into a lower number of unobserved, uncorrelated factors. It has been widely
applied in microarray analysis (Carvalho et al., 2008; Lucas et al., 2009), where the data usually
comes with a much higher dimension than the number of observed samples. Therefore, it
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is desirable to select important genes that should bear some biological meanings. Recent
developments in Bayesian multivariate modeling has enabled the utility of sparsity induced
structure in genomic studies (Lucas et al., 2006). Such a sparse factor model implies that only
those genes with non-zero loadings on those factors are relevant, and higher values indicate
more significant gene-factor relationship.

3.3 Sparse regression model of Bayesian factor analysis

Our statistical framework utilizes high-dimensional sparse factor model, and is extended to
incorporate gene expression, CNVs and other high-throughput genomic data. The underlying
hypothesis is that the gene signatures of expression variation can be represented by the
estimated factors. Furthermore, given the potential contribution of chromosomal aneuploidy
and CNVs to the altered mRNA expression of relevant genes during oncogenesis, we could
use the factor model to test for the association between gene expression signatures and CNVs.
The model assumes that the input data are from the same organism. Suppose the data
structure is given as X = [x1, . . . , xn] with dimension n × px, where n denotes the sample
size, px the number of genes, and xi the fluorescence level from probes of gene expression
measurements. The CNV data is represented by Y = [y1, . . . , yn] with similar strucutre.
Therefore, the linear regression model for sample i can be expressed as

xi = Bhhi + BFi + εi (1)

yi = Ahhi + AGi + ζi (2)

with the following components:

• B is the px × k factor loadings matrix for sample xi, with elements βg,j for g = 1, . . . , px and
j = 1, . . . , k.

• Fi = [fC
i ; f(r)i ]T. fi is a k-dimension vector of factor scores, where f(r)i , the r-th factor for

sample i, are specific to data xi, and fC
i consists of the factors common between both data.

• Bh is the px × r regression matrix for dataset xi, with elements bg,j for g = 1, . . . , px and
j = 1, . . . , r.

• hi =
[

h1,i, . . . , hq,i

]T
is the q design factors of sample i.

• εi =
[
ε1,i, . . . , εpx ,i

]T
is the idiosyncratic noise vector with dimension px.

The priors for each parameters are defined as follows:

βg,j ∼ (1 − ρj)δ0(βg,j) + ρjN (βg,j; 0, τj) (3)

ρj ∼ Beta(ρj; s0, l0); τj ∼ Gamma(τj
−1;

aτ

2
,

bτ

2
) (4)

bg,j ∼ (1 − πj)δ0(bg,j) + πjN (bg,j; μ0,j, σ0
2) (5)

πj ∼ Beta(πj; t0, v0) (6)

f(r)i ∼ N (f(r)i ; 0, I) fC
i ∼ N (fC

i ; gC
i , Σ) (7)

ε
(r)
i ∼ N (ε

(r)
i ; 0, Φ); Φ = diag(φ1, . . . , φpx ); φg ∼ Gamma(φg;

aφx

2
,

bφx

2
) (8)
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The parameters and prior structures are similar for copy number data yi.

Prior Choices

• βg,j: The regression coefficient. Here we consider the long-standing problem of variable
selection in a multivariate linear regression model. That is, in gene expression analysis the
number of gene features is huge (usually larger than 20,000) compared with the number of
samples available. A direct way is to use regression model on the high-dimensional genomic
data and impose sparseness on the coefficients. In this way, most of the coefficients will
be shrunk towards zero. Bayesian spike and slab approaches (George & McCulloch, 1993;
Ishwaran & Rao, 2005; Mitchell & Beauchamp, 1988) have been proposed to address the
variable selection problem. As indicated in 3, it sets up a two-component mixture distribution
with the spike part centered at zero and the slab part distributed diffusely without informed
prior knowledge.

• ρj: This parameter controls the prior probability of a coefficient being non-zero. We assume
coefficients that are promising have posterior latent variables ρ̂j = 1 (the slab). The opposite
occurs when ρ̂j = 0 with a delta function δ0(·) indicating the point-mass at zero (the spike).
Here we use beta priors, defining the probability ρj distributed on the interval (0,1). The
hyperparameters s0 and l0 determine the domain of the beta distribution. Small values of ρj
reflect high prior skepticism about the coefficients, while large ρj means the knowledge of
more theoretical importance of the variables and more skeptical about the sampling of the
data.

• τj: the variance for the slab part of the mixture prior for βg,j. This gamma distribution is
the conjugate prior for the precision of the normal distribution N (βg,j; 0, τj). In addition, it
allows the Markov chain to identify and adjust the appropriate sample space for updating
coefficients. Different combinations of ρj and τj prior choices are usually required to obtain
desirable mixing and shrinkage in βg,j.

• fi: Unknown latent factors for sample i. For factors unique for each data, we use a
diffuse, conjugate prior distribution such that f j,i ∼ N (0, 1), in order to alleviate issues
with identifiability of fi and β due to scaling. On the other hand, since high-throughput
data can vary in size by orders of magnitude, e.g. CGH data is approximately ten times
larger than gene expression. Thus one data set may dominate the factor model given a large
size discrepancy. Therefore, rather than utilizing the uninformative prior, we link individual
factors from each data using fC

i ∼ N (gC
i , Σ) based on the hypothesis that gene expression is

directly influenced by CNVs. This will prevent difference in data size from overwhelming the
information available on associations between them. In addition, the systematic error between
two data sets will be considered by estimation of the covariance matrix Σ.

Updated Distributions

• p(βg,j|−) :

For factor j, let x∗g,j = xg,j − ∑r
j=1 bg,jhj,i − ∑k

l �=j βg,l fl,i, so that x∗g,j ∼ N (βg,j f j,i, φg). In order to
be mathematically identifiable for B, we assume the regression coefficients a lower triangular
matrix with positive diagonal elements (Carvalho & West, 2006). This gives the following
posterior updates where g �= j:
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p(βg,j|−) ∝
n

∏
i=1

p(x∗g,j|βg,j f j,i, φg)p(βg,j)

=
n

∏
i=1

N (x∗g,j; βg,j f j,i, φg)((1 − ρj)δ0(βg,j) + ρjN (βg,j; 0, τj))

= (1 − ρ̂j)δ0(βg,j) + ρ̂jN (βg,j; μg,j, Ωg,j)

where Ωg,j = (τ−1
j + ∑k

j=1 f 2
j,i/φg)−1, μg,j = Ωg,j(∑n

i=1 x∗g,i f j,i)φ
−1
g and βg,j �= 0 with

probability

ρ̂j =
ρj

ρj + (1 − ρj)
N (0;0,τj)

N (0;μg,j ,Ωg,j)

For the constrained diagonal elements of B, the posterior conditional distribution is given as

p(β j,j|−) ∼ N (μj,j, Ωj,j)I(β j,j > 0)

with similar forms of μj,j and Ωj,j.

• p(ρj|−):

p(ρj|−) ∝
k

∏
j=1

p(βg,j|ρj)p(ρj) = (1 − ρj)
px−j−Sj ρ

Sj

j Beta(ρj; s0, l0)

∼ Beta(s0 + Sj, l0 + px − j − Sj)

with Sj = ∑
px
g=j I(βg,j �= 0).

p(τj|−) ∝
px

∏
g=1

p(βg,j|ρj, τj)p(τj) =
px

∏
g=1

N (βg,j; 0, τj)Ga(τj
−1;

aτ

2
,

bτ

2
)

∼ InvGamma(τj;
aτ + ωj

2
,

bτ + ∑
px
g=1 β2

g,j

2
)

with ωj = ∑
px
g=j I(βg,j �= 0).

• p(fi|−), p(gi|−):

Let F = [f1, . . . , fn]. The posterior distribution of F can be updated as:

p(F|−) ∝ p(X|F, B, Φ)p(F) =
n

∏
i=1

p(xi|fi, B, Φ)p(fi)

=
n

∏
i=1

N (xi − BhHi; Bfi, Φ)N (fi; gi, Σ)

∝
n

∏
i=1

N (fi; E1i, V1i)
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where V1i = (Σ−1 + B′Φ−1B)−1, E1i = V1i(B′Φ−1(xi − BhHi) + GiΣ−1).

Similarly p(gi|−) takes the form

p(G|−) ∝
n

∏
i=1

N (gi; E2i, V2i)

where V2i = (I + A′Ψ−1A)−1, E2i = V2i(A′Ψ−1(yi − AhHi)). Ψ is the covariance matrix of
yi.

• p(φg|−):

p(φg|−) ∝
n

∏
i=1

p(xg,i|βg fi, φg)p(φg)

=
n

∏
i=1

N (xg,i −
r

∑
j=1

bg,jhj,i; βg fi, φg)Ga(φg
−1;

aφx

2
,

bφx

2
)

∼ InvGamma(φg;
aφx + n

2
,

bφx + ∑n
i=1(xg,i − bghi − βg fi)

2

2
)

3.4 Example: joint analysis of ovarian cancer gene expression and CNVs

We applied our joint factor model on ovarian cancer gene expression and CNV data from
TCGA project. This study is aimed to detect correlations between them, which will lead
to the identification of pivotal genomic determinants of cancer phenotypes. We adopted
74 ovarian cancer individuals and 1 disease-free patient’s data. In order to capture genes
with differential expression patterns and their association with the CNVs in the narrowed
chromosomal regions, we established a filtering criteria: 1) select Affymetrix HT_HG-U133A
probes with sample mean above 8, and standard deviation above 0.6; take out probes without
matched gene symbols. It results in a gene expression data set downsized from 22277 to
921 probes; 2) apply the basic Bayesian factor model 1, i.e., the one that only analyzes
one data set, and generate signature expression factors; 3) remove CNV segments (Agilent
Human Genome CGH 244A probes) not showing significant correlation (p-value < 0.01 after
Bonferroni correction) with the gene expression factors. It reduced the CNV data dimension
from 227613 to 7278. Therefore, we fitted our joint factor model 1 and 2 to the shrunk data.

We obtained 11 factors in the two data sets, i.e., F11∗75 and G11∗75, and selected the most
strongly associated pair using Pearson correlation. It turns out that the largest factor loadings
in the corresponding CNV factor come mostly from the long arm of chromosome 8 (figure
1A), that the factor correlates well with the paired gene expression factor (figure 1B), and that
the gene expression factor correlates with individual SNP observations in the long arm of
chromosome 8 (figure 1C). Based on these results, we further examined the genes loaded
on this correlated CGH factor and gene expression factor. By ranking the squared factor
loadings, we selected the top 16 Affymetrix probe sets (Table 1) and 178 CGH probe sets,
because the variance in these probes are best explained by the corresponding factors compared
with all other data. Pearson correlation between the values of mRNA expression levels and
copy number variations were calculated on these heavily loaded genes. We noted that the
copy number gains of EBAG9 (CGH probe position: 8q23.2, size 60 bp; mean copy number
2.63 (1-6)) and MTDH (CGH probe position: 8q22.1, size 60 bp; mean copy number 2.38
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(1-6)) significantly accompanies their overexpression of mRNAs in the corresponding regions,
where correlation coefficients indicate a good linearity between CNVs and gene expression
with r = 0.758 for EBAG9 and r = 0.806 for MTDH. Interestingly, in the same factor, 3 CGH
loci with duplicated DNAs show significant correlation with MTDH overexpression (r>0.8,
p-val<0.01) and are located 0.2M upstream, 5M and 12M downstream of MTDH CGH locus,
respectively; and 11 CGH loci are identified with copy number gain and 3Mb upstream of
EBAG9 CGH clone (r>0.75, p-val<0.01). These findings may provide evidence for distant
regulatory of transcription elements or interactions within a potential gene network.

Gene symbol Gene
MTDH LYRIC/3D3 (UID: 92140)
EBAG9 estrogen receptor binding site associated, antigen, 9 (UID:9166)

YWHAZ tyrosine 3-monooxygenase (UID:7534)
LAPTM4B lysosomal protein transmembrane 4 beta (UID:55353)

ESRP1 epithelial splicing regulatory protein 1 (UID:54845)
NBN nibrin (UID:9048)

RAD21 RAD21 homolog (S. pombe) (UID:5885)
RNF139 ring finger protein 139 (UID:11236)
ZNF706 HSPC038 protein (UID:51123)
AZIN1 antizyme inhibitor 1 (UID:51582)
DERL1 Der1-like domain family, member 1 (UID:79139)
ENY2 enhancer of yellow 2 homolog (Drosophila) (UID:56943)
EXT1 exostoses (multiple) 1 (UID:2131)
CTSB cathepsin B (UID:1508)

DECR1 2,4-dienoyl CoA reductase 1, mitochondrial (UID:1666)
PTDSS1 phosphatidylserine synthase 1 (UID:9791)

Table 1. Genes on chromosome 8 showing significantly differential expression in ovarian
cancer. The list is ranked by the squared factor loadings.

The product of EBAG9 has been identified as an estrogen receptor binding site associated
antigen 9 identical to RCAS1 (Nakashima et al., 1999). Overexpression of EBAG9/RCAS1
inhibits growth of tumor-stimulated host immune cells and induces their apoptosis
(Nakashima et al., 1999). Furthermore, it has been reported that RCAS1 is expressed with
high frequency in ovarian and lung cancers (Akahira et al., 2004; Iwasaki et al., 2000), and the
copy numbers of the region increase in breast cancer (Rennstam et al., 2003). These lines of
evidence, together with the results obtained above, imply that overexpression of EBAG9 in
ovarian serous cystadenocarcinoma may be triggered by increased gene copy number, which
is likely to play an important role in the immune escape of tumor cells and causing cancer
progression.

In addition, MTDH, also known as AEG1, is an oncogene cooperating with Ha-ras as well
as functioning as a downstream target gene of Ha-ras and may perform a central role in
Ha-ras-mediated carcinogenesis (Lee et al., 2007). Overexpression of this gene has been
reported in various cancers including breast, brain, prostate, melanoma and glioblastoma
multiforme (Emdad et al., 2007; Kikuno et al., 2007). In particular, it has been revealed
that MTDH overexpression is associated with 8q22 genomic gain in breast cancer, and has
been considered as an important therapeutic target for enhancing chemotherapy efficacy and
reducing metastasis risk (Hu et al., 2009). Therefore, we believe that, our results along with the
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Fig. 1. Factor analytic relationship between CNV and gene expression. Panel A shows the
factor loadings from the first factor of the joint factor model fit to CNV data. Panel B shows a
scatterplot of significant correlation between gene expression factor and the CNV factor, of
which it is linked to. Panel C shows the significance of correlation between the expression
factor and each individual SNP from the high-density CGH array. The y-axis shows the
-log(p-value) of the Pearson correlation between CNVs and gene expression factor. The
horizontal line shows the threshold of p-value less than 0.01 after Bonferroni correction for
multiple testing.

above findings suggest the copy number gain activated MTDH overexpression is a potential
indicator in epithelial ovarian cancer.

Validations on the above hypotheses regarding critical genes in cancer progression and
their regulation mechanisms can be carried out in several directions. A number of
databases can be used to validate these hypotheses. For instance, GATHER and GOrilla
are good resources to annotate gene functions; Tumorscape helps interpret copy number
variations; DAVID Bioinformatics provides pathway analysis for genes identified by the
model. In addition, experimental validation can be performed to quantitatively justify
that the activation/inactivation of identified genes are caused by copy number variations.
Moreover, we could identify drug susceptibilities of these candidates by searching against
reference information from DrugBank (http://www.drugbank.ca), then using these results
for experimental validation. The general approach is to grow cell lines in the presence of
a particular treatment, whose genomic drivers are disrupted by the introduction of RNA
inference and transfection with viral plasmids. Similar strategy can also been applied to
predict potential therapies by the identification of new drug targets. Therefore, these will lead
to a greater understanding of cancer progression, and allow the identification of combined
therapies for individual tumors.

Tumor segmental aneuploidy association with gene expression factors has been demonstrated
in a previous study (Lucas et al., 2010) that it makes significant contributions to variation
in gene signature of breast cancer under the stress of lactic acidosis or hypoxia. We are
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interested to test if this is consistent in other tumor tissues, which will provide potential
treatment choices for different cancers. We used a similar approach (Lucas et al., 2010) by
projecting the breast expression factors into TCGA ovarian and glioblastoma gene expression
data and identified correlated CNVs under the same interventions of lactic acidosis/hypoxia.
The ability of projecting the factor model into other data sets allows the possibility of
comparing new experimental data to different genomic information, such as CNVs from
aCGH. The underlying assumption is that genes showing shared expression patterns in
tumors of different origins can be represented by the same loadings matrix. Therefore, in
order to estimate the factor scores for the new data, this translates into a well known problem
of inverse regression Fy = (Ik + B′Φ−1B)−1B′Φ−1Y, where B is the loadings matrix and
Φ the diagonal matrix containing the gene by gene variance estimators in the original data,
Y the new set of expression data and Fy the factor scores on the new data set. With this
approach, we estimated factor scores for the TCGA data and calculated their correlations with
CNVs. In our analysis, about half of the breast expression factors are also associated with
copy number variations in ovarian cancer and that about a quarter are associated with CNVs
in glioblastoma. For example, the CNV activated expression pattern in breast cancer (not
shown) is also discovered in both ovarian cancer and glioblastoma within the same region

Fig. 2. Panel A and B show the the association between gene expression factor and CNVs
across tumors of different origins. Each scatter plot indicates the evidence of association
between the same factor that was learned on breast cancer data and copy number changes of
different tumor tissues. Plot A shows correlation between the factor, projected onto ovarian
cancer expression data, and ovarian CGH data. Plot B shows the same for Glioblastoma.
Each point corresponds to one of the SNPs measured in the high-dimensional CGH array.
The y-axis shows the -log(p-value) of the Pearson correlation between CNVs and gene
expression factor. The horizontal line shows the threshold of p-value less than 0.01 after
Bonferroni correction for multiple testing.
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(figure 2A and 2B). Therefore, it is likely that similar CNVs might be selected under the same
pressure of hypoxia/ lactic acidosis in difference cancers.

4. Conclusion

This chapter has built upon a basic understanding of a layout on the correlation between copy
number variations and gene expression to deepen knowledge of key concepts and methods.
By introducing and comparing a diverse range of techniques for measuring CNVs, we provide
the scope of localizing cancer related genes using different platforms. By describing an
appreciation of the use of several statistical methods to assist the positioning of CNV regions,
we are aimed to better identify cancer driven mutations within the copy number gain/loss
regions. Moreover, we have also included examples from TCGA project to show the unique
features of CNV data.

The key challenge of finding candidate drivers is to distinguish it from passenger genes,
which are physically located close to the driver mutations and whose variations are not
causal to convey growth advantage on cancer cells. In our analysis, we focus on genes
with cis-regulated CNVs, and postulate that cancer driven mutation is associated with the
expression of a group of genes, and it is likely to localize in DNA amplified or deleted regions
in tumors. Since DNA dosage variations may result in functional changes of affected genes
and cause expression change of downstream genes. We have proposed a generic framework
to jointly analyze disparate data sets, which is extendable to incorporate diverse information
such as proteomics data. This will allow for more robust analysis of the relationship between
mRNA expression and protein abundance. Our results not only identify candidate genes
whose mRNA expression is statistically significantly correlated with their CNVs, but also
successfully recover the region where similar gene expression pattern is triggered by the
same genomic program across tumors of different organ systems. This approach is able
to estimate the probability of each gene regulated by genomic sources and the relative
importance of each source. Additionally, two genes, EBAG9 and MTDH, suggest that
abnormal abundance in their DNA copy numbers may contribute to proliferation in ovarian
serous cystadenocarcinoma. For these two predicted drivers, we also find many CNVs in the
same region but poorly correlated with their gene expression, thus consider them no apparent
effect in cancer. Copy number variation is only one of many ways that gene expression can
be altered. We believe that a number of complementary approaches are needed to validate
possibly driving alterations, as illustrated in the previous section. Therefore, We envision that
our model is used as screening guidance to assist the identification of potential cancer drivers
with possibly therapeutic importance.

Our work presents a framework toward a broad understanding of the genomic determinants
of cancer. With this approach, we anticipate to generate testable biological hypothesis
regarding the regulation of cellular responses, which is a tremendous advantage over any
single data analyses that can be obtained from gene expression or CNVs alone. This will
lead to a greater, more integrated understanding of cellular mechanism, and will allow the
identification of genomic regulators as well as enhancement of anticancer drug specificity
targeting those regulators. This is key to the discovery of potential combination therapies for
the treatment of human cancer. Moreover, genomic patterns related to therapeutic response
and clinical outcomes can be identified as biomarkers, which will improve early cancer
detection, prognosis and outcome prediction as well as treatment selection. All in all, this
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will create a comprehensive picture of heterogeneity in tumor genomes, and offer a valuable
starting point for new therapeutic approaches.
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1. Introduction  
In all living organisms, cells arise from the division of a pre-existing cell and inherit one 
copy of the genome identical to that of the mother cell. Any defect in chromosome 
segregation can lead to aneuploidy via chromosome gain or loss, and consequently to 
genetic instability, thereby paving the way for malignant growth and cancer. Thus, the 
faithful distribution of one copy of each chromosome between the two daughter cells is 
essential to maintain genome stability. Cells have evolved elaborate control mechanisms to 
ensure that chromosome segregation occurs in an accurate manner. From yeast to human, 
replicated DNA molecules are held together from their synthesis during S-phase until their 
separation in mitosis. This sister chromatid cohesion is absolutely essential for faithful 
transmission of replicated chromosomes during mitosis (for review, see Nasmyth, 2001). 
Indeed, in early mitosis, cohesion between sister chromatids counteracts the pulling forces 
exerted by the microtubule filaments emanating from the opposite poles of the mitotic 
spindle, thereby allowing the proper alignment of chromosomes on the metaphase plate, 
and their faithful segregation during the subsequent anaphase. In the case of a defective 
cohesion, the sister chromatids would float around in the cellular space and, as a 
consequence, would fail to be equally distributed between the two future daughter cells. 
Cohesion between sister chromatid is not only required for the proper distribution of 
replicated genomes during mitosis, but is also essential in postreplicative interphase cells for 
the repair of DNA double-strand breaks by homologous recombination (Sjogren and 
Nasmyth, 2001)(for review, see Strom and Sjogren, 2007; Watrin and Peters, 2006). The 
homologous recombination pathway uses an identical copy of the damaged DNA fibre, 
typically the sister chromatid, as a template to faithfully repair the altered DNA. For the 
homologous recombination machinery to process chromosome breaks, the broken 
chromatid and the sister chromatid that is used as a template have to be positioned and 
maintained in close proximity. It is believed that sister chromatid cohesion provides this 
spatial proximity between damaged and template chromatids. Consistently, proteins that 
are required for sister chromatid cohesion are also required for the repair of DNA double-
strand breaks in postreplicative cells (for review, see Watrin and Peters, 2006). Therefore, 
sister chromatid cohesion plays an essential role in restoring and maintaining the integrity 
of the genome upon genotoxic stress. 
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In all eukaryotes studied so far, sister chromatid cohesion depends on a multi-subunit 
complex called cohesin (Losada et al., 1998; Strunnikov et al., 1993; Toth et al., 1999).  This 
complex forms a ring-like structure, and it has been proposed that cohesin entraps 
replicated DNA molecules in this proteinaceous ring (Gruber et al., 2003; Haering et al., 
2002). In addition to its role in sister chromatid cohesion, the cohesin complex has also been 
shown to be involved in other aspects of chromosome biology, which include the control of 
gene expression and the regulation of the DNA damage checkpoint that will not be further 
discussed here.  

Over the last decade, we began to understand at the molecular level how cohesin functions in 
sister chromatid cohesion and how the cohesion apparatus is regulated during the cell cycle. In 
addition, accumulating evidence in human and animal models highlighted the importance of 
the cohesion apparatus in protecting somatic cells from aneuploidy and cancer, and germ cells 
from improper meiotic segregation that leads to aneuploid gametes and infertility. Here we 
present an overview of the current knowledge on the sister chromatid cohesion apparatus, its 
molecular actors and regulatory mechanisms in human. In addition we will discuss a defective 
cohesion as a cause for aneuploidy in somatic and germinal cells, and its involvement in 
human pathologies. Finally we will try to identify future directions that we need to explore to 
better understand the basis of aneuploidy-driven genomic instability. 

2. Composition and architecture of the cohesin complex 
2.1 The cohesin core complex 

The cohesin core complex consists of four subunits (Figure 1). The two core subunits Smc1 
and Smc3 belong to the structural maintenance of chromosome (SMC) protein family. SMC 
proteins fold back on themselves creating a long intramolecular anti-parallel coiled-coil that 
separates a “hinge” domain and a globular ATPase head which is formed by the reunion of 
the C- and N-terminal regions (Melby et al., 1998; Michaelis et al., 1997; Strunnikov et al., 
1993). Within the cohesin complex, Smc1 and Smc3 bind tightly to each other via their hinge 
domain, and form a V-shaped heterodimer. In somatic cells, the ATPase domains of Smc1 
and Smc3 are physically linked to each other by the kleisin subunit Scc1 (also called Rad21 
or Mcd1). Scc1 subunit associates by its N- and C-termini to the ATPase heads of Smc3 and 
Smc1, respectively (Haering et al., 2002; Haering et al., 2004). The reunion of the Smc1/Smc3 
heterodimer together with the Scc1 protein forms a tripartite molecular ring with an inner 
diameter of 40 nm (Figure 1) (Haering et al., 2002). This ring structure has been observed by 
electron microscopy imaging of cohesin complexes isolated from human cells as well as 
from Xenopus laevis interphase egg extract (Anderson et al., 2002). The cohesin ring is large 
enough to accommodate two 10-nanometer DNA fibres, and it has been proposed that 
cohesin maintains the cohesion between replicated chromatids by embracing them within its 
ring (Gruber et al., 2003; Haering et al., 2002). According to the widely accepted ring model 
(Figure 1), cohesin complex mediates cohesion between replicated DNA fibres simply by 
topological links. Alternative ring-based models have also been proposed for cohesin-
mediated sister chromatid cohesion, like the “handcuff” model, where each sister chromatid 
of a pair would be encircled within distinct cohesin complexes that would interact with each 
others and may thereby physically connect sister chromatids (Zhang et al., 2008b). Also, it 
has been proposed that two cohesin complexes would oligomerise into a larger ring around 
DNA (Huang et al., 2005). Besides interacting with Smc1 and Smc3, Scc1 protein also binds 
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to the fourth cohesin subunit called Scc3 in yeast, of which two orthologs exist in 
vertebrates, called stromalin antigen 1 and 2 (SA1 and SA2). Within the cohesin complex, 
SA1 and SA2 interact with Scc1 in a mutually exclusive manner (Losada et al., 2000; Sumara 
et al., 2000), implying that two cohesin core complexes, referred to as cohesinSA1 and 
cohesinSA2, coexist in vertebrates somatic cells. It has recently been suggested that cohesin 
complexes containing SA1 or SA2 have specialised function in sister chromatid cohesion at 
telomeres and at centromeres, respectively (Canudas and Smith, 2009).  

 
Fig. 1. Composition and architecture of the cohesin core complex and the ring model 

The vertebrate cohesin core complex consists of the four subunits Smc1, Smc3, Scc1 and SA1 
or SA2. The association of Smc1, Smc3 and Scc1 forms a tripartite molecular ring. According 
to the ring model (Gruber et al., 2003; Haering et al., 2002), cohesin maintains sister 
chromatid cohesion by embracing the replicated chromatids within its ring. Cohesion is 
therefore mediated solely by physical, topological linkages.  

2.2 Cohesin associated factors 

Besides the four core cohesin subunits, additional proteins have also been shown to be part 
of the cohesin complex. These evolutionary conserved proteins are named Pds5, Wapl and 
Sororin. In vertebrates, two homologs of Pds5 exist, called Pds5A and Pds5B, which are both 
able to associate with either cohesinSA1 or cohesinSA2 (Losada et al., 2000; Sumara et al., 2000). 
Therefore four distinct cohesin complexes are present in vertebrates cells. From yeast to fly, 
Pds5 is essential for the proper cohesion between sister chromatids (Dorsett et al., 2005; 
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Hartman et al., 2000; Panizza et al., 2000; Tanaka et al., 2001; Wang et al., 2002. In vertebrate 
cells, however, depletion of Pds5A or Pds5B does not result in strong sister chromatid 
cohesion defects (Losada, 2005). Quite the opposite, it has recently been shown that depletion 
of both Pds5A and Pds5B from Xenopus laevis egg extract does not impair sister chromatid 
cohesion, but instead, severely affects cohesin dissociation and cohesion loss from 
chromosome arms in mitosis (Shintomi and Hirano, 2009), suggesting that Pds5A and Pds5B 
function in the dissociation of cohesin complexes from chromosome arms and thereby in the 
resolution, i.e. the physical separation, of the sister chromatids in early mitosis (see below). 

Vertebrate cohesin also binds to Wapl (Gandhi et al., 2006; Kueng et al., 2006), a protein that 
was first identified in Drosophila, where it has been involved in the establishment of 
heterochromatin (Verni et al., 2000). Wapl homologs also exist in yeasts (called Rad61 or 
Wpl1) where it also associates with the cohesin complex (Rolef Ben-Shahar et al., 2008). It 
has been shown in human that the interaction of Wapl with cohesin depends on the 
SA1/SA2 and Scc1 subunits (Kueng et al., 2006). Furthermore, Wapl interacts with Pds5 
proteins (Shintomi and Hirano, 2009) through a conserved motif that consists of the triplet 
sequence phenylalanine-glycin-phenylalanine residues (called the FGF motif). In 
vertebrates, Wapl is dispensable for sister chromatid cohesion, but plays an essential role in 
the removal of cohesin complexes from chromosome arms during early mitosis, similarly to 
Pds5 proteins (see below). 

Finally, a small protein called Sororin also interacts with cohesin complexes (Rankin et al., 
2005; Schmitz et al., 2007). Like the core cohesin complex, Sororin has been shown to be 
essential for cohesion between sister chromatids in vertebrates (Rankin et al., 2005; Schmitz 
et al., 2007), but is dispensable for cohesin’s ability to associate with chromatin (Schmitz et 
al., 2007). Recent work has shown that the function of Sororin in sister chromatid cohesin 
depends on its ability to compete with Wapl for its binding to Pds5 proteins via its  
FGF motif (Nishiyama et al., 2010), strongly suggesting that Sororin acts in cohesion  
by antagonising Wapl’s capacity to dissociate cohesin complexes from the chromatin  
(see below).  

2.3 Composition of cohesin in meiosis 

Similar to mitosis, faithful segregation of homologous chromosomes and sister chromatids 
during meiosis also depends on sister chromatid cohesion and on cohesin complexes (see 
below). However, the composition of the cohesin complex in meiotic cells slightly differs 
from that of somatic cells (for review, see Petronczki et al., 2003). The subunit Scc1 is 
replaced by a meiosis-specific variant called Rec8, and the Smc1β isoform can substitute for 
the canonical Smc1 (also referred to as Smc1α). Finally, SA1 and SA2 proteins can both be 
replaced by the meiotic form STAG3. Therefore, meiotic cells contain different forms of 
cohesin complexes, specific functions of which are still largely unknown. 

3. Regulating cohesin and sister chromatid cohesion 
In vertebrate cells, cohesin is loaded onto chromatin from telophase to early G1 phase. 
During S phase, sister chromatid cohesion is established, and maintained throughout G2 
phase. Finally, cohesin complexes are removed from chromosomes during mitosis to allow 
physical separation of sister chromatids and faithful segregation of replicated chromosomes 
during anaphase (Figure 2). 
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Fig. 2. Regulation of sister chromatid cohesion during cell cycle in human 

Cohesin loading onto chromatin occurs from telophase to early G1 and depends on the 
loading complex Scc2/Scc4. In addition, this process also requires that pre-RC complexes 
have assembled on chromatin. During S phase, cohesion between duplicated sister 
chromatids is established. This process depends on the activity of the two acetyltransferases 
Esco1 and Esco2. The protein sororin is also essential for cohesion establishment. Sister 
chromatid cohesion is maintained during G2, although it is still unclear whether cohesion 
maintenance requires specific factors. Cohesin is removed from chromosomes during early 
mitosis in a two-step manner. During prophase, cohesin complexes dissociate from 
chromosome arms in a process that depends on the activity of the mitotic kinases Plk1 and 
Aurora B, the association of condensin I with chromosomes, as well as on Wapl and Pds5 
proteins. Centromeric cohesin is protected from removal by the prophase pathway by Sgo1 
and PP2A. At the metaphase-to-anaphase transition, the protease separase is activated and 
cleaves centromeric cohesin complexes. Complete removal of cohesin from chromosomes 
allows segregation of sister chromatids. 

3.1 Loading of cohesin onto chromatin 

In all eukaryotes studied so far, loading of cohesin onto chromatin depends on an additional 
complex formed by two proteins, called Scc2 and Scc4 (Bernard et al., 2006; Ciosk et al., 
2000; Furuya et al., 1998; Gillespie and Hirano, 2004; Rollins et al., 2004; Takahashi et al., 
2004; Watrin et al., 2006). Furthermore, cohesin loading onto chromatin in Xenopus egg 
extract also requires that the pre-replication complex (pre-RC) assembles on chromatin 
during the exit from mitosis (Gillespie and Hirano, 2004; Takahashi et al., 2004). It has also 
been show that the ATPase activity of the Smc1/Smc3 heterodimer is essential for cohesin to 
bind to chromatin (Arumugam et al., 2003; Weitzer et al., 2003). How the chromatin fibre 
can enter the cohesin ring has been a long-lasting question in the field. Biochemical 
approaches combined with genetics  studies have provided insights into molecular events 
that govern this process, which have been reviewed elsewhere (for review, see Nasmyth and 
Haering, 2009; Peters et al., 2008). Therefore, we will present here only an overview of key 
findings. The cohesin ring must be opened to allow the entry of the DNA therein. It has been 
proposed that Smc1 and Smc3 transiently dissociate at the hinge domain, thereby allowing 
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DNA to enter into the cohesin ring (Gruber et al., 2006; Milutinovich et al., 2007). Given that 
in S. cerevisiae, the hinge domain of Smc1/Smc3 is able to interact with their ATPase heads 
(Mc Intyre et al., 2007), one can envision that ATP hydrolysis by Smc1/Smc3 ATPase heads 
triggers a conformational change of the cohesin complex, which would in fine result in the 
transient opening of the hinge and in the entry of DNA into the cohesin ring. 

3.2 Establishment of sister chromatid cohesion 

The establishment of cohesion between sister chromatids takes place while DNA is 
replicated during S phase (Uhlmann and Nasmyth, 1998) and depends on the activity of an 
acetyltransferase called Eco1/Ctf7 in yeast (Skibbens et al., 1999; Toth et al., 1999). Eco1 
becomes dispensable once replication has been achieved, indicating that the cohesion can 
only be established during replication, i.e. when sister chromatids are synthesised. 
However, it has to be noticed that cohesion can be established de novo in postreplicative 
cells, but only upon DNA double-strand break (Kim et al., ; Strom et al., 2007; Unal et al., 
2007). It has recently been shown that in yeast, Eco1 acetylates two lysine residues in the 
ATPase region of Smc3, and that these acetylations are essential for the establishment of 
sister chromatid cohesion (Rolef Ben-Shahar et al., 2008; Unal et al., 2008; Zhang et al., 
2008a). In vertebrate cells, two orthologs of Eco1 exist, called Esco1 and Esco2 (Hou and 
Zou, 2005). Similar to the situation in yeast, Smc3 becomes acetylated during replication at 
two evolutionary conserved lysine residues, at position 105 and 106 (Zhang et al., 2008a). 
Simultaneous inactivation in human cells of Esco1 and Esco2 impairs the acetylation of 
Smc3 whereas depletion of either Esco1 or Esco2 has little impact, if any, on Smc3 
acetylation (Nishiyama et al., 2010; Zhang et al., 2008a), indicating that these two 
acetyltransferases are at least partly redundant for their function in Smc3 acetylation. 
Interestingly, acetylation of Smc3 becomes dispensable for sister chromatid cohesion when 
either Wapl or Pds5 are inactivated (Feytout et al., 2011; Rowland et al., 2009; Sutani et al., 
2009). This is consistent with the function of Wapl and Pds5 in destabilising sister chromatid 
cohesion. Recently, it has further been shown that the acetylation of Smc3 triggers a 
rearrangement in cohesin subunit interactions (Nishiyama et al., 2010). Indeed, Smc3 
acetylation promotes binding of Sororin to cohesin, where Sororin displaces Wapl from its 
interaction with Pds5 proteins. The authors further showed that Sororin also contains an 
FGF motif that competes with that of Wapl for its binding to Pds5. Therefore the 
establishment of sister chromatid cohesion depends on the protein Sororin that might 
counteracts Wapl’s ability to dissociate cohesin complexes from chromatin (Nishiyama et al., 
2010). In human cultured cells, fluorescence recovery after photobleaching (FRAP) 
experiments have shown that the binding of cohesin complexes to chromatin is very 
dynamic in G1 phase cells, and that the binding of half of chromatin-bound cohesin pool 
becomes very stably associated with DNA in G2 phase cells (Gerlich et al., 2006). It has been 
proposed that this stably-bound pool of cohesin is responsible for sister chromatid cohesion 
(Gerlich et al., 2006). Consistent with this possibility, the inactivation of Sororin results in the 
reduction of the stably-bound pool of cohesin (Schmitz et al., 2007). Conversely, inactivating 
Wapl induces an increase in the stable pool of chromatin-bound cohesin (Kueng et al., 2006). 

Altogether, these data are in favour of a model, in which the acetylation of Smc3 during 
replication triggers the recruitment of Sororin, the consequent displacement of the cohesion-
destabilising protein Wapl, ultimately leading to the creation of a cohesive state of cohesin 
complexes and to the establishment of sister chromatid cohesion. 



 
Sister Chromatid Cohesion and Aneuploidy 

 

47 

3.3 Removal of cohesin from chromosomes during mitosis 

Cohesion between sister chromatid is maintained during G2 until mitosis, when it must be 
dissolved to allow the physical separation of the two sets of replicated chromosomes. Unlike 
in yeasts, vertebrate cohesin is removed from chromosomes in a two-step manner from the 
onset of mitosis until the metaphase-to-anaphase transition (Figure 2). 

3.3.1 The prophase pathway 

In vertebrates, the bulk of cohesin complexes (~ 90 - 95 %) is removed from the chromosome 
arms during prophase and prometaphase (Sumara et al., 2000; Waizenegger et al., 2000), 
whereas some cohesin complexes remain bound to chromosomes at centromeric regions 
(Waizenegger et al., 2000). This first wave of cohesin removal from chromosomes is referred 
to as the prophase pathway, which depends on several factors that include the mitotic 
kinases Aurora B (Dai et al., 2006; Losada et al., 2002) and Plk1 (Lenart et al., 2007; Losada et 
al., 2002; Sumara et al., 2002) and the proteins Wapl (Gandhi et al., 2006; Kueng et al., 2006) 
and Pds5 (Shintomi and Hirano, 2009). Plk1 is thought to promote cohesin release from 
chromatin by phosphorylating the SA2 subunit (Losada et al., 2002; Sumara et al., 2002). 
Consistent with this possibility, the expression of a mutated version of SA2 that can no 
longer be phosphorylated in mitosis triggers a persistent binding of cohesin complexes on 
chromosome arms in prometaphase (Hauf et al., 2005). This strongly suggests that Plk1 
participates in the dissociation of cohesin from the chromosomes by directly 
phosphorylating the SA2 subunit. In addition, it has also been shown that the cohesin-
related complex Condensin I is required for cohesin removal from chromosome arms 
(Hirota et al., 2004), although the role of Condensin I in the prophase pathway remains 
unclear. 

Central actors to the removal of cohesin by the prophase pathway are Wapl and Pds5 
proteins (Gandhi et al., 2006; Kueng et al., 2006; Shintomi and Hirano, 2009). Consistently, 
inactivation of either Wapl or Pds5 results in the persistence of cohesin complexes along  
the chromosome arms, which leads to unresolved sister chromatids in prometaphase 
(Gandhi et al., 2006; Kueng et al., 2006; Shintomi and Hirano, 2009). Recently, it was shown 
that sororin, which promotes sister chromatid cohesion by counteracting cohesin-
destabilising activity of Wapl (see above), is phosphorylated in mitosis (Nishiyama et al., 
2010). Sororin phosphorylation correlates with the loss of its ability to displace Wapl from 
Pds5 in vitro.  Therefore, it has been proposed that the mitotic phosphorylation of Sororin 
inactivates its ability to displace Wapl from binding to Pds5, which in turn leads to the 
association of Wapl to Pds5 and the dissociation of cohesin complexes from chromosomes 
(Nishiyama et al., 2010). 

Whereas most of cohesin complexes are removed from the chromosome arms during 
prophase, the cohesin complexes located at centromeric regions are protected from the 
prophase pathway. This protection of centromeric cohesion is essential to maintain sister 
chromatid cohesion until anaphase onset, and allows the proper bipolar attachment of 
mitotic chromosomes on the metaphase plate. At this stage of mitosis, sister chromatids are 
held together only at centromeres, giving rise to the classical X-shaped mitotic 
chromosomes. Cohesin protection at centromeres depends on a protein called Shugoshin 
(guardian spirit in Japanese) also known as Sgo1 (Kitajima et al., 2004; McGuinness et al., 
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2005; Salic et al., 2004). Sgo1 interacts with the protein phosphatase PP2A and both proteins 
are enriched at centromeres in early mitosis. It is believed that Sgo1 recruits PP2A to the 
centromeres, where PP2A dephosphorylates the cohesin subunit SA2, thereby counteracting 
the dissociation activity of the kinase Plk1 (Kitajima et al., 2006). The inhibition of the kinase 
Aurora B has been shown to trigger abnormal localisation of Sgo1 along chromosome arms 
(Dai et al., 2006). This indicates that Aurora B is required for the proper enrichment of Sgo1 
at centromeres, and might account for its role in the prophase pathway. Finally other factors 
have also been shown to be important for the protection of cohesin complexes at 
centromeres, including the mitotic kinases Haspin (Dai et al., 2006) and Bub1 (Tang et al., 
2004). Recently, it has been shown that Bub1 kinase is required for the phosphorylation of 
the centromeric histone H2A at threonine 120 (T120), for Sgo1 enrichment at centromeres 
and for sister chromatid cohesion (Kawashima et al., 2010), suggesting that Bub1-mediated 
phosphorylation of H2A-T120 recruits Sgo1 and thereby participates in the protection of 
centromeric cohesion. Additional experimental works will be required to substantiate this 
view, and, more importantly, to obtain an integrated view of the molecular actors and 
mechanisms involved in the protection of sister chromatid cohesion at centromeres. 

3.3.2 Cleavage of cohesin by separase 

During early mitosis, sister chromatids remain tightly associated at centromeric regions 
until all the chromosomes have been properly bi-oriented on the mitotic spindle 
(Waizenegger et al., 2000). As long as all chromosomes have not been correctly aligned on 
the metaphase plate, a surveillance mechanism, called the spindle assembly checkpoint 
(SAC), inhibits the activity of the anaphase promoting complex, or cyclosome, (APC/c) 
thereby preventing the activation of separase and the inactivation of cyclin-dependent 
kinase 1 (Cdk1). Once all chromosomes have been bi-oriented on the mitotic spindle, the 
SAC is satisfied and, consequently, the inhibition of the APC/c is relieved. Activated APC/c 
can then ubiquitinate the separase inhibitory protein securin as well as the Cdk1 activator 
cyclin B, leading to their degradation by the 26S proteasome (reviewed in Peters, 2002). 
Once it has been activated, separase cleaves the cohesin subunit Scc1, which triggers 
opening of the cohesin ring, dissociation of cohesin complexes from chromosomes, 
dissolution of sister chromatid cohesion and separation of the two sets of replicated 
chromosomes to the opposite poles of the mitotic spindle (Tomonaga et al., 2000; Uhlmann 
et al., 1999; Waizenegger et al., 2000). The concomitant degradation of cyclin B inactivates 
Cdk1, which leads to cell’s exit from mitosis and to the formation of the two daughter cells.  

4. Meiosis 
Meiosis is a specialised form of cell division that produces gametes, which contain either the 
maternal or the parental copy of each chromosome. Nonetheless, meiosis shares common 
features with mitosis as well as specific mechanisms. Meiosis involves a single S phase 
followed by two successive rounds of chromosome segregation without intervening DNA 
replication, and produces haploid germinal cells. Similar to mitosis, replication of DNA 
prior meiotic division gives rise to replicated sister chromatids that are linked to each other 
along their entire length by meiotic cohesin complexes (Figure 3). During prophase I, 
homologous paternal and maternal chromosomes become attached to each other through a 
mechanism called homolog pairing or synapsis. This pairing depends on a large protein 
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complex called the synaptonemal complex. These homologs pairs (also called tetrads or 
bivalents) undergo exchanges of DNA segments between paternal and maternal non-sister 
chromatids by homologous recombination, which give rise to crossover. Once homologous 
recombination has occurred in late prophase I, the synaptonemal complex is dissolved. 
Therefore, homologous chromosomes are held together solely by cohesion between sister 
chromatids distal to the site of recombination.  At metaphase I, bivalents are aligned on the 
meiotic microtubule spindle in a monopolar fashion, that is, with the two kinetochores of 
each sister chromatid pair facing toward the same spindle pole. At the metaphase I-to-
anaphase I transition, the meiotic cohesin subunit Rec8 located on the arms of chromosomes 
is cleaved by separase, allowing the segregation of homologous chromosomes to opposite 
poles during anaphase I. Thus, the meiosis I gives rise to two cells that only contains either 
the maternal or the paternal copy of each chromosome, eventually recombined. Due to this 
peculiarity, meiosis I is also referred to as the reductional division. Central to meiosis is the 
protection of Rec8 cleavage from separase at centromeric regions by a mechanism that is 
conserved throughout evolution and that depends on Shugoshin. Unlike in budding yeast 
and in fruit fly where only one shugoshin protein is found, two shugoshin-like proteins exist 
in other eukaryotes, and are called Sgo1 and Sgo2. In all eukaryotes cohesin is protected 
from cleavage by separase in meiosis I, whereas it is protected from non-proteolytic removal 
in mitosis (Katis et al., 2004; Kitajima et al., 2004; Kitajima et al., 2006; Rabitsch et al., 2004; 
Riedel et al., 2006). Recent data indicate that Shugoshin-PP2A complex protects Rec8 from 
cleavage by separase by counteracting its phosphorylation, thereby rendering Rec8 a poor 
substrate for separase (Katis et al., 2010). In mouse oocyte, although both Sgo1 and Sgo2 are 
present in meiotic cells, Sgo2 appears to be the main protector of Rec8 cleavage (Lee et al., 
2008; Llano et al., 2008). During meiosis II, also referred to as equational division, sister 
chromatids align on the second meiotic spindle in a bipolar manner, similar to the situation 
in mitosis. Once all chromosomes have been properly bi-oriented, separase cleaves 
centromeric Rec8 and sister chromatids are segregated between the two future haploid cells. 
How the function of Sgo2 in protecting Rec8 from its cleavage by separase is alleviated is 
still unknown. Once meiosis has been completed, four haploid cells are formed. It has to be 
noted that during spermatogenesis, four gametes arise from one meiotic division, whereas 
during oogenesis meiotic divisions are asymmetric and produce only one gamete. 
Furthermore, vertebrate oocytes are arrested at the metaphase stage of the second meiotic 
division and the completion of oocyte meiosis is triggered by fertilisation that induces the 
metaphase II-to-anaphase II transition. 

 
Fig. 3. Overview of meiosis 
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After completion of the meiotic S phase, sister chromatids are held together by meiotic 
cohesin complexes along their entire length. During prophase I, homologous chromosomes 
pair and remain associated to each other by the synaptonemal complex, and homologous 
recombination occurs and results in crossover. Once the synaptonemal complex has been 
dissolved late in prophase I, homologues remain associated only by cohesin located at distal 
position from the site of recombination. At metaphase I, homologues are bi-oriented on the 
first meiotic spindle, with both kinetochores from the same pair of sister chromatids facing 
the same spindle pole. Active separase cleaves Rec8 from chromosome arms, while cohesin 
complexes present at centromeres are protected by Shugoshin from cleavage by separase, 
thereby allowing proper bipolar attachment of sister chromatids on the microtubule spindle 
at metaphase II. Centromeric Rec8 is then cleaved by separase, allowing sister chromatid 
segregation. Once meiosis has been completed, four haploid cells are formed. 

5. Defective cohesion and aneuploidy 
The sister chromatid cohesion is absolutely essential for the accurate distribution of the 
replicated genomes during mitosis and meiosis, and therefore, for the faithful transmission 
of genetic information from one generation of cells or organisms to the next. As a 
consequence, cohesion defects in somatic cells would lead to unequal distribution of 
chromosomes that leads to genomic instability and would thereby participate in the 
appearance of cancers. Similarly, during gametogenesis, defects in cohesion could lead to 
aneuploid gametes and infertility. 

5.1 Mitosis 

For more than a century, it is well known that genome instability and chromosomal 
aberrations are associated with cancer. Already in the early 20th century Theodor Boveri 
proposed that chromosomal instability contributes to cancer development. However, the 
causal link between aneuploidy and carcinogenesis has remained difficult to be 
experimentally addressed. Recently, it has been reported that, in yeast cells, aneuploidy 
induces an increase in DNA recombination and a decrease in DNA damage repair efficiency 
(Sheltzer et al., 2011), which are two frequent forms of genomic instability that are found in 
cancer cells. This clearly demonstrates that aneuploidy per se is able to induce chromosomal 
instability. Thus, defective sister chromatid cohesion can result in chromosome 
missegregation (Figure 4) that leads to aneuploidy and chromosomal instability, which in 
fine promotes tumourigenesis. Consistent with the association between an altered sister 
chromatid cohesion apparatus and tumourigenesis, both mutations and abnormal 
expression of genes encoding cohesin subunits have been found in various human cancers 
(for review see Mannini and Musio, 2011; (Xu et al., 2011). For instance, the core cohesin 
subunits Scc1 and Smc3 are overexpressed in breast and prostate cancers, and in colon 
carcinomas, respectively. Also, separase is found overexpressed in a variety of cancers 
including breast cancers (70 %) and osteosarcomas (for review see Mannini and Musio). 
More importantly, somatic mutations of Smc1α, Smc3 and STAG3 genes have been found in 
colorectal cancers (4 , 1 and 1 of 130, respectively) (Barber et al., 2008) and mutation of Scc1, 
SA2, STAG3 were found in lung carcinomas (1 , 1 and 1 of 12, respectively) (Xu et al., 2011) 
and references therein). Furthermore, genes encoding proteins involved in the regulation of 
cohesin are also found mutated in different types of cancer. In particular, Scc2 gene was  
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Fig. 4. Misregulation of sister chromatid cohesion leads to aneuploidy 

shown to carry mutations in breast (1 of 48), lung (2 of 11) and kidney (1 of 101) carcinomas 
as well as in colorectal cancers (4 of 130), whereas mutations in separase gene were 
identified in kidney (1 of 101) and lung (1 of 12) carcinomas (Xu et al., 2011). Altogether, 
these observations underline the strong association that exists between altered sister 
chromatid cohesion apparatus and cancers. The direct implication of cohesin mutations in 
aneuploidy and chromosomal instability has been directly addressed recently (Solomon et 
al., 2011). The authors used single-nucleotide polymorphism analysis to characterise 
chromosomal rearrangements in human glioblastoma cell lines and thereby identified a 
genomic deletion of the X chromosome that contains the cohesin subunit SA2 gene. 
Accordingly, no expression of SA2 could be observed in these cell lines. Absence of 
functional SA2 protein expression was extended to others genomic rearrangement (frame-
shift insertions and deletions, mutations of splicing regulatory elements) in other cancer cell 
lines (Solomon et al., 2011). Then, the authors addressed whether SA2 gene mutations 
induce genomic instability and aneuploidy by correcting endogenous locus using gene 
targeting in glioblastoma cell lines. Non-corrected cell lines exhibited premature separation 
of sister chromatids similar to the phenotype observed when cohesin is inactivated. Quite 
remarkably, the correction of SA2 was sufficient to rescue the loss-of-cohesion phenotype in 
this cancer cell line, demonstrating that SA2 mutation were the cause of the observed defective 
cohesion. Furthermore, the authors showed that the correction of SA2 not only rescues sister 
chromatid cohesion, but also reduces the number of defective mitotic divisions and the 
chromosome missegregation at anaphase. Finally, restoring SA2 expression also triggered a 
reduction in the variability in chromosome numbers between independent cells, indicative of 
an increase in genome stability. Altogether these works demonstrate that alteration of sister 
chromatid cohesion apparatus leads to missegregation of chromosomes and to aneuploidy and 
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chromosome instability. This indicates that the function of the cohesin complex in maintaining 
the sister chromatid cohesion acts as an important barrier against tumorigenesis. Whether 
other known functions of cohesin, i.e. in the DNA damage response or in gene expression, also 
participate in carcinogenesis still needs to be uncovered. 

Schematic representation of chromosome missegregation as a cause of aneuploidy in 
somatic cells. During early mitosis, the spindle microtubule forces align condensed 
chromosomes on the metaphase plate. At the anaphase, one copy of each chromosome is 
pulled to one spindle pole. If the cohesin release from chromosomes is altered, sister 
chromatids would fail to separate and the two sister chromatids would be inherited by one 
daughter cell. Similarly, the deficient sister chromatid cohesion would lead in the premature 
separation of sister chromatids. Separated sisters would fail to align on the metaphase plate, 
which could eventually lead to their co-segregation into one daughter cell.  

5.2 Meiosis 

The proper segregation of chromosomes during meiosis is of crucial importance in all living 
organisms, as aneuploidy leads to embryonic death and severe disorders, such as infertility 
and Down syndrome. Recent efforts from the scientific community have highlighted the 
importance of cohesin in preventing aneuploidy during meiosis in mammals. In human, 
oocytes wait up to several decades until they finally resume the first meiotic division, and it 
is well established that oocyte aneuploidy increases with age. Accordingly, age-related 
aneuploidy in oocyte correlates with a dramatic increase of trisomic pregnancy. Aneuploidy 
commonly arises from segregation errors during oocyte meiosis I, and relates to the long 
arrest of oocytes in preceding stages of meiosis. In these oocytes, the cohesion between 
chromosomes must be maintained for an extraordinary long period of time (up to ~ fifty 
years in human), and depends on cohesin complexes. Recent studies in mouse have 
suggested that the loss of sister chromatid cohesion is a leading cause of aneuploidy in 
oocyte, and is due to a progressive deterioration of cohesin itself. Indeed, these studies have 
reported that the meiotic cohesin subunit Rec8 (Chiang et al., 2010; Lister et al., 2010) and 
the protein Sgo2 that protects centromeric cohesin in meiosis I (Lister et al., 2010) decrease 
on meiotic chromosomes with age. The degradation of cohesin correlates with an increased 
distance between sister kinetochores and with the loss of sister chromatid cohesion (Chiang 
et al., 2010; Lister et al., 2010). Altogether, these data indicate that cohesin is essential to 
maintain sister chromatid cohesion in arrested oocytes, and highlight the importance of the 
cohesin function in preventing aneuploidy and infertility in mammalian oocytes. 
Determining how cohesin gets degraded, if and how it can be prevented would be of great 
interest in the future. 

6. Conclusion 
The sister chromatid cohesion apparatus protects somatic and germinal cells from unequal 
chromosome segregation and aneuploidy. Recent advances in the field have pointed to the 
misregulation of cohesion factors, mainly cohesin, as a cause for aneuploidy-based human 
disorders from cancer to trisomies and infertility. In the future, we will have to decipher the 
molecular mechanisms of both normal and defective sister chromatid cohesion, as well as its 
links with human pathologies, including cancers. Furthermore, it will be interesting to 
address whether one could take advantage of our knowledge on the molecular function of 
cohesin to develop new approaches to treat cancer cells. Finally, it is of great importance to 
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determine if, and to which extent, the other known functions of cohesin and its associated 
factors, namely regulation of gene expression and the DNA damage response, also 
participate in tumourigenesis. 

7. Further reading 
In this chapter, we aimed at presenting the basic current knowledge about the sister 
chromatid cohesion apparatus, its role and regulation in the segregation of replicated 
chromosomes during mitosis and meiosis, and how cohesion defects lead to aneuploidy. For 
those colleagues who wish to learn more about particular aspects of cohesin in chromosome 
biology, there are some dedicated reviews that we shall recommend: cohesin mechanistic 
and its regulation (Nasmyth and Haering, 2009; Onn et al., 2008; Peters et al., 2008), cohesin 
in gene regulation (Dorsett, 2007; Wendt and Peters, 2009), DNA damage response (Strom 
and Sjogren, 2007; Watrin and Peters, 2006), meiosis and gametogenesis (Jessberger, 2003; 
Petronczki et al., 2003), aneuploidy and cancer (Barbero, 2011; Nicholson and Cimini, 2011). 
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1. Introduction 
Chromosomal instability  

Cancer is the result of several genetic alterations that overrule a cell’s protection 
mechanisms against unscheduled proliferation (Hanahan & Weinberg, 2000). As the vast 
majority of human tumours show chromosomal instability (CIN), CIN is believed to be an 
important driver and facilitator of oncogenic transformation. CIN can result in structural 
abnormalities such as focal deletions, amplifications or translocations (structural CIN). 
Alternatively, CIN causes numerical abnormalities (i.e. aneuploidy) with cells showing high 
rates of losses and gains of whole chromosomes leading to dramatic karyotypic variability 
between cells. Whereas alterations to single or small groups of oncogenes/ tumour 
suppressor genes can explain the malignant effect of structural CIN, the cancerous effect of 
numerical CIN is mostly attributed to the loss of heterozygosity (LOH) of tumour 
suppressor genes (Jallepalli & Lengauer, 2001, Kops et al., 2005). Structural and numerical 
CIN often coincide in tumours and numerical CIN can in fact provoke structural CIN as 
well (Janssen et al., 2011). Although CIN appears to be a potent driver of genomic 
reorganization, it comes at cost for cells. For instance, numerical CIN in tissue culture cells 
kills cells within six generations (Kops et al., 2004). Furthermore, in depth analysis of 
aneuploid yeast strains and mouse embryonic fibroblasts (MEFs) carrying an extra 
chromosome revealed that aneuploidy slows cell proliferation down and deregulates the 
metabolic homeostasis (Torres et al., 2007, Williams et al., 2008). However, as the majority of 
human tumours are aneuploid, cancer cells must have found a way to circumvent the 
detrimental consequences of CIN. This chapter reviews several mechanisms that can drive 
numerical CIN and discusses several of the mouse models that were engineered to mimic 
these conditions with the aim to study the in vivo consequences of numerical CIN.  

2. Origins of whole chromosome instability 
Kinetochores and centromeric proteins 

Correct chromosome distribution critically depends on correct attachment of chromosomes 
to a bipolar mitotic spindle. Defects in the machinery regulating the formation of a proper 
bipolar spindle have been associated with human cancer and aneuploidy (Fukasawa, 2005, 
Kops et al., 2005, Yuen et al., 2005). Kinetochores are macromolecular protein structures that 
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link the centromeric DNA to the mitotic spindle. The inner kinetochore plate is the DNA 
interacting domain and is comprised of several structural proteins such as the centromeric 
proteins (CENP). Some of these CENP genes (e.g. CENPA, CENPF and CENPH) frequently 
show altered expression in human cancer, underscoring the importance of a precisely 
balanced protein composition of the kinetochore (Yuen et al., 2005). 

The mitotic spindle checkpoint 

To ensure the accurate segregation of chromosomes, cells initiate segregation only after the 
correct attachment of all chromosomes to microtubules of the mitotic spindle. The spindle 
checkpoint (SAC) operates at the outer kinetochore plate by monitoring the attachment of 
the kinetochore to the microtubules. Improperly attached kinetochores recruit a family of 
SAC proteins (Mad1, Mad2, Bub1, BubR1, Bub3, Mps1, Rod and ZW10) (Musacchio & 
Salmon, 2007). Additionally, CENPE, a motor protein, is recruited to unattached 
kinetochores, where it is implicated in regulating microtubule attachment (Kops et al., 2005). 
Even a single unattached kinetochore is sufficient to trigger a robust spindle checkpoint 
response that prevents premature anaphase onset and thus missegregation of chromosomes 
(Rieder et al., 1995, Rieder et al., 1994). This robust response is achieved by CDC20 
sequestering by the SAC proteins, the specificity factor required for anaphase promoting 
complex/cyclosome (APC/C) activity. Activation of the APC/C, an E3 ubiquitin ligase, is 
essential for anaphase progression, as it is responsible for the degradation of several mitotic 
proteins including Securin and Cyclin B1. Securin degradation leads to activation of 
Separase, which cleaves Cohesin that glues sister chromatids together. Cyclin B1 
degradation results in the inactivation of CDK1 and thereby allows mitotic exit (Karess, 
2005, Kops et al., 2005, Musacchio & Salmon, 2007). Thus, precise regulation of APC/C 
activity by the SAC allows for timely and accurate progression of mitosis preventing 
numerical CIN. 

Tension versus attachment 

Kinetochore-microtubule attachment by itself is not sufficient to satisfy the spindle 
checkpoint. To achieve proper segregation, it is also essential that one kinetochore of a pair 
is attached to microtubules from one spindle pole and the other kinetochore to the opposite 
pole (Biggins & Walczak, 2003). This correct geometry of attachment generates tension 
between the sister chromatids, which is another prerequisite for mitotic progression. Aurora 
B is implicated in sensing this tension and correcting erroneous attachments (Andrews et al., 
2003). In the absence of tension, for instance when both sister chromatid kinetochores are 
connected to the same centrosome, Aurora B kinase activity remains uninhibited. This 
results in the release of improper microtubule attachments and allows reattachment of the 
kinetochores with microtubules emanating from the opposite pole (Andrews et al., 2003, Liu 
et al., 2009, Musacchio & Salmon, 2007). While details of error correction mechanisms are 
just emerging, drugs targeting this pathway (e.g. Aurora inhibitors) are already in clinical 
trials for cancer (Jackson et al., 2007). 

Centrosomes 

Centrosomes are essential for bipolar spindle formation during mitosis, as they are the 
major microtubule organizing centres of the cell. The presence of two centrosomes is 
therefore critical for accurate chromosome segregation into two daughter cells. Centrosome 
number is tightly controlled: centrosomes are duplicated during S-phase and segregated 
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into the two daughter cells during mitosis (see for detailed review: (Doxsey et al., 2005, 
Fukasawa, 2005, Nigg, 2007, Tsou & Stearns, 2006) ). Defects in these control mechanisms 
can lead to abnormal centrosome numbers and are thus another cause of numerical CIN. In 
agreement with this, most tumours exhibit abnormal centrosome numbers (Nigg, 2006, 
Pihan et al., 1998). It was originally hypothesized that abnormal centrosome numbers would 
provoke CIN through multipolar mitoses. Although careful tracking revealed that such 
divisions occasionally do take place, the resulting daughter cells all died in the next cell 
cycle. It’s therefore unlikely that cells undergoing multipolar divisions contribute to a 
developing tumour. Instead, in a large proportion of the cells supranumeral centrosomes 
clustered to form one ‘supercentrosome’ allowing ‘normal’ bivalent divisions to take place. 
Such divisions frequently coincided with lagging chromosomes in the next mitosis, 
presumably the result of merotelic attachments caused by abnormal centrosomal structure 
(Ganem et al., 2009). Therefore, lagging chromosomes might very well be the driving force 
behind numerical CIN associated with supranumeral centrosomes. 

3. Mouse models for whole chromosome instability 
To test whether numerical CIN is an early event in tumourigenesis and thereby infer 
whether it can be causative of cancer, several proteins playing a role in accurate segregation 
were disrupted in mice. The results of these studies are discussed below and collectively 
underscore the importance of the spindle checkpoint in the different aspects of 
tumourigenesis. 

Loss of centromeric (CENP) genes frequently causes embryonic lethality 

CENPA, B and C reside at the inner plate of the kinetochore and bridge between the 
centromeric DNA and the kinetochore-docking microtubules emanating from the 
centrosomes. Several of these genes have been knocked out in mice to determine their role in 
the prevention of aneuploidy. Whereas homozygous CENPB loss resulted in no overt 
phenotypes other than slightly lower testis and body weights (Hudson et al., 1998, Kapoor 
et al., 1998, Perez-Castro et al., 1998), disruption of CENPA or CENPC led to embryonic 
lethality in early stages of embryogenesis (E3.5-E6.5). The early embryos show micronuclei, 
a lowered mitotic index (indicative of mitotic delay), and enlarged nuclei (suggestive of 
tetraploid cells). Heterozygous mice develop normally and are fertile, although animals 
were not tested for cancer predisposition using carcinogens or in combination with other 
predisposing mutations (Howman et al., 2000, Kalitsis et al., 1998). Animal longevity and 
spontaneous cancer predisposition are currently being tested [Andy Choo, personal 
communication].  

Spindle checkpoint inactivation interferes with mammalian development 

The first mouse model for germline SAC inactivation was the Mad2 knockout. Homozygous 
Mad2 loss results in embryonic lethality at approximately day E6.5 (Dobles et al., 2000). 
Similar to the Mad2 knockout, BubR1, Bub1, Mad1, Bub3, Rae1 and CENPE inactivation are 
also incompatible with mammalian development beyond day E6.5-E8.5. In all cases, massive 
apoptosis of the inner cell mass (ICM) was observed, presumably a consequence of 
numerous missegregation events in these highly proliferative cells (Baker et al., 2004, Baker 
et al., 2006, Iwanaga et al., 2007, Jeganathan et al., 2007, Kalitsis et al., 2000, Putkey et al., 
2002, Q. Wang et al., 2004, Weaver et al., 2007). Inactivation of the APC/C activating factors 
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Cdc20 or Cdh1 provoke embryonic lethality as well, but later in gestation with embryos 
developing up to E12.5 (Garcia-Higuera et al., 2008, Li et al., 2009).  

The chromosomal passenger proteins Incenp, Survivin and Aurora B are part of the 
chromosomal passenger complex. This complex is essential for forming a bipolar spindle by 
measuring tension during metaphase and is involved in later events in cytokinesis as well 
(Lens et al., 2006). Knockouts for Survivin or Incenp revealed that ablation of either protein 
causes embryonic lethality before day E8.5, similar as observed for CENP proteins and SAC 
protein knockouts (Cutts et al., 1999, Uren et al., 2000).  

Does reduced expression of CIN protective genes result in spontaneous tumour formation? 

Several cancers show decreased expression of spindle checkpoint proteins, indicating that a 
partially compromised checkpoint can be the underlying cause for tumour aneuploidy 
(Weaver & Cleveland, 2006). As homozygous inactivation of SAC components aborts 
embryonic development well before mid-gestation, heterozygous mice (Mad1, Mad2, 
BubR1, Bub1, Bub3, Rae1, Cdc20, Cdh1 and Cenp-E) were used to study the in vivo 
consequences of a partially defective spindle checkpoint. In all cases, heterozygotes are born 
at a Mendelian ratio and none show clear developmental defects, except for a mild 
hematopoietic defect in BubR1 heterozygotes (Babu et al., 2003, Baker et al., 2006, Garcia-
Higuera et al., 2008, Iwanaga et al., 2007, Jeganathan et al., 2007, Kalitsis et al., 2005, Li et al., 
2009, Michel et al., 2001, Q. Wang et al., 2004, Weaver et al., 2007). However, despite normal 
development, Mad2, Mad1 and CENPE heterozygotes develop cancers in a substantial 
number of the animals (20-30%), albeit relatively late (at 18-20 months of age). Lung 
tumours are predominant, and CENPE heterozygotes develop hematopoietic malignancies 
as well (Iwanaga et al., 2007, Michel et al., 2001, Weaver et al., 2007), indicating that Mad1, 
Mad2 and CENPE function as haplo-insufficient tumour suppressors in the mouse by 
suppressing CIN. Heterozygousity for the SAC-downstream-targets Cdh1 or Cdc20 
predisposes for late tumours as well: up to 50% of the Cdc20 hypomorphic mice develop 
tumours, mostly in the hematopoietic compartment, whereas Chd1 heterozygotes mainly 
develop solid tumours in the mammary gland, lungs, liver and testes (Garcia-Higuera et al., 
2008, Li et al., 2009). Heterozygous BubR1, Bub1, Bub3 and Rae1, and even Bub3; Rae1 
double heterozygotes do not develop any malignancies, suggesting that in those models 
aneuploidy is not sufficient for tumours to arise (Baker et al., 2004, Baker et al., 2006, 
Jeganathan et al., 2007, Q. Wang et al., 2004). Finally, similar to SAC knockout 
heterozygotes, Survivin+/- and Incenp+/- mice are indistinguishable from their wildtype 
littermates. Whether these animals are cancer-predisposed is currently not known [Andy 
Choo, personal communication].  

In another approach, a hypomorphic allele for Bub1 was created, reducing protein levels 
down to 20% of wildtype levels. These mice develop several malignancies within 18-20 
months of age, mainly lymphomas, lung and liver tumours (Jeganathan et al., 2007). Using 
the same approach, a hypomorphic allele for BubR1 was engineered (reducing BubR1 
protein levels by 90%). Surprisingly, although these mice develop massive aneuploidy in 
several tissues, they are not cancer-predisposed, suggesting that aneuploidy does not cause 
cancer per se (Baker et al., 2004).  

BubR1 hypomorphs develop another phenotype though: they age prematurely, as 
evidenced by decreased subcutaneous fat and spinal kyphosis (spinal deformation or hump) 



 
Mouse Models for Chromosomal Instability 

 

63 

and muscle atrophy. The median lifespan of these animals is six months and none of them 
age over 15 months (Baker et al., 2004), which might obscure a late-in–life cancer phenotype. 
Bub3; Rae1 double heterozygotes develop a similar phenotype, albeit less severe as these 
animals survive up to 27 months (Jeganathan et al., 2007). Interestingly, BubR1 levels seem 
to decline in aging wildtype tissue, which suggests a role for this gene and possibly 
aneuploidy in natural aging as well (Baker et al., 2004). However, why the premature aging 
phenotype affects these two knockouts and not other aneuploidy-related mouse models is 
currently unknown.  

Phenotypes of the various mouse models are summarized in Table 1. Taken together, the 
results show that SAC defects have a profound effect on development and cancer 
predisposition. Additionally, mouse models targeting the SAC have revealed a potential 
role for aneuploidy in aging.  

Aneuploidy as a collaborating factor in tumorigenesis 

Even though mouse models clearly indicate that numerical CIN can contribute to tumour 
initiation, the actual tumour phenotypes of these mouse models are relatively weak, with 
tumours arising sporadically and relatively late in life. Why is this effect so weak despite the 
high incidence of aneuploidy in human cancer? One explanation is that the current mouse 
models rely on partial inactivation of the spindle checkpoint, since complete inactivation is 
incompatible with embryonic development. Another possible explanation for the weak 
phenotypes is that aneuploidy requires predisposing mutations in order to be tumorigenic 
and therefore plays a more important role in tumour progression. To test the latter hypothesis, 
several of the described models were exposed to carcinogenic drugs or combined with other 
mouse models carrying predisposing mutations in established tumour suppressor genes.  

Indeed, tumour phenotypes are exacerbated by carcinogenic insults. For instance, whereas 
Bub1, Bub3, Rae1 and Bub3; Rae1 double heterozygous mice are not clearly cancer 
predisposed, DMBA treatment (a known carcinogen) provokes more tumours in all four 
knockouts than in wildtype mice (Baker et al., 2006, Jeganathan et al., 2007). This is also true 
for DMBA-treated BubR1 hypomorphs (Baker et al., 2004). Furthermore, BubR1 
heterozygotes are more susceptible to the formation of intestinal tumours in response to 
treatment with the colon carcinogen azoxymethane (Dai et al., 2004). Finally, 40% of Mad1 
heterozygous mice treated with Vinicristine (a microtubule-depolymerizing agent) develop 
tumours whereas control-treated mice do not develop any (Iwanaga et al., 2007). Similarly, 
numerical CIN synergizes with predisposing mutations. For instance, decreased levels of 
Bub1 accelerate tumorigenesis in a p53+/- or Apc+/Min background. In this setting, numerical 
CIN acts by facilitating LOH of the remaining wildtype allele of the tumour suppressor gene 
(Baker et al., 2009).  

Aneuploidy as a tumour suppressor? 

Although decreased levels of Bub1 have a profound effect on tumour initiation in p53- of 
Apc-mutated backgrounds, this synergy is not observed in Rb or Pten heterozygous mice. 
Paradoxically, Bub1 hypomorphism acts tumour suppressive in Pten+/- mice, with Pten+/-; 
Bub1 hypomorphs developing fewer hyperplastic prostate lesions than Pten+/- mice 
expressing wildtype Bub1 levels (Baker et al., 2009). Similarly CENPE heterozygousity 
delays tumourigenesis in a p19Arf-deficient background. Whereas normally p19Arf-/- animals 
develop lymphomas and sarcomas with an average latency of 6-7 months (Kamijo et al., 
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1997), tumour latency is delayed to 12 months in CENPE+/- mice. Furthermore, despite a 
predisposition for hematopoietic malignancies, the number of spontaneous liver tumours in 
CENPE+/- mice is reduced 3-fold and liver tumour sizes are remarkably smaller. Finally, 
CENPE heterozygousity also delays DMBA-induced tumours (Weaver et al., 2007). These 
observations suggest that aneuploidy can delay tumourigenesis as well and that the 
response to aneuploidy might very well be tissue specific.  

Overexpression of genes with a role in chromosome segregation 

Diminished Mad2 expression, mutations and even gene loss do occur in cancer, but are 
infrequent (Percy et al., 2000, X. Wang et al., 2002, X. Wang et al., 2000). More often Mad2 
expression is elevated (Alizadeh et al., 2000, Hernando et al., 2004, van 't Veer et al., 2002). 
This upregulation is likely the result of increased E2F activity in cancers, as the RB 
(retinoblastoma) – E2F pathway is altered in more than 80% of human tumours (Malumbres 
& Barbacid, 2001) and the E2F transcription factor family is an important modulator of 
Mad2 transcription (Hernando et al., 2004). Furthermore, deregulation of the RB pathway 
has been associated with CIN (Lentini et al., 2006, Lentini et al., 2002, Schaeffer et al.,  
2004), and elevated Mad2 levels can provide an explanation for this. Indeed, reducing  
Mad2 protein levels to wildtype levels in Rb deficient cells reduces the number of aneuploid 
cells. Conversely, overexpression of either E2F or Mad2 in wildtype cells increases 
aneuploidy (Hernando et al., 2004). These results strongly suggest that unscheduled 
activation of E2F contributes to aneuploidy through elevated Mad2 expression. To test if this 
is true in vivo, an inducible Mad2 overexpression mouse model was engineered. These mice 
display a wide spectrum of tumours (lung adenomas, lymphomas, hepatocellular 
carcinomas and fibrosarcomas) with a similar latency (~20 months), but higher frequency 
(~50% at 20 months) than Mad2 heterozygous mice (Sotillo et al., 2007). These results seem 
somewhat counterintuitive: why would increasing levels of checkpoint protein lead to 
cancer? Perhaps, delayed degradation of both Securin and Cyclin B1 during mitosis causes 
defects in mitotic exit and thus explains the observed chromosomal aberrations and 
subsequent tumourigenesis. Even though this data indicates a clear role for Mad2 
overexpression in tumorigenesis, several other mechanisms might contribute to the CIN 
phenotype of cells with aberrant E2F activity. For instance, Rb inactivation in mouse 
embryonic fibroblasts also reduces cohesion between sister chromatids, leading to 
premature chromosome segregation and CIN (Coschi et al., 2010, Manning et al., 2010, van 
Harn et al., 2010). Furthermore, inducible overexpression of Hec1, another Rb-interacting 
protein residing at the kinetochore, provokes aneuploid cancers 15-18 months following 
induction (Diaz-Rodriguez et al., 2008) similar to Mad2 overexpressing mice. Therefore, 
even though overexpression of Mad2 has a clear cancer phenotype, it is unlikely that  
Mad2 is the only downstream target of the RB pathway involved in the maintenance of a 
euploid genome. 

Other mouse models for numerical CIN 

Not all aneuploidy is the result of spindle checkpoint failure; other mitotic defects can also 
perturb chromosome segregation and thus cause aneuploidy. Lzts1 was discovered as a 
gene that is frequently lost in breast, lung, gastric, esophageal, prostate, and bladder 
cancers. Lzts1 impairs Cyclin B1 activation late in mitosis, resulting in lowered Cyclin B1-
Cdk1 activity in mitosis and premature mitotic exit, similar to Mad2 overexpression. Indeed, 
Lzts1-deficient mice develop a wide spectrum of tumours within 19 months of age with a 
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high penetrance. Lzts1 loss also facilitates carcinogen-induced tumourigenesis, as NMBA 
treatment resulted in a tumour incidence of 100% in both Lzts1-deficient and heterozygous 
animals, whereas only 15% of the treated control animals develop tumours. Therefore, 
premature mitotic exit through decreased Cyclin B1 levels might be an important driver of 
(numerical) CIN and cancer (Vecchione et al., 2007).  

Entry into mitosis is guarded by a prophase checkpoint that can be activated by 
chromosomal damage or disruption of microtubules (Mikhailov et al., 2002, Pines & Rieder, 
2001). Chfr is a potential E3 ubiquitin ligase that functions early in prophase (Matsusaka & 
Pines, 2004), presumably by controlling expression levels of mitotic proteins such as Aurora 
A. Unlike SAC components, homozygous deletion of Chfr in the mouse is dispensable for 
normal development. However, half of the Chfr-deficient animals develop tumours 
(lymphomas, lung, liver and intestinal tumours) within 20 months of age and furthermore 
the knockouts show accelerated tumour development upon carcinogenic insults (DMBA). 
(Yu et al., 2005). Both phenotypes (Lzts1, Chfr) are very similar to those of the cancer-
predisposed SAC-compromised heterozygotes, emphasizing the importance of accurately 
regulated mitotic kinase activity (Cyclin B1-Cdk1, Aurora A) in preserving normal 
chromosomal numbers and suppression of cancer. 

Micronuclei formation is another indication of chromosomal instability. An elegant genetic 
screen for genes that facilitate micronucleus formation in erythrocytes identified a point 
mutation in Mcm4 (Chaos3). Mcm4 is part of the Mcm2-7 replication licensing complex and 
therefore a crucial part of the DNA replication machinery. Mcm4 mutant mice showed 
decreased expression of several Mcm proteins and primary cells from this mouse also 
showed increased sensitivity for the replication inhibitor aphidicolin in line with a defect in 
DNA replication (Shima et al., 2007). However, as this mutation was identified as a mutation 
that provokes micronuclei formation, this model suggests that defects in DNA replication 
can cause numerical chromosomal abnormalities as well. 

The Adenomatous polyposis coli (APC) gene is a tumour suppressor gene that is often 
mutated in human colorectal cancers (note that this gene is unrelated to the anaphase 
promoting complex APC/C). In addition to APC’s well-known role in 
regulating/dampening β-catenin’s transcriptional activity and cell proliferation, multiple 
lines of evidence indicate that mutated APC contributes to chromosome missegregation and 
numerical CIN. For instance, cell culture studies have shown that APC localizes to 
kinetochores and microtubule ends. Perturbing APC function by mutation, overexpression 
or depletion causes aneuploidy (Draviam et al., 2006, Green et al., 2005, Tighe et al., 2004). In 
addition, mice expressing truncated APC mutant protein display multiple intestinal 
tumours with aberrant mitosis and polyploidy, indicating a strong link between the loss of 
APC’s mitotic function and tumourigenesis (Caldwell et al., 2007, Dikovskaya et al., 2007, 
Oshima et al., 1995, Su et al., 1992). Interestingly, this phenotype can be substantially 
aggravated by concomitant heterozygous BubR1 loss (Rao et al., 2005). Finally, 
transcriptome analysis of APC-mutated cells revealed that the mutation resulted in the 
increase of BubR1 and Mad2 expression, which is also observed in adenomas and colorectal 
carcinomas (Dikovskaya et al., 2007). Together, these findings illustrate an important link 
between deregulation of APC and the proteins that control mitosis in the progression from 
early adenomas to aggressive carcinomas.  
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Lessons learnt from Mouse Embryonic Fibroblasts 

MEFs isolated from several of these mouse models have been invaluable in estimating the 
levels of aneuploidy occurring in vivo. However, as complete ablation of spindle checkpoint 
genes resulted in embryonic lethality before day E8.5 and MEFs are typically isolated at E15.5-
14.5, it has been difficult to generate MEFs from the homozygous knockouts. Therefore 
heterozygous MEFs were analyzed for the extent of aneuploidy (Table I). All heterozygous 
MEFs show significantly elevated numbers of aneuploid cells compared to wildtype control 
MEFs, ranging from 10% aneuploidy in the Mad1+/- MEFs to 50% in the Mad2 heterozygotes 
and Mad2 overexpressing cells. Note that wildtype MEFs typically show less than 10% 
aneuploid cells (Iwanaga et al., 2007, Michel et al., 2001, Sotillo et al., 2007). In addition, BubR1 
hypomorphic and Bub3; Rae1 heterozygous MEFs exhibit premature senescence and increased 
protein levels of senescence-associated p19Arf, p21Cip1 and p16Ink4a (Baker et al., 2004, Baker et 
al., 2006) in agreement with the observed premature aging phenotype.  

Even though all SAC-compromised MEFs show aneuploidy to a greater or lesser extent, the 
level of aneuploidy in MEFs does not fully correlate with cancer incidence (Table I). 
However, aneuploidy analyses might lead to different results depending on the passage 
number of the MEFs. For instance, detailed analysis of Cenp-E heterozygous MEFs revealed 
that up to 70% of the cells are aneuploid at high passage numbers whereas only 20% are 
aneuploid in early passages (Weaver et al., 2007). Furthermore, culturing MEFs in vitro 
might not be the best representation for every cell type in vivo. Therefore, even though MEF 
studies are useful to estimate CIN rates in vitro, in vivo assessment of aneuploidy will be 
crucial to link the extent of aneuploidy to cell fate. 

4. Conclusions 
Aneuploidy as a primary cause for cancer? 

Since the first notion of a possible link between chromosomal abnormalities and malignant 
transformation by Theodore Boveri (Boveri, 1902, Boveri, 1914), we have learned a great 
deal about the causes and consequences of chromosome missegregation. Mouse models 
have provided crucial insight into how the SAC and mitotic machinery protect against CIN 
en cancer. The mouse models discussed in this chapter are far from complete especially as 
structural CIN and numerical CIN appear to be intertwined (Janssen et al., 2011). Therefore, 
mutations in genes protecting against structural CIN (Brca2, Mcm4, p53bp1, etc) might very 
well lead to aneuploidy too, even though these models were not the focus of the current 
chapter.  

Complete inactivation of genes involved in chromosome segregation appears to be 
uncommon in human cancer. Why then is the vast majority of human cancers aneuploid? 
Transcriptome analysis of numerous cancers has revealed that overexpression of spindle 
checkpoint genes is more frequent than reduced expression (Oncomine database (Rhodes et 
al., 2004)). However, in many cases SAC gene products show mutations or truncations 
(Cahill et al., 1998, Kim et al., 2005, Olesen et al., 2001, Percy et al., 2000, Scintu et al., 2007, 
Tsukasaki et al., 2001). Possibly, mutated SAC proteins can act in a dominant-negative 
fashion, and therefore attenuate spindle checkpoint function. Careful biochemical analysis 
of such mutant gene products for their effect on the SAC status in combination with new 
mouse models for these cancer-associated mutations should clarify this issue. 
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Mouse models for systemic SAC inactivation unequivocally show that removing the  
spindle checkpoint is not tolerated during embryonic development, when cells are dividing 
at maximum speed, and results in massive aneuploidy and apoptosis. This agrees fully  
with the observation that SAC inactivation is not tolerated in cancer cell lines (Kops et  
al., 2004). However, p53 inactivation in Mad2 deficient MEFs (derived from Mad2-/-;  
p53-/-embryonic stem cell lines) partly rescues this lethality, as these cell lines show  
better survival  than Mad2-/- MEFs, even though both cell lines become highly aneuploid 
(Burds et al., 2005). Therefore, p53 inactivation might synergize with SAC inactivation  
in malignant transformation by (partly) rescuing SAC-deficiency-induced cell death.  
Indeed, p53 heterozygosity appears to collaborate with Bub1 hypomorphism in 
transformation. 

Partial inactivation of spindle checkpoint genes does not interfere with normal development 
(Table 1) and the average life span of these mice is unaltered. While some heterozygotes 
succumb to tumours at 18-20 months, others age without any cancer phenotype. The Bub3; 
Rae1 double heterozygotes show signs of  premature  aging (but not cancer), but do not 
succumb to the consequences of this phenotype earlier than their wildtype littermates 
(Baker et al., 2006). All together, the current mouse models for CIN argue that aneuploidy 
can provoke cancer. It remains unclear why some models are more prone to cancers than 
other, despite the fact that heterozygous MEFs from all mouse models show substantial 
aneuploidy, where tested. The only effect on life span is observed in BubR1 hypomorphic 
mice, which die a few months earlier due to premature aging (Baker et al., 2004). Premature 
aging coincides with increased numbers of senescent cells in vivo and furthermore, MEFs 
showed increased levels of the senescence-associated p16Ink4a, p19Arf and p21Cip1 proteins.  
Remarkably, in vivo clearance of p16Ink4A positive (i.e. senescent) cells can delay several of 
the premature aging sings in BubR1 hypomorphic mice (Baker et al., 2011), suggesting that 
senescence and aging , in addition to cancer,  are important consequences of (numerical) 
CIN in vivo. 

Premature senescence might also explain why Cenp-E+/- mice are less susceptible to 
tumours in a p19Arf negative background or when tumours were induced chemically 
(Weaver et al., 2007). For instance, loss of p19Arf, an activator of p53 activity, might lead to 
aberrant DNA damage signalling resulting in genomic instability. Similarly, challenging 
animals with carcinogenic compounds will induce CIN. Together with Cenp-E 
heterozygosity, the cumulative aneuploidy might rise to levels that ultimately result  
in senescence, instead of increased proliferation and cancer. These findings emphasize  
once more the importance of studying the relationship between senescence, aneuploidy  
and cancer. 

Future directions 

What are the next steps that will bring us closer to a therapy that specifically  
targets aneuploid cancers? We have now learnt that dramatic numerical CIN (e.g. by  
SAC inactivation) kills cells in vitro and interferes with development in vivo. We also  
now know that aneuploidy deregulates cell metabolism and restricts cell proliferation  
at the cellular level. Partial SAC inactivation appears to predispose for cancer in  
some models and to provoke a progeria/senescence phenotype in others. However, even 
though the vast majority of human tumours are aneuploid, few mutations in the  
SAC cascade have been identified, even though many human cancer cell lines display  
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an abnormal response to anti-cancer drugs that normally activate the SAC, such as 
Paclitaxel. 

Now that several conventional knockout mouse models have been analyzed in depth, we 
need to address more specific questions on the role that aneuploidy plays in cancer, for 
instance: 

- Is full SAC inactivation tolerated in adult tissues and if so, does it require additional 
mutations such as p53 inactivation? 

- What are the consequences of aneuploidy in vivo and do these resemble the 
consequences as found in aneuploid MEFs or yeast strains (Torres et al., 2007, Williams 
et al., 2008)? 

- Which genes collaborate with expansion of aneuploid cell progeny? 
- What determines the cellular response to aneuploidy (proliferation/senescence)? 
- Can we specifically kill aneuploid cells, leaving euploid cells untouched? 

To answer these questions more sophisticated mouse models are required. For instance, to 
answer the first question, conditional mouse models are needed. In such models the 
knockout allele can be deleted in tissues of choice leaving other tissues unaffected. Using 
this approach embryonic lethality can be circumvented in many cases. In addition, such 
models allow for comparing the differential responses to aneuploidy from tissue to tissue 
for each conditional knockout.  

In addition, highly aneuploid tumour panels are required to extract the molecular 
consequences to aneuploidy in transformed cells. For instance, by comparing the molecular 
responses in different aneuploid tumour types (different knockouts, different tissues), 
common responses to aneuploidy can be extracted. Understanding this response is of vital 
importance before even starting to develop drugs that specifically kill aneuploid cells. These 
tumour cohorts can also be used to screen for additional mutations that occurred during 
tumour development. By extracting common mutations occurring in aneuploid tumours 
arising in different tissues and models, recurring pathways can be identified that aneuploid 
cells rely on to survive. With the recent advances in high throughput sequencing technology 
such endeavours are becoming more and more feasible.  

Does this mean that we are still far away from the first therapies that target aneuploid cells? 
Maybe not. A recent study has identified a few promising compounds that specifically 
target aneuploid cell lines making use of the deregulated metabolism of these cells (Tang  
et al., 2011). Such drugs can be tested in an in vivo setting using conditional mouse models 
for CIN. 

Finally, we need a nifty model to visualize aneuploid cells and their response in the  
in vivo setting. One possible approach is to engineer a mouse model in which a single 
chromosome can be tracked, for instance a transgenic mouse strain expressing a fluorescent 
artificial transcription factor. By tracking aneuploidy as it arises in early tumour lesions or in 
aging tissues the direct consequences, but also the more long term effects of aneuploidy  
can be monitored in an in vivo setting. Such a model will provide unique insight into  
a developing tumour or otherwise affected tissue, but, even more important, can  
also be used to visualize the clearance of aneuploid cell progeny in response to newly 
developed drugs.  
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Spindle checkpoint 
genes Phenotypes +/- animals 

Genes -/- +/- Cancer prone? 
Chemical 
induced 
cancer? 

Other 
Phenotypes 

Aneuploidy in 
tissue? 

% 
Aneuploid 

MEFs 
Reference 

Bub1 Embryonic 
lethal (E6.5)

Viable, no 
overt 

developmen
tal defects 

No DMBA-
induced No ND ND (Jeganathan 

et al., 2007) 

Bub1 
hypo-
morph 

NA NA 

50% have 
developed 

tumours by 20 
months 

(lymphomas, 
lung and liver 

tumours) 

ND No ND 
15% 

(segregatio
n defects) 

(Jeganathan 
et al., 2007) 

Bub3 Embryonic 
lethal (E6.5)

Viable, no 
overt 

developmen
tal defects 

No DMBA-
induced No 10% 

(splenocytes) 20% 

(Babu et al., 
2003, Baker 
et al., 2006, 
Kalitsis et 
al., 2000, 

Kalitsis et 
al., 2005) 

Bub3; Rae1 ND 

Viable, no  
overt 

developmen
tal defects 

No DMBA-
induced 

Premature 
aging 

40% 
(splenocytes) 40% 

(Babu et al., 
2003, Baker 
et al., 2006) 

BubR1 Embryonic 
lethal (E6.5)

Viable, no 
overt 

developmen
tal defects 

No DMBA-
induced 

Hematopoietic 
defect 

Polyploidy in 
megakaryocy

tes 
15% 

(Baker et al., 
2004, Q. 

Wang et al., 
2004) 

BubR1 
hypo-
morph 

NA NA No 

DMBA-
induced 

and 
azoxymetha
ne induced

Premature 
aging 

30% 
(splenocytes) 35% (Baker et al., 

2004) 

Cdc20AAA 
mutant 

(does not 
bind to 
Mad2) 

Embryonic 
lethal (E12.5)

Viable, no 
overt 

developmen
tal defects 

50% of the mice 
developed 

tumours by 24 
months 

ND No 
35% 

(Cdc20AAA/+ , 
splenocytes)

28% of 
Cdc20AAA/+ 
and 52% of 
Cdc20AAA/

AAA 

(Li et al., 
2009) 

Cdh1 Embryonic 
lethal (E10.5)

Viable, no 
overt 

developmen
tal defects 

17% of the 
females 
develop 

mammary 
tumours 

Tumour 
suppression 

upon 
TPA/DMB
A treatment

No ND 
Increased, 
not further 
quantified 

(Garcia-
Higuera et 
al., 2008) 

CENPE 
Embryonic 

lethal  
(< E7.5) 

Viable, no 
overt 

developmen
tal defects 

20% develop 
tumours by 19-
21 months of 

age (both lung 
and spleen) 

Tumour 
suppression 

upon 
DMBA 

treatment 

Tumour 
suppression in 

a p19Arf-/- 
background 

40% 
(splenocytes)

20% (up to 
70%  at 

high 
passage) 

(Weaver et 
al., 2003, 

Weaver et 
al., 2007) 

Mad1 Embryonic 
lethal 

Viable, no 
overt 

developmen
tal defects 

20% develop 
tumours within 
18-20 months, 

(lung) 

Vinicristine-
induced No ND 10% (Iwanaga et 

al., 2007) 
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Mad2 Embryonic 
lethal (E6.5)

Viable, no 
overt 

developmen
tal defects 

30% develop 
tumours at 18 
months (lung)

ND No ND 55% 

(Dobles et 
al., 2000, 

Michel et al., 
2001) 

Mad2 
over-

expression 
NA NA 

50% develop 
tumours by 20 

months 
(lymphomas, 

lung and liver)

DMBA-
induced No 

Aneuploid 
tumours (not 
quantified) 

50% (Sotillo et 
al., 2007) 

Rae1 Embryonic 
lethal (E6.5)

Viable, 
without 

developmen
tal defects 

No DMBA-
induced No 10% 

(splenocytes) 20% 
(Babu et al., 
2003, Baker 
et al., 2006) 

Structural 
centromeric proteins Phenotypes +/- animals 

 -/- +/- Cancer prone?
Chemical 
induced 
cancer? 

Other 
Phenotypes 

Aneuploidy in 
embryos or 

tissues? 

% 
Aneuploid 

MEFs 
Reference 

CENPA Embryonic 
lethal (E6.5)

Viable, 
without  

development
al defects 

ND ND NA 

Chromo-
some 

missegregati
on in E6.5-/- 

embryos 

NA (Howman et 
al., 2000) 

CENPB Viable, no 
phenotype 

Viable, no 
phenotype ND ND 

Lower body 
and testis 

weight 
ND ND 

(Hudson et 
al., 1998, 

Kapoor et al., 
1998, Perez-
Castro et al., 

1998) 

CENPC Embryonic 
lethal (E3.5)

Viable, 
without 

development
al defects 

ND ND NA 

Aberrant 
mitosis and 
micronuclei 

in early 
embryos 

NA (Kalitsis et 
al., 1998) 

Hec1 
overexpres

sion 
NA NA 

13% develop 
lung tumours 

and 25% 
develop liver 

tumours 15-18 
months after 

induction 

ND No ND 25% 
(Diaz-

Rodriguez et 
al., 2008) 

Chromosomal passenger 
genes/ mitotic spindle 

binding proteins 
Phenotypes +/- animals 

 -/- +/- Cancer prone?
Chemical 
induced 
cancer? 

Other 
Phenotypes 

Aneuploidy in 
embryos/ 
tissues? 

% 
Aneuploid 

MEFs 
Reference 

APC/MIN Embryonic 
lethal (<E8.5) Viable 

Develop 
tumours 
within 3 
months 

(intestine) 

ND 

Anaemia, 
presumably 

due to 
intestinal 
bleeding 

Aneuploidy 
and 

abnormal 
mitosis in 
crypt cells 

Increased, 
not 

quantified 

(Caldwell et 
al., 2007, 

Oshima et 
al., 1995,  
Rao et al., 

2005,  
Su et al., 

1992) 
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Incenp 
Embryonic 
lethal (E3.5- 

8E.5) 

Viable, no 
overt 

development
al defects 

ND ND NA 

Abnormal 
nuclear 

morphology 
hyperdiploid 

content in 
E3.5 embryos

NA (Uren et al., 
2000) 

Survivin Embryonic 
lethal (E6.5)

Viable, no 
overt 

development
al defects 

ND ND NA 
Giant nuclei 

in early 
embryos 

NA (Uren et al., 
2000) 

Genes otherwise 
involved in mitosis Phenotypes -/- animals*  

 -/- +/- Cancer prone?
Chemical 
induced 
cancer? 

Other 
Phenotypes 

Aneuploidy in 
tissue? 

Aneuploidy 
in MEFs? 

Reference 

Ltzs1 
Viable, no 

development
al defects 

Viable, no 
develop-
mental 
defects 

All the -/- and 
60% of the +/- 
mice develop 
tumours at 8-

24 months 
(lymphomas, 
mammary, 

liver and liver)

NMBA-
induced No ND 

25% 
(lagging 

chromoso
mes) 

(Vecchione et 
al., 2007) 

Mcm4Chaos3 
Mcm4Chaos3/- 
embryonic 
lethal E14.5 

Viable, no 
development

al defects 

Mcm4Chaos3/+ 
develop 

mammary  
tumours 

within a year

ND 

Classic 
minichromoso

me loss 
phenotype in 

blood 

ND ND (Shima et al., 
2007) 

Chfr 
Viable, no 

development
al defects 

Viable, no 
develop-
mental 
defects 

50% of the -/- 
animals 
develop 
tumours 
within 20 
months 

DMBA-
induced No ND 25% (Yu et al., 

2005) 

*in case of Mcm4 mice -/- refers to Mcm4Chaos3/+ mice  

Table 1.  
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1. Introduction 
Aneuploidy is a defining feature of epithelial cancers with an impact on the genesis, 
progression and prognosis of these malignancies. Essentially all sporadic, mismatch repair 
proficient colorectal carcinomas are defined by a non-random distribution of genomic 
imbalances. Regarding breast cancer, however, aneuploid and near diploid cases show 
almost similar frequencies. Independent of the tumor entity, increased levels of aneuploidy 
result in a worse clinical outcome. For breast and colorectal carcinomas, aneuploidy has 
been reported as an independent prognostic factor with an impact comparable to that of the 
tumor stage. Unfortunately, the translation of this knowledge into the clinic was slow. 
Prognostication in breast cancer is augmented by gene expression profiles of poor or good 
prognosis. Interestingly, there is growing evidence that prognostic gene expression 
signatures simply reflect the degree of genomic instability. This is not surprising since gross 
nuclear aneuploidy is reflected in a strikingly recurrent and tumor entity specific 
distribution of chromosomal imbalances. Chromosomal imbalances, in turn, do significantly 
modulate resident gene expression levels. Furthermore, aneuploidy also affects protein 
expression. Proteomics has therefore become a powerful tool to unravel potential new 
targets for diagnostics, prognostication and therapeutic stratification. There is also 
increasing evidence that aneuploidy precedes invasive disease and can already be detected 
in premalignant lesions such as colon adenomas and/or ulcerative colitis. It is therefore 
reasonable to assume that aneuploidy plays a crucial role during carcinogenesis, an 
interpretation consistent with its direct influence on disease outcome. This has triggered 
considerable efforts to elucidate how aneuploidy develops and what its impact is on the 
genetic equilibrium of cells at the molecular level.   
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2. Nuclear DNA content, genomic instability and chromosomal aneuploidy 
In 1914, Theodor Boveri proposed that the loss or gain of “inhibiting” or “promoting” 
chromosomes, respectively, might cause uncontrolled cell proliferation (Boveri 1914; Ried 
2009). This hypothesis could only be validated after technical progress allowed a more 
detailed analysis of the human genome and after the correct number of human 
chromosomes was established to be 46 (Tjio and Levan 1956). Each chromosome consists of 
two chromatids that are joined at the centromere. The centromeric region is important for 
the attachment of kinetochores that are responsible for the segregation of the chromatids 
during mitotic cell division, a central feature for maintaining genomic stability (Kops, 
Weaver, and Cleveland 2005). Chromosomes can be classified by their centromere position, 
size and banding pattern (Strachan and Read 1999). Telomeres are located at the ends of 
chromosomes to protect the integrity of the chromosomal DNA. They harbour proteins that 
protect the ends of chromosomes from, e.g., recombination, nuclease attacks, and end-to-end 
fusions. The DNA polymerase telomerase is responsible for the maintenance of the telomere 
length that physiologically becomes shorter with each cell division. Telomerase reactivation 
has been identified as an important mechanism for malignant transformation (Shay and 
Wright 2002). Both abnormalities of centromere and telomere function can lead to 
aneuploidy. 

2.1 Clonal expansion and proliferation 

Boveri’s hypothesis that chromosomal aberrations might cause uncontrolled cell 
proliferation was first supported by the detection of the Philadelphia chromosome in 1960. 
The Philadelphia chromosome shows a translocation, t(9;22), characteristic for chronic 
myelogenous leukemia (Rowley 1973). This translocation causes synthesis of a fusion 
protein with increased tyrosine kinase activity (p210) that increases cell proliferation. 
Translocations belong to those mutations that affect the chromosomal structure. Inversions, 
deletions and duplications are also referred to as structural aberrations. Such cancer 
promoting chromosomal aberrations can affect different genes, causing either a gain of 
function (proto-oncogenes) or a loss of function (tumor suppressor genes). Whereas 
mutations in oncogenes are mainly dominant, mutations in tumor suppressor genes are 
typically recessive and follow Knudson’s two-hit model: The first mutation “hits” one allele 
of a tumor suppressor gene. The presence of the remaining wild-type allele preserves the 
tumor inhibiting function. The second “hit” mutates the remaining wild-type allele, which 
results in the complete loss of gene function (Knudson 1979). In addition to structural 
chromosomal aberrations, we also observe alterations of chromosome number, i.e., 
aneuploidy (Giaretti et al. 2004). While one reason for the emergence of structural 
chromosomal aberrations are deficiencies in the repair of DNA double strand breaks 
(Sinicrope, Rego, Foster, et al. 2006), there is mounting evidence that numeric chromosome 
imbalances are caused by chromatid segregation errors during mitotic cell division 
(D'Amours and Jackson 2002; Jallepalli and Lengauer 2001; Loeb and Loeb 2000; Vessey, 
Norbury, and Hickson 1999). Loss of bub1, for instance, a gene involved in the mitotic 
checkpoint, increases chromosome segregation errors (Cahill et al. 1998). Alternatively, 
overexpression of cyclin E, a cell cycle regulator results in centrosome amplification (Nigg 
1996), and has been observed in a variety of malignancies causing chromosome instability 
and aneuploidy (Spruck, Won, and Reed 1999; Donnellan and Chetty 1999). The completion 
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of the cell and DNA replication cycle requires the coordination of a variety of 
macromolecular syntheses, assemblies and movements. These complex processes are 
normally tightly controlled by regulatory pathways or checkpoints in order to maintain 
genomic stability. However, cancer cells often exhibit mutations that allow bypassing those 
regulatory mechanisms leading to aberrant growth and clonal expansion. Gain-of-function 
of growth factor receptors, often through an increase in copy number, is also frequently 
observed in tumors (Scharf and Braulke 2003). 

2.2 Cell cycle regulation 

Cell cycle regulators, namely cyclin-dependent kinases (cdks) and their regulatory subunits 
(cyclins), are driving forces of the cell cycle and act at different cellular checkpoints. In 1951, 
Howard and Pelc divided the cell cycle into four phases (GAP1, synthetic phase, GAP2, and 
mitosis) (Howard and Pelc 1951). Later on, abbreviations were used that described the 
preceding phase as G1, the synthetic phase as S phase, the phase before cell division as G2, 
and the mitosis phase as M phase (Zetterberg, Larsson, and Wiman 1995). Since the genetic 
material is duplicated in the S phase and divided in the M phase, the transition of a cell into 
these two phases is crucial and regulated by the G1/S checkpoint and the G2/M DNA damage 
checkpoint. The cascade of interacting cyclins and cdks during the cell cycle can be briefly 
summarized as follows: The activation of cdk4 and cdk6 by cyclin D leads the cell from the 
middle of G1 to the G1/S checkpoint. Active cyclin E/cdk2 complexes then trigger the 
transition from G1 to S phase. The cyclin A/cdk2 complex promotes the cell cycle progress 
from the G1/S checkpoint into G2 (Sherr 1993). Cyclin A can therefore serve as a 
proliferation marker for committed cells that will pass through the S and G2 phase (Zindy et 
al. 1992). Cyclin A also binds cdk1 from the end of S to the beginning of the M phase. Its 
function has not been conclusively elucidated but aberrant expression of cyclin A/cdk1 
complexes has been associated with tumorigenesis (Liao et al. 2004). In addition, cyclin A 
overexpression itself significantly reflects poor prognosis of carcinoma patients (Handa et al. 
1999). For the transition from G2 into M phase, cyclin B activates cdk1. In addition to the cell 
cycle regulation by cdks and their cyclins, other regulatory factors have been described such 
as the transcription factor TP53 which is responsible for leading the cell into G1 and G2 
arrest (Vousden 2002). Another checkpoint has been described for the M phase which has 
been subdivided into five phases that harbour specific stages of the mitotic cell division: 
prophase, prometaphase, metaphase, anaphase, and telophase. The appropriate transition 
from prometaphase and metaphase to anaphase is highly important to guarantee genomic 
stability. The cellular mechanism that could be used to delay prometaphase or metaphase in 
response to spindle defects or impaired chromosome segregation has been termed the 
spindle integrity checkpoint (Allshire 1997).  

3. Aneuploidy and epithelial malignancies  
Aneuploidy is a characteristic genetic alteration of the cancer genome (Duesberg et al. 1998; 
Lengauer, Kinzler, and Vogelstein 1998; Ried et al. 1999). When the first quantitative 
measurements of the DNA content were applied to cancer cells, aneuploidy was defined as a 
variation in the nuclear DNA content of cancer cells within a tumor (Caspersson 1979). In 
addition to nuclear aneuploidy, an increased resolution of cytogenetic techniques such as 
chromosome banding, comparative genomic hybridization (CGH), spectral karyotyping 
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(SKY), and multicolor fluorescence in situ hybridization allowed the detection of specific non-
random imbalances, heretofore referred to as chromosomal aneuploidy (Caspersson et al. 
1970; Kallioniemi et al. 1992; Schrock et al. 1996; Speicher, Gwyn Ballard, and Ward 1996). 
Indeed, despite genetic instability in cancer genomes, cancer cell populations as a whole 
display a surprisingly conserved, malignancy-specific pattern of genomic imbalances (Ried et 
al. 1999; Knuutila et al. 1998; Forozan et al. 1997). Interestingly, chromosomal aneuploidy can 
be the first detectable genetic aberration found during human tumorigenesis, e.g., in pre-
invasive dysplastic lesions (Hittelman 2001; Hopman et al. 1988; Heselmeyer et al. 1996; 
Solinas-Toldo et al. 1996). This suggests both an initial requirement for the acquisition of 
specific chromosomal aneuploidy and a requirement for the maintenance of these imbalances 
despite genomic and chromosomal instability. This would be consistent with continuous 
selective pressure to retain a specific pattern of chromosomal copy number changes in the 
majority of tumor cells (Bomme et al. 1994; Ried et al. 1999; Nowak et al. 2002; Desper et al. 
2000). Chromosomal aneuploidy is also the earliest detectable genomic aberration in cell 
culture model systems in which cells are exposed to carcinogens or subject to spontaneous 
transformation (Barrett et al. 1985; Padilla-Nash et al. 2011). The conservation of these specific 
patterns of chromosomal aneuploidy indicates a fundamental biological role in tumorigenesis.  

3.1 Aneuploidy and colorectal cancer 

3.1.1 Chromosomal aneuploidy in sporadic colorectal cancer (SCC) 

Malignant transformation of the colorectum is defined by the sequential acquisition of 
genetic alterations, both at gene-specific and on chromosomal levels (Fearon and Vogelstein 
1990). Many of these aberrations can be visualized as specific chromosomal gains and losses 
resulting in a conserved and malignancy-specific pattern of genomic imbalances (Ried et al. 
1996). One of the earliest acquired genetic abnormalities during colorectal tumorigenesis are 
copy number gains of chromosome 7 (Bomme et al. 1994) which can already be observed in 
benign polyps. At later stages, e.g., in high-grade adenomas or in invasive carcinomas, 
additional numeric aberrations such as gains of chromosomes and chromosome arms 8q, 13, 
and 20q, and losses that map to 8p, 17p, and 18q become prominent (Figure 1). For a 
comprehensive summary see the “Mitelman Database of Chromosome Aberrations in 
Cancer” at http://cgap.nci.nih.gov/Chromosomes/Mitelman. Chromosomal aneuploidy is 
accompanied by specific mutations in tumor suppressor genes and oncogenes, including 
e.g., APC and TP53 (Vogelstein and Kinzler 2004). It is therefore well accepted that both 
chromosomal aneuploidy and specific gene mutations, are required for tumorigenesis.  

3.1.2 Chromosomal aneuploidy and ulcerative colitis-associated colorectal  
cancer (UCC) 

Unlike sporadic colorectal tumors, UCCs do not follow the adenoma–carcinoma sequence, 
and their sequential acquisition of chromosomal aneuploidy and gene mutations is less well 
established. It was therefore questioned if the pattern of chromosomal alterations in UCC is 
similar to that known for sporadic carcinomas. Earlier reports suggested that genomic 
imbalances observed in UCC cluster on the same chromosomes as those observed in 
sporadic colorectal carcinomas (Kern et al. 1994; Holzmann et al. 2001; Willenbucher et al. 
1997; Loeb and Loeb 1999; Aust et al. 2000).  
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Fig. 1. Comparison of genomic imbalances in sporadic adenomas (n=14), sporadic colorectal 
carcinomas (n= 15), and liver metastasis of sporadic colorectal carcinomas (n=12). Bars on 
the left side of the chromosome ideogram denote a loss of sequence in the tumor genome, 
bars on the right side a gain of sequence in the tumor genome. The number of alterations per 
chromosome is normalized to 10 cases for each disease stage. Only ratios greater than 2 have 
been considered. Figure modified from (Habermann et al. 2007). 

The analysis by Habermann and colleagues comprised the largest sample collection of UCCs 
from one clinical center and supports these findings: all 19 UCC specimens showed 
chromosomal imbalances by comparative genomic hybridization (CGH) (Habermann et al. 
2003) that mainly cluster on the same chromosomes as described for sporadic colorectal 
cancer (Figure 1). These data clearly indicate that the tumor cell population as an entity of 
UCCs selects for a distribution of genomic imbalances that is similar to sporadic carcinomas. 
It therefore seems logic to conclude that the tissue origin of the tumor cell and not the mode 
of tumor induction defines the similarity between sporadic colorectal cancers and UCC. This 
is in striking contrast to hereditary colorectal carcinomas arising in the background of 
mismatch repair deficiency, where neither aneuploidy nor specific chromosomal imbalances 
are observed (Ghadimi et al. 2000; Schlegel et al. 1995).  
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3.1.3 Nuclear aneuploidy and prognosis of colorectal cancer (SCC and UCC) 

The strikingly conserved pattern of chromosomal aneuploidy in sporadic and ulcerative 
colitis-associated colorectal carcinomas can be reflected by nuclear DNA aneuploidy. 
Hereby, flow and/or image cytometry are reliable tools with excellent clinical applicability 
also for high-throughput clinical diagnostics. Interestingly, reported frequencies of 
aneuploidy in UCCs vary inconsistently between 28.6% and 100% (Holzmann et al. 1998; 
Fozard et al. 1986).  One limitation of former studies might be the overall low number of 
UCC cases analyzed, varying from single case studies up to 17 UCC patients (Clausen et al. 
2001; Makiyama et al. 1995; Burmer, Rabinovitch, and Loeb 1991). Against this background, 
we had recently compiled a single center cohort comprising 31 UCCs that were assessed for 
the frequency of nuclear aneuploidy and its association to clinical parameters and survival 
and in comparison to 257 sporadic colorectal carcinomas (Gerling et al. 2010). Ploidy 
measurements were performed by means of image cytometry which allows the 
simultaneous assessment of histomorphology. Histograms were classified according to Auer 
(Figure 2) (Auer, Caspersson, and Wallgren 1980).  

 
Fig. 2. DNA Histogram types according to Auer (Auer, Caspersson, and Wallgren 1980). 
Histograms characterized by a single peak in the diploid or near-diploid region (1.5–2.5 c) 
were classified as type I. The total number of cells with DNA values exceeding the diploid 
region (>2.5 c) was <10%. Type II histograms showed a single peak in the tetraploid region 
(3.5– 4.5 c) or peaks in both the diploid and tetraploid regions (>90% of the total cell 
population). The number of cells with DNA values between the diploid and tetraploid 
region and those exceeding the tetraploid region (>4.5 c) was <10%. Type III histograms 
represented highly proliferating near-diploid cell populations and were characterized by 
DNA values ranging between the diploid and the tetraploid regions. Only a few cells (<5%) 
showed more than 4.5 c. The DNA histograms of types I, II, and III thus characterize euploid 
cell populations. Type IV histograms showed increased (>5%) and/or distinctly scattered 
DNA values exceeding the tetraploid region (>4.5 c). These histograms reflect aneuploid 
populations of colon mucosa nuclei with decreased genomic stability.  
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Interestingly, UCCs showed aneuploidy at a significantly higher frequency than sporadic 
colorectal carcinomas (100% versus 74.6%; P < 0.0006) (Gerling et al. 2010). A logistic 
regression analysis assessed age, sex, UICC stage, T- and N-status, histologic tumor grading, 
underlying inflammation, and DNA ploidy status. Out of these features, only age and DNA 
ploidy status were significant parameters indicating both patients of higher age at diagnosis 
and patients with aneuploid malignancy have a poor survival prognosis. Additional logistic 
regression analysis comprising these two significant parameters only confirmed age (odds 
ratio [OR], 1.05; 95% CI, 1.02–1.09; P = 0.003) and DNA ploidy (OR, 4.07; 95% CI, 1.46 –11.36; 
P = 0.007) to be independent prognostic parameters. Among those, DNA aneuploidy with 
an OR of 4.07 seemed to be the strongest independent prognostic marker for R0-resected 
colorectal cancer patients overall. The dominance of aneuploidy as an independent 
prognostic factor in patients with SCC and UCC was further supported by the fact, that 
patients with diploid tumors at advanced stages (UICC stage III/IV) did present a survival 
comparable to that of patients with aneuploid tumors at early stages (Figure 3). The latter 
finding might even suggest that the presence of aneuploid tumor cell populations may 
influence the patient’s prognosis more dominantly than tumor stage.  

 
Fig. 3. Kaplan-Meier survival estimates of significant prognostic groups according to UICC 
stage, ploidy status, and underlying inflammatory disease. SCC, sporadic colorectal cancer; 
UCC, ulcerative colitis-associated colorectal cancer. Modified from (Gerling et al. 2010). 

3.1.4 Nuclear aneuploidy and cancer risk assessment in ulcerative colitis and 
sporadic colon adenomas 

The higher frequency of nuclear aneuploidy in UCCs than in sporadic colorectal cancer 
might indicate the dominance of genomic instability not only at the time when malignancy 
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is overt but also for the development of malignant properties. In order to evaluate 
aneuploidy as a potential predictive marker in patient risk assessment, two groups were 
analyzed (Habermann et al. 2001): eight patients with UCC and 16 ulcerative colitis (UC) 
patients without malignancy but comparable risk factors according to the duration of 
disease, extent of inflammation and occurrence of epithelial dysplasia. A total of 683 
paraffin-embedded mucosal biopsies were evaluated for inflammatory activity, grade of 
dysplasia and ploidy status. In all biopsies, mild or moderate inflammatory activity was 
present in 78% while low-grade or high-grade dysplasia was found in 5.5% overall. No 
difference in inflammatory activity and dysplasia between patient groups could be detected 
(Habermann et al. 2001). One of the most important findings of this study was the detection 
of highly aneuploid epithelial cell populations scattered over the colon and rectum in 
premalignant biopsies of all eight UCC patients. These lesions could be observed up to 11 
years prior to the final cancer diagnosis (average 7.8 years). Aneuploidy was found in 
macro- and microscopically unsuspicious mucosa, could even be detected in regenerative 
epithelium, and was not related to dysplasia. DNA aneuploidy occurred more frequently in 
biopsies (75%) of ulcerative colitis patients with a subsequent UCC than in those without 
subsequent malignancy (14%, p = 0.006). All eight UCC specimens themselves also showed 
aneuploidy. In line with these findings, Löfberg et al. reported aneuploid biopsies in 25% of 
high-risk patients at least once during 10 years of observation (Lofberg et al. 1992). In other 
studies, aneuploidy has been repeatedly observed also in non-dysplastic mucosa of high-
risk patients (Rubin et al. 1992). It seems therefore reasonable to suggest that genomic 
instability, represented by DNA aneuploidy, might initiate malignant transformation in 
colitis as an early event. However, aneuploidy may be reversible over time once cells are no 
longer exposed to the inducing carcinogen (Auer et al. 1982; Ono et al. 1984). Thus, nuclear 
aneuploidy might need to be followed by multiple cellular alterations in order to reach 
malignant properties. 

In sporadic colorectal carcinogenesis, adenomas are considered premalignant lesions. 
However, individual colorectal adenomas have different propensities to progress to 
malignancy. We therefore explored whether these differences could be explained by 
chromosomal aberrations, oncogene amplifications, and/or deletions of tumor-suppressor 
genes. Fluorescence in situ hybridization (FISH) with gene specific probe sets was applied to 
18 adenomas of patients without synchronous or subsequent carcinoma, 23 adenomas of 
carcinoma patients, and 6 matched carcinomas (Habermann et al. 2011). The probe sets 
included centromere probes for chromosomes 17 and 18 (CEP17 and CEP18), as well as 
gene-specific probes for SMAD7 (18q21.1), EGFR (7p12), NCOA3 (20q12), TP53 (17p13.1), 
MYC (8q24.21), and RAB20 (13q34).  

First, gene copy numbers were correlated with the DNA ploidy status independent of 
patient groups: EGFR amplifications correlated with SMAD7 deletions (P < 0.01) and an 
increased DNA stem line value (P = 0.019). NCOA3 amplifications were more frequently 
observed in aneuploid adenomas and increasing NCOA3 gene copy number signals 
correlated with higher DNA stem line values (P = 0.023, Figure 4). A deletion of TP53 was 
more frequently observed in aneuploid adenoma samples (P = 0.029). MYC amplifications 
were more frequently observed in adenoma samples with increased DNA stem line values 
(P < 0.01) and in adenoma samples that were assessed to be aneuploid (P = 0.029). RAB20 
amplifications also correlated with increased DNA stem line values (P < 0.05).  
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Second, comparing adenomas with and without synchronous carcinomas showed that a 
higher genomic instability index of CEP18, SMAD7, and EGFR (the genomic instability 
index was measured by dividing the number of different signal patterns by the number of 
analyzed cells) could be detected in the adenoma samples of patients with carcinoma than in 
adenoma samples of patients without synchronous or subsequent carcinoma (P = 0.037). 
Furthermore, TP53 deletions were more frequently observed in adenoma samples of 
patients with synchronous carcinoma (P = 0.045).  

Third, evaluation of the prognostic potential for adenoma recurrence revealed that a diploid 
signal count for NCOA3 was associated with a longer adenoma recurrence-free observation 
time (P = 0.042, Figure 4).  

 
Fig. 4. (a) Frequency of NCOA3 amplifications according to patient groups (A, patients 
without adenoma recurrence and without carcinoma; (B) patients with adenoma recurrence 
but without carcinoma; (D) patients without adenoma recurrence but with carcinoma; (E) 
patients with adenoma recurrence and with carcinoma). (b) Adenoma recurrence-free 
survival time depending on NCOA3 copy numbers. (c) Physiological copy numbers in 
diploid and (d) aberrant copy numbers in aneuploid adenomas for CEP17 (yellow), NCOA3 
(green) and TP53 (red). Modified from (Habermann et al. 2011). 

Fourth, the most frequently observed alterations overall were a gain of EGFR (36.2%) and 
RAB20 (34.2%). Although the frequency of these two aberrations was increased in the 
carcinoma samples (EGFR, 44%/RAB20, 41.4%), there was no difference between patients 
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with and without malignancy. Based on the presented above results one could conclude that 
genomic instability in colorectal adenomas is reflected by genomic amplification of the 
oncogenes EGFR, MYC, NCOA3, and RAB20. These amplifications could be indicative for 
adenoma recurrence and for the presence of synchronous carcinomas. Detection of such 
amplifications using FISH could therefore contribute to the assessment of individual 
progression to malignancy. 

4. Aneuploidy-associated gene expression 
4.1 Aneuploidy-associated gene expression in colorectal cell lines 

The correlation of nuclear aneuploidy with conserved patterns of chromosomal aberrations 
and gene specific signal enumerations with prognosis prompted us to analyze the 
immediate consequences of chromosomal copy number changes at the gene expression 
level. For this purpose, microcell-mediated chromosome transfer was used to introduce 
extra copies of chromosomes 3, 7, and 13 into the diploid colorectal cancer cell line DLD1 
(Upender et al. 2004). The introduction of all three chromosomes individually resulted in a 
significant increase in average gene expression on the trisomic chromosome (all P < 0.0001). 
In order to assess whether this effect was specific for DLD1 per se or specific for the tissue of 
origin (colon), we also determined the effect of an additional copy of chromosome 3 in a 
mammary epithelial cell line (hTERT-HME). The introduction of an extra copy of 
chromosome 3 into the telomerase immortalized, karyotypically normal mammary 
epithelial cells resulted as well in an increase in the average gene expression of chromosome 
3 genes (P < 0.0001, Figure 5). An additional analysis at the level of chromosome arms did 
not reveal additional changes in any of the derivative cell lines.  

In addition to analysis of average, chromosome-specific gene expression levels for the 
introduced chromosomes, we also identified additional deregulated genes throughout the 
genome. The influence of the three trisomies at the individual gene expression level was 
examined by considering only genes with expression ratios >2.0 (up-regulated) or <0.5 
(down-regulated) when compared with the parental cell line. For clone DLD1 + 7, only 18% 
(35 of 194) of the differentially expressed genes (DEGs) with known locus information 
mapped to chromosome 7 and 32 of these were up-regulated (Table 1). Regarding 
chromosome 13, only 6% (10 of 162) mapped to chromosome 13, of which all were up-
regulated (Table 1). The trisomy of chromosome 3 in DLD1 revealed 12% (17 of 144) to map 
to this chromosome and all were up-regulated (Table 1). The introduction of the same 
trisomy 3 into the hTERT-HME cells yielded 17% (23 of 135) of the differentially expressed 
genes mapping to chromosome 3, of which 21were up-regulated (Table 1). 

Strikingly, no genes were affected in common among any of the four derivative cell clones. 
Five percent of all genes on the array mapped to each of chromosomes 7 and 3. For 
chromosome 13, the percentage was 1.7%. The observed percentages of up-regulated genes 
located on chromosomes 7 and 3 were each >20%, and the observed percentage of up-
regulated genes residing on chromosome 13 was >10%. Thus, the percentages of up-
regulated genes residing on the introduced chromosomes were substantially greater than 
would have been expected by chance if up-regulation occurred at random. In contrast, the 
percentages of down-regulated genes residing on the introduced chromosomes were no 
more than expected by chance. Thus, the effect of a very specific increase in average  
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Fig. 5. Global gene expression profiles. Each scatter-plot displays all genes and their 
corresponding normalized expression ratio values along the length of each chromosome. 
Values in open light blue circles and open light orange circles represent ratio values between 
0.5 and 2.0. Dark blue dots represent expression ratios > 2.0 and dark orange dots are ratios 
< 0.5. The X axis shows the starting base pair location of each gene (Upender et al. 2004). 

 

 DLD1 + 7 DLD1 + 13 DLD1 + 3 HME + 3 
No. of genes two-fold 
altered 

202  164  148  140  

No. of up-regulated genes 155  92  81  91  
Map on chromosome  32  10  17  21 
Map off chromosome  117  82  64  66 
Map unknown  6  0  0  4 
No. of down-regulated 
genes 

47  72  67  49  

Map on chromosome  3  0  0  2 
Map off chromosome  42  70  63  46 
Map unknown  2  2  4  1 

NOTE. Genes up or down regulated (normalized ratio > 2.0 and < 0.5, respectively; (Upender et al. 2004). 

Table 1. Summary of 2-fold altered gene lists 
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expression of genes on the trisomic chromosomes is further supported by an expression 
increase of a significant number of individual genes located on those chromosomes. 
Furthermore, a large number of genes located on diploid chromosomes in these derivative 
cell clones was also significantly increased in expression, hereby revealing a more complex 
global transcriptional deregulation. 

The phenomenon of trisomy-associated expression alterations in the cell line model 
described above was further confirmed by a correlation analysis of chromosomal 
aberrations and gene expression changes in 16 normal mucosa specimens, 17 adenomas, 20 
primary colorectal carcinomas, and 13 liver metastases (Habermann et al. 2007). In 
particular, we found average gene expression changes for those chromosome arms that 
showed copy number changes including 7p, 7q, 8p, 8q, 13q, 18p, 18q, 20p and 20q in 
colorectal carcinomas.  

4.2 Aneuploidy-associated gene expression in breast carcinoma 

Comparable to colorectal cancer, aneuploidy also has a direct impact on the prognosis of 
patients suffering from breast cancer. In this disease, aneuploidy serves as an indicator of 
poor prognosis independent from established parameters such as lymph node status and 
other clinical and histomorphological variables (Auer, Caspersson, and Wallgren 1980; Auer 
et al. 1984; Heselmeyer-Haddad et al. 2002; Ried et al. 1995). Consistent with these results, 
the differentiation of aneuploidy and near diploidy in genomically stable and unstable cell 
populations using the Stemline Scatter Index (SSI) has shown that patients with genomically 
stable tumors have a significantly better prognosis than those with unstable ones 
(Kronenwett et al. 2004; Kronenwett et al. 2006). To evaluate potential differences in gene 
expression patterns between genomically stable and unstable breast carcinomas, 48 breast 
carcinomas were assessed by gene expression profiling on microarrays (Habermann et al. 
2009): 17 diploid tumors were genomically stable (dGS), 15 tumors assessed as aneuploid, 
yet genomically stable (aGS), and 16 carcinomas were classified as aneuploid and 
genomically unstable (aGU). No differences were observed among the three groups 
regarding patients’ age, tumor size and number of lymph node metastases. The higher 
degree of genomic instability in the aGU group was also reflected in an increase in 
chromosomal copy number changes as measured by CGH. A detailed summary and 
comparison of chromosomal aberrations between the three groups is presented in Figure 6.  

Chromosomal aberrations in the genomically stable tumors (dGS and aGS) were mainly 
restricted to gains of chromosome 1q and 16p and accompanied by losses on chromosome 
16q. In contrast, aGU tumors showed more diverse changes including a frequent gain of the 
long arm of chromosome 17, the mapping position of the ERBB2 oncogene. The similarity of 
the genomically stable (dGS and aGS) compared to the genomically unstable (aGU) tumors 
was further supported by gene expression profiles: pair-wise comparisons of the three 
groups showed that 38 genes were commonly differentially expressed for the comparisons 
aGU versus dGS and aGU versus aGS, whereas only two genes were commonly observed in 
the comparisons aGU versus aGS and aGS versus dGS, and three genes among aGS versus dGS 
and aGU versus dGS. The gene lists describing exclusive differences between all groups can 
be obtained from Habermann et al. (Habermann et al. 2009). In summary, both,  



Aneuploidy and Epithelial Cancers: The Impact of Aneuploidy on  
the Genesis, Progression and Prognosis of Colorectal and Breast Carcinomas 

 

93 

 

 
Fig. 6.  Genomic instability in breast cancer: Examples of DNA histograms of (a) diploid, 
genomically stable tumors (dGS), (b) aneuploid, yet genomically stable tumors (aGS), and 
(c) aneuploid and genomically unstable (aGU) tumors. Note the profound scattering of the 
ploidy stemline in (c) (for details of the ploidy classification see (Kronenwett et al. 2004). (d) 
Summary of genomic imbalances in 15 dGS (green), 12 aGS (red), and 11 aGU (blue) breast 
carcinomas analyzed by comparative genomic hybridization. Bars on the left side of the 
chromosome ideogram denote a loss of sequence in the tumor genome, while bars on the 
right side designate a gain. The width of the bars indicates the relative frequency of gains 
and losses observed (Habermann et al. 2009). 
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chromosomal alterations and patterns of differentially expressed genes suggest that tumors 
classified as genetically unstable differed substantially from the genetically stable ones, 
regardless of the actual ploidy status (i.e., the position of the stemline which is at 2c in the 
dGS and different from 2c in the aGS). 

In order to further explore the biological relevance of our gene expression differences in the 
genomically stable versus unstable groups, we evaluated the usefulness of our expression 
profiles for predicting disease outcome in previously published independent datasets. For 
this purpose, the classification of our samples into genomically stable and unstable 
carcinomas was based on a 12-gene-genome instability signature (Habermann et al. 2009). 
This gene set, which discerned the stable from unstable tumors, was then applied for 
predicting cancer outcomes in independent datasets reported by Sorlie et al. (Sorlie et al. 
2003), van de Vijver et al. (van de Vijver et al. 2002), and Sotiriou et al. (Sotiriou et al. 2003). 
Each patient in the three validation cohorts was classified as being more similar to either the 
genomically stable or unstable signature, based on the correlation of this patient’s gene 
expression pattern with the average expression profiles of the genomically stable and 
unstable samples in our dataset. Kaplan-Meier analyses showed that patients defined to 
have genomic unstable carcinomas were associated with a distinct shorter relapse-free 
survival and metastasis-free survival (p < 0.04) in the patient cohorts from Sorlie et al. (Sorlie 
et al. 2003), van de Vijver et al. (van de Vijver et al. 2002), and Sotiriou et al. (Sotiriou et al. 
2003). Furthermore, patients presenting tumors with genomic instability had a remarkably 
different, shorter overall survival in Kaplan-Meier analyses (p < 0.025) as shown in Figure 7. 

It was further shown, that the 12-gene signature is independent of clinicopathologic factors 
such as lymph node status, the NIH criteria, the St. Gallen criteria, and grading used for 
breast cancer prognostication (Habermann et al. 2009). Furthermore, the 12-gene genome 
instability signature revealed a remarkable concordance with independent classification 
systems for specific prognostic subtypes, i.e., luminal A and B, basal, ERBB2+, and normal-
like (Sorlie et al. 2001; Sorlie et al. 2003; Perou et al. 2000; Bergamaschi et al. 2006): of the 28 
genomically stable tumors in our collection, 24 were assigned to subtypes luminal A (n = 18) 
or normal-like (n = 6). Only four tumors were assigned to the ERBB2+ group. In contrast, all 
but one genomically unstable tumor (n = 16) was assigned to either the ERBB2+ group (n = 
10) or the basal group (n = 5), indicating pour prognosis. Of note, most of our genomically 
unstable tumors showed genomic amplification of chromosome arm 17q, the mapping 
position of the ERBB2 oncogene (Figure 6).  

In addition, it was explored whether other gene expression signatures for breast cancer 
prognosis would allow classification of the degree of genomic instability in our samples. 
Specifically, the 21-gene signature of the so-called Oncotype DX assay (consisting of 16 
cancer-associated genes and 5 genes included for normalization purposes) (Paik et al. 2004), 
and the 70-gene signature of the MammaPrint ® (van de Vijver et al. 2002; van 't Veer et al. 
2002) were used to predict genomic instability in our tumor collection. Twelve of the 21 
genes used in the Oncotype DX test were present on our platform, whereas 21 of the 70 
genes employed by MammaPrint® could be utilized in our set. Using the Oncotype DX gene 
set, overall prediction accuracy (measured as correct classification of unstable tumors as 
unstable, and stable tumors as stable) was 91%, whereas the MammaPrint® set correctly 
classified 84% of all cases. Therefore, these results further support a close linkage between 
genomic instability and poor prognosis in breast cancer.  
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In summary, the above data show that, firstly, differences in the degree of genomic 
instability were reflected in the 12-gene signature that separated our samples. Secondly, this 
aneuploidy-specific gene expression signature can reliably predict outcome in published 
datasets, and, thirdly, in turn, the gene expression signature of poor prognosis, independent 
of the specific platform, predicts the degree of genomic instability with convincing accuracy 
(p < 0.001).  

 

 
Fig. 7. Applying the 12-gene genomic instability signature for prediction of disease-free and 
overall survival in independent datasets using Kaplan-Meier analyses. The curves in red 
reflect carcinoma patients harboring the genomically stable signature, the curves in green 
the one representing genomic instability. For all examples, statistically significant 
association of genomic instability with shorter disease-free and overall survival was 
observed (Habermann et al. 2009). 

5. Aneuploidy-associated protein expression 
Against the background that nuclear aneuploidy correlates with cancer or cancer subtype-
specific chromosomal alterations that impact on gene expression levels, we considered it 
highly important to elucidate if aneuploidy-associated protein expression patterns can be 
identified as well. Such protein expression patterns could likely unravel novel targets for 
improved diagnostics and potentially therapeutic interventions. Two-dimensional gel 
electrophoresis (2-DE) and mass-spectrometry were applied to assess protein expression 
profiles of colorectal cancer cell lines of defined ploidy types. Ploidy assessment determined 
the colorectal cancer cell lines DLD-1, HCT116, and LoVo to be diploid. In contrast, Caco-2, 
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HT-29, T84, and Colo 201 were classified as aneuploid. Ploidy-type classification of cell lines 
was further supported by comparative genomic hybridization (CGH) and spectral 
karyotyping (SKY) analyses (http://www.ncbi.nlm.nih.gov/sky/). 

Two independent statistical analyses revealed 38 (ANOVA analysis) and 31 (random forest) 
protein spots being differentially expressed between the diploid and aneuploid cell lines 
(Gemoll et al. 2011). Twenty-six spots were identified by peptide mass fingerprinting: eight 
proteins were higher and 18 lower expressed in the aneuploid than in the diploid cell lines. 
Based on Ingenuity Pathways Analysis, fold changes, molecular functions, and availability of 
antibodies, YWHAQ, CAPZA1, GNAS, PRDX2, HDAC2, and TXNL1 were selected for 
downstream analysis. While Western-blot fold changes of all six proteins were in accordance 
with 2-DE data, only three of the six proteins reached significance (p < 0.05) having either 
lower (TXNL1, CAPZA1) or higher expression (HDAC2) in the aneuploid group.  

 

 
Fig. 8. (a) HDAC2, CAPZA1, and TXNL1 immunohistochemical detection in colorectal 
cancer specimens based on a tissue microarray. Image examples are given at 800-fold 
magnification. (b) Tissue-microarray-based immunohistochemical evaluation of HDAC2, 
CAPZA1, and TXNL1 comparing diploid versus aneuploid colorectal carcinoma specimens. 
Immunoreactivity was scored with ‘‘0’’ showing no positivity, ‘‘1’’ presenting up to 20% 
immunopositive cells, ‘‘2’’ up to 50%, and ‘‘3’’ above 50% stained cells. Barplots of the TMA 
analysis confirmed HDAC2 and TXNL1 as significantly (asterisk) differentially expressed 
proteins between diploid and aneuploid tumors (Gemoll et al. 2011). 
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For proof of clinical relevance we chose those three proteins for tissue microarray (TMA)-
based immunohistochemistry assessment. As shown in Figure 8, HDAC2 nuclear 
immunopositivity (score 1, 2, and 3) was more frequently present in aneuploid (91.3%) than 
in diploid (70%) carcinomas (P = 0.02). For TXNL1, strong nuclear immunoreactivity (score 
3) was more frequently observed in diploid (24%) than in aneuploid carcinomas (6.4%, P = 
0.04). CAPZA1 immunohistochemistry showed a similar trend as in Western-blot and 2-DE 
analysis, however, did not reach significance. By comparing immunopositivity between 
normal adjacent mucosa and all carcinoma specimens irrespective of their ploidy status, we 
detected significantly stronger immunopositivity in the carcinomas for HDAC2 (P < 0.001) 
and TXNL1 (P = 0.026).  

The TXNL1 gene encodes a protein that belongs to the thioredoxin family of small redox 
active proteins. TXNL1 overexpression can increase the transcriptional repressor function 
through its binding to the transcription factor B-Myb (Kim et al. 2006). Thus, TXNL1 
overexpression specifically predisposes to arrest in the G0/G1 phase of the cell cycle. 
Overexpression in diploid malignancies could therefore help to maintain genomic stability. 
HDAC2 plays an important role in transcriptional regulation and cell cycle progression 
(Harms and Chen 2007). HDAC2 is overexpressed in several tumor entities, including colon 
cancer (Song et al. 2005; Ashktorab et al. 2009). Interestingly, HDAC2 overexpression seems 
to be induced by APC loss and appears to be sufficient on its own to prevent apoptosis, thus 
favoring the development of genomic instability and tumor growth (Zhu et al. 2004). The 
inhibition of HDAC in combination with chemotherapy (doxorubicin) is currently assessed 
in phase I clinical trials. HDAC2 overexpression in the primary tumor serves as a predictive 
marker for efficient HDAC inhibition (Munster et al. 2009). Our data show a close 
correlation of HDAC2 overexpression, aneuploidy, and poor prognosis. It seems therefore 
reasonable that HDAC2 overexpression is a mere reflection of aneuploidy and that patients, 
in particular those with aneuploid tumors could benefit from treatment with HDAC-
inhibitors. The fact that more than 70% of colorectal cancers are aneuploid makes this even 
more compelling.  

6. Conclusions 
DNA aneuploidy is a defining feature of human cancers of epithelial origin, i.e., the 
carcinomas. Disease-specific chromosomal aneuploidies develop before the transition to 
invasive disease, e.g., in ulcerative colitis and colorectal adenomas. These early 
chromosomal alterations are maintained in primary carcinomas and are complemented by 
additional, recurrent chromosomal aberrations that persist in local and distant metastases. 
Chromosomal aneuploidy not only has an impact on the expression levels of resident genes 
but also correlates with protein expression. Such aneuploidy-associated protein expression 
patterns could reveal novel diagnostic and therapeutic targets. Our general conclusions 
were supported by the findings of Sinicrope et al., Bosari et al., and Yildirim-Assaf et al. 
showing that patients with aneuploid tumors had a worse outcome compared to patients 
with euploid tumors (Sinicrope, Rego, Halling, et al. 2006; Bosari et al. 1992; Yildirim-Assaf 
et al. 2007). Despite this clear demonstration of an association of aneuploidy and outcome 
the American Society of Clinical Oncology (ASCO) does not recommend ploidy assessment 
in clinical routine. In our opinion, this should be reconsidered, also because meta-analysis 
revealed results clearly indicating the prognostic impact of aneuploidy on colorectal and 
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other cancers (Araujo et al. 2007; Walther, Houlston, and Tomlinson 2008; Schulze and 
Petersen 2011). Overall, the assessment of nuclear aneuploidy by image cytometry could 
become routine practice to assist in predicting individual cancer risk and in disease 
prognostication in solid tumors. 

7. Future perspectives 
DNA ploidy measurements in premalignant lesions could profoundly improve individual 
risk assessment for imminent colorectal cancer development. Furthermore, individual risk 
stratification and survival prognosis in solid malignancies, including colorectal and breast 
cancer, could benefit from the assessment of nuclear DNA content and the visualization of 
disease-specific chromosomal aneuploidies. However, large multicenter prospective studies 
are warranted to further corroborate the value of measurement of aneuploidy for an 
improved screening and better prognostication in solid malignancies. For this purpose we 
have initiated the North German Tumorbank of Colorectal Cancer (Acronym: ColoNet) that 
currently comprises patients of the universities and clinics of Hamburg, Lübeck, Rostock, 
Greifswald, Bad Oldesloe, Berlin-Buch and associated private practices in Northern 
Germany. Within this network and in collaboration with the Surgical Center for Translational 
Oncology-Lübeck (SCTO-L) as well as the clinical partners at the greater Stockholm area we 
will investigate the benefit of ploidy measurements for individual risk and prognosis 
assessment in epithelial malignancies.  
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9. Abbreviations 
 

2-DE Two-dimensional gel electrophoresis 
aGS Aneuploid genomically stable 
aGU Aneuploid genomically unstable 
ANOVA Analysis of variance 
ASCO American Society of Clinical Oncology 
CDK Cyclin-dependent kinase 
CGH Comparative genomic hybridization 
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CI Confidence intervall 
DEG Differentially expressed gene 
dGS Diploid genomically stable 
FISH Fluorescence in situ hybridization 
OR Odds ratio 
SCC Sporadic colorectal cancer 
SKY Spectral karyotyping 
SSI Stemline Scatter Index 
TMA Tissue microarray 
UC Ulcerative colitis 
UCC Ulcerative colitis-associated colorectal cancer 
UICC Union internationale contre le cancer 
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1. Introduction 
Aneuploidy is the presence of an abnormal number of chromosomes in cells. The gain or 
loss of a chromosome in germ cells is the most common cause of chromosomal aneuploidy. 
Trisomy 21, trisomy 18, and trisomy 13 are characterized by congenital anomalies with 
intellectual disability (ID) or short lives. Recently, mosaic variegated aneuploidy (the 
presence of a different number of chromosomes in some cells) has been reported to be 
associated with ID and growth retardation, with or without microcephaly and tumors. In 
the cell cycle, the alignment of sister chromatids at metaphase plates is essential for the 
equational separation of chromatids. Misaligned chromosomes at metaphase plates, and/or 
aberration of the mitotic checkpoint, cause a disproportionate separation of chromatids, 
resulting in aneuploidy. To evaluate the association between aneuploidy and ID, we 
analyzed the chromosome numbers of over 200 metaphase plates of lymphoblastoid cells in 
patients with moderate or severe ID, with or without microcephaly. In this chapter, we 
summarize the previously reported cases and our own cases of patients with ID associated 
with aneuploidy or severely misaligned chromosomes at metaphase, and discuss the 
molecular mechanism underlying ID in cases in which aneuploidy is observed.  

2. Aneuploidy 
The most common forms of chromosomal (complete) aneuploidy are trisomy and 
monosomy. Trisomy refers to having an extra whole chromosome, and monosomy is the 
lack of 1 chromosome from a pair of chromosomes. Partial monosomy and partial trisomy, 
i.e., loss or gain of part of a chromosome, respectively, have preferentially been used instead 
of partial aneuploidy. Mosaic aneuploidy is the condition in which aneuploidy is detected in 
a fraction of cells in an individual.  

2.1 Trisomy 

Trisomy 21, also known as Down syndrome, is the most common chromosomal aneuploidy 
and a cause of ID. Down syndrome affects up to 1 in 1,000 live births (International 
Clearinghouse for Birth Defects Monitoring Systems, 1991). Down syndrome is caused by a 
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failure in the proper segregation of chromosome 21 during meiosis. This chromosome 21 
nondisjunction is mostly due to maternal meiotic errors; the majority of these errors occur 
during meiosis I (~80%) (Antonarakis, 1991; Yoon et al., 1996). A recent study has suggested 
that pericentromeric exchange at meiosis II initiates or exacerbates the susceptibility to the 
risk of increased maternal age (Oliver et al., 2008). The Down syndrome critical region 
(DSCR) of human chromosome 21q22 was defined on the basis of analysis of familial cases 
of partial trisomy 21 (Korenberg et al., 1994; Ronan et al., 2007). One strategy for identifying 
the genes responsible for ID in Down syndrome is to analyze the genes located in the DSCR. 
Analyses of 2 unrelated patients with a de novo balanced translocation and a patient with a 
microdeletion within the DSCR demonstrated that DYRK1A, encoding the dual-specificity 
tyrosine phosphorylation-regulated kinase 1A, plays a critical role in brain development 
(Møller et al., 2008; Yamamoto et al., 2011). Therefore, the dosage of DYRK1A is quite 
important for brain development, and it could be one of the causative genes for ID in 
Down syndrome. Several studies demonstrated that a normal dosage of DYRK1A is 
critical for normal brain development and function. Transgenic mice overexpressing 
Dyrk1A show marked cognitive deficits and impairment in hippocampal-dependent 
memory tasks and the generation of both amyloid and tau pathologies, which are 
observed in early onset Alzheimer disease and Down syndrome (Altafaj et al., 2001; Ahn 
et al., 2006; Kimura et al., 2007; Park et al., 2007; Ryoo et al., 2008). A recent study showed 
that Dyrk1A directly interacts with and phosphorylates the regulator of calcineurin 1 
(RCAN1) protein at Ser112 and Thr192. RCAN1 is also located in the DSCR. The 
phosphorylation of RCAN1 enhances RCAN1 binding to calcineurin, resulting in reduced 
NFAT transcriptional activity. This activity is important for the outgrowth of embryonic 
axons (Graef et al., 2003; Jung et al., 2011). Thus, the increased expression of Dyrk1A 
caused by trisomy may cause impaired axon outgrowth during brain development, which 
may in turn cause ID in Down syndrome.  

Other types of common aneuploidy include trisomy 18 (Edwards syndrome), which affects 1 
in 6,000 births, and trisomy 13 (Patau syndrome), which affects 1 in 10,000 births. A recent 
study of the natural outcome of trisomy 13 and trisomy 18 after prenatal diagnosis indicates 
that the live birth rate is 13% for trisomy 18 and 33% for trisomy 13. Three of 4 live-born 
infants with trisomy 13 and all 3 trisomy 18 infants died early, within a maximum of 87 
postpartum hours. Thus, trisomy 13 and trisomy 18 are associated with a high rate of 
spontaneous abortion, intrauterine death, and a short life-span (Lakovschek et al., 2011). ID 
is not clear in these patients because of their short lives. 

2.2 Partial aneuploidy (partial monosomy and partial trisomy) 

Quite a few reports exist on patients with ID harboring chromosomal microdeletions. This 
indicates that haploinsufficiency of a gene or genes located in the deletion region are 
associated with ID. Mutational analysis of the genes located in the deletion region leads the 
identification of the causal gene(s) of ID, with or without congenital anomalies. Duplications 
of some chromosomal segments are reported to be associated with ID (1q21.1, Brunetti-
Pierri et al., 2008; 3q29, Goobie et al., 2008; Lisi et al., 2008; 16p13.11, Hannes et al., 2009; 
Xq28, Van Esch et al., 2005). This indicates that increased gene dosage(s) are associated with 
ID. It is noted that the clinical features of deletions or duplications at the same chromosomal 
segments are different. There is a tendency for duplications to show milder clinical features 
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than deletions, and autistic features more frequently appear in duplications (Table 1) 
(Marshall et al., 2008; Sebat et al., 2007).      
 

Chromosomal References
location ID Syndrome ID Clinical features

5q35 +, ++ Sotos + Microcephaly (1)
7q11.2 + Williams-Beuren +  Speech delay (2)

15q11.2 +/+++ Prader-Will/Angelman ++  Autism (3)
16p13.3 +++ Rubinstein-Taybi ++ Speech delay (4)

17p11.2 ++ Smith-Magenis ++  ADHD, Autism (3) (5)
22q11.2 ±, + DiGeorge —, ±  ADHD, Autism (6)

Deletion Duplication

 
Table 1. Clinical features of duplication or deletion at the same chromosomal region. ID, 
intellectual disability; –, absent; ±, very mild; +, mild; ++, moderate; +++, severe; ADHD, 
Attention Deficit Hyperactivity Disorder. References: (1) Hunter et al., 2005; (2) Somerville 
et al., 2005; (3) Keller et al., 2003; (4) Marangi et al., 2008; (5) Potocki et al., 2000; (6) 
Mukaddes & Herguner, 2007. 

2.3 Monosomy 

Monosomy is most commonly lethal during prenatal development. X-chromosome 
monosomy (Turner syndrome) is a commonly observed monosomy that develops without 
obvious, or with very mild, ID.  

2.4 Mosaic aneuploidy 

The most common use of the term “mosaic aneuploidy” refers to the condition in which 
aneuploidy is detected in a fraction of cells, usually in lymphocytes (lymphoblastoid cells), 
in an individual. Mosaic aneuploidy is observed in 2%–4% of Down syndrome cases, in 
which 2 types of karyotypes (trisomy 21 and normal) are present (Mikkelsen et al., 1976). In 
general, individuals who are mosaic for chromosomal aneuploidy tend to have less severe 
clinical features than those with full trisomy. Therefore, only mosaic patients may survive in 
many of the chromosomal trisomies.  

2.5 Mosaic variegated aneuploidy 

Hsu et al. (1970) reported 3 children with sex chromosome mosaicism born to 
consanguineous parents. The authors suggested that a recessive gene causing mitotic 
instability is associated with the mosaicism. Tolmie et al. (1988) and Papi et al. (1989) 
reported male and female siblings with ID, growth retardation, microcephaly, and multiple 
chromosome mosaicism involving mainly chromosome 18 or chromosomes 7 and 8, 
respectively. These findings indicate that mutations of autosomal recessive genes are 
associated with aberrant mitosis causing the observed phenotype. The term “mosaic 
variegated aneuploidy” (MVA) has been suggested to apply to patients with ID, 
microcephaly, and the above-mentioned cytogenetic findings (Warburton et al., 1991). 
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Callier et al. (2005) summarized 28 previously reported cases of MVA and showed that 26 of 
28 patients (93%) had microcephaly and 21 of 28 patients (75%) had ID, and in 2 of the 28 
cases, clinical features were not described. MVA with premature chromatid separation 
(PCS) (also called PCS syndrome; Kajii et al., 2001) has been reported (Plaja et al., 2001). 
Patients with this condition exhibit ID, intrauterine growth retardation, microcephaly, and a 
characteristic facial appearance; the syndrome is often accompanied by malignancies (Wilms 
tumor, rhabdomyosarcoma, and acute leukemia). These patients have a variety of aneuploid 
cells (~40%), but PCS is more apparent (>50%) in these cells. It is noted that healthy parents 
of patients with MVA with PCS also have PCS (~10%–40%) in their lymphocytes (Kajii et al., 
2001). Plaja et al. (2001) summarized 11 previously reported cases of MVA with PCS and 
showed that all 11 patients (100%) had microcephaly and 8 of 11 patients (73%) had ID, and 
in 2 of the 11 cases, the ID status was unknown. However, not all patients with MVA have 
microcephaly (Callier et al., 2005). 

A causative gene of MVA, the BUB1B gene encoding BUBR1, has been identified in 5 
families with MVA, including 2 with embryonal rhabdomyosarcoma (Hanks et al., 2004). 
These patients have truncating or missense mutations in both alleles of BUB1B. BUBR1 is a 
key protein in the mitotic checkpoint, and its deficiency causes aneuploidy and cancer 
development. BUB1B mutations were also identified in the patients from 7 Japanese families 
exhibiting MVA with PCS (Matsuura et al., 2006). Eight patients in the 7 families presented 
with intrauterine growth retardation, microcephaly, and a Dandy-Walker complex. Wilms 
tumor was also observed, except in 1 patient. Each patient had a loss-of-function mutation 
of BUB1B in one allele; the other allele exhibited a haplotype associated with decreased 
expression levels of BUBR1 protein. Therefore, a decrease of <50% in BUBR1 function at the 
mitotic checkpoint is associated with MVA with PCS. Recently, biallelic loss-of-function 
mutations in CEP57 were identified in 4 patients with MVA (Snape et al., 2011). All the 
patients showed random gains and losses of chromosomes in ~25%–50% of the examined 
cells. It is noteworthy that 2 patients did not have ID and microcephaly, and none had 
malignancies. The Online Mendelian Inheritance in Man (OMIM) database defines mosaic 
variegated aneuploidy syndrome 1 (MVA1) (MIM: 257300) as a syndrome caused by 
homozygous or compound heterozygous mutations in BUB1B on chromosome 15q15, and 
MVA2 (MIM: 614114) as a syndrome caused by homozygous or compound heterozygous 
mutations in CEP57 on chromosome 11q21. The proportion of aneuploid cells in MVA is 
usually >25% (Hanks et al., 2004).  

Mitotic checkpoint: The mitotic checkpoint works to ensure accurate chromosome 
segregation to avoid aneuploidy by regulating the progression from metaphase to anaphase. 
The checkpoint arrests cells in mitosis, until all chromosomes have aligned at the metaphase 
plate. Chromosome alignment depends on the attachment of microtubules emanating from 
the spindle poles to the kinetochores on chromosomes. Once the checkpoint has been 
satisfied (switched off), the cell proceeds into anaphase and completes the cell cycle (Chan et 
al., 2005; Musacchio & Salmon, 2007).  

3. Microcephaly 
Microcephaly is the most common clinical feature (developing in ~1% of the population, 
Lizarraga et al., 2010) and is usually associated with ID. Microcephaly is defined in persons 
who have a head circumference (HC) (or occipitofrontal circumference [OFC]) more than 2 
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standard deviations (-2SD) below the average circumference for the individual’s age, sex, 
race, and period of gestation.  

The size of the mammalian neocortex is determined largely by the number of neurons 
generated at the ventricular zone (VZ) during embryonic neurogenesis. Thus, defects in 
embryonic neurogenesis decrease the number of neurons in the neocortex, leading to 
microcephaly and ID. The VZ comprises progenitor cells (mainly radial glial cells); these 
progenitor cells divide symmetrically to amplify their own cell population before the peak 
phase of neurogenesis (embryonic days 13–18 in mice). During the peak phase of 
neurogenesis, progenitor cells divide into a progenitor cell and a neuron, or an intermediate 
progenitor cell (IPC), by asymmetric division. IPCs continue additional division to generate 
neurons that migrate into the cortical plate and finally form the cerebral cortex. The term 
“asymmetric” is used to refer to the generation of either different types of progenitor cells or 
division (Chenn & McConnell, 1995). A recent study has indicated that asymmetric 
inheritance of daughter and mother centrosomes regulates the differential behaviors of 
renewing progenitors and their differentiating progeny (Wang et al., 2009). Therefore, this 
finding suggests that the centrosomes play essential roles in progenitor cleavage, 
differentiation, and migration (Higginbotham & Gleeson, 2007).  

Centrosome: The centrosome is the microtubule-organizing center responsible for the 
nucleation and organization of cytoplasmic organelles, primary cilia, and mitotic spindle 
microtubules. It is located in the cell cytoplasm and contains 2 orthogonally arranged 
centrioles; each centriole has a barrel-shaped microtubule structure and is surrounded by 
pericentriolar material (PCM).  

3.1 Autosomal recessive microcephaly 

Autosomal recessive primary microcephaly (MCPH) is a neurodevelopmental disorder 
characterized by microcephaly at birth and nonprogressive ID. Its incidence is ~1 in 10,000 
in consanguineous populations. The current clinical definition of MCPH is as follows:  
(1) congenital microcephaly with an HC at least 4SD below age and sex means; (2) ID, but  
no other neurological findings; and (3) mostly normal height, weight, facial appearance, 
chromosomal analysis, and brain structure as evaluated by brain MRI (CT) (Woods  
et al., 2005).  

At least 8 MCPH loci exist, and the genes underlying 7 of these have been identified 
(MCPH1-MCPH1, MIM 251200; MCPH2-WDR62, MIM 613583; MCPH3-CDK5RAP2, MIM 
608201; MCPH4-CEP152, MIM 613529; MCPH5-ASPM, MIM 605481; MCPH6-CENPJ, MIM 
609279; and MCPH7-STIL, MIM 181590). The proteins encoding the causative genes of 
MCPH are specifically localized at the centrosome during a specific period of the cell cycle 
(Kumar et al., 2009). Therefore, the failure of proteins associated with the function and/or 
the structure (maturation) of the centrosome causes MCPH and aneuploidy. Hertwig’s 
anemia (an) mutant (Cdk5rap2an/an) mice, a mouse model of MCPH3, show reduced 
neuronal numbers and thinner superficial layers, but preserved cortical layer organization. 
These mice have a high level of aneuploidy in tissues, and neuronal progenitor cells exhibit 
mitotic defects with abnormal mitotic spindle pole number and mitotic spindle orientation. 
The abnormal number of centrosomes might produce abnormal mitosis and aneuploidy that 
would result in either cell death or cell cycle arrest in cortical progenitor cells (Lizarraga et 
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al., 2010). Taken together, neuronal progenitor cell death, accompanying abnormal mitotic 
defects and aneuploidy, could be the cause of ID in some types of MCPH. The decreased 
brain size in MCPH, without a major effect on the cortical layer structure, suggests that the 
causative genes of MCPH affect the symmetric division of progenitor cells, rather than 
asymmetric divisions associated with cortical layer formation and subsequent impaired cell 
functions or apoptosis. 

Deficiencies of those proteins (genes) that are reported to be associated with mitotic defects 
and/or aneuploidy are listed in Table 2. 

Mitotic defect: Mitotic defects include disrupted centrosomes, misaligned chromosomes, 
and spindle misorientation (spindle poles in different focal planes) at metaphase, which 
result in aneuploidy, lagging chromosomes, and anaphase bridges in dividing cells. 
 

Cellular location
Gene at metaphase Misaligned chromosomes Aneuploidy Clinical features References

BUB1B Kinetochore ++ ++ GR, Microcephaly,    (1) (2)
ID, Cancer 

CEP57 Centrosome ++ ++ GR, Microcephaly, ID (3)

 CDK5RAP2 (Cdk5rap2) Centrosome + + MCPH3, ID     (4) (5)

 CENP J Centrosome + ND MCPH6, ID     (4) (6)

 STIL Pericentrosome + ND MCPH7, ID (7)

 UBE3A Centrosome + ND Angelman syndrome, ID (8)

 NDE1 Centrosome + ND Microlissencephaly, ID (9)

ASAP Centrosome + ND ND (10) (11)
Mitotic spindle

 CHD6 Diffuse localization + + ID (12)

 PCNT Pericentrosome ND + MOPD II (13)

Deficiency of the gene

 
Table 2. Deficiencies of genes reported to be associated with misaligned chromosomes 
and/or aneuploidy. +, moderate; ++, severe; ND, not described; ID, intellectual disability; 
GR, growth retardation. References: (1) Hanks et al., 2004; (2) Matsuura et al., 2006; (3) 
Snape et al., 2011; (4) Bond et al., 2005; (5) Lizarraga et al., 2010; (6) Cho et al., 2006; (7) Pfaff 
et al., 2007; (8) Singhmar & Kumar, 2011; (9) Alkuraya et al., 2011; (10) Saffin et al., 2005; (11) 
Eot-Houllier et al., 2010; (12) Yamada et al., 2010; (13) Rauch et al., 2008. 

4. Characterization of aneuploidy in patients with moderate and severe ID 

Patients with microcephaly often present with ID, but its etiology is primarily unknown. As 
described above, recent studies have demonstrated that mitotic dysfunctions in the cell cycle 
are tightly associated with MCPHs. Although detailed data of aneuploidy in each MCPH are 
not available, aneuploidy could be found in some types of microcephaly with ID. We analyzed 
aneuploidy in 10 patients with moderate and severe ID, including 5 solitary cases with 
microcephaly (HC more than 3SD smaller than the mean) (Table 3). The number of cells 
exhibiting aneuploidy was determined by counting chromosome numbers in over 200 
metaphases derived from lymphoblastoid cells from 5 normal control subjects and 10 patients 
with ID. Two patients (Lesch-Nyhan syndrome and Rett syndrome) with ID had the same 
ratio of aneuploidy as normal controls (5%–7%). In contrast, in 3 patients with microcephaly 
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(S1, S2, and S5), the ratio of aneuploidy increased 2–3 times (13%–21%) as compared with the 
ratio of aneuploidy in normal controls. This result indicates that there are 2 types of 
microcephaly with ID, i.e., that with and that without an increased ratio of aneuploidy in 
lymphoblastoid cells. The findings of the 3 patients with microcephaly and relatively high 
rates of aneuploidy suggest that these patients have mutations associated with mitotic defects, 
and the other 2 patients with microcephaly may have other etiologies underlying their ID that 
are not directly associated with mitotic defects of the cells and aneuploidy.  

An increased rate of aneuploidy was also identified in a patient with chromodomain 
helicase DNA (CHD)-6 haploinsufficiency (S6) and in 2 patients with CHARGE syndrome 
(manifestations are coloboma of the eye [C], heart anomalies [H], choanal atresia [A], 
retardation of mental and somatic development [R], genital anomalies [G], and ear 
abnormalities and/or deafness [E]) caused by haploinsufficiency of CHD7 (S7 and S8), 
although they did not have microcephaly (Table 3) (Yamada et al., 2010). Both proteins are 
ATP-dependent chromatin-remodeling enzymes and play important roles in maintaining 
and regulating chromatin structure. Lymphoblastoid cells from the patients with CHD6 or 
CHD7 haploinsufficiency, and CHD6 or CHD7 knockdown HeLa cells, display aneuploidy 
and an increased frequency of misaligned chromosomes, respectively (Fig. 1, Table 3) 
(Yamada et al., 2010). CHD6 associates with many proteins to form a large protein complex 
(>2 MDa) (Lutz et al., 2006). This finding and the diffused distribution of CHD6 at 
metaphase (Yamada et al., 2010) suggest that the protein complex may act as a basis for the 
formation and/or stabilization of the mitotic spindle structure.  

 
                                Aligned                                      Misaligned 

 
Fig. 1. Misaligned chromosomes observed in RNA interference (RNAi)-mediated 
knockdown of CHD6 in metaphase HeLa cells. Aligned chromosomes (left panels, control) 
and 2 types of misaligned chromosomes—with bipolar centrosomes (middle panels) and 
with 3 centrosomes (right panels)—caused by knockdown of CHD6 at metaphase are 
presented. Cells were fixed and stained with anti-alpha-tubulin (red) and anti-gamma-
tubulin (green) antibodies. Chromosomes were stained with 4′,6-diamidino-2-phenylindole 
(DAPI; blue) (upper panels). Lower panels show merged images.  
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The cytogenetic examination of the chromosomes of patients with ID (Table 3) thus gives us 
important information as to whether the patients exhibit aneuploidy. Several studies have 
demonstrated that a high level of aneuploidy (~50%) is a constant feature of human neurons 
under healthy conditions (Pack et al., 2005; Rehen et al., 2005; Yurov et al., 2005). Moreover, 
approximately 33% of neural progenitor cells display genetic variability, which is 
manifested as chromosomal aneuploidy (Kaushal et al., 2003; McConnell et al., 2004; Rehen 
et al., 2001; Yang et al., 2003). These findings indicate that the brain is a specific region for 
displaying much aneuploidy caused by genetic variability. We studied the aneuploidy of 
lymphoblastoid cells and identified increased aneuploidy in some patients with ID. 
However, it is not clear how increased aneuploidy in lymphoblastoid cells caused by the 
mutation affect the apoptosis or fate of neuronal progenitor cells. Patients with MVA and 
MVA with PCS have been shown to have a high incidence of ID (>73%) with increasing 
aneuploidy (>25%). Such increasing aneuploidy, caused by mutations, adds to the total 
aneuploidy in the neuronal progenitor cells and may cause the number of aneuploid cells to 
exceed critical thresholds for ID that is caused by the neuronal death or impaired functions 
of the progenitor cells. Therefore, it is critical to analyze the aneuploidy of neural progenitor 
cells in animal models of human diseases known to cause aneuploidy and ID. This study 
could clarify the relationship of ID and aneuploidy. To perform this kind of study, it is 
important to accumulate aneuploidy data from patients with ID, with or without 
microcephaly.  
 

ID Microcephaly Others Total metaphase  Aneuploidy PCS

(HC, at age) <46 46 47 >47 numbers (%) (%)

C1 — — Healthy control 21 277 1 1 300 7.7 ND

C2 — — Healthy control 14 283 2 1 300 5.7 ND

C3 — — Healthy control 20 278 1 1 300 7.3 ND

C4 — — Healthy control 14 281 4 1 300 6.3 1.0

C5 — — Healthy control 7 188 3 2 200 6.0 1.0

S1 ++  -4SD (2y2m) Epilepsy 21 173 6 0 200 13.5 ND

S2 ++ -3.5SD (3y0m) Epilepsy 20 170 9 1 200 15.0 ND

S3 ++ -7SD (2y4m) Polydactyly, Epilepsy 12 188 0 0 200 6.0 ND

S4 ++ -6SD (1y8m) Cerebellopontine hypoplasia 10 185 5 0 200 7.5 5.5

S5 ++ -4.3SD (2y5m) West syndrome 33 158 7 2 200 21.0 0.5

S6 ++ — CHD6 deficiency 56 329 11 4 400 17.8 —

S7 ++ — CHARGE syndrome, GR 50 333 11 6 400 16.8 —

S8 ++ — CHARGE syndrome, GR 47 338 14 1 400 15.5 1.0

S9 + — Lesch-Nyhan syndrome 9 186 4 1 200 7.0 2.0

S10 ++ — Rett syndrome 6 190 3 1 200 5.0 —

Chromosome numbers

 
Table 3. Chromosome numbers in lymphoblastoid cells from healthy control subjects 
and patients with moderate and severe ID. ID, intellectual disability; y, year; m, month;  
ND, not determined; –, absent; +, moderate; ++, severe; HC, head circumference; GR, 
growth retardation.  
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5. Conclusion  
The amplification of centrosome number and aneuploidy are frequently observed in cancer 
cells, which may reflect tumorigenesis (Fang & Zhang, 2011). Mitotic defects underlying 
misaligned chromosomes and/or aneuploidy have also been reported in some patients with 
ID. Patients with MVA and some types of microcephaly belong to this category. During 
embryonic neurogenesis, symmetrical and asymmetrical divisions of the progenitor cells are 
critically important. Impairment of neurogenesis caused by mitotic defects, such as 
abnormal functioning of centrosomes and/or spindle structures, could result in neuronal 
loss, with or without abnormal cortical layer formation. Therefore, the study of aneuploidy 
is important not only for diagnosing mitotic defects but also for analyzing the etiology of 
patients with ID. 
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1. Introduction 
Sex chromosome aneuploidy is defined as a numeric abnormality of an X or Y chromosome, 
with addition or loss of an entire X or Y chromosome. Sex chromosome mosaicism, in which 
one or more populations of cells have lost or gained a sex chromosome, also is common. The 
most commonly occurring sex chromosome mosaic karyotypes include 45,X/46XX, 
46XX/47,XXX, and 46,XY/47,XXY. Less frequent are those sex chromosome abnormalities 
where addition of more than one sex chromosome or a structural variant of an X or Y 
chromosome occur. 

The X chromosome is one of the two sex-determining chromosomes in many animal species, 
including mammals and is common in both males and females. It is a part of the XY and X0 
sex-determination system. The X chromosome in humans represents about 2000 out of 
20,000 - 25,0000 genes. Normal human females have 2 X-chromosomes (XX), for a total of 
nearly 4000 "sex-tied" genes (many of which have nothing to do with sex, other than being 
attached to the chromosome that is believed to cause sexual bimorphism (or polymorphism 
if you count more rare variations). Men have, depending on the study, 1400-1900 fewer 
genes, as the Y chromosome is thought to have only the remaining genes down from an 
estimated 1438 -~2000 (Graves 2004). 

The Y chromosome is the other sex-determining chromosome in most mammals, including 
humans. The Y chromosome likely contains between 70 and 200 genes. Because only males 
have the Y chromosome, the genes on this chromosome tend to be involved in male sex 
determination and development. Sex is determined by the SRY gene, which triggers 
embryonic development as a male if present. Other genes on the Y chromosome are 
important for male fertility. Many genes are unique to the Y chromosome, but genes in areas 
known as pseudoautosomal regions are present on both sex chromosomes. As a result, men 
and women each have two functional copies of these genes. Many genes in the 
pseudoautosomal regions are essential for normal development. 

Given that the X chromosome carries more than one thousand genes it is surprising that 
individuals with X chromosome aneuploidies survive and may reproduce. The reason 
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appears to be that, according to the Lyon hypothesis, one of the two X chromosomes in each 
female somatic cell is inactivated genetically early in embryonic life (on or about day 16), 
that means that genes are expressed from only one of the two X chromosomes. This can be 
understood as “dosage compensation” between males and females that ensures that genes 
on the X are expressed to approximately the same extent in either sex. 

Whether the maternal or paternal X is inactivated, usually is a random event within each cell 
at the time of inactivation; that same X then remains inactive in all descendant cells. The result 
of X inactivation is that all normal females are mosaics with regard to this chromosome, 
meaning that they are composed of some cells that express genes only from the maternal X 
chromosome and others that express genes only from the paternal X chromosome. 

It is hypothesized that there is an autosomally-encoded 'blocking factor' which binds to the X 
chromosome and prevents its inactivation. The model postulates that there is a limiting 
blocking factor, so once the available blocking factor molecule binds to one X chromosome the 
remaining X chromosome(s) are not protected from inactivation. This model is supported by 
the existence of a single Xa in cells with many X chromosomes and by the existence of two 
active X chromosomes in cell lines with twice the normal number of autosomes. 

The rule is that one X remains active, and extra X's are inactivated. Why then does the 
absence or presence of an extra X have any effect? The explanation appears to be that the 
small class of genes that is present on both X and Y chromosomes in the pseudoautosomal 
regions is protected from inactivation on the inactive X in females. Again this can be seen as 
a compensatory mechanism ensuring equivalence of gene dosage in males (XY) and females 
(XX). But when the number of sex chromosomes is increased above two or decreased to one, 
it is the genes that are present on both the X and the Y that are abnormally expressed. 

Thus the phenomena of sex chromosome aneuploidy point to the selective involvement of 
X-Y homologous genes: the features of Klinefelter's and Turner's syndrome etc are 
attributable to this small class. For example the changes in stature are almost certainly due 
to the expression of three doses of a growth factor gene located within the pseudo-
autosomal (exchange) region in Klinefelter's syndrome and one dose in Turner's syndrome. 

2. Klinefelter syndrome and Klinefelter variants 
2.1 Definition 

The term Klinefelter syndrome describes a group of chromosomal disorder in which there is 
at least one extra X chromosome to a normal male karyotype, 46,XY (Visootsak et al 2006 
bis). The classic form is the most common chromosomal disorder, in which there is one extra 
X chromosome resulting in the karyotype of 47,XXY. XXY aneuploidy is the most common 
disorder of sex chromosomes in humans, with prevalence of one in 500 males (Nielsen et al 
1991). 

2.2 Background 

In 1942, Klinefelter et al published a report on 9 men who had enlarged breasts, sparse facial 
and body hair, small testes, and an inability to produce sperm. At that time it was believed 
(Klinefelter et al 1942) to be an endocrine disorder of unknown etiology. In 1959, these men 
with Klinefelter syndrome were discovered to have an extra sex chromosome (genotype 
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XXY) instead of the usual male sex complement (genotype XY) (Jacobs et al  1959). The extra 
X chromosome in 47,XXY results sporadically from either meiotic nondisjunction where a 
chromosome fails to separate during the first or second division of gametogenesis or from 
mitotic nondisjunction in the developing zygote. The likelihood of X chromosome 
nondisjunction increases with advancing maternal age. The addition of more than one extra 
X chromosome to a male karyotype results in variable physical and cognitive abnormalities. 
In general, the extent of phenotypic abnormalities, including mental retardation, is directly 
related to the number of supernumerary X chromosomes. As the number of X chromosomes 
increases, somatic and cognitive development are more likely to be affected. Each extra X is 
associated with an IQ decrease of approximately 15–16 points, with language most affected, 
particularly expressive skills ( Linden et al 1995). 

Postfertilization nondisjunction is responsible for mosaicism, which is seen in 
approximately 10% of Klinefelter syndrome patients. Men with mosaicism are less affected 
and are often not diagnosed (Paduch et al 2008). The androgen receptor (AR) gene encodes 
the androgen receptor, which is located on the X chromosome. The AR gene contains a 
highly polymorphic trinucleotide (CAG) repeat sequence in exon 1, and the length of this 
CAG repeat is inversely correlated with the functional response of the androgen receptor to 
androgens. Thus, a short AR CAG repeat sequence correlates with a marked effect of 
androgens. In individuals with Klinefelter syndrome, the X chromosome with the shortest 
AR CAG repeat has been demonstrated to be preferentially inactivated; this process is called 
skewed or nonrandom X-chromosome inactivation. Individuals with short AR CAG repeats 
have been found to respond better to androgen therapy, to form more stable partnerships, 
and to achieve a higher level of education compared with individuals with long CAG 
repeats (Zitzmann et al 2004 , Bojesen et al 2007). Conversely, long AR CAG repeat lengths 
are associated with increased body height and arm span, decreased bone density, decreased 
testicular volume, and gynecomastia. Nonrandom X-chromosome inactivation, which 
preferentially leaves the allele with the longest AR CAG repeat active, may actually 
contribute to the hypogonadal phenotype found in Klinefelter syndrome and may also 
explain some of the diverse physical appearances observed in affected individuals.  

In boys with Klinefelter syndrome, the paternal origin of the supernumerary X chromosome 
is associated with later onset of puberty and longer CAG repeats of the androgen receptor, 
with later pubertal reactivation of the pituitary-testicular axis. 

2.3 Physical characteristics 

If the diagnosis is not made prenatally, 47,XXY males may present with a variety of subtle 
clinical signs that are age-related. 

Infants and children achieve normal height, weight, and head circumference. Height 
velocity increases by age 5 years, and adults with Klinefelter syndrome are usually taller 
than adults who do not have the syndrome. Affected individuals also have 
disproportionately long arms and legs (Ratcliffe et al 1999, Schibler et al 1974). About 25% 
have clinodactyly. 

Boys with 47,XXY have variable phenotypic characteristics and do not have obvious facial 
dysmorphology; thus, they are indistinguishable from other boys with normal karyotypes 
(Caldwell et al 1972). Many 47,XXY boys appear to enter puberty normally with a tendency 
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for testosterone concentrations to decline at late adolescence and early adulthood. With a 
decrease in androgen production, secondary sexual characteristics do not completely 
develop, and features of eunuchoidism and gynecomastia can develop. This also results in 
sparse facial, body, and sexual hair (Robinson et al). 

About 40% of patients have taurodontism, which is characterized by enlargement of the 
molar teeth by an extension of the pulp. The incidence rate is about 1% in healthy XY 
individuals. 

2.4 Fertility 

Androgen deficiency causes eunuchoid body proportions; sparse or absent facial, axillary, 
pubic, or body hair; decreased muscle mass and strength; feminine distribution of adipose 
tissue; gynecomastia; small testes and penis; diminished libido; decreased physical 
endurance; and osteoporosis. The loss of functional seminiferous tubules and Sertoli cells 
results in a marked decrease in inhibin B levels, which is presumably the hormone regulator 
of the follicle-stimulating hormone (FSH) level. The hypothalamic-pituitary-gonadal axis is 
altered in pubertal patients with Klinefelter syndrome. 

Although most patients with Klinefelter syndrome are infertile, there have been a few 
patients with reports of pregnancy without assisted medical technology, typically in mosaic 
cases. With the introduction of intracytoplasmic sperm injection, which involves the use of 
sperm extraction from deep within the testicles of patients with nonmosaic Klinefelter 
syndrome, some XXY men will have an increased chance of fathering a child (Kaplan et al 
1963, Okada et al 1999, Ron-El et al 2000, Schiff et al 2005, Paduch et al 2009). 

Guidelines for the assessment and treatment of people with fertility problems have been 
established (Guideline 2004). 

2.5 Intelligence 

Contrary to other genetic syndromes that arise from chromosomal trisomy (eg, Down 
syndrome, trisomy 18), the general cognitive ability of patients with Klinefelter syndrome is 
not typically in the intellectual disability range (Boada et al 2009). A wide range of 
intelligence quotient (IQ) has been noted and extends from well below average to well 
above average. Several longitudinal studies of males with 47,XXY have revealed a tendency 
in about 70% of patients for language deficits that often causes academic difficulties during 
the school years, delayed speech and language acquisition, diminished short-term memory, 
decreased data-retrieval skills, reading difficulties, dyslexia, and attention deficit disorder. 

2.6 Psychological aspects 

Patients may exhibit behavioral problems and psychological distress. This may be due to 
poor self-esteem and psychosocial development or a decreased ability to deal with stress. 
Most 47,XXY boys have a lag in language skills with mildly delayed expression of single 
words. These individuals also demonstrate that the production of expressive language is 
affected more than that of comprehension or receptive skills (Graham et al 1988). 

The personalities of 47,XXY males are variable. One study characterized 47,XXY males as 
timid, immature, and reserved, with difficulty relating to their peer group, whereas other 
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studies described 47,XXY subjects as friendly, kind, helpful, and relates well with other 
people. Most are described to be quiet, sensitive, and unassertive. The majority of 47,XXY 
males rate themselves as more sensitive, apprehensive, and insecure than their peers. An 
increased incidence of anxiety, depression, neurosis, psychosis and substance abuse is 
reported in adolescents with 47,XXY (Bender et al 1995). The language difficulty experienced 
by these males possibly contributes to the challenges in behavioral and social domains 
(Bancroft et al 1982, Jimenez 1991). 

2.7 Complications 

Associated endocrine complications include diabetes mellitus, hypothyroidism, and 
hypoparathyrodism (Hsueh et al 1978). Autoimmune diseases, such as systemic lupus 
erythematosus, Sjogren syndrome, and rheumatoid arthritis, are more common in 
Klinefelter syndrome, with frequencies similar to those found in 46,XX females. 
Development of varicose veins and leg ulcers may result from venous stasis (Campbell et al 
1981). Decreased bone density occurs in 25% of patients with Klinefelter syndrome, possibly 
reflecting the impact of decreased bone formation, increased bone resorption and/or 
hypogonadism (Horowitz et al 1992).  

Risk of acquiring breast carcinoma in 47,XXY is relatively increased, with relative risk 
exceeding 200 times (Swerdlow et al 2005). The cause may result from the estradiol to 
testosterone ratio being severalfold higher than that of karyotypically normal men or 
possibly due to an increased peripheral conversion of testosterone to estradiol in men with 
Klinefelter syndrome (Swerdlow et al 2005). Patients may have an increased frequency of 
extragonadal germ cell tumors such as embryonal carcinoma, teratoma, and primary 
mediastinal germ cell tumor. 

The mortality rate is not significantly higher than in healthy individuals. 

2.8 Diagnosis 

Klinefelter syndrome goes undiagnosed in most affected males; among males with known 
Klinefelter syndrome, many do not receive the diagnosis until they are adults. Infertility and 
gynecomastia are the 2 most common symptoms that lead to diagnosis in patients with 
Klinefelter syndrome.  

A karyotype analysis of peripheral blood is the gold standard. Follicle stimulating hormone 
(FSH), luteinizing hormone (LH) and estradiol are elevated, and testosterone level are low to 
low-normal without testosterone therapy. Urinary gonadotropins are increased due to 
abnormal Leydig cell function. The decline in testosterone production is progressive over 
the life span, and not all men suffer from hypogonadism (Vorona et al 2007). 

2.9 Differential diagnosis 

The physical manifestations of Klinefelter syndrome are often variable. When the following 
features: small testes, infertility, gynecomastia, long legs and arms, developmental delay, 
speech and language deficits, learning disabilities or academic issues, psychosocial 
difficulties, behavioral issues are present in an undiagnosed male, a karyotype analysis may 
be indicated. Other causes of hypogonadism need to be considered, such as Kallmann 
syndrome. Fragile X Syndrome and Marfan Syndrome should also be differentiated. 
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2.10 Genetic counseling 

The recurrence risk is not increased above that of the general population. There is no 
evidence to suggest that a chromosomal nondisjunction process is likely to repeat itself in a 
particular family. 

2.11 Antenatal diagnosis 

Klinefelter syndrome can be detected prenatally by chorionic villous sampling and 
amniocentesis. Prenatal test consists in chorionic villous sampling (CVS) or amniocentesis. 
Currently available methods for rapid aneuploidy detection (RAD) include fluorescence in 
situ hybridization (FISH) and quantitative fluorescence polymerase chain reaction (QF-
PCR). Multiplex ligation-dependent probe amplification (MLPA) is a newer technology 
under investigation that is proving to, have similar sensitivity and specificity to full 
cytogenetic karyotyping (the current “gold standard”) for the detection of fetal aneuploidy 
(for chromosomes 13, 18, and 21 and the sex chromosomes) (Sparkes et al 2008). 

Parents should be counseled based on recent prospective and unbiased information. About 
40% of concepti with Klinefelter syndrome survive the fetal period. 

2.12 Management 

Androgen replacement therapy should begin at puberty, around age 12 years, in increasing 
dosage sufficient to maintain age appropriate serum concentrations of testosterone, 
estradiol, FSH, and LH. Androgen replacement promotes normalization of body 
proportions or development of normal secondary sex characteristics, but does not treat 
infertility, gynecomastia, and small testes. Testosterone replacement also results in general 
improvement in behavior and work performance (Nielsen et al 1988). Testosterone also has 
beneficial long-term effects that might reduce the risk of osteoporosis, autoimmune disease, 
and breast cancer (Kocar et al 2000). 

Early identification and anticipatory guidance are important in boys with 47,XXY. Early 
speech/language therapy is particularly essential in helping the child to develop skills in the 
understanding and production of more complex language. Physical therapy should be 
considered for boys who have hypotonia or delayed in gross motor skills which may impact 
the muscle tone, balance, and coordination. 

3. Klinefelter variants 
3.1 48,XXYY 

Much less frequent are 48,XXYY and 48,XXXY being present in 1 per 17,000 to 1 per 50,000 
male births (Linden et al 1995). Extra copies of genes from the pseudoautosomal region of 
the extra X and Y chromosome contribute to the signs and symptoms of 48,XXYY syndrome; 
however, the specific genes have not been identified. Males with 48,XXYY are often tall, 
with an adult height above 6 feet. They may have an eunuchoid habitus with long legs, 
sparse body hair, small testicles and penis, hypergonadotropic hypogonadism, and 
gynecomastia. Peripheral vascular disease may result in leg ulcers and varicosities. Their IQ 
level is in the range of 60–80, with delayed speech and they are at risk for academic, 
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behavioral, and social deficits. They are usually shy but can be aggressive and impulsive 
(Linden et al 1995, Visootsak et al 2001, Visootsak et al 2006). In a study of 16 males with 
48,XXYY compared to 9 males with 47,XXY between the ages of 5 and 20, findings indicate 
that 48,XXYY males have verbal and full scale IQ's significantly lower than males with 
47,XXY (Tartaglia et al 2005). 

48,XXYY males are also prone to have problems with hyperactivity, aggression, conduct, 
and depression compared to males with 47,XXY. Their mean scores in these areas are in the 
clinically significant range and males with 47,XXY have scores in the average range. 
Furthermore, 48,XXYY males have significantly lower adaptive functioning than males with 
47,XXY (Tartaglia et al 2005). 

3.2 48,XXXY 

Males with 48,XXXY chromosome karyotype can be of average or tall stature , have 
abnormal face (epicanthal folds, hypertelorism, protruding lips with ocular hypertelorism, 
flat nasal bridge), radioulnar synostosis, fifth-finger clinodactyly, gynecomastia (33- 
50%) and hypoplastic penis and testicles with hypergonadotropic hypogonadism, infertility 
and benefit from testosterone therapy. They typically have mild-to-moderate mental 
retardation and their IQs are usually between 40 and 60, with severely delayed speech.  
They present slow motor development, poor coordination. Their behavior is often  
immature and consistent with their IQ level, and they are typically described as passive, 
cooperative, and not particularly aggressive (Linden et al, Visootsak  et al 2001, Visootsak  
et al 2006). 

3.3 49,XXXXY 

The incidence of 49,XXXXY is 1 per 85,000 to 100,000 male births (Linden et al 1995). Males 
with 49,XXXXY are severely affected. The classic triad is mild-to-moderate mental 
retardation, radioulnar synostosis, and hypergonadotropic hypogonadism. Other clinical 
features include severely impaired language, behavioral problems, low birthweight, short 
stature in some individuals, abnormal face (round face in infancy, coarse features in older 
age, hypertelorism, flat nasal bridge, upslanting palpebral fissures, epicanthal folds, 
prognathism), short or broad neck, gynecomastia (rare), congenital heart defects (patent 
ductus arteriosus is most common), skeletal anomalies (genu valgus, pes cavus, fifth finger 
clinodactyly), muscular hypotonia, hyperextensible joints, hypoplastic genitalia, and 
cryptorchidism. Pea-sized testes, hypoplastic penis, and infantile secondary sex 
characteristics are characteristic in patients with 49,XXXXY. Their IQ ranges between 20 to 
60. They tend to be shy and friendly, with occasional irritability and temper tantrums, low 
frustration tolerance, and difficulty changing routines (Linden et al 1995, Visootsak  et al 
2001, Visootsak et al 2006). 

3.4 49,XXXYY 

This is a rare aneuploidy and only a few cases of liveborn males have been described. 
Patients typically have moderate-to-severe mental retardation with passive but occasionally 
aggressive behavior and temper tantrums, tall stature, dysmorphic facial features, 
gynecomastia, and hypogonadism (Linden et al 1995). 
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3.5 46,XX male 

XX male syndrome occurs when the affected individual appears as a normal male, but has a 
female genotype. XX male syndrome occurs in approximately 1/20000 -1/25000 individuals. 
XX male syndrome can occur in any ethnic background and usually occurs as a sporadic 
event, not inherited from the person's mother of father. However, some exceptions of more 
than one affected family member have been reported. 

46,XX male chromosomal karyotype is caused by translocation of Y material including sex 
determining region (SRY) to the X chromosome during paternal meiosis. Two types of XX 
male syndrome can occur: those with detectable SRY gene and those without detectable SRY.  

In XX male syndrome where the SRY gene is detectable, a translocation between the X 
chromosome and Y chromosome causes the condition. In XX male syndrome, the tip of the 
Y chromosome that includes SRY is translocated to the X chromosome. As a result, an 
embryo with XX chromosomes with a translocated SRY gene will develop the physical 
characteristics of a male. Typically, a piece of the Y chromosome in the pseudoautosomal 
region exchanges with the tip of the X chromosome. In XX male syndrome, this crossover 
includes the SRY portion of the Y. 

Males with SRY positive XX male syndrome look like and identify as males. They have 
normal male physical features including normal male body, genitals, and testicles, but 
hypospadia or cryptochidism may be seen (Yencilek et al 2005). Males with 46,XX have 
decreased testosterone level with high levels of LH and FSH and infertility may be present 
(Yencilek et al 2005). 

In individuals with XX male syndrome that do not have an SRY gene detectable in their cells, 
the cause of the condition is not known. Scientists assert that one or more genes that are 
involved in the development of the sex of an embryo are mutated or altered and cause 
physical male characteristics in a chromosomally female person. These genes could be 
located on the X chromosome or on one of the 22 pairs of autosomes that males and females 
have in common. As of 2001, no genes have been found to explain the female to male sex 
reversal in people affected with XX male syndrome that are SRY negative. Approximately 
20% of XX males do not have a known cause and are SRY negative. It is thought that SRY is 
a switch point, and the protein that is made by SRY regulates the activity of one or more 
genes (likely on an autosomal chromosome) that contribute to sex development. 

4. Other sex chromosomal aneuploidies 
4.1 47,XYY 

There are three plausible mechanisms by which an extra Y chromosome can be generated: 1) 
non-disjunction at male meiosis II following a normal chiasmate meiosis I (MI) in which 
recombination occurs between the X and Y chromosomes within the Xp/Yp 
pseudoautosomal region (MII-C); 2) non-disjunction at male meiosis II (MII) following a 
meiosis I in which recombination between the X and Y chromosomes does not occur (MII-
NC) or 3) postzygotic mitotic (PZM) non-disjunction. One in 800 to 100 males has an extra Y 
chromosome (Nielsen et al 1991). 

Males with 47,XYY syndrome have one X chromosome and two Y chromosomes in each cell, 
for a total of 47 chromosomes. This arises through nondisjunction at paternal meiosis II. It is 
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unclear why an extra copy of the Y chromosome is associated with tall stature, learning 
problems, and other features in some boys and men. 

Physical phenotype is normal (Robinson et al 1979), with tall stature (75th percentile) by 
adolescence. There are no problems associated with puberty or fertility. Among the 39 boys 
followed prospectively, full-scale IQ averaged 105 (range 65-129). Speech delay was noted in 
approximately half of the boys, and half of the sample needed part-time or fulltime  
educational intervention. There was no consistent behavioral phenotype. Several 
investigators reported an increase in temper tantrums and distractibility among boys. 
Aggression was not frequently observed in children and adolescents (Linden et al 2002). 

The condition is clearly variable. Most blend into the population as normal individuals. 
Better outcomes seem to be associated with a supportive, stable environment. 

4.2 47,XXX 

Normal females possess two X chromosomes, and in any given cell one chromosome will be 
active (designated as Xa) and one will be inactive (Xi). However, studies of individuals with 
extra copies of the X chromosome show that in cells with more than two X chromosomes 
there is still only one Xa, and all the remaining X chromosomes are inactivated. This 
indicates that the default state of the X chromosome in females is inactivation, but one X 
chromosome is always selected to remain active. 

Trisomy X is a sex chromosome anomaly with a variable phenotype caused by the presence 
of an extra X chromosome in females (47,XXX instead of 46,XX). The 47,XXX karyotype 
originally described as the "superfemale" in 1959 (Jacobs et al 1959 bis) in a 35-year-old 
woman with normal intellectual abilities who presented with secondary amenorrhea at 19 
years of age, is known as triple X or triplo-X. Its incidence is approximately 1/1000 
(Tartaglia et al 2010). It is estimated that only approximately 10% of cases are diagnosed 
(Nielsen 1990). 

Although rare, 48,XXXX and 49,XXXXX females exist. There is no consistent phenotype. The 
risk of intellectual disability and congenital anomalies increases markedly when there are 
more than three X chromosomes. The genetic imbalance in early embryonic life may cause 
anomalous development 

4.3 Etiology 

Trisomy X occurs from a nondisjunction event, in which the X chromosomes fail to properly 
separate during cell division either during gametogenesis (resulting in a trisomic 
conceptus), or after conception (known as post-zygotic nondisjunction). Similar to other 
trisomies, trisomy X has been shown to have a statistically significant correlation with 
advancing maternal age, as the likelihood of nondisjunction events during meiosis increases 
with increasing maternal age. 

4.4 Physical characteristics 

Significant facial dysmorphology or striking physical features are not commonly associated 
with 47,XXX, however, minor physical findings can be present in some individuals 
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including epicanthal folds, hypertelorism, upslanting palpebral fissures, clinodactyly, 
overlapping digits, pes planus, and pectus excavatum. Hypotonia and joint 
hyperextensibility may also be present (Linden et al 1988).  

Length and weight at birth is usually normal for gestational age, however, stature typically 
increases in early childhood, and by adolescence most girls with 47,XXX are at or above the 
75th percentile for height (Linden et al 1988). A few cases have been ascertained due to tall 
stature, and current evaluation of tall stature in females should include karyotype analysis 
to evaluate for 47,XXX. Cases of short stature have also been described (unrelated to a 
known 45,X mosaicism). Body segment proportions typically show long legs, with a short 
sitting height. Studies of bone age have shown no significant differences from 46,XX females 
(Webber et al 1982). The average head circumference is below the 50th percentile, however, 
there is a lot of individual variation. 

4.5 Clinical characteristics 

Although major medical problems are not present in most cases, other medical problems 
may be associated with trisomy X. The most common are genitourinary abnormalities, 
congenital heart defects, seizure disorders and EEG abnormalities in approximately 15% of 
cases with good responses to standard anticonvulsant treatments (Roubertie et al 2006). 
Gastrointestinal problems, including constipation and abdominal pain, are also common. 

Pubertal onset and sexual development are usually normal in trisomy X, however, there 
have been cases of ovarian or uterine dysgenesis described in children and young adults 
with trisomy X. Premature ovarian failure (POF) is a condition in which the ovarian 
functions of hormone production and oocyte development become impaired before the 
typical age for menopause. 

There have been no direct studies of fertility in trisomy X, however, many reports of 
successful pregnancies have been described, and fertility is likely normal in most cases 
unless complicated by a genitourinary malformation or POF as described above (Linden et 
al 1988). 

4.6 Psychological characteristics 

There is significant variability in the developmental and psychological features of children 
and adults with trisomy X, ranging from those with minimal involvement to those with 
clinically significant problems requiring comprehensive intervention services. 

Infants and toddlers are at increased risk for early developmental delays, especially in 
speech-language development and motor development related to hypotonia. Average age at 
walking independently is 16.2 months (range 11-22 months), and for first words is 18.5 
months (range 12 - 40 months) (Linden et al 1988). Expressive language may be more 
impaired than receptive language, with a pattern described as developmental dyspraxia in 
some patients. Speech and language deficits may continue throughout childhood into 
adulthood. 

Studies on cognitive abilities in trisomy X also show a wide range of cognitive skills, with 
full scale IQ's ranging from 55-115. While there are clearly many girls with trisomy X with 
cognitive skills in the average to above average range, cognitive deficits and learning 
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disabilities are more common than in the general population and when compared to sibling 
controls. 

Motor skill deficits may also be present. Walking may be delayed, and decreased muscle 
tone and lack of coordination are often clinically significant. (Linden et al 1988). Attentional 
problems, poor executive function, and decreased adaptive functioning skills may also 
impact educational and home functioning. There is a paucity of research on mental health 
problems in trisomy X, however, increased rates of anxiety, depression/dysthymia and 
adjustment disorders have been described in previous studies (Linden et al 1988, Bender et 
al 1995). Anxiety concerns are mostly related to social avoidance, generalized anxiety and 
separation anxiety, and can present in the early school age years or in adolescence. 
Language deficits may also impact social adjustment in some children when they have 
difficulty communicating with playmates and when self-expression is limited in older 
children and adolescents. Again, the variability in the phenotype needs to be emphasized, 
since many females with trisomy X have minimal cognitive, social, or emotional difficulties. 

4.7 Diagnosis 

Karyotype analysis of peripheral blood is the most standard test used to make the diagnosis. 
Prenatal amniocentesis or CVS also identify a percentage of patients with trisomy X, 
however, confirmation studies are recommended after birth via FISH to study 50+ cells in 
order to evaluate for mosaicism. It is also important to identify mosaicism with a Turner 
syndrome (45,X) cell line in order to determine appropriate medical evaluations and 
treatments needed for Turner syndrome. 

4.8 Prognosis and genetic counseling 

The prognosis of trisomy X is variable. As noted, there is significant variability in 
developmental delays, learning disabilities and psychological characteristics in trisomy X. 
Couples should be informed of the high frequency of trisomy X and that most girls go 
undiagnosed, in order to support them in understanding and accepting that their diagnosis 
is not an isolated case with a predetermined outcome (Warwick et al 1999). 

5. 45,X 
Turner syndrome is most commonly the result of an absence of an entire X chromosome 
resulting in a 45,X karyotype. The Turner phenotype can also be produced by various partial X 
deletions or other structural abnormalities. No cause has been identified for Turner syndrome. 

Turner syndrome (TS) affects1:2500 live females (Tan et al 2009) and thus it occurs 
considerably less frequently than the other sex chromosome aneuploidies. At least 99% of all 
45,X pregnancies are aborted spontaneously in early pregnancy. Usually, the phenotype is 
obvious in infancy and childhood, and thus most cases are identified at an early age 
(Vakrilova et al 2010).  

5.1 Physical characteristics 

Short stature is a hallmark of Turner syndrome. These females are usually small at birth, do 
not experience an adolescent growth spurt, and reach an adult height of approximately 4'6" 
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(144cm, below the fifth percentile). Using current therapy, most of these girls can now be 
treated with recombinant human growth hormone injections, usually beginning in 
childhood, and can expect to reach an average height of at least4'11" (150 cm, fifth 
percentile).  

Patients with deletions of the distal segment of the short arm of X chromosome (Xp-) 
including haplo insufficiency of the SHOX (short stature homeobox) have, more often, short 
stature, skeletal abnormalities and hearing impairments ( Oliveria et al 2011). 

5.2 Fertility 

The other significant feature of Turner syndrome is gonadal dysgenesis. Therefore, 45,X 
women are usually infertile, and in very rare cases have spontaneous menses followed by 
early menopause. Only 2% of the women have natural pregnancies, with high rates of 
miscarriages, stillbirths and malformed babies. Their pregnancy rate in oocyte donation 
programs is 24-47%, but even these pregnancies have a high rate of miscarriage, probably 
due to uterine factors. A possible future prospect is cryopreservation of ovarian tissue 
containing immature follicles before the onset of early menopause, but methods of 
replantation and in-vitro maturation still need to be developed. Should these autologous 
oocytes indeed be used in the future, affected women would need to undergo genetic 
counseling before conception, followed by prenatal assessment (Abir et al 2001). 

5.3 Other somatic features 

These can include cardiac and kidney abnormalities, webbed neck and lymphedema. 
Congenital heart disease was found in 26%. When compared with the general population a 
higher incidence was present for all types of congenital heart diseases observed. Among 
cardiac anomalies in Turner's patients, aortic malformations (aortic coarctation and bicuspid 
aorta) were the most frequent, followed by patent ductus arterious and pulmonary valve 
stenosis. We have observed that  the most severe malformations were preferably found with 
the 45,X karyotype. Pulmonary valve stenosis was found in a mosaicism 45,X/46,XX case 
(Couceiro et al 1996). 

Aortic dilation and dissection is reported in patients with Turner's syndrome, both with and 
without cardiovascular risk factors. The bicuspid aortic valve is closely associated with 
dilated aortic root, although expression of aortic dilation is variable. The determinants for 
variable expression of aortic dilation in individuals with Turner's syndrome, however, are 
unknown. A primary mesenchymal defect is prevalent in individuals with Turner's 
syndrome, suggested by having abnormalities in bone matrix, and lymphatic and peripheral 
blood vessels. The studies are hypothesized  that an abnormal intrinsic elastic property of 
aorta is a forerunner of aortic dilation in Turner's syndrome ( Sharma et al 2009).  

Renal/collecting system anomalies are found in 29.3% of patients with Turner’s syndrome 
who underwent ultrasonography. Among them, duplication of the collecting system and 
hydronephrosis (25% each) and horseshoe kidney (21.2%) were the most frequent ( Carvalho 
et al 2010).  

These females are at an increased risk of otitis media, cardiovascular disease, hypertension, 
diabetes mellitus, thyroid disorders, and  obesity. Careful medical management can assist in 
identifying and treating most of these problems. 
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5.4 Intelligence and psychological issues 

Genetic, hormonal, and medical problems associated with TS are likely to affect 
psychosexual development of female adolescent patients, and thus influence their 
psychological functioning, behavior patterns, social interactions and learning ability. 

Mental retardation is not prevalent in Turner syndrome, and most girls have normal IQ's. 
Usually, verbal IQ is significantly greater than performance IQ, resulting in a visual-spatial 
deficit. Many investigators have noted deficits in left-right orientation, copying shapes, 
handwriting, and solving math problems. 

Girls with Turner syndrome did not differ on untimed arithmetic calculations or problem 
verification accuracy, but they had limited mastery of counting skills and longer response 
times to complete the problem verification task (Murphy et al 2008). 

In general, speech is normal, but expression can be compromised if recurrent otitis media 
has not been treated successfully. These women have a high occurrence of ear and hearing 
problems, and neurocognitive dysfunctions, including reduced visual-spatial abilities; it is 
assumed that estrogen deficiency is at least partially responsible for these problems.  

The results of TEOAE, ABR and speech recognition scores in noise were all indicative of 
cochlear dysfunction as the cause of the sensorineural impairment. Phase audiometry, a test 
for sound localization, showed mild disturbances in the Turner women compared to the 
reference group, suggesting that auditory-spatial dysfunction is another facet of the 
recognized neurocognitive phenotype in Turner women (Hederstierna et al 2009). 

Motor skills can be delayed slightly, and poor gross and fine motor coordination has been 
observed frequently. 

Turner syndrome occurs approximately threefold more frequently in female schizophrenics 
compared to the general female population. A polymorphism of the HOPA gene within 
Xq13 termed HOPA(12bp) is associated with schizophrenia, mental retardation,  
and hypothyroidism. Interestingly, Xq13 is the X-chromosome region that contains the  
X-inactivation center and a gene escaping X-inactivation whose gene product may be 
involved in the X-inactivation process as well as in the pathogenesis of sex chromosome 
anomalies such as Turner syndrome.  These genes that escape X-inactivation may produce 
their gene products in excess, influencing normal brain growth and differentiation (Roser et 
al 2010). 

5.5 Treatment 

Women with Turner's syndrome should be carefully followed throughout life. Growth 
hormone therapy should be started at age 2-5 years. Early treatment with r-hGH helps to 
prevent natural evolution towards short stature in most girls with TS. IGF1 levels and 
glucose metabolism should  be monitored routinely during r-hGH therapy (Linglart et al 
2011). Hormone replacement therapy for the development of normal female sexual 
characteristics should be started at age 12-15 years and continued for the long term to 
prevent coronary artery disease and osteoporosis. 

Although TS constitutes a chronic medical condition, with possible physical, social and 
psychological complications in a woman's life, hormonal and estrogen replacement therapy 
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and assisted reproduction, are treatments that can be helpful for TS patients and improve 
their quality of life (Christopoulos et al 2008). 

6. Mosaicism 
Sex chromosome mosaic karyotypes are most often 45,X/46,XX, 46,XX/47,XXX or 
46,XY/47,XXY, but many other combinations are possible. In general, the presence of a 
normal 46,XX or 46,XY cell line tends to modify the effects of the aneuploid cells. Twenty-
two mosaics have been followed prospectively, including 11 45,X mosaics, six 47,XXY 
mosaics, and five 47,XXX mosaics (Linden et al 1996). On evaluations of intelligence, 
educational intervention, motor skills, and behavioral problems, those with mosaicism 
scored similarly to controls, and no significant differences were determined. Fertility may 
vary, depending on the chromosomal constitution. Although 46,XX/47,XXX females usually 
can be assumed to be fertile, the prognosis for 45,X/46,XX mosaics and 46,XY/47XXY 
mosaics is less definitive. Although many may have normal reproductive competency, 
appropriate tests must be performed at puberty or later to establish fertility status. The 
international investigators have long recognized that an element of the self-fulfilling 
prophecy could affect the study results. In question is whether early identification and 
disclosure of a sex chromosome aneuploidy to parents, physicians and affected individuals 
would influence development and behavior over the course of infancy and into adulthood. 

7. Discussion 
Aneuploidies of the sex chromosomes are present in the general population with a 
frequency of approximately 1 in a 1000 for each syndrome. The effects of X/Y chromosome 
anomalies are not as severe as those from analogous autosomal anomalies. Females with 3 X 
chromosomes often appear normal physically and mentally and are fertile. In contrast, all 
known autosomal trisomies have devastating effects. Similarly, whereas the absence of one 
X chromosome leads to a specific syndrome (Turner's syndrome), the absence of an 
autosome is invariably lethal. 

While sex chromosome aneuploidies can include a variety of abnormalities of the sex 
chromosomes, by far the most commonly occurring SCA involve the deletion (45,X or 
partial X monosomy) or addition (47,XXY, 47,XYY, 47,XXX) of an X or Y chromosome. Often 
these individuals are unaware of their disorder. Of these conditions, only Turner syndrome, 
caused by the loss of all or part of an X chromosome, results in an easily identifiable 
physical phenotype. Subtle language, neuromotor, and learning difficulties have been 
identified in most forms of SCA, however. 

Sex chromosome anomalies are common and cause syndromes that include a range of 
congenital and developmental anomalies. They are rarely suspected prenatally but may be 
incidentally discovered if karyotyping is done for other reasons. They are often hard to 
recognize at birth and may not be diagnosed until puberty. 

The prognosis of sexual aneuploidies is variable, with some individuals doing extremely 
well with minimal manifestations of the disorder, and others with more significant physical, 
endocrine, cognitive and psychological involvement as described above and it is not yet 
possible to predetermine which child will exhibit any or all of these concerns. 
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It is evident that prevention or reduction of deviation from the normal range in mental 
development in children with sex chromosome abnormalities is possible if educational and 
social resources are available, early intervention is offered and the parents are well informed 
and counseled regularly. Parents having a child with a sex chromosome abnormality need 
information, counseling, and assistance. The type and magnitude of this assistance depend 
on the individual child, the specific sex chromosome abnormality, and the parents' own 
resources, psychologically, socially, and otherwise.  
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1. Introduction 
Infertility affects 15% of couples of reproductive age (De Krester, 1997; reviewed by O'Flynn 
O'Brien et al., 2010). For years most reproductive problems were attributed to women, but 
recent research has shown that between 30 and 50% of infertility cases result from male 
factor (Lipshultz & Howards, 1997; reviewed by Stahl et al., 2011). 

Reports indicate that infertile males, especially those with low sperm count, have an 
increase in chromosomally-abnormal spermatozoa, therefore the study of these individuals 
is critical for the field of assisted reproduction. Importantly, aneuploid sperm remain able to 
fertilize eggs, often resulting in repetitive intracytoplasmic sperm injection (ICSI) failure, 
recurrent miscarriage, and offspring with increased genetic risk. Most numerical 
chromosomal abnormalities, especially monosomies, are inviable and result in spontaneous 
abortion. However, a subset of chromosomal abnormalities can result in live birth, including 
trisomies 13, 18, and 21 and sex chromosome aneuploidies. Offspring with these 
aneuploidies typically display physical disabilities, mental retardation, infertility, etc. 
(reviewed by Martin, 2008). Thus, effective diagnostic methods to detect sperm aneuploidy 
are of great interest. 

An estimated 5% (minimally) of pregnancies are aneuploid. However, in assisted 
reproductive technology (ART), estimates are as high as 25% or more. Aneuploid 
conceptions often derive from aneuploid gametes: the incidence of aneuploidy in human 
oocytes is about 20-25%, and is more than 2% in sperm (reviewed by Hassold & Hunt, 2001). 
Aneuploidy in gametes is intimately associated with meiotic errors. This chapter focuses on 
the etiology of aneuploidy in the human male gamete, particularly examining male meiosis, 
meiotic errors, and their possible relationship with aneuploidy. We also describe aneuploidy 
rates in fertile and infertile men and their reproductive outcomes. 
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2. Male meiosis 
2.1 Generalities 

Meiosis in humans varies considerably between males and females (Fig. 1). In females, 
meiosis begins somewhat synchronously in all oocytes during fetal development, but then 
arrests before birth. Resumption of meiosis occurs asynchronously at or after puberty, at the 
time of ovulation, but arrests again until fertilization. In contrast, male meiosis does not 
begin until puberty and occurs continuously and asynchronously throughout adulthood. 
Primary spermatocytes divide into two secondary spermatocytes through meiosis I (MI), 
and each secondary spermatocyte divides into two spermatids, which will differentiate and 
maturate into sperm. The main difference between the male and female production of 
gametes is that oogenesis only leads to the production of one final ovum from each primary 
oocyte, in contrast in males four sperm are originated from each primary spermatocyte. 

 
Fig. 1. Gamete formation in males (spermatogenesis) and females (oogenesis). 

Meiosis is characterized by an extended prophase followed by two divisions that produce 
haploid gametes. Prior to meiosis, during S phase, DNA is replicated and sister chromatids 
remain connected through proteins called cohesins. Meiosis begins with prophase I, 
arguably the most critical stage thanks to two key events: synapsis and recombination 
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(explained in detail later). Prophase I is divided into four stages: leptotene, zygotene, 
pachytene, and diplotene. During leptotene, homologous chromosomes begin to condense 
and approach each other to align, but do not yet pair. With the aid of cohesins (e.g., REC8 
and SMC1), a chromosomal scaffold—the synaptonemal complex (SC)—begins to form via 
assembly of axial elements composed of SC-specific proteins [e.g., synaptonemal complex 
protein 2 (SYCP2) and SYCP3]. Additionally, DNA double-strand breaks (DSB) are induced 
by the protein SPO11; this is the initiating event of recombination, or DNA exchange 
between homologous chromosomes. During zygotene chromosomes continue condensing 
and homologues pair and begin synapsis (reviewed by Handel & Schimenti, 2010). Axial 
elements become lateral elements and, joined by the transverse filaments (e.g., SYCP1), form 
the SC to maintain synapsis. Subsequently, during pachytene—the longest stage of 
prophase I—synapsis is completed and DSB are repaired by DNA break repair machinery; a 
small subset of DSB are repaired as crossovers (chiasmata). Finally, during diplotene the SC 
is disassembled. Each pair of homologues (bivalents) begins to separate, but they remain 
temporarily joined at chiasmata (reviewed by Burgoyne et al., 2009). 

Following prophase I, germ cells continue into the first meiotic metaphase, in which axial 
elements are disassembled and cohesins are removed, except those located at centromeres. 
In this phase, homologous pairs of chromosomes migrate to the equatorial plane of the 
spindle, with their centromeres facing different poles, forming the metaphase plate. In 
anaphase I, homologous chromosomes separate. Finally, cell division at telophase I results 
in two secondary spermatocytes with haploid chromosomes, but with two chromatids per 
chromosome. 

The second meiotic division is an equational division similar to mitosis except that, in this 
case, the parent cells are haploid. Four spermatids are thus generated from one pre-meiotic 
germ cell; each should contain 23 chromosomes, with a single chromatid for each 
chromosome. 

Three events can lead to aneuploidy during MI: failure to resolve chiasmata, resulting in a 
true non-disjunction; no chiasma formation or early disappearance of one, resulting in an 
achiasmate non-disjunction; and, finally, a premature separation of sister chromatids. In 
meiosis II (MII) the only cause of aneuploidy is non-disjunction of sister chromatids 
(reviewed by Hassold & Hunt, 2001). 

The importance of MI versus MII errors varies among chromosomes. For example, trisomy 
16 is caused by MI errors, while trisomy 18 is usually caused by non-disjunction in MII 
(reviewed by Hassold & Hunt, 2001). In male, the chromosome with the highest estimated 
frequency of non-disjunction in MI is the XY bivalent and in MII is the Y chromosome 
(reviewed by Hall et al., 2006). Further, autosomal trisomies are usually maternal in origin, 
while sex chromosome aneuploidies are more frequently paternal in origin (reviewed by 
Templado et al., 2011). 

The critical events of meiosis are reflected in two series of specific processes: First, pairing, 
synapsis, and formation of the SC between homologues establish and regulate cohesion 
between sister chromatids. Second, recombination between homologous chromosomes and 
proper orientation of the two centromeres of each bivalent must be completed. Both sets of 
events are controlled by a pachytene checkpoint, which induces delay or arrest of cells that 
have not completed these steps to avoid aberrant chromosome segregation and formation of 
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defective gametes (reviewed by Roeder & Bailis, 2000). However, a failure in any of these 
steps together with a checkpoint failure can result in aneuploidy or segregation failure. 

2.2 Synapsis 

The SC is a protein structure that mediates pairing, synapsis, and recombination between 
homologous chromosomes during meiosis. The SC is formed by two parallel lateral 
elements and a central element that links them with transverse filaments. Three protein 
components of the SC have been identified: SYCP1, forming the central element, and SYCP2 
and SYCP3, which are recruited to the chromosomal cores to form the axial elements 
(reviewed by Handel & Schimenti, 2010). These structures have been visualized using 
monoclonal antibodies, particularly against SYCP3, in immunocytogenetic assays. As the 
first component to localize to the forming SC, SYCP3 can be used to monitor its assembly 
and disassembly during prophase I. Indeed, SYCP3 distribution varies greatly during 
prophase (Fig. 2): in leptotene SYCP3 appears as small linear fragments; in zygotene the 
axial elements begin to elongate and synapse; in pachytene synapsis is complete revealing 
22 structures (one for each bivalent) and one sex vesicle (XY bivalent); and, finally, in 
diplotene each pair of sister chromatids starts to separate, visualized as forks in the SC. 

It has been observed that the synaptic initiation occurs in subtelomeric regions and not in 
the telomeres as initially was thought. Furthermore it has been seen that the centromere 
avoids spreading the synapsis from q-arm to p-arm and vice versa (Brown et al., 2005). 

 
Fig. 2. SYCP3, MLH1, and CREST (stained in orange, green, and blue respectively) 
distribution in prophase I stages (from left to right: leptotene, zygotene, pachytene, and 
diplotene). 

Synapsis fidelity can be measured by observing the frequency of certain anomalies: gaps, 
splits, and lack of crossovers. Gaps are discontinuities in the SC and occur often in normal 
males. Splits are misaligned chromosomal regions that form looplike structures; these occur 
less commonly than gaps. Finally, SCs without crossovers are detected by absence of MutL 
protein homolog 1 (MLH1) foci on the bivalent. This anomaly is less common than gaps and 
even splits. The existence of gaps is reported to correlate with the location of the MLH1 
protein. Further, recombination frequency is reduced on SCs with gaps, but not those with 
splits, which suggests that the nature of splits and gaps differs (Sun et al., 2005, 2007). 

2.3 Recombination 

Proper recombination between homologous chromosomes is required for normal meiosis 
and segregation of chromosomes. Chiasmata, physical structures corresponding to 
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crossover points between homologous chromosomes, keep homologues joined until 
anaphase I. The distribution of these points is not entirely random; rather, there are genomic 
regions that exhibit much higher rates of recombination, called hot spots, and other 
locations that rarely have recombination events, called cold spots. For example, centromeres 
seem to be cold spots, while subtelomeric regions seem to be hot spots with an excess of 
recombination points. Several studies of human chromosomes have shown that at least one 
crossover occurs in each arm, except in short arms of acrocentric chromosomes, where 
crossovers occur infrequently. Further, the existence of a crossover inhibits the formation of 
another in a nearby region, a phenomenon known as “interference” (Brown et al., 2005; 
reviewed by Lynn et al., 2004; Sun et al., 2004a). 

Antibodies against MLH1, a DNA mismatch-repair protein involved in crossing-over, are 
used to localize recombination sites. Applying this method in human spermatocytes, groups 
have described inter-individual variations in MLH1 frequency (Hassold et al., 2004; Lynn et 
al., 2002; Sun et al., 2005, 2006). Additional findings demonstrated that patient age does not 
affect meiotic recombination frequency (Lynn et al., 2002). Further, a role for the SC in 
mediating recombination levels was observed, with a correlation between the number of 
MLH1 foci and chromosome arm lengths (Lynn et al., 2002; Sun et al., 2004a). Despite these 
advances, the basis of crossover formation remains incompletely understood, e.g., why 
crossovers form at a particular site. This indicates the importance of continued efforts 
toward revealing the mechanistic basis of recombination. 

2.4 Methods for studying critical events of meiosis 

Male meiosis can be studied using indirect methods, like linkage mapping, or direct assays 
such as cytogenetics and immunocytogenetics. 

Linkage maps, also called genetic or meiotic maps, are derived from genotype data in 
families by examining heredity of short tandem repeat polymorphisms to detect all 
recombination events per meiosis. This type of assay provides high resolution, but has some 
disadvantages. First, at least three generations need to be examined, and second, only half of 
all recombination events can be observed since only two of the four chromatids are involved 
in the exchange process (reviewed by Lynn et al., 2004). 

Direct assays, although they forfeit some resolution, can help combat these disadvantages. 
For example, analysis of diakinesis/metaphase I stage cells by conventional cytogenetic 
techniques is used to directly observe crossovers. However, because diakinesis and 
metaphase I have a short duration, finding these cells can be difficult. Additionally, material 
for this kind of study requires testicular biopsy. Finally, chromosomes are highly 
condensed, making it difficult to identify them correctly (reviewed by Lynn et al., 2004; 
reviewed by Vallente et al., 2006). This last problem can be solved by adding M-FISH 
(Multiplex-fluorescent in situ hybridization), which allows the identification of individual 
bivalents. Unfortunately, this technique is costly and quite laborious, prohibiting its 
application in clinical practice (Sarrate et al., 2004). 

Another, more recently developed direct assay uses immunocytogenetics to study prophase 
I, particularly pachytene, germ cells. Antibodies against lateral element proteins (SYCP3) 
and transverse filament proteins (SYCP1) are used to visualize the SC, anti-MLH1 
antibodies are used to detect recombination sites, and the centromere can be localized with 
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CREST sera (calcinosis-Raynaud’s phenomenon-esophageal dysfunction-sclerodactyly-
telangiectasia) (Fig. 2). This assay allows the study of meiotic progression, synaptic defects, 
recombination rates, etc. Additionally, immunocytogenetics can be combined with FISH to 
analyze recombination rates and crossover placement in individual chromosomes. While 
this assay also requires testicular biopsies to obtain material, pachytene has a long duration 
and nuclei are not as condensed as in diakinesis (Gonsalves et al., 2004, 2005; Judis et al., 
2004; Lynn et al., 2002; Ma et al., 2006; Sun et al., 2004a, 2004b, 2006, 2007, 2008a, 2008b). 

3. Male meiosis abnormalities 
Different types of meiotic abnormalities have been described, and they are not mutually 
exclusive. One type of abnormality is meiotic arrest, which occurs when spermatogenesis 
stops at any stage of maturation of the germ line (spermatogonia, primary spermatocyte, 
secondary spermatocyte, or spermatid). Arrest can be partial, affecting only some germline 
cells and causing oligozoospermia, or complete, affecting all germline cells and causing 
azoospermia. In 74% of cases, meiotic arrest is caused by synaptic defects, which are due to a 
decrease in the number of exchanges (chiasmata) between homologous chromosomes in 
prophase I. This can induce abnormal chromosome segregation in MI, resulting in 
secondary spermatocytes with an altered chromosome complement (reviewed by Egozcue 
et al., 2005). 

Importantly, a decrease in the total number of crossovers can result from homologues 
devoid of recombination sites. This, in turn, could cause misalignment of chromosomes on 
the metaphase plate and, subsequently, improper segregation (reviewed by Martin et al., 
2008). The XY bivalent is particularly susceptible to this phenomenon, since only a small 
region of homology exists between the X and Y chromosomes, and, thus, the pair has only a 
single recombination site (Shi & Martin, 2000; Thomas & Hassold, 2003). In fact, several 
studies have demonstrated that sex chromosomes have the highest frequency of achiasmate 
bivalents (Sun et al., 2006). 

In addition to altered frequency of recombination, abnormal crossover distribution can also 
occur. In a recent study was found an altered MLH1 distribution in one of four infertile 
males, these could have negative consequences as aneuploid sperm (Ferguson et al., 2009). 

3.1 Abnormal meiosis in infertile males  

Reports indicate that up to 8% of the general infertile population exhibit meiotic defects 
(reviewed by Egozcue et al., 2005). Studies of patients with obstructive azoospermia (OA) 
are typically used to define normal meiosis, since, in these cases, the absence of sperm in 
semen is due exclusively to a physical barrier (reviewed by Vallente et al., 2006). In fact, 
recent studies in testicular sperm from OA patients did not show differences in aneuploidy 
rates compared to testicular control subjects (Rodrigo et al., 2011). Further, recombination 
levels showed a similar pattern in all patients, with a mean recombination level of 49.5±0.7 
crossovers (MLH1 foci) (Al-Asmar et al., 2010, 2011). 

On the other hand, in most non-obstructive azoospermic (NOA) patients the cause of 
testicular damage is idiopathic (Judis et al., 2004). In these individuals various meiotic 
abnormalities have been observed. Indeed, several studies have reported a significant 
decrease in recombination levels in NOA, with averages of 32.7-42.7 MLH1 foci versus 46.0-
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48.5 for controls (Sun et al., 2004b, 2007). Additionally, one report described a NOA patient 
with a significant increase (73% vs. 4.5% in controls) in cells with at least one autosomal 
bivalent without an MLH1 focus (Sun et al., 2004b). Further, NOA samples may have altered 
distributions of germ cells in meiotic stages. In particular, leptotene and zygotene stage cells 
are more common in azoospermic patients than in controls (7.95% vs. 2.30% and 9.75% vs. 
1.45% respectively), with corresponding decreases in pachytene stage cells (75.30% vs. 
96.25% in controls). This phenomenon may reflect meiotic arrest in the earlier stages of 
prophase (Tassistro et al., 2009). In fact, complete meiotic arrest was observed in one case of 
NOA (Judis et al., 2004), in which the blockage was at zygotene/pachytene stage and no 
evidence was detected for synapsis or crossovers between homologues. Another study 
reported a partial or complete arrest during zygotene in 4 of 40 NOA patients (Gonsalves et 
al., 2004). 

Other types of meiotic abnormalities have been observed in NOA patients. For example, SC 
discontinuities are more frequent in these patients than in controls (Sun et al., 2004b; Tassistro 
et al., 2009). In addition, differences have been detected in the frequency of asynapsis events 
between NOA and control populations (7.97% vs. 2.95%) (Tassistro et al., 2009). 

Meiotic abnormalities have also been found in other patients. In a study with 
oligoasthenozoospermic patients, 17.5% of individuals had an increased incidence of meiotic 
anomalies (reviewed by Egozcue et al., 2000; Vendrell et al., 1999). Additionally, in a 
retrospective study of 500 patients with different types of infertility or sterility, the incidence of 
synaptic abnormalities was inversely proportional to the quantitative level of spermatogenesis. 
Specifically, altered or incomplete meiosis was found in 24% of azoospermic males, 33% of 
asthenoteratozoospermic males, 51.5% of oligoastheno-teratozoospermia (OAT) patients, and 
in 90% of NOA males (García et al., 2005). 

Furthermore, genetic studies have identified mutations for proteins involved in meiosis in 
infertile males. For example, mutations in SCP3, MLH1, SPO11 –a protein involved in the 
formation of DSB– and RAD54 –a protein that participates in recombination and DNA 
repair- have been found (reviewed by Sanderson et al., 2008). Otherwise, variations in DNA 
sequence and their relationship with an increase or decrease in the recombination rate have 
been described (Kong et al., 2008). 

3.2 Abnormal meiosis and reproductive outcomes 

Alterations in meiosis do not necessarily lead to azoospermia. Indeed, meiotic errors can 
produce abnormal sperm that retain fertilization capabilities, resulting in abnormal embryos 
and either recurrent miscarriage or abnormal offspring. Aran et al. (2004) observed a high 
number o chromosomal abnormalities (42.5%) in embryos from ICSI cycles for males with 
meiotic abnormalities (Aran et al., 2004). Furthermore, it has been reported that 
approximately 50% of individuals with Klinefelter syndrome (47,XXY) have resulted from 
paternal non-disjunction. Indeed, paternal origin has been associated with a decrease in 
recombination for sex chromosomes (reviewed by Martin et al., 2008). 

3.3 Correlation with sperm aneuploidy 

Both aberrant meiosis and increased frequency of sperm aneuploidy have been described in 
infertile men. However, very few studies have examined meiosis and chromosomal 
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abnormalities in the same patients. One study to determine the relationship between 
frequency of recombination in pachytene cells and frequency of sperm aneuploidy in six 
fertile men did not find a significant correlation (Sun et al., 2008b). Other studies observed 
that recombination frequency in 24,XY spermatozoa was significantly lower than in normal 
sperm (25.3 vs. 38.3%) (Shi et al., 2001) and that 67.1% of those XY bivalents were achiasmate 
(Thomas & Hassold, 2003). Also, in one infertile male with extremely high sperm 
aneuploidy rates, a correlation was observed between low recombination frequency in 
pachytene cells for chromosomes 13, 21, and the sex chromosomes and a high aneuploidy 
frequency for the same chromosomes (Ma et al., 2006). 

A study in testicular tissue of seven NOA patients reported an increase in the frequency of 
pachytene cells with at least one achiasmate bivalent compared with controls (12.4% vs. 4.2% 
respectively). The same patients exhibited an increase in the frequency of aneuploidies, 
specifically more sperm disomy than controls for chromosomes 21 (1.00% vs. 0.24%), X, (0.16% 
vs. 0.03%), and Y (0.12% vs. 0.03%). Further, a significant correlation was found between cells 
with sex vesicles lacking MLH1 foci and sex chromosome disomy in sperm (Sun et al., 2008a). 

Another recent study by Peinado and colleagues (2011) analyzed testicular biopsies of 11 
NOA patients and compared these with a control group of 10 patients with obstructive 
azoospermia post-vasectomy. NOA patients had a mean of 44.9±3.6 MLH1 foci versus 
48.2±2.1 in controls. This decrease in recombination levels resulted from a significant 
increase in the percentage of SC without exchanges (1.1% vs. 0.4%) and with one exchange 
(19.4% vs. 14.6%) and a significant decrease in complexes with three (19.7% vs. 22.8%) and 
four exchanges (3.6% vs. 5.5%) compared to the control group. In the same study using FISH 
analysis, NOA patients displayed an increase in sex chromosome disomies (0.39% vs. 0.18%) 
and a three-fold increase in disomy for chromosomes 13 (0.4% vs. 0.09%) and 21 (0.3% vs. 
0.09%) as well as in diploidy rates (0.13% vs. 0.05%). These findings corroborate the 
correlation between both parameters, recombination frequency and synapsis defects, and 
higher aneuploidy risk for offspring in NOA patients (Peinado et al., 2011). 

4. Sperm aneuploidies in males 
In recent years, the use of ICSI has significantly improved the fertility prognosis of infertile 
couples affected by severe oligozoospermia (Palermo et al., 1992; Van Steirteghem et al., 
1993) or azoospermia, in the latter case using spermatozoa retrieved from the epididymis 
(Tournaye et al., 1994) or testicle (Devroey et al., 1995; Gil-Salom et al., 1995a, 1995b, 1996, 
2000); Schoysman et al., 1993). However, prenatal diagnosis (i.e., preimplantation genetic 
diagnosis, PGD) following ICSI has shown statistically significant increases in de novo sex 
chromosome abnormalities and structural autosomal aberrations (Bonduelle et al., 2002; Van 
Steirteghem et al., 2002), most of which seem to have a paternal origin (Meschede et al., 
1998; Van Opstal et al., 1997). This finding emphasizes the importance of a strict genetic 
evaluation of ICSI candidates. 

4.1 Approaches to studying aneuploidy in sperm samples 

The first chromosomal studies of spermatozoa were developed in 1970, with differential 
staining of concrete regions of chromosomes (Barlow & Vosa, 1970; Pearson & Bobrow, 
1970). These showed that 1.4% of sperm have aneuploidies for sex chromosomes. Other 
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authors published an individual chromosomal aneuploidy rate of 2% and a global 
aneuploidy rate of 38% (Pawlowitzki & Pearson, 1972). However, this method was later 
demonstrated to be non-specific, resulting in over-reporting of aneuploidy. Thus, more 
reliable techniques were needed. 

A later technique introduced spermatozoa to hamster oocytes (Yanagimachi et al., 1976) to 
directly study human sperm chromosomes (Rudak et al., 1978). After incubating 
spermatozoa with several hamster eggs, cells were fixed and stained using karyotyping 
methods to observe metaphase nuclei and analyze numerical and structural chromosome 
abnormalities. However, this method could not test samples from men with severe male 
factor because their sperm were not able to capacitate and penetrate zona-free oocytes. 
Additionally, this technique allowed analysis of only a limited number of sperm (reviewed 
by Carrell, 2008). Finally, the time and animals required limited the use of this technique in 
clinical practice (reviewed by Martin, 2008). 

In the 1990s, the first FISH assays were developed, offering a faster, easier, and less costly 
method to detect aneuploidies in human spermatozoa (reviewed by Martin, 2008). This 
technique uses fluorescent nucleic acid probes complementary to DNA to visualize regions 
of interest. This approach permits analysis of a large number of sperm from the same 
sample. However, FISH cannot be performed for all chromosomes of a single sperm nucleus 
because the sperm head is too small and signals overlap. Therefore, FISH is typically 
performed for just five chromosomes (13, 18, 21, X, and Y—aneuploidies for these 
chromosomes can result in live offspring), and resulting aneuploidy rates refer only to those 
chromosomes analyzed (Fig. 3) (reviewed by Templado et al., 2011). Despite the drawbacks, 
FISH remains the most widely used technique to detect aneuploidies. 

 
Fig. 3. FISH assays in human spermatozoa. a: diploid spermatozoon (13,13,21,21), b: disomy 
for chromosome 21 (13,21,21), c: disomy for chromosome 13 (13,13,21), d: diploid 
spermatozoon (X,Y,18,18), e: disomy for chromosome X (X,X,18), f: disomy for sex 
chromosomes (X,Y,18). 

Recently, an automated tool for the analysis of sperm aneuploidy has been developed. This 
system has several advantages over manual FISH. First, automated FISH reduces the time 
required from 10-20 hours to 1 hour. Additionally, the software is able to store all images 
captured under microscopy. However, this system is costly (reviewed by Carrell, 2008; 
reviewed by Templado et al., 2011) and is less efficient in identifying diploid sperm than 
manual analysis (i.e., manual analysis found higher diploidy rates than automatic analysis, 
Molina et al., 2009). 

4.2 Incidence of aneuploidy in fertile males 

The detection of alterations in aneuploidy rates first requires establishment of normal 
parameters. Such values must be based on sperm from normozoospermic males with 
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proven fertility to establish the baseline levels of human sperm aneuploidy. Notably, 
baseline sperm aneuploidy rates may be subject to inter-individual and intra-individual 
variability. Studies published to date show considerable variability in aneuploidy rates in 
fertile men. However, it is unclear whether this variability is real or is due to different 
methodologies used in each laboratory (reviewed by Templado et al., 2011). One study on 
intra-individual and inter-individual variability indicates that unknown life events may 
sporadically or consistently affect sperm aneuploidy rates (Tempest et al., 2009). Despite 
these factors, a recent review analyzed 32 studies that described aneuploidy rates from 
normal men. The authors found that total aneuploidy frequency in sperm is about 4.5%. 
However, disomy rates for autosomes were highly variable, ranging from 0.03% for 
chromosome 8 to 0.47% for chromosome 22. Sex chromosomes, the most commonly 
analyzed, exhibited a disomy rate of 0.27% (reviewed by Templado et al., 2011). 

4.3 Incidence of aneuploidy in infertile males 

FISH studies reveal a significantly increased incidence of numerical chromosomal 
abnormalities in sperm from infertile males, mainly in sex chromosomes, and in sperm  
from OAT patients (Aran et al., 1999; Bernardini et al., 1998, 2000; Calogero et al.,  
2001a,b; Colombero et al., 1999; Martin et al., 2003; Moosani et al., 1995; Nishikawa et al., 
2000; Pang et al., 1999; Pfeffer et al., 1999; Rubio et al., 2001; Ushijima1 et al., 2000; Vegetti et 
al., 2000). Indeed, Rubio et al. observed statistically significant differences in disomies for 
chromosome 21 and sex chromosomes and in diploidy in OAT males compared to 
normozoospermic (Normo), asthenozoospermic (Astheno), teratozoospermic (Terato), and 
asthenoteratozoospermic (AT) males (Table 1). 
 

 Normo 
(n=14) 

Astheno 
(n=14) 

Terato 
(n=8) 

AT 
(n=6) 

OAT 
(n=21) 

% sex chromosome disomy 0.44 0.36 0.42 0.29 0.68a 
% disomy 13 0.14 0.09 0.07 0.11 0.17 
% disomy 18 0.02 0.04 0.03 0.02 0.05 
% disomy 21 0.17 0.12 0.10 0.08 0.24b 
% diploidy 0.10 0.11 0.15 0.06 0.25a 

Table 1. Percentage of chromosome aneuploidies. ap<0.0001, bp=0.0423 (Rubio et al., 2001). 

Additionally, at a lower sperm concentration aneuploidy rates were higher. The highest 
percentage of abnormal FISH results was found at concentrations <1x106 sperm/mL (severe 
oligozoospermia)—57% of these patients presented some kind of chromosomal abnormality 
(Fig. 4). 

Although some studies have found similar incidences of chromosomal abnormalities in 
testicular sperm from NOA patients (Martin et al., 2000) and OA patients (Viville et  
al., 2000) compared to ejaculated sperm from fertile males, most FISH studies report a 
higher incidence of chromosomal abnormalities in testicular spermatozoa, particularly in 
NOA patients (Bernardini et al., 2000; Burrello et al., 2002; Levron et al., 2001; Mateizel et 
al., 2002; Palermo et al., 2002) than in ejaculated spermatozoa from normozoospermic 
donors. This difference seems to be more appreciable in sex chromosomes (Rodrigo et  
al., 2004). 
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Fig. 4. Percentage of abnormal FISH for different sperm concentration (Rodrigo, L. 
Unpublished data). 

A recent study examined sperm aneuploidy rates in NOA and OA patients (Rodrigo et al., 
2011). Importantly, this study used two control groups: one group included ejaculated 
sperm samples from normozoospermic donors with proven fertility (ejaculated control 
group, EC); the other included testicular sperm samples of males with proven fertility, for 
whom a testicular sperm aspiration was performed at the time of vasectomy (testicular 
control group, TC) because the endocrine environment of the testis had not been altered. In 
control samples, testicular sperm showed higher incidences of aneuploidies than ejaculated 
sperm. For azoospermic patients (both NOA and OA), the differences were greater when 
compared to EC than to TC. Additionally, these differences were greater in NOA than in OA 
patients. Therefore, to better assess NOA patients, testicular sperm from controls should be 
used for statistical comparisons. 

5. Sperm aneuploidies and reproductive outcomes 
5.1 Sperm aneuploidies in ART/infertile populations 

Sperm aneuploidies can impact reproductive outcome at different stages: fertilization, 
embryo development, pregnancy, or birth. Several studies have analyzed the clinical 
consequences of aneuploidies during in vitro fertilization (IVF) cycles. 

Fertilization rate 

Chromosomally abnormal sperm have been related to repetitive ICSI failures in a 
prospective study. The authors found a higher aneuploidy rate in those with unsuccessful 
ICSI outcome, especially for chromosome 18 and the sex chromosomes (Nicopoullos et  
al., 2008). 

Embryo development 

Sperm aneuploidies can also result in abnormal embryos. A FISH study in couples with 
abnormal sperm detected a significant decrease in the number of normal embryos and a 
significant increase in mosaic embryos (Rodrigo et al., 2003). A similar study in couples with 
abnormal FISH and low sperm concentration (<5X106 sperm/mL) also found a significant 
increase in abnormal embryos, especially in mosaic embryos –embryos with cells with 
different chromosome complement– and sex chromosome aneuploidies (Pehlivan et al., 
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2003). Mosaicism rate as high as 53% has been reported in patients with NOA (Silber et al., 
2003). These findings could be explained by fertilization with sperm carrying multiple 
chromosomal alterations or centrosome abnormalities. Sperm defective centrosomes impede 
the formation of asters or lead to an abnormal spindle, with an abnormal distribution of 
chromosomes, resulting in aneuploid embryos (Chatzimeletiou et al., 2008). In addition, an 
abnormal number of male centrioles in the centrosome has been related with the production 
of haploid, poliploid, or mosaic embryos (Munne et al., 2002; Silber et al., 2003). 

Sanchez-Castro et al. (2009) studied sperm aneuploidy rates and embryo chromosomal 
abnormalities in couples with oocyte donation. They found more abnormal embryos in the 
study group compared to the control group. Further, oligozoospermic patients showed a 
higher proportion of abnormal embryos (Sanchez-Castro et al., 2009). Recently, an increase 
in sperm chromosomal abnormalities has been reported to directly affect chromosomal 
constitution of preimplantation embryos. This study showed that an increase in disomy for 
sex chromosomes is associated with an elevated risk of generating potentially viable 
embryos whose sex chromosomes are affected. Additionally, they observed that an increase 
in diploid sperm results in a higher incidence of triploid embryos, which are associated with 
more spontaneous abortions (Rodrigo et al., 2010). 

Implantation rate 

Oocyte fertilization by a chromosomally abnormal sperm is believed to cause implantation 
failure (Pang et al., 1999). A study in patients with three or more implantation failures reported 
an increase in sex chromosome disomies in 31.6% of males (Rubio et al., 2001). Further, later 
studies correlated abnormal FISH in spermatozoa with a decrease in pregnancy and 
implantation rates in ICSI cycles (Burrello et al., 2003; Nicopoullos et al., 2008). 

Miscarriage 

Abnormal sperm has also been related to recurrent miscarriage. A study in sperm samples 
from couples with recurrent miscarriage showed that sex chromosome disomy was 
significantly increased compared to internal controls. Further, in a subset of seven couples 
who underwent oocyte donation, mean frequencies for sex chromosome disomy were even 
higher and diploidy was also significantly increased (Rubio et al., 1999). These results 
suggest an implication of sperm chromosome abnormalities in some cases of recurrent 
pregnancy loss. Later, other studies corroborated this hypothesis, reporting an increase in 
sex chromosome disomies and diploid spermatozoa in couples with recurrent miscarriage 
(Al-Hassan et al., 2005; Bernardini et al., 2004; Giorlandino et al., 1998; Rubio et al., 2001). 
Finally, a recent study described that approximately 66% of abnormal karyotypes from 
miscarriages originate from male factor (Kim et al., 2010). 

5.2 Sperm aneuploidies and abnormal offspring 

Although most embryonic abnormalities end in implantation failure or spontaneous 
abortion, a variable percentage of abnormal offspring has been reported and associated with 
the presence of aneuploid spermatozoa in the father. 

Down syndrome 

Blanco et al. (1998) studied two fathers of children with Down syndrome who had a 
paternally-derived extra chromosome 21. FISH sperm studies showed elevated incidences of 
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spermatozoa with disomy 21. Further, in one patient, an increase in diploid sperm and 
disomy for sex chromosomes was observed (Blanco et al., 1998). Later chromosomes 4, 13, 
and 22 were analyzed in the same patients; an increase in disomies for chromosomes 13 and 
22 was reported (Soares et al., 2001). 

Sex chromosomes 

Several studies of sperm samples in fathers of children with sex chromosome abnormalities 
have described higher rates of sex chromosome aneuploidy in sperm, especially related to 
Klinefelter syndrome (47,XXY) and Turner syndrome (X0). Moosani et al. (1999) performed 
FISH in sperm from males with normal karyotypes whose children had Klinefelter 
syndrome. They observed a higher percentage of XY disomy in sperm from these patients 
compared to fertile donors (Moosani et al., 1999). In another study the incidence of sperm 
with XY disomy was compared among males with children with Klinefelter syndrome of 
paternal or maternal origin. A significant increase in disomic sperm was detected in the 
paternal origin group (Eskenazi et al., 2002). 

One study of males having children with Turner syndrome (45,X0) of paternal origin 
analyzed aneuploidy incidence for sex chromosomes. An increase in disomies and 
nullisomies for sex chromosomes was observed compared to the control group. Oocyte 
fertilization by sperm with nullisomy for sex chromosomes can produce a (45,X0) embryo 
(Martinez-Pasarell et al., 1999). Later, aneuploidy incidences for chromosomes 4, 13, 21, and 
22 were assessed in ejaculated sperm from the same four males. A significant increase in 
chromosomes 13 and 22 disomies was observed in one male and in chromosome 21 in two 
other males (Soares et al., 2001). Another group studied the incidence of sex chromosomal 
aneuploidies in a male with a previous miscarriage with Turner syndrome of paternal 
origin. This study reported a significant increase in sex chromosomal disomies and 
nullisomies compared to the control group (Tang et al., 2004). 

6. Conclusion 
Many couples with infertility receive a diagnosis of “male origin”. Thus, the study of male 
gametogenesis and accurate evaluation of male gametes are extremely important.  

As a key step of spermatogenesis, meiosis has been the focus of many recent studies. These 
studies often use immunocytogenetic assays to detect relevant proteins for recombination 
and synapsis. Thanks to this technique, meiotic abnormalities in infertile males have been 
well-described, especially for NOA males. Importantly, meiotic abnormalities can result in 
abnormal chromosome segregation; in fact, a correlation between meiotic abnormalities and 
sperm aneuploidy has already been described. 

Chromosome abnormalities are increasingly found in sperm of many infertile men. This 
makes the direct analysis of sperm aneuploidy of clinical relevance, since male infertility is 
now treated by ICSI, which has the implicit risk of transmitting chromosomal aberrations 
from paternal side. Therefore, in IVF settings, the analysis of sperm chromosomal 
aneuploidies by FISH is of great interest. Using sperm FISH analysis, an increased incidence 
of sex chromosome disomies has been described in patients with impaired sperm 
parameters and in patients with recurrent spontaneous abortions. In this regard, an inverse 
correlation between sperm quality and sperm aneuploidy rates has been reported.  
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Another important issue is how sperm aneuploidy may influence ICSI outcome in infertile 
patients. The studies published so far suggest that sperm aneuploidy may be associated 
with implantation failure and/or early fetal loss. For these couples at risk, several treatment 
options has been postulated that range from regular ICSI cycles, to genetic diagnosis or 
donor sperm. Genetic screening studies in male factor infertility have reported a higher 
incidence of chromosome abnormalities in embryos from infertile men with altered sperm 
parameters. In azoospermic patients, higher rates of mosaic and chromosomally abnormal 
embryos have been reported, most frequently for sex chromosomes. 

Therefore, accurate detection of sperm aneuploidies by FISH could be an useful tool for 
reproductive counseling in couples with male infertility. 
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1. Introduction 
In vitro matured (IVM) human oocytes are very sensitive to culturing conditions. There are 
many external factors influencing their nuclear and cytoplasmic maturation, which can lead 
to morphologic or genetic abnormalities. Even oocytes themselves can possess some 
intrinsic abnormalities in biochemical cell cycle regulation which prevent them from 
reaching maturity in vivo. The following chapter will describe different morphological 
characteristics and their possible connection to aneuploidy, fertilization and embryo 
development. Also it will cover some aspects of oocyte IVM and describe mechanisms 
leading to aneuploidy. The second part of the chapter will be devoted to fluorescent in situ 
hybridization (FISH) analysis of IVM oocytes and first polar bodies (PB1) with the emphasis 
on aneuploidy occurrence in oocytes with prolonged cultivation. 

2. Changes in the oocyte during maturation (oogenesis) 
2.1 Introduction 

Oogenesis includes many mechanisms that enable cytoplasmic and nuclear maturation in 
exact timing and succession. The first meiotic arrest occurs early in prenatal life when the 
oocyte proceeds through the first stages of meiosis and stops at the diplotene of the first 
prophase. This stage is called germinal vesicle stage (GV) and is characterized by a clearly 
visible large nucleus with nucleolus (Figure 1b). The maintenance of the meiotic arrest 
involves many complex molecular mechanisms and interactions with cumulus cells that 
communicate with the oocyte through cell junctions (Brower & Schultz, 1982; Gilchrist et al., 
2004; Goud et al., 1998; Motta et al., 1994).  

Human oocytes acquire the ability to overcome the meiotic arrest during simultaneous 
nuclear and cytoplasmic maturation. During nuclear maturation chromatin remodeling 
enables the transition of the oocyte through the succeeding meiotic phases from the first 
prophase to the second meiotic metaphase (M II; Figure 1d), where the second meiotic arrest 
occurs. On the other hand, cytoplasmic maturation involves synthesis of ribonucleic acids 
(RNA) and proteins, oocyte growth, rearrangement of organelles and cytoskeleton changes 
(Albertini et al., 2003). Research on mice has shown that nuclear and the cytoplasmic 
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maturation can be achieved independently. Nevertheless, normal oocyte development can 
only take its proper course if the two modes are temporarily matched (Eppig, 1996). 

 
Fig. 1. Stages of oocyte maturation. 
Oocyte surrounded by cumulus cells (a), Immature oocyte with visible germinal vesicle 
(GV) after mechanical and enzymatic removal of cumulus cells (b); immature oocyte in first 
metaphase (M I) (c); mature oocyte in second metaphase (M II) with clearly visible first polar 
body (PB1) (d). Magnification: 100 (a), 400  (b - d); bar: 150 μm (a), 50 μm (b - d). 

2.1.1 Chromatin 

Growth of a GV oocyte depends on intensive RNA synthesis which stops as the oocyte 
reaches its final size (Miyara et al., 2003). Studies including animal and human oocytes have 
shown that chromatin in GV oocytes of different final sizes is distinctly organized, which 
affects their maturation competence and later determines the course of embryo development 
(Combelles et al., 2002; Motlik & Fulka, 1976; Lefevre et al., 1989; Liu et al., 2006; Sun et al., 
2004; Zuccotti et al., 1995). Chromatin remodeling includes morphologic changes such as 
condensation and de-condensation as well as functional changes such as transcription of 
particular chromatin regions. The major post-translational biochemical events during 
remodeling include acetylation and phosphorylation of different histones and chromatin 
methylation (De La Fuente, 2006; Spinaci et al., 2004). 

Chromatin condensation is an indirect indicator of the cessation of gene transcription as 
well as RNA translation into proteins that have been taking place during the growth phase 
(Albertini et al., 2003). Those oocytes that have reached their final size and at the same time 
have the majority of chromatin configured in a circle around the nucleolus with some dense 
chromatin granules scattered across the nucleus, have optimum maturation capacity 
(Combelles et al., 2002).  

The first visible sign of meiosis resumption is a gradual germinal vesicle breakdown 
(GVBD). The nuclear envelope disintegrates while the chromosomes remain at their position 
(Motlik & Fulka, 1976). In vitro, GVBD starts in less than 6 hours after the removal of the 
oocyte from the ovary (Combelles et al., 2002), presuming that the oocyte has already 
reached its final size before the establishment of in vitro conditions (Mrazek & Fulka, 2003). 
The GVBD phase itself lasts for approximately 12 hours (Angell, 1995). 

2.1.2 Cytoskeleton 

GV oocytes possess a dense sub-cortical microtubular network that is characteristic of 
interphase cells (Combelles et al., 2002). At the onset of GVBD, microtubules begin to 
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assemble in the centrosomes (which contain microtubules organizing centers - MTOCs) as 
small star-like structures called asters, whereas there are no free microtubules in the 
cytoplasm. Later, the microtubules elongate and asters migrate towards opposite poles 
forming a barrel-like structure called meiotic spindle. The highly condensed chromosomes 
attach to the microtubules at their centromeric regions and align in the metaphase equatorial 
plane between both poles of the meiotic spindle (Battaglia et al., 1996).  

In the first anaphase, chromosomes move toward the poles of the meiotic spindle located at 
the animal pole of the oocyte (Matsuura & Chiba, 2004). In the next phase, namely the first 
telophase microtubules can be observed as very dense network of threads spreading 
between the chromatin of the oocyte and its first polar body (PB1). 

Actin filaments, also called microfilaments, regulate various dynamic processes during 
oocyte maturation. Although they are not directly involved in GVBD and meiotic spindle 
formation, they play a key role in rearrangement of cell organelles and cell polarization 
(Albertini et al., 2003). They are also responsible for the positioning of the meiotic spindle, 
movement and separation of chromosomes and extrusion of the PB1 (Kim et al., 1998; Sun & 
Schatten, 2006).  

2.1.3 Cell organelles 

Growth of an oocyte is also characterized by redistribution of cell organelles into a sub-
cortical region beneath the cell membrane, whereas during the maturation phase they are 
distributed more centrally (Albertini et al., 2003). The only exceptions are the cortical 
granules which are translocated from the smooth endoplasmic reticulum towards the 
periphery of the oocyte by the microfilaments and are distributed immediately beneath the 
plasma membrane in the fully grown mature oocyte (Sun et al., 2001). 

The cytoplasm of the oocyte contains many mitochondria providing energy for all cell 
processes (Van Blerkom, 2004). Their redistribution and gathering around the nucleus 
(germinal vesicle) during maturation has been attributed to the action of microtubules (Sun 
& Schatten, 2006). 

The cytoplasm of a mature oocyte contains smooth endoplasmic reticulum and lysosomes, 
whereas there is almost no rough endoplasmic reticulum or ribosomes since the mature 
oocyte is quiescent and the protein synthesis does not take place (Sathananthan, 1997; 
Sathananthan et al., 2006). 

2.1.4 Biochemical regulation of the cell cycle 

One of the most important factors enabling the continuation of the cell cycle is the M-phase 
(maturation) promoting factor (MPF), consisting of cyclin B and p34cdc2 (Gautier et al,. 1988). 
In the immature oocyte, it is present in its inactive phosphorylated form (Lohka et al., 1988). 
The amount of cyclin B and consequently the amount of MPF are changing cyclically during 
the oocyte growth and are highest just prior to the GVBD. Preceding the meiosis 
resumption, activation of MPF by dephosphorylation takes place. 

A key regulator of oocyte maturation process is a product of c-mos proto-oncogene called 
p39mos. It belongs to a family of serine/threonine-specific protein kinases and is sensitive to 
concentration of Ca2+ ions, which is involved in activation or stabilization of MPF (Gebauer 
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& Richter, 1997; Sagata, 1997). A direct consequence of MPF's action on a variety of different 
molecules in the cell is GVBD, protein phosphorylation and chromosome condensation 
(Chian et al., 2003; Smitz et al., 2004; Whitaker, 1996). In the first anaphase, the concentration 
of MPF abruptly declines due to cyclin B degradation. But in the subsequent first telophase, 
it increases again as the PB1 is extruded and the now mature oocyte is arrested in the second 
metaphase without the intervening interphase (Dekel, 1995, 2005). 

The stimulatory effects of MPF are counteracted by cyclic adenosine monophosphate 
(cAMP). It acts so as to attain the cell in the quiescent state by activating protein kinase  
A (PKA) which in turn hinders p34cdc2 dephosphorylation and consequently prevents 
GVBD. Sufficient cAMP concentration is achieved by purine bases such as hypoxanthine 
and adenosine which impede phosphodiesterase activity thereby stopping the meiosis 
(Downs et al., 1989). Both molecules enter the oocyte through cell junctions from  
cumulus cells surrounding it. When the cell junctions are interrupted in the course of 
maturation, the level of cAMP drops under a critical level and meiosis can resume (Schultz 
et al., 1983). 

3. In vitro maturation (IVM) of human oocytes 
3.1 IVM methods 

The increasing frequency of infertility in women and men has facilitated the development of 
assisted reproduction technology (ART). Among ART methods is also the in vitro 
maturation (IVM) method, whereby oocytes are aspirated immature and grown in an 
incubator in a medium supplied with proper growth factors and in suitable atmosphere 
until they eventually reach M II stage. It has been shown that 34-82 % of the immature 
oocytes reach M II stage (Cha & Chian, 1998; Chian & Tan, 2002; Goud et al., 1998; 
Janssenswillen et al., 1995; Kim et al., 2000; Roberts et al., 2002). 

Oocytes can be matured in vitro following two main protocols. In the first one, oocytes  
are acquired by aspiration of antral follicles with the diameter of up to 10 mm without  
any preceding ovarian hormonal stimulation. This method requires presence of cumulus-
oophorus cells surrounding the oocyte during the cultivation period, since they secrete 
certain biochemical factors responsible for proper oocyte development and maturation 
(Chian et al., 2004a, 2004b; Schramm & Bavister, 1995; Tan & Child, 2002; Trounson  
et al., 2001). When using the alternative IVM method, oocytes are aspirated after a short 
hormonal stimulation, with or without the application of human chorionic gonadotropin 
(HCG), which increases the efficacy and the speed of their maturation (Smitz et al., 2004).  
In this protocol, cumulus cells are not essential for the oocyte development (Kim et al.,  
2000; Chian and Tan, 2002), however maturation is more synchronous in the presence of  
the cumulus oophorus (Kim et al., 2000) and more oocytes reach the maturity (Goud  
et al., 1998). 

Metabolism of immature oocytes differs from that of mature oocytes or embryos. As a 
consequence, oocyte’s maturation competence is affected by the composition of the 
cultivation medium (Cekleniak et al., 2001; Chian and Tan, 2002; Christopikou et al., 2010; 
Downs & Hudson, 2000; Herrick et al., 2006; Kovačič &Vlaisavljević, 2002; Sutton et al., 
2003). Furthermore, it has been shown that FSH, which is sometimes used to speed up 
maturation, increases oocyte aneuploidy rate (Roberts et al., 2005; Xu et al., 2011). 
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In vitro matured oocytes are capable of normal fertilization and embryo development but 
the success rate is rather low (De Vos et al., 1999; Kim et al., 2000) and only a few children 
have been born after IVM (Edirisinghe et al., 1997; Friden et al., 2005; Liu et al., 1997; Liu et 
al., 2003; Nagy et al., 1996; Vanhoutte et al., 2005). Possible reasons include suboptimal IVM 
conditions as well as genetic and epigenetic characteristics of oocytes themselves. In many 
human and animal 6 to 8-cell IVM embryos, genome activation does not take place (Kim et 
al. 2004; Schramm et al., 2003). This hindered embryo development is thought to be a 
consequence of disturbed cytoplasmic maturation or asyncronicity between the cytoplasmic 
and nuclear maturation in the oocyte. 

In vitro, oocytes begin their maturation earlier than in vivo (Motlik & Fulka, 1976) which is 
most probably a consequence of their premature extraction from the ovaries (Sanfins et al., 
2004). Ovarian follicles contain inhibiting factors that retain the oocyte at proper meiotic 
phase for adequate time. If the oocyte is extracted from the follicle too soon the growth and 
developmental phase is shortened which can lead to nuclear and cytoplasmic anomalies 
(Trounson et al., 1998). Furthermore, the majority of IVM oocytes are unable to maintain M 
II phase until fertilization but undergo spontaneous transition into first mitotic interphase 
within the next 24 hours. This could be caused by impeded cell cycle regulation at the level 
of microtubules dynamics or chromatin phosphorylation (Combelles et al., 2002). 

Following IVM many oocytes do not reach M II phase at all or they mature but are unable to 
develop into normal embryos. Reasons for development stagnation could be manifold, 
ranging from cytoplasmic immaturity and meiotic spindle formation abnormalities 
(Combelles et al., 2003; Eichenlaub-Ritter et al., 1988; Miyara et al., 2003; Mrazek & Fulka, 
2003; Neal et al., 2002; Pickering et al., 1988) to chromatin fragmentation followed by the 
appearance of micronuclei (Junk et al., 2002). Also, the in vitro cultivation conditions can be 
sub-optimal (Chian and Tan, 2002; Junk et al., 2002; Trounson et al., 2001) or the intrinsic 
factors such as abnormal cell cycle control or affected gene regulation can impede proper 
oocyte development  (Combelles et al., 2003; Eichenlaub-Ritter & Peschke, 2002; Kim et al., 
2004). For all those reasons, the safe routine clinical use of IVM oocytes is still under debate, 
since the quality of such oocytes seems low. Some investigations have been done concerning 
structural characteristics of chromatin and meiotic spindle, however little is actually known 
about chromosomal abnormalities of IVM oocytes. 

3.2 Morphological characteristics of IVM oocytes 

The cytoplasm of a good-quality mature (M II) human oocyte is clear and homogenous, its 
perivitelline space containing the oval-shaped first polar body (PB1) is narrow, and the zona 
pellucida is colorless (Veeck, 1988). During the development of ART methods, it was 
observed that embryos originating from in vivo matured oocytes develop and implant better 
than those originating form IVM oocytes (Trounson et al., 1998; Mikkelsen & Lindenberg, 
2001). Furthermore, an increased number of IVM embryos contain multinuclear blastomeres 
(Nogueira et al., 2000).  

IVM oocytes show similar morphological characteristics as in vivo matured oocytes 
regarding cytoplasm, PB1 and perivitelline space. About 56 % of IVM oocytes have normal 
morphology, the rest having one (34 %), two (8-9 %) or all three (1-2 %) characteristics 
abnormal (Mikkelsen & Lindenberg, 2001).  
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3.2.1 Cytoplasm 

The cytoplasm is normal in about 72-88 % of IVM oocytes (Figure 2a), but it can also be 
evenly granular (8-13 %, Figure 2b), unevenly granular (4 %, Figure 2d) or it can contain 
vacuoles (2–3 %, Figure 2c) (Balaban et al., 1998; De Sutter et al., 1996; Van Blerkom & 
Henry, 1992). The length of the cultivation period as well as hormonal stimulation, patients’ 
age and cultivation medium somewhat change the frequency of each cytoplasmic type (Xia, 
1997; Van Blerkom & Davis, 2001).  

 
Fig. 2. Cytoplasm morphology of IVM oocytes.  
Cytoplasm of a mature oocyte can be normal (a), evenly granular and darker (b), vacuolated 
(c) or unevenly granular resembling halo (d). Magnificaion: 400; bar: 50 μm. 

The presence of cytoplasmic inclusions is a marker of cellular irregularities which can lead 
to decreased fertilization as well as decreased number of good-quality embryos. Blastomere 
division and embryo quality is most strongly affected by cytoplasmic irregularities such as 
granular or dark cytoplasm and vacuoles (Mikkelsen & Lindenberg, 2001). 

In mature oocytes from stimulated ART cycles, seven types of cytoplasmic irregularities 
were identified that were clearly associated with various fertilization and embryo 
development problems as well as with chromosomal abnormalities (Van Blerkom, 1990; Van 
Blerkom & Henry, 1992). The greatest frequency of aneuploid oocytes (32-50 %) has been 
observed among oocytes with dark or granular cytoplasm, and with clustered organelles 
such as smooth endoplasmic reticulum (Van Blerkom, 1990; Otsuki et al., 2004). 

It seems that vacuoles have little influence on the aneuploidy frequency (4 % of vacuolated 
oocytes are aneuploid). However, increasing vacuole diameter negatively influences the 
fertilization rate because vacuoles interfere with cytoskeleton functioning and formation of 
the meiotic spindle (Ebner et al., 2005; Van Blerkom, 1990). 

3.2.2 First polar body (PB1) 

The most reliable indicator of nuclear maturity of the oocyte is the extruded first polar body 
(PB1), whose fragmentation has clearly been linked to decreased fertilization, embryo 
development, blastulation and implantation (Ebner et al., 1999, 2000, 2006). 

PB1 of IVM oocytes shows four major morphological appearances. It can be normal – oval 
shaped (68-71 %, Figure 3a), fragmented (9 %, Figure 3b), invaginated (7-18 %, Figure 3c) or 
enlarged (3-6 %, Figure 3d). There is a clear tendency towards increasing frequency of 
invaginated PB1s in those oocytes that need longer time to attain maturity, suggesting that 
some intrinsic cellular mechanisms, which are most probably affecting proper meiotic 
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spindle functioning, prevent normal diakinesis and PB1 extrusion. Further evidence for 
impaired meiotic spindle functioning in oocytes with invaginated PB1 is only 25 % 
fertilization rate and embryo arrest at a 2-cell stage (Xia, 1997). 

 
Fig. 3. First polar body (PB1) morphology of IVM oocytes.  
PB1 can be normal (a), fragmented (b), invaginated (c) or enlarged (d). Magnificaion: 400; 
bar: 50 μm. 

Morphology of PB1 strongly depends on the age of the oocyte. Very soon after its extrusion 
it begins to deteriorate which changes its appearance in just a few hours. Mainly  
the deterioration is seen as PB1 fragmentation, which implies that attention has to be paid  
to morphology evaluation timing (Ciotti et al., 2004; Verlinsky et al., 2003). In IVM 
procedures, PB1s are usually assessed within a few hours after being extruded from  
the oocyte. Consequently, the frequency of fragmented PB1s (9 %) is a reflection of its  
actual morphology anomalies. If the incidence of fragmentation is assessed among  
in vivo matured oocytes, the frequency is usually 25-34 % (Ciotti et al., 2004; Verlinsky et al., 
2003), which might be a consequence of evaluation timing after the PB1 extrusion, or an 
aftermath of stimulation protocols, cultivation media or even high concentrations of 
hormones in the follicular fluid, to which the in vivo matured oocytes are exposed (Xia  
& Younglai, 2000). 

3.2.3 Perivitelline space and zona pellucida 

Normally perivitelline space is narrow and contains no inclusions or debris. However, in 
many oocytes from ART cycles there is a substantial amount of inclusions of various sizes 
between the plasma membrane and zona pellucida. Their origin is not yet completely 
elucidated, but most probably they are the remnants of cumulus cells’ extensions, through 
which the oocyte has been communicating with its surrounding during the growth phase. It 
is interesting to note that no debris is present in the GV stage, whereas its amount increases 
simultaneously with maturation progression, so that around 4 % of M I cells and 34 % of M 
II cells have some inclusions in their perivitelline space. This phenomenon is most probably 
completely physiological (Hassan-Ali et al., 1998). 

Perivitelline space morphology is normal in 85-87 % of IVM oocytes (Figure 4a). Some have 
little (3-4 %) or plenty (1-2 %) of debris under zona pellucida (Figures 4b-c), whereas in 4-10 
% of oocytes the perivitelline space is enlarged (Figure 4d). The later is created by a 
premature release of cortical granules (Okada et al., 1986) and there is a tendency of 
increasing percentage of oocytes with the enlarged perivitelline space in oocytes with longer 
duration of IVM. 
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Fig. 4. Perivitelline space morphology of IVM oocytes.  
Normal perivitelline space (a) can be easily distinguished from a perivitelline space with 
little (b) or plenty of debris (c) as well as from the enlarged one (d). Magnificaion: 400; bar: 
50 μm. 

Opinions of different researchers on the correlation between oocyte morphology  
and aneuploidy as well as on implantation and embryo development remain divided due  
to large discrepancies in ovarian stimulation protocols, oocyte cultivation conditions  
and embryo assessment criteria (Balaban et al., 1998; Ciotti et al., 2004; De Santis et al.,  
2005; De Sutter et al., 1996; Ebner et al., 1999, 2000, 2006; Van Blerkom, 1990, 1996; Xia,  
1997). 

After the introduction of polarization microscopy to human ART methods, it has become 
possible not only to observe meiotic spindle characteristics and chromosome alignment in 
live oocytes (Wang et al., 2001) but also to evaluate the integrity of zona pellucida, the 
outermost barrier between the oocyte and its surrounding. When exposed to polarized light, 
human zona pellucida shows three-layer architecture defined by different birefringence 
characteristics (double refraction of light) of each layer. It has been suggested that 
birefringence is associated with the arrangement of proteins, polysaccharides and 
glycoproteins within the zona, which change during maturation. The best fertilization rate 
and embryo development has clearly been linked with those oocytes that possess highly 
birefringent zona pellucida (reviewed by Montag et al., 2011). 

4. Aneuploidy mechanisms during meiosis 
4.1 Introduction 

Chromosome abnormalities can appear at different stages during oogenesis. Even before the 
entrance into meiosis, gonadal stem cells divide mitoticaly many times whereby each 
division represents an opportunity for emergence of gonadal mosaicism (Cozzi et al., 1999). 
The majority of oocyte aneuploidies originate in the first meiotic division. There are two 
major mechanisms causing aneuploidies, namely whole chromosome non-disjunction and 
premature balanced or unbalanced chromatid separation (Cupisti et al., 2003; Delhanty, 
2005; Hassold et al., 1995; Kuliev et al., 2003; Kuliev & Verlinsky, 2004; Pellestor, 1991; 
Pellestor et al., 2002, 2006). 

4.2 Chromosome non-disjunction 

In case of whole chromosome non-disjunction during anaphase I, a whole tetrad (bivalent;  
a pair of associated homologous chromosomes, each consisting of two chromatids after  
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Fig. 5. Aneuploidy types.  
Chromatid (FISH signals) arrangement in diakinezis I, anaphase I and metaphase II in case 
of normal meiosis, chromosome non-disjunction and unballanced premature chromatid 
separation. 

chromosome replication) is moved to one pole of the meiotic spindle instead of the two 
homologous chromosomes moving one to each pole (Figure 5). Usually the chromatids in 
the two homologous chromosomes do not remain attached to each other (Angell, 1997). 
Non-disjunction can affect any chromosome in the cell independently or it can affect all of 
them at the same time. Upon analyzing an oocyte with fluorescent in situ hybridization 
(FISH) four signals in an oocyte (disomy, Figure 7b) and none in its corresponding PB1 are 
seen for the affected chromosome. In case of nullisomy no FISH signal for a particular 
chromosome are present in the oocyte, whereas there are four in its PB1 (Figure 7a). 

If the chromosome non-disjunction affects all chromosomes of the oocyte in the same way, 
the newly formed oocyte is said to be diploid (Figure 7f). All chromosomes remain in the 
oocyte, whereas in its PB1 there is no genetic material. Non-disjunction is more frequent in 
oocytes of older women (Angell, 1997; Dailey et al., 1996; Pellestor et al., 2003) and is in 
cases of chromosomes 15, 16, 18 and 21 sometimes linked to decreased number of chiasmata 
or changes in recombination sites (Hassold et al., 2000; Lamb et al., 2005). 
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Fig. 6. Normal oocyte and PB1 in IVM oocyte.  
In the oocyte and its corresponding PB1 (inset) two signals for each of the chromosomes 13 
(red arrows), 16 (light blue arrows), 18 (blue arrows), 21 (green arrows) and 22 (orange 
arrows) are clearly seen. Each signal represents one chromatid. Magnification ×1000; bar 10 
μm. 

4.3 Premature chromatid separation 

In meiosis I, the most frequent aneuploidy producing mechanism is premature chromatid 
separation in anaphase I (Fragouli et al., 2011). It is characterized by premature 
decomposition of cohesins which serve to establish a link between the two sister chromatids 
after chromosome replication (Michaelis et al., 1997). In case of premature chromatid 
separation, upon segregation the two free chromatids of one homologous chromosome  
can be pulled to the same or to different poles of the meiotic spindle. In a situation where 
both chromatids of one homologous chromosome travel to the same spindle pole,  
whereas the other homologous chrome travels to the opposite pole, a FISH analysis would 
show two signals for that particular chromosome in the oocyte as well as in its PB1 
(balanced premature chromatid separation). Therefore, a normal chromatid count would be 
obtained except that in either the oocyte or PB1 the two signals will be separated 
(homologous chromosome with separated chromatids) whereas in the other the two signals 
will be close to each other (normal homologous chromosome). This type of premature 
chromatid separation is more common in oocytes that were exposed to in vitro conditions 
for longer time and its frequency increases from 6 to 53 % within 24-48 hours (Munne et  
al., 1995b). 

In unbalanced premature chromatid separation, chromatids of the affected homologous 
chromosome travel to opposite poles of the meiotic spindle. If an oocyte contains one whole 
homologuous chromosome plus one extra chromatid of the other homologuous 
chromosome, which should normally be expelled from the oocyte into the PB1, FISH 
analysis would reproduce three signals for that particular chromosome in the oocyte. Such 



 
Morphology and Aneuploidy of in vitro Matured (IVM) Human Oocytes 

 

173 

oocyte is said to be hyperhaploid (Figure 7d) for that specific chromosome, whereas its 
corresponding BP1 contains only one chromatid and is said to be hypohaploid. In case of 
one missing chromatid in the oocyte, the oocyte is said to be hypohaploid (Figure 7c) and its 
PB, which contains three signals is hyperhaploid.  

Unbalanced premature chromatid separation can affect any chromosome, but is more 
frequent in chromosomes of groups D (chromosomes 13 to 15), E (chromosomes 16 to 18) 
and G (chromosomes 21 and 22) (Pellestor, 1991; Pellestor et al., 2002). The only factor 
unequivocally linked to increased aneuploidy rate is women age (Dailey et al., 1996; Kuliev 
et al., 2005; Sandalinas et al., 2002). In younger women (25-34 years of age) the frequency of 
premature chromatid separation is only 1.5 %, whereas in women aged 40-45 years it 
increases to more than 24 % (Dailey et al., 1996). 

4.4 Aneuploidy of ART oocytes 

Most research regarding oocyte aneuploidy in ART cycles has been done on oocytes  
that failed to be fertilized within 24-48 hours after insemination (Anachory et al., 2003; 
Angell et al., 1991a, Benkhalifa et al., 2003; Clyde et al., 2003; Cupisti et al., 2003; Kim  
et al., 2004; Pellestor et al., 2002, 2005, 2006). There are great discrepancies on the aneuploidy 
rate ranging from 8-54 %, which can be a consequence of different stimulation protocols 
(Munne et al., 1997), women age (Kuliev et al., 2003, 2005; Pellestor et al., 2003; Sandalinas  
et al., 2002; Vialard et al., 2006), and number of chromosomes analyzed per oocyte 
(Gutierrez-Mateo et al., 2004a; Pellestor et al., 2003, 2006; Sandalinas et al., 2002). Studies 
analyzing all 23 chromosomes revealed very high percentage of abnormal oocytes in 
unfertilized and in vitro matured oocytes (48-57 %, Gutierrez-Mateo et al., 2004a, 2004b) as 
well as in mature donated oocytes (29-56 % with respect to women age; Sandalinas et  
al., 2002). 

Most frequently chromosomes 13, 15, 16, 21, 22 and X are affected in oocytes (Anahory et al., 
2003; Benkhalifa et al., 2003; Clyde et al., 2003; Cupisti et al., 2003; Pellestor et al., 2002; Pujol 
et al., 2003; Sandalinas et al., 2002), which is similar to most affected chromosomes in 
embryos that include chromosomes 13, 15, 16, 17, 18, 21, 22, X and Y (Abdelhadi et al., 2003; 
Munne & Weier, 1996; Munne et al., 2003, 2004), supporting the idea that meiosis I is the 
main source of aneuploidies in human. 

5. Preimplantation Genetic Diagnosis (PGD) on a single cell 
Preimplantation genetic diagnosis (PGD) of aneuploidies is usually based on a biopsy of the 
first or both polar bodies of an oocyte (Durban et al., 1998; Kuliev et al., 2003; Verlinsky et 
al., 2001), or on a biopsy of 1-2 blastomeres of the created embryo (Gianaroli et al.,  
1999; Munne et al., 1993, 1995a, 1999). Lately, PGD has also been performed on a few 
trophectodermal cells of the blastocyst developed from the fertilized oocyte (de Boer  
et al., 2004). By analyzing oocytes and early embryos, different chromosomal abnormalities 
including aneuploidies, translocations and mutations can be detected (Durban et al.,  
2001; Munne et al., 1998a; Verlinsky & Kuliev, 2003; Verlinsky et al., 2004). Selection of 
chromosomally normal embryos increases implantation rate (Gianaroli et al., 1997,  
1999, 2005) as well as decreases the frequency of spontaneous abortions (Munne et  
al., 2006). 
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The least invasive PGD method is the analysis of PB1, which is a byproduct of the first 
meiosis and does not play any significant role in further embryo development. Therefore, 
making a biopsy on the oocyte and taking its PB1 for aneuploidy analysis does not alter the 
oocyte’s chromosomal status and only minimally affects the oocyte (Verlinsky et al., 1990). 
However, it provides a very useful indirect means for determining the oocyte’s 
chromosomal status. Supplementing the PB1 analysis with the PB2 analysis, we get a 
powerful tool for uncovering the majority of aneuploidies derived from the oocyte during 
meiosis. In this way, ART clinicians can avoid intrauterine transfers of embryos affected by 
the oocyte’s meiotic aneuploidies (Verlinsky et al., 1996, 1997-1998). Information about the 
oocyte’s chromosomal status before fertilization, which we gain from the PB1 analysis, is 
indirect since PB1 contains exactly the complementary chromosomes / chromatids to the 
oocyte. Thus, a normal mature oocyte contains one copy of each of the 22 autosomal 
chromosomes (two chromatids each) and one copy of gonosome X (two chromatids). 
Exactly the same chromosomal status is found in PB1 of this oocyte. If any chromosomal 
abnormalities occurred during meiosis I, oocyte could carry an extra chromosome or 
chromatid, leaving a deficit of a specific chromosome or chromatid in the PB1, or vice versa 
(Verlinsky & Kuliev, 2000). 

5.1 Oocyte, PB1 or blastomere fixation 

The most critical step preceding chromosome analysis is PB1 or blastomere fixation. Because 
in PGD chromosome analysis is frequently done on a single cell, an ideal fixation method 
should provide as reliable spreading and fixation of chromosomes on the microscope slide 
as possible. Ideally, no chromosome or chromatid should be lost otherwise artificial 
aneuploidy would be diagnosed. 

Classical fixation method, which uses a solution of methanol and acetic acid followed by air 
drying of the specimen (Tarkowski, 1966) produces a significant percentage of misdiagnoses 
due to chromosome or chromatid loss (Sugawara & Mikamo, 1986). Since its invention, it 
has been modified many times to ensure better reproducibility and reduce genetic material 
losses (Durban et al., 1998; Wramsby & Liedholm, 1984) or to be adapted for blastomere 
fixation (Coonen et al., 1994; Dozortsev & McGinnis, 2001). A comparative study has shown 
that among different fixation methods the one described by Dozortsev and McGinnis (2001) 
is simple to apply and returns satisfying percentage (83 %) of useful samples (Velilla et al., 
2002). 

When doing FISH on PB1 or blastomere it is essential to pay much attention to handling of 
the cell since both are very small and delicate. Therefore, they are easily damaged or even 
lost during fixation.  

The most critical step in specimen preparation for FISH is spreading, during which the cell 
membrane breaks and chromosomes swim in hypotonic solution on the microscope slide. 
The amount of the hypotonic solution should be large enough, so that the spreading is 
sufficient and there is no overlap of chromosomes, enabling clear distinction between 
different signals (Velilla et al., 2002). At the same time, the spreading should not be too large 
so that all chromosomes can be clearly seen in a single visual field under large magnification 
of the microscope (Munne et al., 1996; Munne et al., 1998b). Despite the very precise 
handling, the percentage of non-applicable preparations due to PB1 loss is still around 12 % 
(Table 1). 
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 Total 
Analyzed MII oocytes 192 

Normal oocytes (%) 88 (45,8) 
Aneuploid oocytes (%) 88 (45,8) 
Lost oocytes during fixation (%) 7 (3,7) 
FISH errors (%) 9 (4,7) 

Analyzed PB1s 129 
Oocyte diagnoses confirmed by PB1 diagnosis 102 (79,1) 
Lost PB1 (%) 15 (11,6) 
FISH errors (%) 8 (6,2) 
Non-applicable oocyte preparations with good PB1 preparation (%) 4 (3,1) 

Table 1. FISH analysis of chromosomes 13, 16, 18, 21 and 22 (MultiVysion PB, Vysis) in 
oocytes and PB1s, which attained maturity after 24-36 hours of IVM in a simple embryo-
cultivation medium. 

The success of fixation method partially depends on the number of chromosomes tested and 
the analytical method used. With increasing number of tested chromosomes there is also an 
increasing probability of signal overlap. This is clearly demonstrated in FISH studies 
involving 6 to 9 chromosomes, where the percentage of analyzable slides decreased to some 
61 % (Anahory et al., 2003; Gutierrez-Mateo et al., 2004a; Pujol et al., 2003). With the use of 
multicolor-FISH (M-FISH; Clyde et al., 2003), spectral karyotyping (SKY; Marquez et al., 
1998; Sandalinas et al., 2002) or centromeric multicolor FISH (cenM-FISH; Gutierrez-Mateo 
et al., 2005), which enable simultaneous analysis of all 23 chromosomes, the percentage of 
useful specimen preparations decreases to mere 31-36 %. From the single cell analysis point 
of view, this low efficiency is inacceptable for clinical use. 

5.2 Fluorescent in situ hybridization (FISH) and sources of FISH errors 

Today, chromosome analysis is mostly done with FISH. It enables staining and detection of 
whole chromosomes or their parts on the basis of probe fluorescence after attachment to 
specific DNA sequences. By selecting a whole-chromosome probe, it is possible to identify 
aneuploidies as well as chromosome or chromatid structural malformations such as breaks, 
large deletions, translocations, etc. On the other hand, structural aberrations such as breaks, 
deletions, insertions and translocations cannot be identified with locus specific probes if 
they lie in the part of the genome not labeled with the probe. When there is a chance for 
embryo inheriting a known familiar chromosome aberration, a particular probe for a 
chromosome or locus of interest can be selected. 

As already mentioned one of the most frequent FISH errors is a consequence of loosing 
genetic material during fixation or overspreading of chromosomes on the microscopic slide 
so that the chromosomes / chromatids cannot be seen in the same visual field. In 
preliminary studies of IVM oocytes, we had a chance to simultaneously analyze oocytes and 
their pertaining PB1s (Table 2). Whereas the analysis of the oocytes alone reported 50 % 
aneuploidy rate, this rate was lower (40.2 %) if pairs of oocyte-PB1 were analyzed. This is 
because only the diagnoses where the PB1 had exactly complementary chromosome status 
to the oocyte were considered accurate. The difference between the two approaches gives us 
an estimate of the occurrence (9.8 %) of FISH errors if only the oocyte is analyzed. 
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 Total 
Analyzed MII oocytes 176 

% of aneuploid oocytes 50.0 
Analyzed MII oocytes with diagnoses confirmed by corresponding PB1s 102 

% of aneuploid oocytes 40.2 
% of FISH errors 9.8 

Table 2. Estimation of the frequency of FISH errors using oocyte analysis alone compared to 
analysis of oocyte-PB1 pairs. 

Another frequent cause of FISH errors is signal overlap, whereby we cannot discern 
between one signal and two or more overlapping ones for the same or for different 
chromosomes. Also there might appear some difficulties when using centromeric probes, 
since the two signals for sister chromatids may lie so close that it is hard to differentiate 
between one strong large signal and two weaker ones (usually they appear as two touching 
dots). 

When analyzing chromosomes of the IVM oocytes and PB1s, special attention has to be paid 
to removing all cumulus oophorus cells surrounding the oocyte, since their genetic material 
might appear on the FISH specimens and thus cause diagnostic mistakes. Best way to 
eliminate the cumulus cells is to remove entire zona pellucida, and any attached cells or 
remnants of the cumulus, by partial enzymatic digestion followed by mechanical pipetting 
of the oocyte through a very thin pipette. 

Because of FISH limitations, there is an increasing use of comparative genomic 
hybridization (CGH) for single cell analysis. In this method, polymerase chain reaction 
(PCR) is used to multiply the entire genome of the cell followed by identification of 
chromosomes or their parts with missing or excess amount of genetic material (Voullaire et 
al., 1999; Wells et al., 1999). The method is reliable however it does not enable the detection 
of genetic errors that affect all chromosomes equally (such as diploidy, triploidy, etc.) or 
balanced premature chromatid separation (Gutierrez-Mateo et al., 2004b). Besides, CGH 
takes a few days to be carried out, which is inappropriate for ART treatments since the 
tested embryos cannot be transferred to uterus at the right time or they have to be frozen 
until the results of genetic analysis are known (Wilton et al., 2003). 

5.3 Aneuploidy occurrence in IVM oocytes 

There were only few studies regarding chromosome analysis of IVM oocytes done so far, all 
of them reporting a high incidence of aneuploidy which ranges from 38 to 70 % (Clyde et al., 
2003; Gutierrez-Mateo et al., 2004b; Magli et al., 2006; Pujol et al., 2003; Vlaisavljević et al., 
2007). Different methods were used to elucidate the oocyte aneuploidy, among which M-
FISH (multicolor-fluorescent in situ hybridization) and CGH (comparative genomic 
hybridization) were used to assess all 23 chromosomes and reported 38–48 % aneuploidy 
rate, that was increasing with the women’s’ age from 23 % in women 24 - 35 years of age up 
to 75 % in women older than 36 years (Clyde et al., 2003; Gutierrez-Mateo et al., 2004b). The 
consequences of the high aneuploidy rate are many abnormal embryos that develop from 
fertilized IVM oocytes. It was shown that up to 61 % of analyzed IVM embryos contain 
aneuploid blastomeres (Emery et al., 2005).  
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There is an increase in aneuploidy rate from 35 % to 49 % with increasing duration of in vitro 
maturation from 24-36 hours (Table 3A). Furthermore, multiple (complex, Figure 7e) 
aneuploidies are more common if the oocytes are exposed to maturation protocol for longer 
time (Table 3B). Also the number of affected chromosomes significantly increases with 
prolonged IVM (Table 3C) (Križančić Bombek L. et al., 2011). Possible reasons for these 
observations include exposure of oocytes to artificial milieu, lack of some unknown specific 
signals or growth factors in the cultivation medium, etc. On the contrary, it is also possible 
that oocytes already containing chromosome aberrations attain maturity later since their 
chromosomal abnormalities hinder the cell cycle continuation. 
 

A 24 h 36 h 
Analyzed oocyte-PB1 pairs 65 37 

Normal oocytes (%) 42 (64.6) 19 (51.4) 
Aneuploid oocytes (%) 23 (35.4) a 18 (48.6) a 

B   
Oocytes with single aneuploidy (%) 15 (23.1) 12 (32.4) 

Oocytes with double aneuploidy (%) 6 (9.2) 2 (5.4) 
Oocytes with multiple aneuploidies (%) 2 (3.1) b 4 (10.8) b 

C   
Analyzed chromosomes 325 185 

Aneuploid chromosomes (%) 33 (10.15) c 32 (17.3) c 
 

Table 3. Aneuploidy frequency of IVM oocytes matured for 24 or 36 hours.  
FISH analysis (MultiVysion PB, Vysis) of chromosomes 13, 16, 18, 21 and 22 in IVM 
oocytes. 
a not statistically significant (chi-square test) 
b No. too small for statistical analysis 
c p < 0.05 (chi-square test) 

When considering aneuploidy types, a difference between faster-maturing and slower-
maturing oocytes can be observed. There is an increase in occurrence of hyperhaploid 
chromosomes compared to hypohaploid ones in slower-maturing oocytes (Table 4A) 
whereas such trend is not observed in oocytes attaining M II phase within 24 hours 
(Križančić Bombek L. et al., 2011). Similar results regarding oocytes were reported by other 
authors (Clyde et al., 2003; Gutierrez-Mateo et al., 2004a; Vialard et al., 2006) whereas the 
opposite situation, namely the excess of hypohaploid chromosomes,  was found in studies 
analyzing PB1s (Kuliev et al. 2003, 2005, 2011) which is logical since the chromosomal status 
of PB1 is complementary to the oocyte’s. 

Unbalanced premature chromatid separation is approximately equally frequent in faster-
maturing and slower-maturing oocytes (Table 4B) (Križančić Bombek L. et al., 2011) and is 
thought to be a consequence of negative influence of in vitro conditions (Munne et al., 
1995b). However it has also been documented in fresh in vivo matured oocytes (Sandalinas 
et al., 2002) confirming the hypothesis that it is one of the mechanisms of aneuploidy 
emergence (Angell 1991b). On the other hand, whole chromosome non-disjunction is 
significantly more frequent in oocytes maturing for longer time (Table 4B) suggesting that 
this second mechanism of aneuploidy emergence is more prone to cultivation conditions. 
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Fig. 7. Aneuploidy types obtained by FISH analysis of chromosomes 13, 16,18, 21 and 22 in 
IVM oocyte-PB1 pairs. During metaphase I, chromosome non-disjunction may result in 
nullisomy containing no signal for chromosome 18 (dark blue arrows) in the oocyte and four 
in its PB1 (a), or in disomy of chromosome 16 (light blue arrows), containing four signals in 
the oocyte and none in the PB1 (b). On the other hand, unballanced premature chromatid 
separation may produce hypohaploidy of chromosome 16 (light blue arrows), containing  
one signal in the oocyte and three in PB1 (c), or hyperhaploidy of chromosome 21 (green 
arrows), containing three signals in the oocyte and one in the PB1 (d). Furthermore, many 
IVM oocytes have complex (multiple) aneuploidies of more than just one chromosome (e) or 
may even be diploid with no genetic material in the PB1 (f). Magnification x1000; bar: 10 μm. 
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In both aneuploidy mechanisms there is a preference of the genetic material retention in the 
oocyte instead of its extrusion into the PB1. Consequently there is an excess of hyperhaploid 
and disomic oocytes over the hypohaploid and nullisomic ones (Table 4C) (Križančić 
Bombek L. et al., 2011). According to previous analyses of first and second polar bodies 
(Kuliev et al., 2003, 2005), the existence of an unknown intrinsic mechanism has been 
proposed that prevents genetic material to be lost from the oocyte during meiosis. 

Frequencies and aneuploidy types of individual chromosomes differ, which is influenced by 
the women age (Benadiva et al., 1996; Petersen & Mikkelsen, 2000; Weier et al., 2005) as well 
as with the sensitivity of chromosomes themselves (Hassold et al., 2000; Li et al., 2006). 
Different studies have revealed that the most aneuploidy-sensitive are chromosomes 13 
(Magli et al., 2006), 15 (Gutierrez-Mateo et al., 2004b), 16 (Pujol et al., 2003), 21 (Cupisti et al., 
2003; Kuliev et al., 2005, 2011) and 22 (Clyde et al., 2003; Kuliev et al. 2003, 2011; Sandalinas 
et al., 2002). These chromosomes, together with chromosomes 1, 7 and 17, are also 
commonly diagnosed as aneuploid in early embryos (Munne & Cohen, 1998).  

Similarly, in IVM oocytes some chromosomes are more frequently affected than others. 
Aneuploidy rate may increase with prolonged in vitro cultivation. This is most notable in 
chromosomes 18 and 22 which are 6- and 4.4-times more frequently involved in 
aneuploidies in oocytes with 36-hours maturation period compared to those with 24-hours 
maturation period, respectively (Table 4D), suggesting that these two chromosomes may be 
extremely sensitive to cultivation conditions (Križančić Bombek L. et al., 2011). 

From the data obtained for aneuploidies of individual chromosomes and on the assumption 
that aneuploidies approximately equally affect all 23 chromosomes of the human genome, 
an average and total aneuploidy rate can be estimated (Table 4E). The later is significantly 
higher in IVM oocytes requiring longer time to achieve maturity (79.6 %) than in those 
reaching M II phase in less than 24 hours (46.7 %). However, this estimate is most probably 
somewhat exaggerated since the five tested chromosomes are among those most frequently 
found in aneuploidies. 

IVM oocytes are more prone to different chromosomal aberrations since they are exposed to 
suboptimal maturation conditions (Chian and Tan, 2002; Chian et al., 2004a; Trounson et al., 
2001) and in vitro aging (Warburton, 2005). Also IVM in a simple medium may not provide 
all necessary growth signals and factors which might influence meiotic processes, resulting 
in aneuploidies and other chromosomal aberrations. During IVM, oocytes undergo 
maturation phases from GV to MII that can be easily characterized. Usually the oocytes are 
considered mature, when MII phase is reached, i.e. the PB1 extruded. However, this is only 
an indicator of nuclear maturity. From the mare presence of PB1, nothing can be deduced 
about the oocyte’s cytoplasmic maturity or chromosome organization. In fact, increased 
incidence of oocytes with non-organized meiotic-spindle microtubules (43.7) and irregularly 
arranged chromosomes (33.3 %) can be found among IVM oocytes from stimulated ovarian 
cycles compared to in vivo matured oocytes among which only 13.6 % of cells have non-
organized microtubules and 9.1 % have irregularly arranged chromosomes (Li et al., 2006). 
Our data show similar results (Table 5) with 30.6 % of in vitro matured GV oocytes having 
abnormal shape of meiotic spindle (Figure 8) which is significantly higher than in donated 
fresh mature oocytes among which only 6.1 % of oocytes show abnormal spindle. 
Furthermore, in 29 % of IVM oocytes with normal meiotic spindle, chromosomes are 
irregularly arranged within the spindle itself (Wang & Keefe, 2002). 
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 24 hours 36 hours 
No. of analyzed chromosomes 325 185 
A   

Unbalanced premature 
chromatid separation 

Hypohaploidy (%) 8 (2.46) 1 (0.54) a 

Hyperhaploidy (%) 6 (1.85) 8 (4.32) a 
Total 14 (4.31) 9 (4.86) i 

Chromosome non-
disjunction 

Nullisomy (%) 7 (2.15)  8 (4.32)  
Disomy (%) 12 (3.69) b 15 (8.11) b 

Total 19 (5.84) j 23 (12.43) i, j 
B    

Unbalanced premature chromatid separation
(hypohaploidy + hyperhaploidy) (%)

 
14 (4,31) 

 
9 (4,86) c 

Chromosome non-disjunction
(nullisomy + disomy) (%)

 
19 (5,85) d

 
23 (12,43) c,d 

C    
Genetic material loss in oocyte (hypohaploidy + 

nullisomy) 15 (4.62) 9 (4.86) f 

Genetic material excess in oocyte (hyperhaploidy + 
disomy) 18 (5.54) e 23 (12.43) e, f 

D   

Chromosomes with 
aneuploidy (%)

Chromosome 13 7 (2.15) 6 (3.24) 
Chromosome 16 13 (4.00) 5 (2.70) 
Chromosome 18 2 (0.62) g 7 (3.78) g 

Chromosome 21 7 (2.15) 4 (2.16) 
Chromosome 22 4 (1.23) h 10 (5.41) h 

E    
Average aneuploidy rate* 2.03 3.46 

Total aneuploidy rate 46.7 k 79.6 k 

Table 4. Occurrence of different aneuploidy types with respect to IVM duration. FISH 
analysis (MultiVysion PB, Vysis) of chromosomes 13, 16, 18, 21 and 22 in IVM oocytes. 
a-d p < 0.05 (chi-square test with Yates correction) 
e-j p < 0.01 (chi- square test with Yates correction) 
k p < 0.05 (chi- square test) 
* based on the five analyzed chromosomes  

 

 Normal spindle Abnormal 
spindle 

Meiotic stage before and 
after IVM 

M I to M II (n = 31) 25 (80.6%) 6 (19.4%)  
GV to M II (n = 36) 25 (69.4%) 11 (30.6%) a 

M I arrest (n = 21) 12 (57.1%) 9 (42.9%) b 
Fresh M II (n = 33) 31 (93.9%) 2 (6.1%) a, b 

Table 5. Configuration of meiotic spindle of in vitro matured prophase I (GV) and metaphase 
I (M I) human oocytes. a p < 0.01; b p < 0.005 
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Fig. 8. Second meiotic spindles in metaphase II oocytes after IVM.  
Many in vitro matured oocytes have normal barrel-shaped second meiotic spindles with 
chromosomes aligned in equatorial plane (a, b). On the right side of (a), chromosomes of 
PB1 are visible in a different focal plane. In IVM oocytes with abnormal spindle 
chromosomes can segregate between the oocyte and PB1 but microtubules remain attached 
to both chromosome masses instead of forming a proper meiotic spindle in the oocyte (c). It 
is also possible that meiotic spindles are disrupted or multipolar (d). 

6. Conclusion 
IVM oocytes can be used in clinical ART cycles however it has to be kept in mind that at 
least among those oocytes which acquire maturity later the aneuploidy incidence is very 
high. Therefore, for safer clinical use preimplantation genetic diagnosis and the selection of 
chromosomally normal embryos is recommended before embryo transfer into the uterus. 
Such selection significantly increases implantation rate as well as decreases the frequency of 
spontaneous abortions and birth of affected children. 
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1. Introduction  
Maintenance of ploidy is crucial to the fate of daughter cells in any reproduction process. 
Improper genetic material segregation leads in general to mitotic catastrophe and 
subsequent cell death, but may also lead to the formation of aneuploid cells. Chromosomal 
unbalance, or aneuploidy, has been one of the main concerns in human reproduction for 
decades. About 20 % of all human oocytes are aneuploid and this percentage is believed to 
increase with ovarian aging, which is one of the major detrimental factors in pregnancy 
achievement (Battaglia et al., 1996; Younis, 2011). Besides age, oocyte-related aneuploidy is 
linked to spindle morphology abnormalities, non-disjunction of chromosomes in meiosis I 
and II, and related to toxic compounds exposure (Hassold and Hunt, 2001; Wang and Sun, 
2006). Most embryos, that are formed from aneuploid oocytes, are non-viable and do not 
result in pregnancy. However, viable aneuploidic embryos can be produced but in many 
cases carry genetic disorders, such as monosomies for chromosomes X and 21, autosomal 
trisomies [for instance, Patau syndrome (trisomy 13), Down syndrome (trisomy 21)] and 
triploidy. The latter is associated with tumor development (Hitzler and Zipursky, 2005). 

Imbalance in chromosome number is thought to result in the failure of the 
organization/assembly or disassembly of the mitotic or meiotic spindle, which is in charge 
of the correct segregation of the genetic material to the daughter cells (oocytes and polar 
bodies in the case of female gametogenesis). Indeed, chromosomes that are not organized 
correctly on the microtubule spindle apparatus may be lost or inappropriately segregated 
during cell division, which results in aneuploidy. Abnormalities in spindle organization and 
chromosomal dynamics are predominant in aging oocytes and are regarded as the major 
factors responsible for infertility, miscarriage and to some extent, birth defects. For these 
reasons the cell cycle is considered to be tightly controlled through many checkpoints, in a 
manner to avoid "madness" at the helm, which would drive to genomic instability. Then, 
any failure in cell cycle regulation is called to promote accumulation alteration in genomic 
material and in some cases, may lead to aneuploidy.  
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Studies of human aneuploidy have been hampered by the lack of a suitable animal model. 
Most studies so far have been performed using the mouse model, which in many aspects 
does not allow direct comparison with humans (Alvarez Sedo et al., 2011; Neuber and 
Powers, 2000; Schatten and Sun, 2011). It may be underlined that mouse model is a poor one 
regarding the methods of centrosome inheritance (due to the fact that mouse follows a 
maternal method for centrosome inheritance, in contrast to human where fertilization 
restores centrosome). As well, differences may be observed in the failure of fertilization 
between the two models. In human oocytes, the failure results from cytoplasm inability to 
support pronuclear formation while in mouse oocytes, the failure is rather due to inability of 
spermatozoa to penetrate the oocyte (Neuber and Powers, 2000). Other differences may also 
be reported between mouse and human oocytes, in contrast to non-rodent oocytes, mouse 
oocytes depend not upon protein synthesis for meiosis resumption and metaphase II spindle 
organization depends upon the assembly of cytoplasmic asters, including gamma-tubulin 
(see Table1). Still, the mouse model could promote strategies to sustain oocyte quality in 
mammals and provide evidences on the effects of environmental factors that may negatively 
impact oogenesis (Alvarez Sedo et al., 2011; Combelles et al., 2005; Farin and Yang, 1994; 
Gordo et al., 2001; Hunter and Moor, 1987; Liang et al., 2007; Lu et al., 2002; Meinecke and 
Krischek, 2003; Memili and First, 1998; Schatten and Sun, 2011; Sun et al., 1999; Sun et al., 
2002). Nevertheless, further efforts have to be performed to promote other mammalian non-
rodent models, whose meiotic regulation, cytoskeletal organization and fertilization are 
more closely related to human system (Schatten and Sun, 2011).  
 

 
 

Xenopus
oocytes 

Mouse 
oocytes 

Pig 
oocytes

Bovine 
oocytes 

Human 
oocytes 

Does maturation depends upon 
protein synthesis? Yes No Yes Yes n.d. 

Does initiation of meiosis depends 
upon transcription? No Yes 

No 
(DO) 
Yes 

(COC)

No (DO) 
Yes 

(COC) 
n.d. 

Do maturation and spindle 
morphogenesis rely on MPF 

activation? 
Yes Yes Yes Yes n.d.* 

Does initiation of meiosis depends 
upon MAPK network activation? No No No No n.d.* 

Does spindle morphogenesis depends 
upon MAPK network activation? Yes Yes Yes Yes n.d.* 

Does metaphase II spindle formation 
depends upon cytoplasmic asters 

assembly? 
No Yes No No No 

Table 1. Meiosis characteristics in Xenopus, mouse, porcine, bovine and human oocytes.  
(DO: denuded oocyte; COC: Cumulus Oocyte Complexes ; n.d.: not determined; * 
Dynamical observations have been solely gathered for these kinases) (Alvarez Sedo et al., 
2011; Combelles et al., 2005; Farin and Yang, 1994; Gordo et al., 2001; Hunter and Moor, 1987; 
Liang et al., 2007; Lu et al., 2002; Meinecke and Krischek, 2003; Memili and First, 1998; 
Schatten and Sun, 2011; Sun et al., 1999; Sun et al., 2002). 
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Organisms enabling studies of spindle morphogenesis and aneuploidy might be divided 
into two classes: (1) meiotic models from non-mammalian species, which offer opportunities 
to unravel the fundamental mechanisms of meiotic spindle morphogenesis, and (2) meiotic 
models that correspond closely to human oocytes, taking into account both morphology and 
timing of meiotic maturation. Among the non-mammalian models, Xenopus has appeared as 
a model of choice since it shared similarities regarding mechanisms controlling meiotic 
progression with many mammalian species (see Table 1). In most vertebrates, oocytes are 
arrested at the first meiotic prophase until meiotic resumption is induced by hormonal 
stimulation. In both amphibian and pig models, resumption of meiosis and completion of 
oocytes maturation depend on protein translation, and are independent upon transcription. 
The factor promoting entry into M-phase, or division, was first reported in amphibians 
(Masui and Markert, 1971) and isolated almost two decades later in amphibian oocytes, 
based on genetic analysis performed in yeast (Gautier et al., 1988; Lohka et al., 1988).  
Named M-phase or Meiosis Promoting Factor (MPF), this factor is comprised of a catalytic 
subunit p34Cdc2/Cdk1, and a regulatory subunit Cyclin B, whose association is crucial  
for the kinase activity of the complex. Together with the Mitogen Activated Protein Kinase 
(MAPK) pathway, MPF rules the coordination of the cellular reorganization during M-phase 
(Bodart et al., 2005; Haccard and Jessus, 2006; Kotani and Yamashita, 2002). The maintenance 
of low levels of MPF activity is a prerequisite for the maintenance of meiotic arrest at 
prophase, while high levels of MPF activity are required for arrest at metaphase II (Bodart et 
al., 2002a). 

This chapter aims at comparing pig and Xenopus oocytes regarding their respective 
advantages and inconveniences, in comparison to other animal models. Standard 
methodologies for spindle morphogenesis analysis and aneuploidy detection in both  
models will be described. The role of the MAPK network in spindle morphogenesis  
and in ploidy maintenance will also be largely discussed, since female gametes have  
offered case studies to emphasize the potential role of MAPK's deregulation in  
aneuploidy. 

2. Comparing advantages and inconveniences of pig and amphibian oocytes 
as models for spindle morphogenesis and aneuploidy studies 
Xenopus has mainly been used in an aneuploidy context for cancer study purposes and has 
been less regarded as a valuable source for reproductive studies. Although it may appear as 
an attractive model, enabling structural approaches of spindle morphogenesis, it is not 
appropriate for accurate studies of genetic imbalance. To study the unbalance, porcine 
oocytes have appeared as a valuable and suitable model. 

2.1 Strengths and disadvantages of amphibian oocyte model 

The current understanding of meiosis regulation in vertebrate oocytes has benefited from 
studies performed in amphibian models such as Xenopus laevis. Fully-grown oocytes, 
blocked in prophase I resume meiosis upon hormonal stimulation and arrest in metaphase II 
as mature oocytes, or eggs, in anticipation of fertilization. Neither somatic cells nor in vitro 
systems offer a similar amenability for in vivo studies of the mechanisms that control cell 
cycle and orchestrate the cellular reorganization that occurs during mitosis or meiosis (Liu 
and Liu, 2006). This model could be advantageous to analyze the role of molecular networks 
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involved in the morphological events of cell division. Indeed, Xenopus oocytes offer 
impressive opportunities for studies at the biochemical level: oocytes contain high levels of 
proteins (each oocyte contains for example 50 to 70 ng of the catalytic subunit of Protein 
Kinase A (PKA), 1 oocyte is equivalent to 50 000 somatic cells) and makes it possible to 
perform anti-MAPK immunoblotting on one-tenth of a single cell, allowing to study feed-
back regulation mechanisms within one cell. Thus, extracts of either oocytes or eggs from 
amphibian are an abundant source for cytoskeletal and cell cycle proteins. In addition to 
their physiological synchronization in G2-like state or metaphase block, Xenopus oocytes 
are also known and used for their high capacity of protein synthesis (200-400 ng per day, 
per oocyte) and their size (1.2 to 1.4 mm), which facilitates micromanipulations, 
exploration of signaling network or electrophysiological properties. Finally, the use of this 
model of lower vertebrate fits into the ethical policy of the 3R (Replace, Refine, Reduce) 
on animal experimentation, which aims at promoting non mammalian alternative models 
in order to noticeably reduce and refine the use of upper vertebrates in experimental 
studies. 

In addition, for several decades Xenopus oocytes have appeared to be one of the best cellular 
model to study in vivo enzymatic activities, assembly of cell division spindle, aneuploidy 
and characterization of parthenogenetic events. Nevertheless, this model suffers from 
several disadvantages: (1) amphibians are not oviparous models and oocytes maturation, as 
well as fertilization, is independent of any cumulus cells; (2) oocytes contain yolk, which 
does not facilitate structural analysis, and exhibit autofluorescence; (3) Xenopus laevis is a 
allotetraploid species, making it less/not suitable for genetic studies and careful analysis of 
genetic imbalances.  

2.2 Strengths and disadvantages of porcine oocyte model 

As mentioned above, mouse models may be optimal for studying molecular mechanisms 
underlying the maturation of mammalian oocytes, but several differences may been 
outlined when comparing to the maturation of non-rodent oocytes (Table 1).  Porcine 
oocytes are closely related to human oocytes, in term of morphology and timing of meiotic 
maturation. Nuclear envelope breakdown, also called germinal vesicle breakdown (GVBD) 
in oocytes, occurs after 20 hours (2-5 hours in mice). Oocytes are reaching the second meiotic 
metaphase block approximately 40 hours after the lutheinizing hormone (LH) peak (in vivo) 
or after isolation from follicles (in vitro condition) (9-13 hours in mouse). It is known that pig 
oocytes rely on de novo protein synthesis for GVBD, whereas this occurs independently of 
protein synthesis in murine oocytes. 

Several studies have reported that fertilization of pig oocytes resembles more that of lower 
vertebrates than mice (Long et al., 1993; Sun et al., 2001a). In sea urchin, starfish, porcine or 
bovine oocytes, sperm interaction with the oocyte or their penetration is impaired by 
microfilament inhibitors (Schatten et al., 1982).  In murine oocytes, however, microfilament 
inhibitor Latrunculin A did not block sperm penetration (Schatten et al., 1986). Similarly, it 
was reported that the microfilament modulator JAS inhibited sperm incorporation and 
prevented cortical granules (CG) exocytosis in murine oocytes (Terada et al., 2000). In 
murine oocytes, pronucleus migration is blocked upon inhibition of microfilament assembly 
(Schatten et al., 1989; Terada et al., 2000), while in pigs (Sun et al., 2001a) or urchins (Schatten 
et al., 1992), microtubule assembly is not required for pronucleus formation. During 
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fertilization in sea urchins, pigs, cattle and humans, sperm introduces the centrosome into 
the egg. Microtubules nucleated by centrosomes cause the syngamy between male and 
female pronuclei (Kim et al., 1997; Sun et al., 2001a; Sutovsky et al., 1996; Van Blerkom et al., 
1995). In mice, the situation is quite different because centrosomes are maternally inherited. 
Microtubules are organised by numerous cytoplasmic sites and microtubules and 
microfilament activity are required for pronuclear migration. For the above-mentioned 
reasons, porcine egg may be a more appropriate model for studies with the aim to make a 
comparison with human reproduction. 

The access to porcine ovaries is straightforward since they can be obtained as "bioproducts" 
from local slaughterhouses. Nevertheless, working with pig oocytes may be hampered 
because of the heterogeneity of the isolated oocytes and the heterogeneity of the donor 
animals. Two types of ovaries may be obtained from slaughterhouses, depending whether 
killed animals are monitored or not. When performed, monitoring includes exact 
reproduction phase, age and farming conditions (including composition of feeding rations). 
Monitoring is expensive, but often necessary to obtain better standard conditions. For any 
work using porcine oocytes isolated from ovaries obtained from a slaughterhouse, it is 
necessary to perform a rigorous and strict selection of the ovaries and oocytes. Apart from 
ovaries collected at slaughterhouses, oocytes might be obtained by endoscopic ovum pick-
up (OPU) from living animals. Antral follicles are punctured and cumulus oocyte complexes 
(COCs) are aspirated with the follicular fluid into an aspiration cannula using vacuum 
pressure. In contrast to the previous method, oocytes obtained in this way are homogenous 
and of high quality. Unfortunately, this method is expensive and labor-intensive and results 
in a low recovery of oocytes compared to the previous method. 

Porcine and murine oocytes are different in their in vitro requirements during maturation. In 
contrast to mouse oocytes, porcine oocytes require cumulus cells for successful maturation, 
and they are very sensitive to maturation conditions and manipulation. For instance, culture 
conditions of cumulus cells may alter the meiotic spindle morphology (Ueno et al., 2005), 
may impair successful micro-injection and subsequent scanning by confocal microscopy 
during maturation. Thus, live imaging experiments in this model are time-consuming and 
may appear as "complex".  

3. Chromatin configuration, spindle morphogenesis and aneuploidy 
detection 

3.1 Xenopus laevis oocytes 

3.1.1 Morphological signs of maturation by external observation  

In Xenopus oocytes, spindle formation is associated with migration of nucleoplasm and 
chromosomes to the apex of the cells. Upon hormonal stimulation, the germinal vesicle 
breaks down at its basis and migrates towards the apex of the oocyte, creating a large 
white area without pigment. This area is called white spot or maturation spot (Figure 1). 
The chromosomes are condensed and the first metaphase spindle is formed at the cortical 
area, located near the plasma membrane. After extrusion of the first polar body, the 
metaphase II spindle will be anchored at the plasma membrane. A dot may be detected 
within the white spot, corresponding to the anchored metaphase II spindle at the plasma 
membrane. 
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Fig. 1. External morphology of Xenopus oocytes. Immature oocytes (left panel) exhibit a dark 
pigmented hemisphere where the nucleus, or germinal vesicle, is found. Upon stimulation 
by progesterone, a small white spot appears at the apex of the cell, which is correlated with 
GV migration and its breakdown (right panel). 

3.1.2 Spindle morphogenesis and aneuploidy detection 

Classically, oocytes are fixed overnight in Smith’s fixative, embedded in paraffin and 
sectioned (7µm thickness). Sections are then stained with Nuclear Red to detect nuclei and 
chromosomes, and with picroindigocarmine, which reveals cytoplasmic structures (Bodart 
et al., 1999). This method enables the detection of spindle and condensed chromosomes, 
even if not located near the plasma membrane. Atypical structures can be detected in depth 
of the oocytes, such as tripolar spindle or nuclear envelope reformation around 
chromosomes in deep cytoplasm (Figure 2, 3). These methods can be coupled with 
electrophysiological procedures or calcium measurements to perform oocyte-by-oocyte 
analysis (Bodart et al., 2001). 

To perform immunocytological studies, oocytes are fixed in cold methanol, which is 
gradually replaced by butanol before embedding in paraffin. 7 µm-thin sections are 
subsequently incubated with antibodies directed towards spindle structures (e.g. towards 
alpha-tubulin). Structures are revealed with second antibodies conjugated with a fluorescent 
marker such as Oregon Green or Fluorescein Isothiocyanate. To detect structures located 
near the plasma membrane, section and embedding should be avoided. In this case, oocytes 
are fixed in cold methanol, which is gradually replaced by PBS (phosphate buffered saline). 
Next the oocytes are incubated in a low percentage of detergent for permeabilization 
purposes together with diluted antibodies and revealed as previously mentioned. Treated 
oocytes are bisected and animal halves are placed on standard slides with mounting 
medium including glycerol and Hoechst 33342, which reveals chromosomes, and observed 
under an epifluorescent microscope (Figure 4) (Baert et al., 2003; Bodart et al., 2005; Bodart 
and Duesbery, 2006). 

To overcome autofluorescence and to increase the number of observed structures, many 
studies have been undertaken using egg extract together with sperm nuclei (Cross and 
Powers, 2009; Garner and Costanzo, 2009; Maresca and Heald, 2006). Though these methods 
are of interest, they have to be performed in a cell-membrane-free context and only focus on 
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mitotic spindle formation. Indeed differences remain, albeit meiosis and mitosis share quite 
a lot of similarities: (1) centrosomes are absent in oocytes, (2) kinetochores appear later in MI 
and (3) the Ran GTPase might be dispensable for MI but requested for MII and mitosis 
(Brunet et al., 1999; Dumont et al., 2007). 

 
Fig. 2. Bipolar spindle and first polar body (left panel), abnormal tripolar spindle (right 
panel, bottom), and multiple envelope reformation around chromosomes in deep cytoplasm 
(right panel, top). Metaphase II spindle has, like seen in most species, a typical barrel shape. 

 
Fig. 3. Double aster formation in Xenopus oocyte where MAPK activity has been impaired. 
Structures are located in the subcortical layer but are not associated with the plasma 
membrane. 
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Fig. 4. Bipolar spindle in metaphase-II arrested Xenopus oocyte; DNA (blue), beta-Tubulin 
(green). 

3.2 Porcine oocytes 

3.2.1 Germinal vesicle stages 

Full meiotic competence of pig oocytes is reached in ovarian follicles of 2 mm or more in 
diameter.  Germinal vesicle breakdown is initiated in vivo by either preovulatory surge of 
gonadotropins or atretic degeneration of the follicle. Spontaneous (gonadotropin-
independent) maturation occurs upon removal of the oocyte, or the oocyte-cumulus cell 
complex, from antral follicles when cultured in an appropriate supportive medium. Several 
protein kinases have been shown to regulate meiotic resumption. MPF is a key regulator of 
the meiotic resumption. Its inhibition totally blocks GVBD in pig oocytes. Nevertheless, 
MAPK, Protein Kinase C and Calmodulin-dependent Kinase (CAMKII) also play crucial 
roles during meiotic resumption in pig oocytes. In pigs, like in other domestic species and 
amphibians, protein synthesis is a prerequisite for oocyte meiotic resumption. In porcine 
oocytes, four GV chromatin configurations (GV1-GV4) were described, based on chromatin 
stages, nucleolus and nuclear chromatin disappearance (Motlik and Fulka, 1976). Stages 
GV1 (Figure 5), GV2 and GV3 exhibit a typical perinucleolar ring. At stage GV4 chromatin 
makes clumps and strands, nuclear membrane is less distinct, and nucleolus disappears 
completely. In oocytes undergoing GVBD, GV membrane disappears completely and 
chromatin condenses into clumps. Growing oocytes (diameter ≤90 µm) are unable to resume 
meiosis in vitro. Acquisition of meiotic competence in growing pig oocyte rather correlates 
with its ability to activate both MPF and MAPK pathways (Kanayama et al., 2002). 

3.2.2 Spindle morphogenesis 

Metaphase II spindle is a crucial structure for genetic material segregation within oocytes 
and eggs; this structure is maintained in a highly dynamic status from ovulation to 
fertilization. The spindle morphogenesis during maturation begins after GVBD, when 
microtubule-organizing centres (MTOCs) are recruited in the vicinity of chromosomes: 
small microtubule asters are observed near the condensed chromatin. During the 
prometaphase stage, microtubule asters are found in association with each chromatin mass. 
Randomly growing microtubules are then stabilized and organized into a bipolar spindle. 
Next, asters elongate and encompass the chromatin at the metaphase-l stage. At this step,  
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Fig. 5. Morphology of porcine oocyte nucleus exhibiting different GV configurations. (A) 
GV1: nucleolus surrounded by condensed chromatin, (B) GV2: condensed chromatin are not 
only around the nucleolus, (C) GV3: chromatin is condensed in many clumps or strands, (D) 
GV4: nucleolus disappears completely and condensed chromatin is in clumps (black arrows 
indicate nucleolus). 

microtubules are seen only in the spindle (Figure 6, left). During anaphase-I and telophase-I, 
microtubules are detected around the chromatin (Figure 6, right). At the metaphase-II stage, 
microtubules are only observed in the second meiotic spindle. The meiotic spindle has a 
symmetric barrel-shaped structure containing anastral broad poles peripherally located and 
radially oriented (Kim et al., 1996). 

3.2.3 Aneuploidy detection 

To detect aneuploidy there are applicable methods such as fluorescence in situ hybridization 
(FISH) or karyotyping from chromosomal spreads. These methods require spreading the 
metaphase II oocyte on a slide, risking the loss of chromosomal material. Modern 
cytogenetic method of comparative genomic hybridization is also suitable for aneuploidy  
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Fig. 6. Spindle detection in pig oocyte; (left) spindle at metaphase-I stage; (right) spindle at 
telophase-I stage. 

detection in oocyte or polar body. The comparative genomic hybridization (CGH) method 
relies on whole oocyte DNA amplification in a single reaction, preventing artificial changes 
of chromosome content. These methods are suitable for detection of numeric aberrations, 
chromosomal non-disjunction and frequency of premature segregation of sister chromatids 
(an extra or a missing copy of a single chromatid). 

3.2.3.1 Karyotyping from spreads 

Giemsa staining is suitable only for hyperhaploid spreads. Hypohaploidy is rather 
considered as an artifact, because air-drying step used in slide preparation can account for 
chromosome loss during rapid evaporation of alcohol containing fixative. For karyotype 
analysis, only cells in metaphase can be analyzed because they present identifiable 
individual chromosomes (Figure 7). Furthermore, poor chromosome morphology and 
artefactual loss of chromosomes can compromise cytogenetic results. 

     
 

Fig. 7. Chromosomal analysis of porcine oocytes (Giemsa staining); (right) haploid 
chromosome set (n=19), (left) diploid chromosome set (2n=38) (Lechniak et al., 2007) 
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3.2.3.2 Fluorescence in situ hybridization (FISH) 

Fluorescence in situ hybridization (FISH, Figure 8) is a well-established technique for 
chromosome analysis and aneuploidy screening (Foster et al., 2010; Lechniak et al., 2007). In 
contrast to previously described methods, FISH data can be obtained from interphase nuclei 
or at least in cases where not all chromosomes are separated during spreading. Concerning 
oocyte, analysis of the corresponding polar bodies can be performed in parallel to strength 
the observations. Unfortunately, the diagnostics of targeted aneuploidies in pig with 
fluorescence in-situ hybridization is limited to chromosome-specific DNA probes. Current 
protocols have used probes for up to 13 chromosomes in human samples but in pigs, they 
are suitable for usually two probes (specific for centromeric region of Chromosomes 1 and 
10) (Lechniak et al., 2007). Results are thus extrapolated for all chromosomes solely based on 
these 2 probes. Furthermore, premature segregation of sister chromatids is not detectable via 
this method. 

3.2.3.3 Comparative genomic hybridization (CGH) 

Comparative genomic hybridization (CGH, Figure 9) is a more comprehensive method than 
karyotyping or FISH techniques. This cytogenetic technique allows the analysis of the full 
set of chromosomes and it has been applied to detect aneuploidy at the single cell level in 
interphase or M-phase cells. The CGH protocol requires only 0,5-1 g of genomic DNA 
(from oocyte or polar body). By comparison with other farm animals, pigs have a small 
number of chromosomes (2n=38), which ease up chromosome identification and analysis. 
This method also enables analysis of the whole chromosomal set and relative contribution of 
individual chromosomes to resulting aneuploidy. This approach was recently applied in a 
study looking to detect chromosome abnormalities in first polar bodies and metaphase II-
arrested oocytes in pig. CGH method is also suitable for detection of chromosome non-
disjunction or premature segregation of sister chromatids (an extra or a missing copy of a 
single chromatid). 

     

 

Fig. 8. Chromosomal analysis of porcine oocytes (FISH); (left) diploid oocytes (green signal – 
chromosome 1, red signal - chromosome 10), (right) aneuploid oocyte (disomy of 
chromosome 10) (Lechniak et al., 2007) 
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Fig. 9. Comparative genomic hybridization (CGH) in MII porcine oocytes; (upper panel) 
aneuploid oocyte with trisomy of chromosomes 7, 8, 11 and 15;  (lower panel) corresponding 
polar body with nulisomy of chromosomes 7, 8, 11 and 15 (red signal – DNA from oocyte or 
polar body, green signal – reference DNA) (Hornak et al., 2011).  

3.2.3.4 Abnormalities during meiotic spindle morphogenesis in pig oocytes 

Abnormalities during meiotic spindle morphogenesis are a hallmark of maternal aging. 
Spindle aberrations are not found so often in oocytes of animals with shorter reproductive 
periods like mice. In porcine oocytes, abnormal spindle morphologies include poorly 
shaped spindle morphologies, grossly disorganized microtubules, sometimes with thick 
bundles of cytoplasmic microtubules (Figure 10). These morphologies may result from the 
failure to organize two opposite metaphase spindle poles, either in metaphase I or 
metaphase II, or from the loss of attachment between microtubules and chromosomes.  In 
oocytes coming from old pigs, one might observe various forms of abnormal spindles like 
multipolar spindle, large rounded spindle with microtubules emanating from most of its 
surface, elongated spindle, highly disorganized spindle with scattered microtubules, tripolar 
spindle or large irregular spindle (Miao et al., 2009). In contrast to amphibians, aster 
formations are rare in mammals. In pigs, they were solely observed after taxol  (Sun et al., 
2001b). 
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Fig. 10. Typical abnormal spindle morphologies observed in porcine oocytes: aster formation 
(upper panel, left) (Sun et al., 2001b), tripolar spindles (upper panel, right), disorganized spindle 
with scattered chromosomes (lower panel, left) and irregular spindle (lower panel, right).  

4. Aneuploidy case study: Unraveling the role of MAPK pathway in the 
cellular reorganization during meiosis 
In many species, MAPK from the Extracellular regulated kinase (Erk) family has appeared 
as major player in the network regulating meiosis. The completion of the two meiotic 
metaphase offer windows of vulnerability towards aneuploidy, where MAPK are playing a 
crucial role. Nevertheless, the involvement of this pathway has been underestimated in its 
role for genome integrity. At least, the involvement of MAPK deregulation in aneuploidy 
remains difficult to untangle and female gametes have offered case studies to unravel 
MAPK's role in spindle morphogenesis. Here is outlined the involvement of the MAPK 
network in aneuploidy throughout different models. 

4.1 Physical properties of MAPK pathway in amphibian 

In many species, MAPK from the Extracellular regulated kinase (Erk) family is a crucial 
component in the network regulating meiosis. In vertebrate oocytes, the oncoprotein Mos 
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acts as the upstream activator of mitogen-activated protein kinase kinase (MEK) and 
MAPK/Erk levels. This oocyte-expressed kinase appeared early during animal evolution 
and was in charge of regulating female meiosis specializations (Amiel et al., 2009). Once 
accumulated, Mos phosphorylates MEK, which in turn activates MAPK/Erk by dual 
phosphorylation of a TEY motif (Ferrell and Bhatt, 1997). In amphibian oocytes, Mos-
activated cascade prevents DNA synthesis during meiosis and promotes spindle 
morphogenesis as well as cytostatic activity present in metaphase-II arrested oocytes (Baert 
et al., 2003; Bodart et al., 2005; Dupre et al., 2002; Sagata, 1997). In this model, physiological 
role of MAPKKK Raf, has been minored and Mos is thought to literally hijack the control of 
the MAPK cascade. A specific all-or-none response for MAPK/Erk activation is 
characteristic in these oocytes, in contrast to the gradual response of MAPK/Erk to external 
stimuli observed in mammalian somatic cells. The cascade arrangement of the signaling 
network generates the steepness of MAPK/Erk response in Xenopus oocytes. The physical 
properties of the cascade, which includes ultrasensitivity, bistability and irreversibility 
(Angeli et al., 2004; Ferrell and Machleder, 1998; Huang and Ferrell, 1996; Russo et al., 2009), 
are thought to mainly arise for bistability and ultrasensitivity from the existence of a feed-
back loop motif. Indeed, the Mos-MEK-MAPK/Erk network has been found to be 
embedded in a positive feed-back loop, driven by MAPK/Erk itself (Ferrell and Machleder, 
1998; Howard et al., 1999; Matten et al., 1996) and / or through MPF action (Castro et al., 
2001; Nebreda et al., 1995; Paris et al., 1991), which promotes Mos accumulation.  

4.2 Role of MAPK/Erk network in spindle morphogenesis  

4.2.1 Amphibian oocytes 

MAPK/Erk activity was suggested to be required for functional spindle assembly 
checkpoint in amphibian oocyte extracts (Chung and Chen, 2003; Minshull et al., 1994; 
Takenaka et al., 1997). Although presence of MAPK/Erk on kinetochores has been suspected 
in somatic cells (Willard and Crouch, 2001), proteomic studies failed to find MAPK/Erk 
associated to isolated human metaphase chromosomes (Uchiyama et al., 2005). Thus, 
whether MAPK/Erk in its active form is a component of kinetochore, and whether it is 
required for spindle assembly checkpoint function, remains somehow controversial.  

From observations made in many species like starfish, jellyfish, urochordates, amphibians 
and mice, it is thought that control of meiotic spindle morphogenesis and positioning and 
chromatin organization are conserved functions for Mos and MAPK/Erk network. First 
observations were made in nullizygous mice for Mos, where MEK activation is impaired 
and interphase-like structure of microtubules and chromosomes are found between meiotic 
division, as well as formation of monopolar half-spindle (Araki et al., 1996; Tong et al., 2003; 
Verlhac et al., 1996). Similar observations were made in other biological systems. MAPK/Erk 
cascade regulates spindle bipolarity through its direct or indirect effects on microtubule 
dynamics in amphibian oocytes (Bodart et al., 2005; Gotoh et al., 1995). No bipolar spindle 
anchored at the plasma membrane is observed when MAPK/Erk activity is inhibited by 
chemical inhibitors of MEK such as U0126 (Bodart et al., 2002b; Gross et al., 2000; Horne and 
Guadagno, 2003). Rana japonica oocytes treated with U0126 also fail to organize a 
Microtubule Organizing Center (MTOC) at the bottom of the germinal vesicle and 
chromosomes are partially condensed (Kotani and Yamashita, 2002). Both in vitro (Horne 
and Guadagno, 2003) and in vivo (Bodart et al., 2005), MAPK activity inhibition leads to the 
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formation of monopolar spindle or aster-like structures, attesting the failure to establish a 
bipolar organization (Figure 3). Similarly, when Mos accumulation is prevented in vivo, 
Xenopus oocytes exhibit aster-like structures. Such structures remain to be fully 
characterized but do not enable oocytes to properly segregate their genomic content (Bodart 
et al., 2005). Finally, by inhibiting the network at different levels, it has been shown that Mos 
and MAPK/Erk play distinct but complementary roles in spindle morphogenesis (Bodart et 
al., 2005). The latter observations suggested that MAPK/Erk is composed of functional 
modules, which may exert distinct actions at different levels of spindle organization. Then 
deregulation in any of this model may drive different type of aneuploidy, depending on the 
deregulated module.  

4.2.2 Porcine oocytes 

MAPK is found under an inactive form in pig oocytes at the GV stage, while its level of 
activity is significantly increased at GVBD time. Microinjection of c-mos RNA into porcine 
oocytes induces GVBD to occur earlier. But, antisense RNA towards pig c-mos protein does 
not affect GVBD in denuded oocytes, although MAPK phosphorylation and activation were 
completely inhibited (Ohashi et al., 2003). Other reports show that the presence of MEK 
inhibitors, PD98059 or U0126 in the maturation medium blocks MAPK activation in both 
cumulus-enclosed and denuded oocytes, but prevents GVBD only in cumulus-enclosed 
oocytes (CEOs) (Meinecke and Krischek, 2003). Similarly to other models, MAPK activation 
is dispensable for meiotic resumption per se, but activation of this cascade in cumulus cells is 
indispensable for the gonadotropin-induced meiotic resumption of porcine cumulus-
enclosed oocytes. These observations suggest that MAPK activation is not required for 
GVBD induction in denuded oocytes but is necessary for GVBD induction in CEOs. MPF 
activation correlates with GVBD occurrence, even though the activation of MAPK has been 
completely prevented, indicating that MPF is sufficient to induce GVBD.  

Nevertheless, the activity of MAPK in porcine oocytes may be involved in the organization 
of chromosomes at the metaphase spindle plate (Ye et al., 2003). Phosphorylated MAPK is 
detected at the spindle during the post-GVBD maturation period (Sugiura et al., 2001). After 
GVBD, phosphorylated MAPK and its downstream effector p90rsk distribute to the area 
around the condensed chromosomes, in the meiotic spindle at the MI stage, in the midzone 
of the elongated spindle at anaphase I to telophase I transition, and in the spindle at MII 
stage (Goto et al., 2002; Lee et al., 2000). MAPK is kept highly phosphorylated from the MI to 
MII stages, when microtubules are assembled in the spindle (Sun et al., 2001a). Thus, it can 
be suggested that the MAPK cascade is required not to initiate resumption of maturation 
but for microtubule dynamics in the meiotic spindle in pig oocytes (Meinecke and 
Krischek, 2003). Inhibition of MAPK activation during MI-to-MII transition results in the 
failure of first polar body emission and MII spindle formation (Lee et al., 2000). After 
fertilization, MAPK is kept highly active while the second meiosis resumes and the 
second polar body extrudes. Finally, MAPK is dephosphorylated during pronucleus 
formation (Sun et al., 2001a). High level of MAPK is important for the oocyte to remain 
arrested at MII stage and is also necessary for the chromosomes to orderly align at the 
spindle equator. Low level of MAPK activity may cause instability of chromosomes in the 
spindles and may alter the precious relationship between microtubules and chromosomes 
(Ma et al., 2005). 
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4.3 Mos-MAPK in human oocytes  

p42Erk2 is the main form of MAPK in human oocytes (Sun et al., 1999). Its pattern of 
activation by phosphorylation is reminiscent of other mammalian species including mice 
and pigs. MAPKKK Mos has also been detected in human oocytes and its expression was 
like in other models restricted to oocytes (Heikinheimo et al., 1995; Heikinheimo et al., 1996; 
Pal et al., 1994). MAPK is inactive in immature oocyte while its activity increases during 
maturation and drops after fertilization. Thus, the functional role of MAPK in human 
oocytes remains an opened question since dynamical observations have been solely 
gathered (Combelles et al., 2005; Sun et al., 1999; Trounson et al., 2001). MAPK and Mos have 
been then assumed to exert similar functions to those of other species. 

4.4 A role for Mos in the limitation of M-phase rounds? 

Mitotic exit is irreversible and irremediably followed by interphase, based on the 
degradation mechanisms of Cyclin B (Potapova et al., 2006). This is not the case during 
meiosis, where exit from the first meiotic division is not followed by interphase and 
replication but is immediately followed by the onset of the second division. This lack of 
irreversibility has raised the following question:  how oocytes limit the number of M-phases 
to just two during maternal meiosis? Switching off the activity of Mos – MAPK/Erk 
network appeared as an attractive hypothesis for ruling the number of M-phases, though it 
was clear from studies in jellyfish, starfish and amphibians that this mechanism could not be 
a universal one. First evidence supporting this hypothesis was recorded in mice oocytes 
where maintaining MAPK activity inhibits pronucleus formation (Moos et al., 1995; Moos et 
al., 1996) and where entry to meiosis III is observed in the presence of high level of 
MAPK/Erk activity (Verlhac et al., 1996). The hypothesis that Mos-MAPK/Erk network 
could be the determining factor limiting the number of meiosis to two was recently formally 
tested in urochordates, which are at the crossroad between invertebrates and vertebrates 
(Dumollard et al., 2011). In ascidian eggs, prolonging MAPK activity by expressing murine 
Mos leads to entry into supernumerary rounds of M-phases, which was attested by the 
increased number of polar bodies (Dumollard et al., 2011). Then, urochordates offer an 
attractive model to unravel new observations on a conserved role of MAPK/Erk in spindle 
morphogenesis and to decipher the mechanisms leading to uncontrolled division and 
polyploidy since the successive rounds of M-phases observed in these cases occur without 
intervening replication. 

5. Concluding remarks  
Intensive fundamental research has generated a large amount of experimental data. 
However, it is crucial to validate this knowledge on animal models closer to humans. For 
analysis of aneuploidy degree and mechanism of occurrence in mammalian oocytes, pig has 
appeared as an attractive model. Comparing to non-human primates, pigs are cheaper and 
easier to maintain in controlled conditions. Porcine physiology assures a high relevance of 
the data obtained in this species for human-related research. Effective application of special 
breeds like minipigs, together with new methods for aneuploidy detection like CGH, brings 
new possibilities for aneuploidy research in mammalians. Usage of porcine oocytes for 
research on regulation pathways is still limited by the volume of oocytes collected and their 
sensitivity to manipulation in in vitro conditions. Development of in vitro cultivation 
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methods and more effective live-cell imaging systems open new perspectives for aneuploidy 
research on porcine oocytes. To this extent, the molecular toolkits developed for kinase 
activity reporter will offer advantages to understand how kinases integrate and achieve 
cellular functions (Riquet et al., 2011). Also, these methods, which aim at developing new 
sensors, will gain in sensitivity, kinetic properties and in spatial resolution, providing new 
tools for precise subcellular localization of dynamic structures such as meiotic spindles.   

Nowadays pigs are used in several fields of biomedical research and its importance, as 
biomedical model, will increase in the near future. Last reports detecting aneuploidies in 
porcine oocytes bring interesting results and indicate significance of the porcine model for 
the study of aneuploidy in human. Nevertheless, taking advantages of the above-mentioned 
advantages of Xenopus oocytes, this amphibian might be considered as an "old dog", from 
which one might learn new tricks. It might also provide new insights to the scientific 
community interested in the field of reproduction. Proteomic approaches of the meiotic 
microtubule proteome are promising, since they will enable us to build a network of a 
microtubule-associated interactome: such approach was successfully adopted and began to 
validate novel spindle components like the human orthologue Mgc81475 (Smu1), which 
depletion drives mitotic arrest (Gache et al., 2010). Further works are requested to validate 
this observation in other meiotic or mitotic models and to fully elucidate the role of the 
member of the MAPK/Erk network in spindle morphogenesis and aneuploidy. 
Nevertheless, approaches driven either in oocytes, eggs or extracts have generated an 
abundant literature, which has been attractive for modeling purposes. Computational 
models have been proposed to understand the self-organization of meiotic spindle 
(Loughlin et al., 2010; Schaffner and Jose, 2006; Schaffner and Jose, 2008). These models offer 
a coherent picture of how microtubule dynamic instability, flux, and nucleation contribute 
to self-organization of a structure in a steady state. 

Understanding of aneuploidy occurrence during meiosis in humans will benefit from 
experiments performed in various models, such as pigs and amphibians, and from the 
development of new tools, like sensors, and new approaches, like modeling. Further efforts 
will be necessary to collect and compare data obtained from these models. 
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1. Introduction 
Aneuploidy can be defined as extra or missing whole chromosomes in the nucleus of a cell 
and occurs during cell division when chromosomes do not separate equally between the 
two new daughter cells (Hassold & Hunt 2001). Chromosome imbalance typically results in 
non-viability, manifesting as developmental arrest prior to implantation, miscarriage or 
stillbirth. Depending on the chromosomes involved, aneuploidy can also result in viable but 
developmentally abnormal pregnancies e.g. Down or Klinefelter Syndrome.  In all cases, 
aneuploidy results in a non-favourable outcome for the family in question and is 
undoubtedly a major contributing factor to the relatively low fecundity of humans when 
compared with other species. 

Aneuploidy is a particularly frequent event during both human gametogenesis and early 
embryogenesis in humans and arises due to mal-segregation of the chromosomes. The most 
cited mechanism is classical “non-disjunction” however this has been challenged in recent 
years and alternative mechanisms have been proposed (see subsequent sections). It is 
estimated that at least 20% of human oocytes are aneuploid, a number that increases 
dramatically with advancing maternal age over the age of 35 years (Dailey et al. 1996a; 
Hassold & Hunt 2001). Conversely, the incidence of aneuploidy in sperm cells from a 
normal fertile male is estimated to be as low as 4-7% (Martin et al. 1991; Shi & Martin 2000). 
However, this can significantly increase in some cases of severe male factor infertility.  

The idea of screening pre-implantation embryos to eliminate the aneuploid ones is not new, 
but the ability to do this effectively has required rapid evolution of diagnostic technologies to 
combine speed, accuracy and reliability. To date, only direct analysis of chromosomes from 
cells in gametes and pre-implantation embryos (rather than indirect methods such as 
metabolic analysis) has proved successful in accurately detecting aneuploidy. Performing 
Preimplantation Genetic Screening (PGS) in this way involves the biopsy of cellular material 
from the embryo or oocyte at different stages of development. Since embryo biopsy is too 
invasive a procedure for routine embryo selection, PGS remains a test for high-risk patient 
groups only rather than for routine universal application. Worldwide, the test is only offered 
routinely to patients presenting with advanced maternal age, recurrent miscarriage, recurrent 
implantation failure and in some cases of severe male factor infertility. Due to the invasive 
nature of embryo biopsy and the complexity of human aneuploidy in the human IVF embryo, 
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cost benefit analysis is crucial to achieve positive outcomes. It could be argued that, in the past, 
the practice of PGS has not given proper concern to these issues and thus, going forward, 
patient selection and understanding the mechanisms of aneuploidy should be central to an 
effective PGS strategy. This chapter explores the premise underpinning the use of PGS in 
human embryos, its clinical applications, current methodologies and future applications. 

2. Origin of aneuploidy 
Aneuploidy in pre-implantation IVF embryos (and presumably also those naturally 
conceived) primarily arises during three developmental stages: (i) pre-meiotic divisions of 
gametogenesis; (ii) meiotic divisions of gametogenesis and (iii) early mitotic divisions of 
embryogenesis. Understanding the mechanism behind the mal-segregation of chromosomes 
at these stages gives insight into the limitations of PGS when applied clinically.  

2.1 Gonadal mosaicism 

Errors in germ cell proliferation or errors inherited in an otherwise somatically normal 
individual resulting in germ cell aneuploidy (gonadal mosaicism) can also contribute to 
aneuploidy of the gametes. This is perhaps the least studied of the three stages. In any event, 
the outcome is a hyper- or hypo- gamete and thus can be considered in the same way as a 
meiotic error. 

2.2 Meiosis 

Meiosis is the production of a haploid gamete by two specialised cell divisions in which the 
diploid chromosome complement of normal somatic cells is reduced (a requisite for sexual 
reproduction). Errors in chromosome segregation during these divisions typically result in 
gamete aneuploidy and subsequent ‘uniform’ aneuploidy in any resulting embryo. 
Although the basic principle of chromosome mal-segregation holds for both male and 
female meiosis in humans, the processes and resulting gametes are vastly different. Female 
meiosis, the process by which a single diploid germ cell develops into a single haploid 
ovum, involves two unequal meiotic divisions producing a mature ovum and two non-
functional products containing mirror images of the chromosomes present in the ovum. 
These are known as polar bodies (PB) and, once extruded, take no further part in 
development thus making them a useful sample for inferring chromosome constitution of 
the oocyte itself. Failures in female meiosis make, by far, the biggest contribution to 
aneuploidy in human pre-implantation embryos. Cytogenetic studies on oocytes and first 
polar bodies (PB1) from assisted conception cycles have shown more than 20% of oocytes 
from patients with an average age under 35 to be aneuploid (Selva et al. 1991; Fragouli et al. 
2006). The percentage of aneuploid oocytes increases significantly with age and has been 
shown to affect an average of around 70% of oocytes for patients of advanced maternal age 
(Van Blerkom 1989; Angell et al. 1993; Kuliev et al. 2003; Gutierrez-Mateo et al. 2004; Kuliev 
et al. 2005). 

There is conflicting evidence on the frequency of errors in both the first and second meiotic 
division with groups showing errors in both the first meiotic division-MI (Kuliev et al. 2003) 
and more recently in the second meiotic division-MII (Fragouli et al. 2011; Handyside et al. 
2012) occurring more frequently. This discrepancy may be due in part to differences in 
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patient maternal age of the study groups and the difference in resolution of the cytogenetic 
techniques used.  Either way, it is clear that chromosome segregation errors occur at 
significant rates during both the first and second meiotic divisions of oogenesis. 

Based on studies of yeast, drosophila and mouse models it was generally believed that 
aneuploidy arose as a result of classic nondisjunction and involved the segregation of a 
whole chromosome to the same pole as its homologue during meiosis. Studies of human 
oocytes led to an alternative model for the origin of aneuploidy (Angell 1991) suggesting 
that errors in meiosis can result in extra or missing chromatids (known as premature or 
precocious separation of sister chromatids - PS), as well as whole chromosomes in the 
daughter cells (See figure 1). Early studies of human oocytes supporting the hypothesis that 
precocious separation was the predominant mechanism leading to human aneuploidy were 
subject to recurring criticism (Angell 1991; Angell et al. 1993; Angell et al. 1994; Pellestor et al. 
2002; Kuliev et al. 2003). It was argued that use of ‘failed IVF’ oocytes‘ prolonged time in 
culture, sub-optimal metaphase preparation technique, and lack of rigour in the analysis 
may have led to interpretation errors (Dailey et al. 1996b; Lamb et al. 1996; Lamb et al. 1997; 
Mahmood et al. 2000). Recently several groups, including our own, performed analyses 
using methodology less prone to these confounding criticisms - the results of which support 
the hypothesis. Quantitative analysis of loss or gain of all 24 chromosomes on PB1 (Gabriel 
et al. 2011b) and sequential 24 chromosome analysis of PB1, PB2 and zygote performed on 
freshly harvested oocytes used in IVF treatments (Geraedts et al. 2011) have shown PS to be 
the predominant mechanism of chromosome mal-segregation in assisted reproduction 
derived oocytes. This is consistent with recent data exploring the decline of adhesion 
molecules holding sister chromatids together during anaphase arrest leading to increased PS 
events (Chiang et al. 2010; Lister et al. 2010). 

In contrast to oogenesis, male meiosis results in four equivalent functional spermatozoa 
from a single progenitor germ cell. The presence of typically millions of sperm per ejaculate 
make them easy to study en masse however it is impossible, with current technology, to 
screen a sperm head for aneuploidy then subsequently use it for PGS. This is because 
aneuploidy assessment of a sperm cell inevitably results in its destruction, and unlike in the 
ovum, there are no by-products available from which a determination of chromosome 
complement can be inferred. 

The overall incidence of aneuploidy in sperm is estimated to be around 4-7% (Martin et al. 
1991; Shi & Martin 2000) although some studies suggest it is as high as 14% in some infertile 
men (Johnson 1998; Shi & Martin 2001). Spermatogenesis can theoretically continue 
unchanged throughout the life of a man however several studies have shown there to be a 
correlation between increased sperm aneuploidy and advanced paternal age (Griffin et al. 
1995; Robbins et al. 1995) albeit not as dramatic as in the female. Other factors such as male 
factor infertility, smoking and chemotherapy can however increase sperm aneuploidy 
levels, making individual couples in which these risk factors are present possible candidates 
for PGS. 

2.3 Mitosis 

Mitosis is the process by which a diploid cell usually divides into two chromosomally 
identical daughter cells. It is the primary mechanism by which a multicellular individual  
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Fig. 1. Diagrammatic representation of classic nondisjunction (A) and premature separation 
of the sister chromatids (B), the two predominant mechanisms by which aneuploidy can 
arise in the first meiotic division in humans. 

develops from a single fertilised oocyte (zygote). Human mitotic divisions are generally not 
prone to chromosome segregation errors to any great extent, except in the case of early 
embryo cleavage stages where cells are thought to be exquisitely prone to segregation errors 
(Bean et al. 2001).  Indeed, recent studies using a variety of cytogenetic techniques on early 
IVF human embryos have demonstrated that over 50% are subject to some form of mitotic 
error (Bielanska et al. 2002; Munne et al. 2004; Delhanty 2005; Munne 2006). 

Most mitotic errors in early embryo development will lead to chromosomal mosaicism which 
is defined as the presence of two or more chromosome complements within an embryo 
developed from a single zygote.  There are three hypothesised mechanisms by which mitotic 
aneuploidy can arise: (i) chromosome loss (presumably from anaphase lag resulting in 
chromosome loss in one cell line), (ii) chromosome duplication (the underlying mechanisms of 
which are not well understood) or (iii) reciprocal chromosome loss and gain (resulting mainly 
from a mitotic nondisjunction event or potentially anaphase lag creating one cell line with 
chromosome loss and one with a reciprocal gain) (see figure 2). Following observations of 
increased incidence of chromosome loss in pre-implantation embryos compared to gains and 
the relative paucity of reciprocal events -which would indicate non-disjunction (Daphnis et al. 
2005; Delhanty 2005) the predominant mechanism leading to post-zygotic errors in human 
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embryos is likely to be chromosome loss resulting from anaphase lag (Coonen et al. 2004). 
Anaphase lag is described as the delayed movement during mitotic anaphase of a homologous 
chromosome resulting in it not being incorporated into the nucleus of the daughter cell. Often 
the lagging chromosome is lost creating one euploid daughter cell and a daughter cell with a 
monosomy for the chromosome in question. 
 

 
Fig. 2. Diagrammatic representation of anaphase lag (A) and mitotic nondisjunction (B), the 
two predominant types of mitotic errors in humans resulting in embryo mosaicism. 

Mosaicism is considered to be largely independent of age (Delhanty 2005). However, it has 
been shown that mosaicism originating by the mechanism of mitotic non-disjunction could 
perhaps be related to advanced maternal age (Munne et al. 2002). Results also suggest that 
mosaicism involving multiple chromosomes and a high proportion of cells (chaotic 
embryos) appear to impair early embryo development considerably.  

The general consensus for the viability of mosaic embryos is that, if more than half of the 
cells at day 3 post fertilization are aneuploid, the embryo is unlikely to be viable. 
Conversely, if a small proportion of cells are aneuploid in an otherwise healthy and euploid 
background, it is likely to be viable (Delhanty 2005).  

Clearly mosaicism affects embryo development making it a key element in the selection of 
embryos in clinical IVF cases (Bielanska et al. 2002; Delhanty 2005). 
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2.4 Abnormal fertilisation 

Abnormal fertilisation can also contribute to chromosome errors in pre-implantation 
embryos. Approximately 1% of conceptions contain more than two paired homologous sets 
of chromosomes-referred to as polyploidy rather than aneuploidy (Hassold 1986). There are 
two ways in which a polyploid embryo can arise: Firstly, if a diploid (2n) sperm or oocyte is 
involved in the fertilisation event and secondly, if two or more haploid sperm are involved 
in the fertilisation of a haploid oocyte (polyspermy). The majority of all polyploid embryos 
are the result of polyspermy and account for around 60% of polyploid conceptions (Egozcue 
et al. 2002). Following IVF with ICSI in which only a single sperm is inserted into each 
oocyte, the main mechanism leading to polyploidy in the embryo is the failure of the oocyte 
to extrude the second polar body (Grossmann et al. 1997). This results in a triploid  
embryo when fertilisation is achieved with a haploid sperm. Non-reduced or diploid sperm 
have also been shown to be involved in as many as 8.3% of polyploid conceptions  
(Egozcue et al. 2002). 

3. Aneuploidy and IVF development 
Since the first human IVF success in 1978 (Steptoe & Edwards 1978), advances in 
morphologic embryo grading and technologies aiding morphologic embryo selection have 
contributed to vastly improved IVF outcomes (Figure 3). Unfortunately, the morphological 
selection criteria for human gametes and embryos across all developmental stages have 
shown only weak correlations with aneuploidy (Munne 2006; Gianaroli et al. 2007; 
Alfarawati et al. 2011a). Karyotypic analysis indicates that there is a higher rate of 
chromosome abnormalities in morphologically abnormal monospermic embryos than 
morphologically normal embryos (Pellestor 1995; Almeida & Bolton 1996). However, clear 
distinctions cannot be made between chromosomally normal and abnormal human embryos 
by morphological assessment alone (Zenzes & Casper 1992). This may be because 
chromosome abnormalities detected at the early stages of embryogenesis cannot induce 
dysmorphism, since embryonic gene expression has not yet commenced (Braude et al. 1988; 
Tesarik et al. 1988). There is evidence from 24 chromosome copy number analysis that 
morphology and aneuploidy are linked at the later stages of pre-implantation embryo 
development (blastocyst stage). However, again the association is weak, and consequently, 
morphologic analysis can still not be relied upon to ensure transfer of chromosomally 
normal embryos. A significant proportion of aneuploid embryos are capable of achieving 
the highest morphologic scores even at the later stages of pre-implantation development, 
and, conversely, some euploid embryos achieve only poor morphological scores or even fail 
to develop (Alfarawati et al. 2011a).  

Other indirect aneuploidy screening methods have been trialled in the past with limited 
success. More recently, proteomic studies have shown to be a potentially useful tool in 
prenatal aneuploidy screening (Cho & Diamandis 2011; Kolialexi et al. 2011). By applying 
the same principle to pre-implantation embryos, one study has identified the first protein 
secreted by human blastocysts that is associated with generic chromosome aneuploidy 
(McReynolds et al. 2011). Although promising, this technology is still some way from 
becoming a routine aneuploidy screening test and oocyte or embryo biopsy with molecular 
cytogenetic analysis is still the preferred technique for PGS. 
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All molecular cytogenetic techniques involving gametes and embryos require direct access 
to the nuclear material of the gametes or blastomeres themselves. This process is achieved 
by cell biopsy and inevitably results in the destruction of the cells involved. With this in 
mind, it is important that fertilisation or embryogenesis is not compromised and the biopsy 
procedure impacts minimally on developmental potential. 

 
Fig. 3. Overall IVF and IVF/ICSI success rates by maternal age in the UK from 1992 – 2005. 
Figure adapted from Human Fertilisation and Embryology Authority website [ HFEA] 
(2008a)  

Recent clinical trials and meta-analyses of cases have suggested no benefit, and in some 
cases worse IVF pregnancy outcomes following PGS- presumably the result of discard of 
normal embryos (diagnosed as abnormal – false positives), detrimental effects of the biopsy 
including reduction of cellular mass and excessive micromanipulation outside of the 
incubator (Mastenbroek et al. 2007; Twisk et al. 2008). These results have however been 
dismissed by many PGS practitioners due to questionable experimental design (Munne et al. 
1999; Handyside & Thornhill 2007). Nevertheless, at the very least, these trials have 
reinforced the idea that embryo biopsy can only be justifiable when the benefit of the testing 
outweighs the cost to the embryo, since the ultimate aim of PGS is to identify 
chromosomally competent embryos without compromising embryo viability.  

4. Oocyte/embryo biopsy 
Biopsy for PGS is currently a two-step micromanipulation process involving the penetration 
of the zona pellucida followed by the removal of one or more cells for chromosome analysis. 
Breaching the zona is generally performed by laser ablation as it has been shown, when 
used appropriately, to have no detrimental effects on embryo development in both animal 
and human studies (Montag et al. 1998; Park et al. 1999; Han et al. 2003). Specialised 
micromanipulation pipettes are then used to separate the required cells from the oocyte or 
embryo. Theoretically, PGS can be accomplished at any developmental stage from the 
mature (MII) oocyte to the blastocyst stage. To date only three discrete stages have been 
proposed for clinical use: (i) polar body (oocyte and/or zygote), (ii) cleavage stage (day 3 
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embryo) and (iii) blastocyst (day 5 or 6 embryo). Each of these stages is biologically different 
thus having different diagnostic limitations in terms of information to be gained and impact 
on embryo viability. 

4.1 Polar body biopsy 

The removal of PB1 and/or PB2 from a human oocyte should have no deleterious effect on 
subsequent embryo, foetal and infant development as neither is required for successful 
fertilisation or embryogenesis (Gianaroli 2000; Strom et al. 2000). Biopsy and subsequent 
analysis of the first and second polar bodies allows the indirect interpretation of the 
chromosome complement of the corresponding oocyte thereby allowing the detection of 
maternally derived aneuploidy in resulting embryos (Verlinsky et al. 1996). While biopsy of 
PB1 alone and a combined PB1 and PB2 strategy have been used clinically for PGS, it is 
becoming increasingly evident that PB1 alone has limited applicability to PGS as only errors 
in MI can be detected and even MI chromatid segregation errors may not all be detected 
without analysis of both polar bodies. Indeed, as much as 30% of aneuploidy of maternal 
origin will not be diagnosed if only PB1 is sampled (Handyside et al. 2012). It is therefore the 
authors opinion that biopsy of both first and second polar body is essential for optimal 
detection of oocyte aneuploidy if used as an embryo selection tool. A further limitation is 
that cytogenetic analysis of either polar body does not allow the detection of aneuploidies of 
paternal origin nor aneuploidies arising after fertilisation in the embryo. 

The process of polar body biopsy is relatively labour intensive and may involve the 
micromanipulation of oocytes that ultimately do not develop into therapeutic quality 
embryos. Sometimes up to four manipulations - ICSI, PB1, PB2 and blastomere biopsy (as a 
reflexive test following test failure or an ambiguous PB result) may be required. However, in 
experienced hands, even 3 independent biopsy manipulations appear to have no deleterious 
effect on development (Magli et al. 2004; Cieslak-Janzen et al. 2006). Although simultaneous 
removal of PB1 and PB2 is possible on day 1 of embryo development (Magli et al. 2011) there 
may be advantages to sequential biopsy where PB1 is removed on day 0 (day of 
insemination) followed by the removal of PB2 on day 1. This is to avoid any degeneration of 
PB1 leading to possible diagnostic failure and also to allow for the distinction between polar 
bodies, thereby allowing accurate identification of errors in the first and second meiotic 
divisions. 

4.2 Cleavage stage embryo biopsy 

Historically cleavage stage biopsy was the most widely practiced form of embryo biopsy for 
PGS worldwide. This biopsy strategy is now becoming less popular however due to its 
potential detrimental effect on embryo viability and the problem of mosaicism in human 
cleavage stage embryos. A typical procedure for cleavage stage biopsy involves the removal 
of one or two blastomeres from an embryo on day 3 post-fertilization – usually those of 
suitable quality with at least 5 cells having entered the third cleavage division.  Although 
cleavage stage biopsy allows the detection of maternally and paternally derived aneuploidy 
as well as post-zygotic errors, they are not always distinguishable. The main problem 
affecting cleavage stage biopsy is chromosomal mosaicism resulting in an increased rate of 
false positive and negative results from single cell (or two cell) analysis (Figure 4). 
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Fig. 4. Schematic representation of possible misdiagnosis following cleavage stage biopsy of 
a single cell 

Data from studies comparing undiagnosed biopsied embryos and non-biopsied control 
embryos showed a detrimental effect of biopsy on implantation (Cohen & Grifo 2007; 
Mastenbroek et al. 2007), most evident in embryos of suboptimal quality. Animal models 
have shown that the potential for the embryo to continue to develop and implant is 
progressively compromised the greater the proportion of the embryo is removed (Liu et al. 
1993). While such evidence provides fuel for the argument against performing biopsy at 
early cleavage stages at all, evidence from frozen-thawed embryo transfers (as a proxy for 
biopsied embryos) in which successful implantations and live births can be achieved even 
following embryonic cell death  demonstrates that a certain degree of cell loss is tolerated 
(Cohen et al. 2007). However, just as in the animal models, success is inversely correlated 
with the amount of cellular mass lost. 

The successful application of cleavage stage biopsy minimising cell removal from good 
quality embryos shows it is compatible with normal embryo metabolism, blastocyst 
development and foetal growth (Hardy et al. 1990). Moreover, studies of pregnancies and 
children born after cleavage stage biopsy have identified no significant increase in 
abnormalities above the rate seen in routine IVF (Harper et al. 2006; Banerjee et al. 2008; 
Nekkebroeck et al. 2008). 

A general estimate therefore is that cleavage stage biopsy of 1 cell may reduce the 
implantation potential of an IVF embryo of around 10% although this figure would 
inevitably increase in less experienced hands (Cohen & Grifo 2007). The challenge for any 
future application of cleavage stage biopsy PGS therefore is to ensure that any benefits 
outweigh these costs and it remains a question whether this will be possible even with more 
accurate and reliable tests given the high levels of mosaicism. 

4.3 Blastocyst stage biopsy 

Blastocyst biopsy involves the sampling of trophectoderm (TE) cells, the spherical outer 
epithelial monolayer of the blastocyst stage embryo. Just as at cleavage stage, TE biopsy is 
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able to detect aneuploidy arising in either gamete or post-fertilisation. It is more akin to 
early prenatal diagnosis when compared to the other biopsy stages as it involves the 
removal of up to 10 cells without depleting the inner cell mass (ICM) from which the foetus 
is derived. TE biopsy is most commonly achieved by partial zona dissection followed by a 
period of culture in which time the expansion of the blastocyst will cause herniation of 
several cells through the artificial breach. The herniating cells (~4-10 cells) are then easily 
removed by excision or aspiration using micromanipulation tools with or without the aid of 
a laser. Sampling of several cells at this stage lessens the likelihood that mosaicism will 
produce false positive results also overcoming the limitations of extreme sensitivity 
apparent with conventional single cell diagnosis. 

As with cleavage stage biopsy, it has been suggested that the removal of cells may 
negatively impact on the embryo’s developmental potential. However, skilled biopsy 
practitioners are able to remove TE cells and achieve comparable implantation rates to non-
biopsied blastocyst stage embryos (Kokkali et al. 2007). It has also been proposed that 
sampling of the TE may not reflect the genetic composition of the ICM (Kalousek & 
Vekemans 1996). Recent data however comparing TE to ICM suggests 100% concordance 
with the exception of structural abnormalities (Johnson et al. 2010a). 

Currently the main limitation of blastocyst biopsy is the low number of embryos that reach 
the blastocyst stage; a number that significantly decreases with advanced maternal age 
(Pantos et al. 1999). If very few blastocysts are available, particularly in older patients, biopsy 
for selection purposes may be of no benefit. Also, time constraints at the blastocyst stage 
dictate, in many cases, the need to cryopreserve biopsied blastocysts awaiting diagnosis. 
Thus, the effect of cryopreservation and subsequent thawing on embryo viability must be 
taken into account. Nonetheless, improved culture techniques, possible vitrification and 
rapid molecular analysis regimes are making blastocyst biopsy an increasingly attractive 
option (Schoolcraft et al. 2010). 

5. Molecular cytogenetics – The rise and fall of fluorescence in situ 
hybridization (FISH) in PGS 
Following embryo or oocyte biopsy, PGS requires cytogenetic techniques with high 
sensitivity and specificity to establish the chromosome composition of the embryo via the 
analysis of one or very few cells. Classic karyotyping techniques are not suitable for pre-
implantation testing due to the difficulty of achieving good metaphase spreads with the 
limited cells available for testing (Angell et al. 1986; Papadopoulos et al. 1989). In 1993 the 
application of Fluorescent In-situ Hybridisation (FISH) for the single cell detection of the sex 
chromosomes in pre-implantation embryos provided a springboard for aneuploidy 
detection and clinical application of PGS soon followed (Griffin et al. 1992). FISH is a highly 
sensitive, relatively inexpensive molecular cytogenetic tool enabling the determination of 
chromosome copy number at the single cell level. Its successful application rapidly led to 
the implementation of PGS as a clinical adjunct to IVF globally. To date tens of thousands of 
PGS cases have been performed globally, attesting to its popularity. Nonetheless, advances 
in technology are making FISH for PGS in oocytes and embryos a less attractive option due 
to a range of technical and biological considerations that are becoming increasingly 
apparent (Table 1). 
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Table 1. Scope and limitations of different  molecular cytogenetic techniques after embryo 
biopsy 

5.1 Fluorescent In-situ Hybridisation (FISH) 

FISH requires the fixation of biopsied cells to a glass slide before visual analysis of 
hybridised fluorescent chromosome specific DNA probes. The advantage to the observer of 
being able to view the presence of chromosome copy number directly is considerable. 
Technical issues however include the fact that FISH signals can overlap (making two signals 
appear as one, or three as two) or “split” according to the stage of the cell cycle making a 
single signal appear as two (Cohen et al. 2009). Initially only five different fluorescent probes 
attached to different chromosomes (typically 13, 16, 18, 21, 22 or 13, 18, 21 X and Y) were 
used, however a recent study analysing twelve chromosomes (X, Y, 2, 4, 13, 15, 16, 18, 19, 20, 
21, 21) at the cleavage stage described detection of 91% of chromosomally abnormal 
embryos reaching the blastocyst stage. In this case, if the misdiagnosis rate of each probe 
averaged 1%, over the two rounds of hybridisation required, an accuracy of only 88% per 
embryo could be achieved. The test’s ability to diagnose only 91% of aneuploid embryos 
compounded by the 12% misdiagnosis rate per embryo would result in only 80% efficiency 
of the test in its ability to diagnose aneuploidy per embryo. This would inevitably result in 
the transfer of aneuploid embryos (false negative) or the discarding of euploid embryos 
(false positive).  It has been widely accepted that the efficiency of each probe is reduced in 
subsequent hybridisation rounds (Harrison et al. 2000) however a 24 chromosome FISH 
assay has recently been applied to preimplantation human embryos with no apparent loss of 
signal, even after four rounds of hybridization (Ioannou et al. 2011). 

The importance of low error rates on the diagnostic efficiency of PGS is strongly argued 
(Summers & Foland 2009; Munne et al. 2010), as is the need to detect all chromosomes 
simultaneously for aneuploidy.  Notwithstanding the ability now to detect all 24 
chromosomes by FISH, the issues of mosaicism, signal interpretation, clinical trial data and 
the development of microarray based methods for detecting 24 chromosome copy number 
are now signalling the demise of FISH based PGS approaches. Microarray based tests are 
now becoming the standard and these have been made possible through the advancement 
of whole genome amplification (WGA) technology. 

5.2 Whole genome amplification (WGA) 

The introduction of whole genome amplification (WGA) techniques has led to new more 
efficient 24 chromosome molecular karyotyping tests. WGA brought with it the potential to 
increase the amount of cytogenetic information that can be obtained from a single nuclear 

parent of origin MI or MII

Fluorescence in situ 
hybridization (FISH)

5 to 12 low no yes no no no

Array comparative genomic 
hybridisation (aCGH)

24 high no no no no no

Single nucleotide 
polymorphism (SNP) array

24 highest yes yes yes yes
limited to 

hyperploidy

Parental DNA 
required

Origin of aneuploidyChromosomes 
detected

Resolution Recombination 
mappingPolyploidy

Test
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genome contained in one cell. A single cell contains 6pg of DNA, far less than the 0.2-1.0µg 
usually required for microarray analysis and thus the need for amplification is paramount 
(Wells & Delhanty 2000). The process simply involves the transfer of the cell(s) to a 
microfuge tube followed by cell lysis prior to genome amplification either by polymerase 
chain reaction based methods or,  more recently, multiple displacement amplification 
(MDA) to yield quantities of DNA in excess of 20 µg from a single cell. These products can 
in turn be used for genome wide analysis studies to establish chromosome copy number 
with impressive accuracy. One of the biggest drawbacks of single cell DNA amplification is 
a phenomenon known as allele dropout (ADO) where only one of the two alleles at a locus 
successfully amplifies (Walsh et al. 1992; Findlay et al. 1995; Piyamongkol et al. 2003). This 
proved a limiting factor on the resolution and reliability of PGD for single gene disorders 
where individual gene sequences are analysed but is less of an issue for array based PGS 
where many probes along each chromosome are used (Ling et al. 2009). Further problems 
involving the extreme sensitivity of single cell analysis still exist in the form of failed or poor 
amplification. However, these failure rates can be maintained at under 3% in experienced 
laboratories (Gutierrez-Mateo et al. 2011).  

5.3 Comparative genomic hybridisation (CGH) 

Originally designed for molecular karyotyping of tumour cells (Kallioniemi et al. 1992; 
Kallioniemi et al. 1993), comparative genomic hybridisation (CGH) has been successfully 
adapted for the analysis of human polar bodies and pre-implantation embryonic cells 
(Voullaire et al. 2000; Wells et al. 2002). Originally a labour intensive and time consuming 
procedure involving hybridization to and analysis of standard cytogenetic metaphase 
chromosome preparations, CGH was adapted for use in microarray technology, which 
allowed streamlining of the process. Recent successful applications of the technology  
have enabled array CGH (aCGH) to become the current platform of choice for PGS at all 
biopsy stages in the majority of laboratories around the world (Hellani et al. 2008; Alfarawati 
et al. 2011b). 

The process involves the separate labeling of the amplified DNA and normal reference 
sample using different fluorescent dyes followed by co-hybridization to several thousand 
probes derived from known regions of the genome printed on a glass slide. Using 
quantitative image analysis, differences in the fluorescence ratio are interpreted to identify 
gained or lost regions along all chromosomes simultaneously with an error rate of less than 
2% (Gutierrez-Mateo et al. 2011). The main technical limitations of this process are (i) that it 
does not supply information about chromosomal ploidy per se, only deviations from the 
most frequent level of the combined fluorescence signal and (ii) the origin of the error is not 
determined. Thus haploid and polyploid embryos will appear diploid or ‘normal’ and 
meiotic errors are not distinguished from post-zygotic ones. Despite these limitations, aCGH 
is rapidly establishing itself as the “gold standard” for PGS, replacing FISH based 
approaches in most laboratories. 

5.4 Single Nucleotide Polymorphism (SNP) arrays 

Single Nucleotide Polymorphisms (SNPs) are the most frequent form of DNA variation in 
the genome. To date over 6 million SNPs have been identified in the human genome (Javed 
& Mukesh 2010). SNPs are bi-allelic genetic markers that can be used in a variety of ways to 
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detect chromosome copy number. SNP micro-arrays are used to detect the specific alleles 
present in polar bodies or embryos at up to 500,000 SNP loci. This information can, in turn, 
be interpreted in several ways to obtain massive amounts of genetic information. Simple 
quantification of the SNP alleles and analysis of heterozygosity enables diagnosis of 
aneuploidy including uniparental isodisomy (Northrop et al. 2010; Brezina et al. 2011; Treff 
et al. 2011). Using this method, results can be difficult to interpret above the level of 
background ‘noise’ due to the problem of amplification from a single template. For this 
reason, methods involving comparison with parental DNA are under development 
(Handyside et al. 2010; Johnson et al. 2010b). Since all embryonic chromosomes are derived 
from parental chromosomes, predicted genotypes based on known parental data can be 
used to “clean” noisy single cell data resulting in a comprehensive and highly reliable 
molecular cytogenetic test for chromosome copy number (Johnson et al. 2010b). In addition 
to this, again with the aid of the known parental genotypes, our group has developed a test 
involving Mendelian inheritance analysis of SNPs known as ‘Karyomapping’. By 
establishing the four parental haplotypes, only informative ‘key’ SNPs are analysed to 
establish chromosome copy number, parental origin and points of meiotic recombination of 
the tested cells can be ‘Karyomapped’(Handyside et al. 2010). Karyomapping has the added 
advantage of being able to detect not only meiotic aneuploidy but also the presence of the 
chromosomes carrying the mutant allele for cases involving the risk of transmission of 
specific known inherited disorders. 

SNP genotyping has the potential to be the most comprehensive platform for PGS. The 
interpretation of a SNP genotype allows diagnosis of all possible chromosome copy number 
aberrations. It has the capacity to perform as a high resolution molecular cytogenetic test at 
higher resolution than aCGH for all types of chromosomal gains and losses and with the 
added ability of linkage based analysis allowing diagnosis of inherited genetic disease 
(Handyside et al. 2010). Although largely clinically un-validated, comparative data with 
other platforms suggest better efficiency than both FISH and aCGH for aneuploidy 
screening (Johnson et al. 2010b; Treff et al. 2010a; Treff et al. 2010b). Recently presented 
clinical data of SNP array based PGS on cleavage stage embryos suggests significant 
improvement of pregnancy rates following embryo transfer (Rabinowitz et al. 2010).We 
anticipate that with further clinical validation, SNP genotyping will become the gold 
standard for PGS  in the near future. 

6. What we have learnt from PGS thus far? 
The rationale for PGS is of course that if embryo ploidy could be determined and euploid 
embryos selected for embryo transfer, IVF pregnancy rates would increase and poor 
outcomes such as implantation failure and miscarriage would decrease. Few disagree with 
this premise underpinning PGS as scientifically and clinically sound. 

Since its inception in the mid-90s, PGS has primarily involved the biopsy of one or two 
cells on the third day of embryo development followed by targeted chromosome analysis 
using FISH. Subsequently, diagnosed euploid embryos (for the limited number of 
chromosomes analysed) were transferred or cryopreserved with the remaining embryos 
diagnosed as aneuploid being discarded (with or without follow-up confirmation 
analysis). This work was based on the theoretical premise of PGS without the support of 
randomised controlled trials (RCTs). All recent RCTs using cleavage stage biopsy 
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followed by FISH analysis showed no improvement in delivery rates after PGS with some 
even suggesting adverse outcomes (Staessen et al. 2004; Mastenbroek et al. 2007; Blockeel 
et al. 2008; Hardarson et al. 2008; Mersereau et al. 2008; Debrock et al. 2010). The largest of 
these trials included over 200 patients in each of the experimental arms (control and 
treatment groups) and concluded that PGS resulted in a reduced delivery rate following 
IVF (Mastenbroek et al. 2007). These results, contrary to the original premise of PGS, 
sparked much debate with several institutions including the practice committees of the 
Society of Assisted Reproductive Technology and the American Society of Reproductive 
Medicine [SART & ASRM] (2008b) and the British Fertility Society (Anderson & Pickering 
2008) issuing statements that PGS should no longer be performed. Meanwhile, several 
groups criticised the trials for their poor diagnostic efficiency, practical skill levels, 
inappropriate patient selection and generally low pregnancy rates. They claimed that the 
trials were performed by inexperienced practitioners thereby generating invalid or 
questionable results (Cohen & Grifo 2007; Simpson 2008). 

What is not in question is that these trials have ultimately highlighted the complexity of 
considerations PGS requires when applied clinically. FISH of cleavage stage biopsies has 
clearly outlined that both technical and practical limitations exist when performing PGS to 
improve pregnancy outcomes. Furthermore, there is great importance and careful 
consideration needed in patient selection as well as effective test selection and 
implementation on a case-by-case basis (Handyside & Thornhill 2007). 

The success of aneuploidy screening as a selection tool for IVF to improve pregnancy rates is 
dependent on the efficacy of the entire testing process. It is now clear that FISH, especially 
for cleavage stage biopsy, is not the optimal tool for PGS. The process is subject to the 
following technical limitations: (i) the efficacy of the cell preparation technique, (ii) the 
accuracy of the FISH test itself and its reliable interpretation. Biologically, we are 
constrained by the products we have to work with (embryo quality, mosaicism and 
nucleation) and the time in which to work with them. We believe that there is scope for PGS 
to improve pregnancy rates in ART but the test used must be optimised and tailored to suit 
the biological and technical limitations that exist to maximise benefit at the lowest possible 
cost to the embryo.  

7. Clinical applications and decision making 
Aneuploidy screening using 24 chromosome micro-array analyses should improve IVF 
outcomes with the implementation of case-by-case cost-benefit analysis. For best results, 
PGS should be performed with the most comprehensive cytogenetic platform available. PGS 
is considered too invasive to be employed as a routine embryo selection tool for IVF thus, at 
present, it should be offered only to patients at high risk of aneuploidy. The cost of the 
biopsy on embryo development is only justifiable if the information gained will outweigh 
the cost to the cohort of embryos as a whole. For this reason, false positive results due to 
mosaicism and the number of testable embryos in a cohort are important in the decision 
making process. Advanced maternal age (AMA) is the single largest indication for PGS as 
an adjunct to embryo selection to improve IVF success. Careful patient selection is still 
required within this group of patients to achieve the best results (see figure 5). There are a 
number of other indications for which PGS is likely to be of most benefit, all of which are 
associated with a potential increased risk of aneuploidy including patients with Repeated 
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Implantation Failure (RIF) and Recurrent Miscarriage (RM). Patients with diagnosed high 
levels of sperm aneuploidy or severe male factor infertility may also benefit.  

PB biopsy theoretically has the lowest cost to embryo development but only gives 
information about maternally derived aneuploidy. PB biopsy is therefore of most benefit  
to patients of AMA with no other suspected aneuploidy input. Both PB1 and PB2 should  
be sampled to ensure that the majority of maternally aneuploidy is detected (Geraedts  
et al. 2011). 

Theoretically, blastocyst stage biopsy is the optimal stage as it partially negates the problem 
of mosaicism and gives maximum aneuploidy information from maternal, paternal and 
post-zygotic events. In addition, the biopsy of 10 or more cells virtually eliminates  the 
problem of ADO following WGA (Ling et al. 2009).  However, the logistical downside is that 
embryos may need cryopreservation whist awaiting genetics results, a potential additional 
‘cost’ to embryos. Furthermore, in- vitro blastocyst development may be limited in some 
patients leading to a limited cohort of blastocysts that can be biopsied simultaneously 
reducing the chance of a live birth and genetic information from the cohort (Janny & 
Menezo 1996). Thus it should only be considered for patients with RIF and RM, including 
male factor, with evidence of good blastocyst formation or proven fertility. 

 
 

 
Fig. 5. Three distinct patient groups in relation to age and IVF success rates. Note the drop in 
success rates beyond maternal age 35 across all years (consistent with increasing rates of 
aneuploidy). High number of embryos and low rate of aneuploidy are expected in patient 
group under 35 years of age (1) thus PGS is not recommended - Cost outweighs benefit of 
PGS. Moderate embryo numbers and increased rate of aneuploidy consistent with reduced 
IVF success rates of patients above 35 years (2) indicate a target group for PGS - Benefit of 
PGS outweighs its cost. PGS is suggested to be of no benefit for embryo selection in patients 
of severe AMA due to low number of embryos and high rate of aneuploidy (3) - Cost 
outweighs benefit of PGS. 
Figure adapted from Human Fertilisation and Embryology Authority website  [ HFEA] 
(2008a)  
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The inherent problem of mosaicism and false positive results is a major problem for biopsy 
at the cleavage stage. This, paired with the cost of removing a significant amount of the cell 
mass (up to 25%), suggests that use of cleavage stage biopsy should be limited to cases of 
male factor aneuploidy with known poor ability for blastocyst development. Removal of 
only a single cell is recommended to minimize cost to the embryo and prevent the dilemma 
of discordant results due to mosaicism (Cohen et al. 2007). Cleavage stage biopsy may also 
be considered as follow-up for equivocal results from PB biopsy (Magli et al. 2004; Cieslak-
Janzen et al. 2006). The relative pros and cons of all biopsy stages are summarised in table 2. 

Biopsy, irrespective of stage, should only be performed if there are a sufficient number of 
oocytes or embryos to be tested. If there is limited or no embryo selection to be achieved by 
PGS then it (PGS) should be avoided as there will be no benefit to IVF success rates and may 
even be a detrimental effect (Summers & Foland 2009). An exception to this is when PGS is 
used not as an embryo selection tool but as a diagnostic tool to avoid or diagnose aneuploidy.  
 

 
Table 2. Technical limitations, costs and benefits of the established biopsy stages for PGS 

Some patients may require elimination of the possibility of aneuploidy resulting in poor 
outcomes such as miscarriage or birth of a child with a genetic defect. These ‘must screen’ 
patients for PGS should be considered more like diagnosis of inherited genetic disease and 
all embryos, irrespective of the number and quality, should be tested. 

8. Research and future developments 
It is now well documented when and how extra or missing chromosomes arise but the big 
question remains ‘why’. Clearly, research into the origin of human aneuploidy will continue 
to provide new and exciting insights in the field of reproductive medicine. The introduction 
of new array technology, including SNP genotyping of embryos, will further improve PGS 
strategies. For example, recent evidence demonstrating that errors are equally likely during 
the two maternal meiotic divisions (Handyside et al. 2012) is rapidly leading to a shift in the 

MI MII MI MII

PB1 yes no no no no no Day 0           
(day of fertilisation)

Minimal manpulations.                              
No removal of viable cells.                           
Maximum time for analysis prior to 
embryo transfer.

Only information from maternal MI.

PB1 & PB2 yes yes no no no no Day 0 and 1

No removal of viable cells.                       
Maximum time for analysis prior to 
embryo transfer.

Only information for maternal meiotic 
errors.

Cleavage stage 
(blastomere)

yes yes yes yes yes
no               

(Yes with limited 
sensitivity if >1 cell 

analysed)

Day 3

Information for all origin of 
aneuploidy.                                        
Maximise number of embryos tested.     
Paternal aneuploidy detected.                   

Mosaicism resulting in false positive 
and negative results.                                       
Removal of significant proportion of 
cell mass.

Blastocyst stage 
(trophectoderm)

yes yes yes yes yes
yes              

(only with limitation 
on sensitivity)

Days 5 and 6

Information for all origin of 
aneuploidy.                                                          
Biopsy of several cells (~10 cells).              
No harm to ICM.                                                
Paternal aneuploidy detected.

Reduced number of embryos for 
testing (requires good blastocyst 
formation).                                                         
Reduced time for diagnosis (embryo 
cryopreservation potentially nececary). 

Maternal Paternal
origin of aneuploidy Associated costs and benefits

Post Zygotic Benefit
Detection of 
mosaicism Cost

Day of biopsy -
days post 

fertilisationBiopsy stage

necessary 
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strategy for approaching polar body analysis for PGS with PB1 considered inadequate if 
embryo selection is the ultimate goal.  

Continued efforts should be employed to use new technologies to correlate the rate and 
origin of aneuploidy with external factors in an effort to identify markers for aneuploidy 
risk. Patient assessment of these risk factors will lead to better personalisation of PGS 
treatment plans and provide an understanding of the underlying mechanisms behind 
chromosome segregation and the cause of aneuploidy. 

Along with AMA, altered recombination in meiosis is the most important known aetiology 
related to aneuploidy and gives clues to the overall mechanism (Hassold et al. 2007). 
Algorithms applied to SNP genotyping data, including Karyomapping can be applied for 
high resolution pinpointing of recombination points (Handyside et al. 2010; Gabriel et al. 
2011a). Patterns of recombination across the genome can then be correlated with 
chromosome mal-segregation in meiosis in an attempt to find aberrant patterns that 
predispose to aneuploidy. Similar strategies can be employed to different patient profiles to 
ascertain further aetiologies associated with aneuploidies of different origin.  Further 
understanding of the predisposition to human aneuploidy will lead to specific patient 
treatment and more importantly guide the direction of studies on the molecular basis of 
aneuploidy. Once the mechanisms leading to aneuploidy are understood and there is an 
understanding of why it occurs, interventions to prevent aneuploidy could be usefully 
investigated. 

It has been hypothesised that the high rates of aneuploidy and mosaicism following IVF 
procedures may in fact be an iatrogenic artefact of the procedure itself. Ovarian 
hyperstimulation  (Baart et al. 2007),  fertilisation in vitro (Bean et al. 2002) and in vitro 
culture environments (IVC) (Carrell et al. 2005; Sabhnani et al. 2011; Xu et al. 2011) appear to 
affect embryo aneuploidy. A recent RCT of ovarian stimulation protocols revealed that 
minimal stimulation, although associated with a reduced number of oocytes, results in 
higher proportions of chromosomally ‘normal’ embryos. It was hypothesised that 
conventional stimulation protocols result mainly in an increase of post zygotic chromosome 
segregation errors. Altered ovarian function (recruitment of follicles), gonadotrophin dose 
and GnRH analogue have been offered as potential correlates for further investigation. 
Furthermore, mouse studies have shown increased meiotic and post zygotic error rates 
following IVF and IVC respectively (Bean et al. 2002; Sabhnani et al. 2011). The sensitivity of 
mouse oocytes to different culture regimens resulting in differing aneuploidy rates 
corroborate the hypothesis that IVF affects aneuploidy (Carrell et al. 2005). In humans, FSH 
levels associated with in-vitro maturation correlate with chromosome mal-segregation in the 
first meiotic division (Xu et al. 2011). Animal models could be further employed for 
manipulation of IVF parameters in an effort to induce or suppress aneuploidy, although 
clinical IVF itself may provide the best ‘experiment’ to gain a better understanding of the 
mechanisms involved in human aneuploidy. 

Full genetic sequencing seems the logical next technological advance for PGS and appears 
technically possible following successful genomic sequencing of microbial single cells 
(Zhang et al. 2006; Lasken 2007). Additional data at the highest possible resolution should 
inevitably prove more reliable for chromosome copy number analysis and, as with SNP 
genotyping, points of recombination as well as points of partial aneuploidy along 
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chromosomes could be analysed with more precision. Currently,  increased resolution of 
PGS is limited by the WGA step (Ling et al. 2009). Achieving the highest possible resolution 
is directly restricted by the phenomenon of ADO when amplifying single or very few cells. 
Thus it necessary to invest effort in improving WGA technology before the full benefits of 
genomic sequencing could be realised. 

With the increasing amount of data obtained from PGS technologies comes the issue of an 
increasing amount of ‘incidental’ findings of unknown pathological significance.  Careful 
considerations of the social, ethical and legal aspects of these findings are required to 
combat potential problems prior to implementing higher resolution technologies.  

The ultimate goal of PGS is to provide maximum benefit (in terms of information to the 
parent/healthcare provider) with minimal cost to the embryo. The possibility of gaining 
chromosome copy number information with no cost to the embryo would enable PGS to be 
used routinely as an embryo selection tool for IVF. An indirect aneuploidy screening test 
was first explored by associations with conventional embryo morphology scoring. However, 
morphological embryo grading is apparently at its limits to improve IVF success rates and 
has only shown very limited correlation with aneuploidy (Munne 2006; Gianaroli et al. 2007; 
Alfarawati et al. 2011a). The implementation of time-lapse imaging to embryo culture has 
facilitated high resolution morphokinetic analysis of embryo development in an attempt to 
improve IVF success rates and eliminate potentially abnormally developing embryos. 
Morphokinetic analysis involves continual analysis of the morphological state and rates of 
change during oocyte and embryo development and provides evidence of developmental 
milestones that can predict embryo implantation (Meseguer et al. 2011).  Since, cells of 
different genotypes are known to have slightly different cell cycle times (Varrela et al. 1989), 
it follows that  algorithms involving multiple developmental time points could be used to 
predict embryo aneuploidy at no cost to the embryo. Embryos with an abnormal karyotype 
(particularly those with multiple abnormalities) may have aberrant cell cycles, detectable by 
morphokinetic analysis, compared with normal embryos. New studies into the 
morphological rates of change including such developmental markers as PB extrusion, 
syngamy and early mitotic divisions could find more significant correlations with 
chromosome mal-segregation than embryo morphology alone. 

Other approaches to non-invasive assessment of embryo viability include the measurement 
of what is used by or what is secreted by the oocyte or embryo. All culture media contain 
substances that are required for embryo development. Culture media will also contain all 
products secreted by the oocyte or embryo. Levels of these can be measured in a variety of 
ways to establish embryo viability (for review see Aydiner et al. 2010).  

Analysis of spent culture media is an area already being explored as potential for a new 
indirect PGS platform. A recent study analysing uptake patterns of amino acids has shown 
that regulation of amino acid metabolism correlates with embryo aneuploidy. The study 
using FISH analysis of five chromosomes (13, 18, 21, X and Y) demonstrated altered amino 
acid turnover in embryos with grossly abnormal karyotypes when compared to genetically 
normal embryos (Picton et al. 2010). Although promising, these early data lack specificity 
and further work is needed to more accurately establish how embryo metabolism may be 
indicative of its chromosomal complement. Precise metabolic profiling of embryos with 
known copy number aberrations is proposed as a specific experiment to establish more 
meaningful correlations. 
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A further approach is based on the hypothesis of altered gene expression and protein 
synthesis of chromosomally abnormal embryos.  One study, using a proteomic approach, 
has identified the first protein secreted by human blastocysts (Lipocalin-1) that is associated 
with generic chromosome aneuploidy (McReynolds et al. 2011) promising the biggest step to 
date towards a non-invasive PGS test.  

9. Conclusion 
PGS has proved to be one of the most controversial areas of reproductive medicine in recent 
times. The entire community is united in its collective will to improve IVF success, reduce 
miscarriage rates and ensure that couples avoid children with developmental abnormalities. 
The means by which this is achieved remains the subject of intense debate. What can be 
clear however is that the controversy will serve to increase the interest in PGS leading to 
new and radical future treatments. 

10. List of abbreviations 
aCGH Array comparative genomic hybridisation 
ADO Allele dropout 
AMA Advanced maternal age 
CGH Comparative genomic hybridisation 
DNA Deoxyribonucleic acid 
FISH Fluorescence in-situ hybridization 
ICM Inner cell mass 
IVF In-vitro fertilisation 
IVC In-vitro culture 
MDA Multiple displacement amplification 
MI First meiotic division (Meiosis 1) 
MII Second meiotic division (Meiosis 2) 
PB Polar body 
PB1 First polar body  
PB2 Second polar body 
PGS Preimplantation genetic screening (for aneuploidy) 
PS Premature/precocious separation of sister chromatids 
SNP Single nucleotide polymorphism 
TE Trophectoderm 
WGA Whole genome amplification 
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