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Abstract

The human genome is very delicately balanced. Because maintaining a balance
in gene dosage and protein activity is essential for maintaining normal cellular
tunctions. One of the most common causes of genetic diseases in humans is
chromosomal failure and chromosomal numerical irregularity (Aneuploidy).
Missegregation or non-separation of chromosomes in meiosis is common in
humans. The most common chromosomal abnormality (CA) in humans is
aneuploidy. Aneuploidy is one of the most important causes of reproductive
biology and reproductive diseases. It causes major developmental and
structural abnormalities and often embryonic death in mammals, especially
in early development. Aneuploidy is a condition with abnormal and highly
variable DNA and chromosome content found in both hereditary disorders
and human malignancy. Chromosome non-separation is associated with
advanced maternal age. However, the reason for the dramatic increase in
aneuploidy and especially trisomies with age is unknown. There is evidence
to suggest that chronological age is less important than biological age for
trisomy risk and that some women, regardless of their chronological age, are
at higher risk of having a trisomy pregnancy again. It is known that increased
aneuploidy in somatic cells is associated with a decrease in telomere length,
an increase in replication asynchrony at centromeres and loci, and advanced
age. Many people are exposed to environmental genotoxic agents. Genotoxic
agents and late marriages are known to cause aneuploidy. In our numerous
studies, it has been confirmed that genotoxic substances are associated with
chromosome damages (1-14). Cigarettes, mobile phones and harmful rays
can cause structural and numerical chromosome damage and potentially
increase the level of aneuploidy in the fetus.
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INTRODUCTION

Today, people are heavily exposed to many natural and artificial genotoxic or
mutagenic agents, and this situation is increasing rapidly. It is now known
that long-term exposure to genotoxic agents not only affects human repro-
ductive health, but also causes cancer and many diseases. Therefore, concerns
about possible negative genetic damage in society are increasing. Aneuploi-
dy is known as one or more chromosomes more or less than the diploid
number of chromosomes (2n=46). The vast majority of aneuploidies occur
spontaneously as a result of sporadic chromosome misalignment in meiosis
in the mother or father. The most well-known form of meiotic dissociation
is that it increases with increasing maternal age. The mechanisms underlying
aneuploidy are still not fully understood. Humans are among mammals with
the highest incidence of chromosome mis-separation during meiosis. It is
known that 15-20% of all pregnancies result in spontaneous abortion. CAs
are responsible for at least 50% of these losses. More than half of these are
trisomies (having an extra copy of a chromosome). Trisomic chromosome
organization was first described in humans in 1959 (15). Trisomic irregu-
larities are caused by an error in meiosis. It occurs when both chromosomes
of a pair of chromosomes or both sister chromatids of a chromosome go
together to the same pole. Thus, the gamete has two copies of that chro-
mosome instead of one, and the chromosomes cannot separate correctly.
The eftect of meiosis on reproduction and genetic disorders of newborns is
significant. However, little is known about its etiology. The only known fac-
tor associated with the risk of trisomy is advanced maternal age. The risk of
trisomy in women under the age of 25 is 2%. This risk increases rapidly with
age and approaches 35% in women over 40 years of age (16). Therefore, the
relationship between increasing maternal age and trisomy is indisputably the
most important etiological factor of genetic diseases (17). The relationship
between recombination and chromosomal nondisjunction has been exten-
sively studied along the 21st chromosome. There appears to be a correlation
between recombination and inability to separate for the chromosome, both
in quantity and location along this chromosome. Altered recombination has
been associated with trisomy for other chromosomes. Meiosis is a process
that takes place in the germ cells of both males and females. Errors in the
meiosis process in female egg cells are responsible for most of the aneuploidy
seen in human pregnancies.

Meiosis is the process of halving the number of chromosomes. This pro-
cess takes place in germ cells during gametogenesis to produce eggs in fe-
males and sperm in males. Oogenesis, the process of egg formation, begins
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in females early in fetal life. Every female born carries a lifetime of develop-
ing oocytes. These oocytes are normally released once a month, starting at
puberty. When the level of approximately 1000 oocytes is reached, meno-
pause occurs in women (18). In males, spermatogenesis is the process of
forming sperm in the gonads. Beginning at puberty, 100-200 million sperm
are produced per ejaculate continuously throughout their lives (19). Meiosis
consists of two main cell divisions. Meiosis I (MI), in which the chromo-
some number is reduced from diploid to haploid (2n=n), and meiosis II
(MII), a form of division similar to mitosis. Moreover, each of these divi-
sions is divided into four main stages (prophase, metaphase, anaphase, and
telophase). In the synthesis phase, each chromosome doubles itself by rep-
licating its genetic material. Thus, each homologous chromosome consists
of two identical sister chromatids held together by proteins called cohesins.
Prophase (prophase I) of MI consists of five phases. Since the chromosome
number is haploid in MII, the same main stages follow without reduction.
During the leptotene stage, the copied chromosomes begin to condense and
become visible. The two sister chromatids that make up each chromosome
are indistinguishable at this stage. After the homologous chromosomes find
each other in zygotene, they pair up with the cohesin protein. Since each
pair of homologous chromosomes contains four sister chromatids, they line
up with each other longitudinally, forming a bivalent called a tetrad. Cohesin
proteins hold sister chromatids together so they don’t separate prematurely.
Thus, it holds homologous chromosomes together so that recombination
can occur before anaphase II. Synapses and the synaptonemal complex (SC),
defined as the pairing of homologs during zygotene, are formed. The SC
consists of lateral elements located between sister chromatids and a central
element connecting these lateral elements. Homologous exchange or recom-
bination takes place throughout this structure. In the pachytene phase, the
synapses are completed with pachytene and recombination nodules appear.
These nodules are thought to represent regions where recombination has
occurred. After completion of recombination, SC begins to fragment and
chromatids begin to separate. Chiasmata can be seen in the diplotene stage.
The two components of each bivalent begin to repel each other, and each ho-
mologous sister chromatids attach to each other at their centromeres. This
is the point at which meiosis is stopped/waited until puberty in females. At
this point, a single egg completes MI at each ovulation cycle. There is no
waiting in meiosis in males. In diakinesis, the chromosomes reach maximum
condensation at this point and are clearly visible. In order for homologs
to pair and align themselves in the zygotene of the prophase, they must
first find each other. Exactly how this happens is unknown. However, two
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chromosome regions are thought to play an important role in mediating
early mating (telomeres and centered heterochromatin) (20). Aligning these
two types of chromosomal domains may be early steps in the mating pro-
cess. Disruption of telomere-telomere sequences can disrupt synapse and
recombination. The formation of a flower bouquet-like structure formed by
telomeres that seem to interact with each other in the nucleus of the cells
is observed in the cell nucleus. Chromosomes come into contact with each
other to determine the level of similarity required to form synapses and
recombination. Meiotic bouquet formation is a prominent feature of early
prophase in many organisms such as yeast. It has also been reported that
it is involved in chromosome pairing in male mouse and human meiosis
(21). In addition, it has been reported that telomere movements in tissue
sections from human and mouse testicular preparations are associated with
the onset of synaptic chromosome pairing. The centromere is a very import-
ant element found in all eukaryotic chromosomes. This chromosome region
ensures the regular separation of sister chromatids in mitosis and meiosis.

Recombination

Crossing-over is a mutual genetic exchange between homologous chro-
mosomes. It begins with double helix breaks and is the most fundamen-
tal step of the meiosis process. It is assumed that chiasmata, which is the
physical exchange of homologous chromosome parts, keeps homologous
chromosomes together during meiosis. It has been reported that at least one
recombination event per chromosome arm is required for segregation to
occur in humans (22). Many key proteins involved in recombination, such
as RecA, topoisomerases, helicases, and DNA repair molecules, are highly
conserved from yeast to humans (23). Performing recombination analyzes
in humans is difficult. In men, a testicular biopsy should be performed. This
situation is more difficult in females. Recombination takes place in all chro-
mosomes. It has been reported that approximately 50 autosomal recombina-
tion foci per nucleus in spermatocytes, and the number of foci in females is
much higher (mean=95) (24). In mouse and human studies, distal foci were
found to be much more common in males. Recombination has been found
in more than 90% of females, and it has been reported that there is more
recombination in regions close to telomeres in males (25,25). In contrast to
more than 70 recombination foci in oocytes, approximately 50 foci per cell
were found in spermatocytes (26). This suggests that longer synaptonemal
complex in oocytes may contribute to increased recombination in females.
In yeast, the main stages of meiosis may differ slightly from those seen in hu-
mans. The study of meiotic mutants in this organism has greatly contributed
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to our understanding of the process of meiosis. Homology of yeast genes
has been found in Drosophila melanogaster, mouse and human. Meiotic
recombination events are uniformly and uniformly distributed throughout
the chromosome. The recombination frequency per megabase in humans
is extremely low compared to yeast (370 cM/Mb) (28). Crossovers do not
happen randomly between chromosomes in any organism. Regions that un-
dergo high levels of recombination in yeast are usually located near promot-
er regions. These regions correspond to the locations of the double helix
break regions (29). Recombination hotspots or regions with high recombi-
nation are also present in mammals (30). In humans, hot spots in males and
females have been reported (31,32). C. elegans is the only species with the
gene that provides the distribution of meiotic recombination events (33).
Recombinations are crucial for proper segregation of meiotic chromosomes.
It can contribute to the rearrangement of many chromosomes and has been
found at higher frequency at the breakpoints of deletions and duplications.

Chromosome Matching and Separation

During the recombination process, the congruence of both sister chro-
matids and homologous chromosomes is maintained. Then with the timely
release of this harmony, the chromosomes (in MI) and chromatids (in MII)
separate from each other. Early or late separation of chromatids/chromo-
somes may cause chromosome failure to separate. There are many struc-
tures involved in this complex process regulated by a number of genes and
proteins. Cohesins hold sister chromatids together, while chiasmata help
keep homologous chromosomes connected. In metaphase I, homologous
chromosome pairs line up along the metaphase line and spindle fibers are
attached to sister kinetochores. Thus, two sister kinetochores pull the two
sister chromatids towards opposite poles of the cell. For this to happen, the
kinetochores found in the alpha-satellite sequences of the centromere must
be next to each other on sister chromatids. For meiosis to continue, the
spindle fibers must maintain a balanced tension in the opposite direction
to the two kinetochores. This requires all chromosomes to line up properly
on microtubules. In males, an imbalance stops meiosis and drives the cell to
death. In women, a chromosomal imbalance may occur without stopping
meiosis (34,35). Here, it may occur as a result of the breakdown of cohe-
sion proteins along the chromosome arms, especially in older women. In
this case, it can lead to unpaired chromosomes that separate independently
from metaphase. The final stage in M1 is anaphase I, in which the alignment
between the chromosome arms is disrupted and allows the chiasmata to dis-
solve. The cohesin protein must remain attached to the centromeres. Sister
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chromatids must be kept together until anaphase II. The combined homo-
logues then separate and move towards their respective poles. In metaphase
I, the chromosomes line up along the metaphase line. Kinetochores attach
to microtubules from opposite poles. Later, they move to opposite poles in
anaphase II. It is the cohesion protein at the centromere that keeps sister
chromosomes intact until anaphase II.

Gender-Specific Differences

Meiosis differs in males and females. One of these differences is timing.
In females, meiosis begins in all oocytes in fetal life, while in males it begins
during puberty. Males produce sperm every day, while females are born with
a certain number of follicles. While meiosis lasts for 40 years in females, the
time required for the completion of a spermatogenesis process is approxi-
mately 64 days. The second difference is the cessation of meiosis. Meiosis is
stopped in females from dicyoten to ovulation and then again from meiosis
II to fertilization. In contrast, in males, meiosis is continuous and there
is no stopping point. Third, and interestingly, males have checkpoints to
monitor division during meiosis. If recombination has not occurred (pachy-
tene checkpoint) the male gametes will be deactivated and die. In humans
and mice, these checkpoints have been shown to be less stringent in mam-
malian oogenesis (36). The fourth difference is recombination. Sex-specific
differences in recombination frequency are also found in humans and other
organisms. In mammals, recombination shows sex-specific differences, with
temales generally having higher recombination rates than males (37). The
titth difference is that females have only one fertile oocyte, while males pro-
duce four sperm for each diploid cell that initiates meiosis.

Mitosis

Mitosis is a process of cell division in which diploid cells form diploid
daughter cells or haploid cells form haploid daughter cells or exact copies
of chromosomes are produced. The major difference between mitosis and
meiosis is the absence of pairing of homologous chromosomes. In mitosis,
there is normally no exchange of genetic material through recombination.
Mitosis takes place daily in somatic cells in our body to replace cells that die
through apoptosis and to allow growth to occur. Mitosis is required for ev-
ery developmental stage after fertilization for hair growth, nail growth and
embryo formation. Mitosis is also required for the steps leading to meiosis
in both males and females. Spermatogenesis in males probably undergoes
20-25 mitotic divisions per year, while in females oogonia originate from
primitive germ cells, a process involving 20-30 mitotic divisions. At three
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months of intrauterine life, oogonia begin to mature in primary oocytes,
which begin to undergo meiosis. Recombination can occur during mitosis.
However, it occurs rarely compared to that which occurs in meiosis. It is
more difficult to detect and measure. Double helix breaks are required to
initiate recombination. However, they are the most harmful form of DNA
damage because they are formed by chromosome breaks and rearrangements
(38). There are two main ways of repairing double helix breaks. These are
the joining of non-homologous ends and homologous recombination (39).
Non-homologous splicing repairs broken DNA ends without requiring ex-
tensive sequence homology. However, homologous recombination requires
an intact homologous chromosome or a sister chromatid to repair the break.
During metaphase of mitosis, spindle fibers attach to kinetochores on the
centromere of each chromatid. When sister kinetochores separate, each
chromatid moves to opposite poles of the cell. For sister chromatids to sep-
arate, the cohesin protein that holds them together must be broken down.
This is accomplished by a protease called separase, which becomes active in
late metaphase (40).

Anecuploidy

Although meiosis has a highly organized control process necessary for
sexual reproduction, errors are still common in females. These errors occur
as abnormal chromosome separation or failure to separate. Failure to seg-
regate causes gametes to result in a chromosome gain or loss (aneuploidy).
This common CA seen in pregnancy is seen in at least 5% of all clinically de-
fined pregnancies. Aneuploidy occurs as trisomy (gain of the entire chromo-
some) and monosomy (loss of the entire chromosome). It is estimated that
these numerical chromosomal irregularities cause miscarriages in 15-20%
of all pregnancies. Various chromosomal abnormalities are quite common
in humans and can be found in 10-30% of all fertilized eggs. It has been
reported that aneuploidy is seen in 20% of female eggs and 2-5% of sper-
matocytes (41). In other organisms, incorrect segregation of a chromosome
is less common. The frequency of aneuploidy in Saccharomyces cerevisiae
is as low as 1/10,000 per meiosis. In female Drosophila melanogaster, the
inability to separate the X chromosome varies between 1/1.700 and 1/6,000
(42). The overall frequency of aneuploidy in fertilized eggs in mice is 1-2%
(43). It 1s difficult to study the frequency of chromosomal abnormalities
in humans because not all developmental stages have been studied. Avail-
able date are from studies of clinically recognized pregnancies and gamete
studies. More than 35% of all terminated fetuses/embryos were found to be
aneuploid (16). Spontaneous abortions with trisomy have been reported
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tor almost all chromosomes, and the most common is trisomy 16, which
constitutes 1/3 of all trisomies (17).

Trisomy

First described in humans in 1959, trisomy is the presence of a third
copy of a chromosome in the nucleus. At least 50% of pregnancy losses are
chromosomally abnormal, and more than half of them are trisomic. Trisomy
16 is estimated to occur in more than 1% of clinically recognized pregnan-
cies. This makes it the most common trisomy in humans (45). Trisomy 16
normally results in miscarriage in the first trimester of pregnancy. Only 13,
18, 21 and X chromosome trisomies can survive to term. Trisomy 21 is
the most common trisomy in approximately 1/700 live births. In general,
trisomy mostly originates from chromosomes in meiosis I during oogenesis
(42). Early somatic errors can also result in mosaic trisomy and these are less
common. Trisomy 16 is almost entirely due to a maternal error of MI. How-
ever, most errors for trisomy 18 occur in meiosis II. Approximately 50% of
47 XXY and trisomy 2 originate from the father (46.47). Monosomy X or
Turner syndrome is thought to be largely (70-80%) related to producing
nullisomic sperm for male sex chromosomes (48). It is not known whether
the loss of the other sex chromosome occurs in the sperm or postzygotic,
and it is a matter of debate. Therefore, it seems likely that many factors af-
fecting nondisjunction are chromosome-specific. Although the majority of
trisomies are lost as early miscarriages, in most mosaic cases they can survive
to term. Chromosome mosaicism is the presence of two different cell lines
with two different chromosome structures in an individual developing from
a single fertilized egg. In prenatal diagnosis, the most common mosaicism
is that some cells have normal chromosomes (46,XX or 46,XY) and other
cells have trisomic chromosomes. Trisomy mosaicism may occur through a
meiotic or somatic mechanism (49). It has been suggested that most mosa-
icisms begin as trisomic zygotes and subsequently lose an extra chromosome
and acquire a normal cell line (50). However, he found that most of the
mosaicism was of somatic origin and the origin was linked to the relevant
chromosome. The number of mosaic cells in an individual determines the
phenotype. In general, the proportion of mosaic cells of meiotic origin is
considered to be high, while those of somatic origin are seen at lower levels
(51). The abnormal cell line can be found in only one tissue or in multiple
tissues. Mosaicism is found in 1-2% of all chorionic villus samples (CVS)
(49). Frequently, the trisomy may also be limited to the placenta only. The
phenotypic effect of trisomic mosaicism on an individual may be slightly or
completely normal for gestational age.
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Origin of Mosaicism

If a trisomic embryo begins life and later loses the third chromosome as
a result of anaphase delay, this is called trisomic rescue. A trisomic cell can
also be caused by a mitotic non-dissociation event. A very early mitotic error
can lead to mosaicism, possibly because it will make half of the cells trisomic.
If this event occurred at a later embryonic stage, the mosaic cell rate may
be less. At the 64-cell stage of an embryo, only 3-5 cells will participate in
the formation of the embryo, while the rest will form the extra-embryonic
tissue (52). In this case, it seems more likely that the error occurred is of
placental origin. It could just be a trisomy that occurs in the germ cell line.
This mosaicism in the germline may go unnoticed, leading to new trisomy
and recurrent pregnancy loss. This rarely recurring trisomic condition has
been shown to occur only in trisomies 18 or 21. Other aneuploidies, when
present in female germ cells, may lead to disruption of follicles (53). It is
thought that mosaicism in germ cells is responsible for the recurrence of

trisomy 21 (54, 55).

Single Ancestral Disomy

Uniparental disomy (UPD) is the presence of a normal chromosome pair
with both copies from the same parent. UPD can cause clinical deviations as
a result of homozygosity for recessive mutations and abnormal imprinting
patterns (56). Isodisomy refers to regions of chromosomes that are derived
from identical sister chromatids and heterodisomy from homologous chro-
mosomes. This can occur in several ways. It is usually found as a result of
trisomic rescue. If the chromosome lost during rescue in a trisomic embryo
of maternal origin is the paternal chromosome, there is maternal UPD for
this chromosome. That is, both chromosomes are from the mother or there
is no contribution from the father. The distribution of isodisomic and het-
erodisomic regions depends on the initial stage. If the error occurs in MI,
the centromere will also be heterodisomic as the chromosomes are from
two different homologs. If the error occurs in MII, the centromere will also
be isodisomy since the chromosomes are sister chromatids. However, there
may be regions of both isodisomy and heterodisomy along the chromosome
as a result of recombination that takes place in gametogenesis (56). Gener-
ally, UPD is a benign condition with no adverse phenotypic consequences
to the individual (57). However, there are a few chromosomes where UPD
has detrimental consequences. These chromosomes contain imprinted genes
that are differentially expressed depending on the parent. This means that
both mother’s and father’s input is necessary for proper development to
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occur. It is the 15th best-known chromosome containing imprinted genes.
Maternal UPD causes Prader-Willi syndrome (PWS). However, paternal
UPD causes Angelman syndrome (AS), which is different. This is due to the
loss of paternally expressed genes in mat UPD and the loss of a maternally
expressed gene in pat UPD (56). Other chromosomes 6, 7, 11 and 14 where
UPD is known to cause phenotypic abnormalities due to loss of expres-
sion of imprinted genes. More than 40 imprinted genes have been identified
throughout the genome in humans (58).

Monosomy

Monosomy is the absence of one copy of a chromosome pair (with a total
of 45 chromosomes). Autosomal monosomies cause very early fetal death.
Monosomy 21 is an autosomal monosomy seen in dead fetuses. Sex chro-
mosome monosomy (45,X) is the most common disorder seen in sponta-
neous abortions. The vast majority of embryos with a 45,X karyotype do not
survive (99.5%). They account for about 10% of all spontaneous abortions.
Even partial monosomies in the form of large deletions are not easily tolerat-
ed. Each non-segregation event that produces a gamete that is disomic rath-
er than monosomic for a chromosome contains a complementary gamete
that is nullisomic for that chromosome. Evidence from hamster and human
sperm analysis has shown that monosomies are as common as trisomies (59).
However, trisomies are more common than monosomies in spontaneous
abortions and pregnancy losses. This is most likely because monosomies are
much less tolerated during embryonic development. Therefore, monosomic
embryos can be lost much earlier. Studies of in vitro fertilized human diploid
embryos and preimplantation embryos also support this.

Segmental Aneuploidy

Segmental aneuploidy presents as unbalanced translocations. A duplica-
tion or deletion (three copies or more of a region) resulting in loss or gain
of a chromosome segment leads to segmental trisomy and segmental mono-
somy. Unequal recombination can cause both deletions and duplications.
Chromosomes with repetitive sequences may mismatch during meiosis. A
repeating region of such chromatin may pair with a different region of an-
other chromatin. As a result of recombination, an increase in the number of
chromatin repeats and a decrease in the other may occur.
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Deletions

A loss occurs when a chromosome is broken at two sites and the piece
in between is lost. This in turn causes loss of genetic information. Partial
monosomy occurs for the chromosome that has lost a piece. Microdeletion
syndromes are large deletions that disable multiple genes that make up spe-
cific and recognizable phenotypes. PWS, AS and cri-du-chat syndromes are
caused by deletions in chromosome 15qll-qI3 (paternal), 15qll-ql3 (mater-
nal), and 5p, respectively. Repetitive sequences/duplicons (large blocks of
folded genes of a DNA sequence) and other sequences have been implicated
as catalysts for such breaks.

Repeat Sequences

Chromosomes have copies containing repeat sequences. These copied
partitions are called end-to-end and tandem copies. The number of repeat
sequences in a region can vary as follows. Unbalanced exchanges are the main
cause of disrupting repeat sequences (specifically, Alu-like repeats). There is
an Alu sequence every 6 kb in the human genome. Whether a phenotype
is associated with a replicated region depends on many factors. These; The
size of the duplicate region is known as the function of the genes and the
location of the new segment. Duplicons have been shown to cause deletions
and other rearrangements as well as abnormal recombination (60). Unnec-
essary genes and sequences can become new genes with similar or related
functions.

RISK FACTORS OF TRISOMY

Although the importance of meiotic division in human reproduction and
genetic damage in newborns is known, little is known about its etiology.
However, the relationship between advanced maternal age and trisomy is
well known. Altered recombination has also been shown to be associated
with most trisomy. The associations of mitochondrial mutations, replication
timing, centromere size, gene mutations, and environmental factors (smok-
ing, diet, and oral contraceptives) with chromosomal failure were investi-
gated. However, until now, a clear situation regarding these factors has not
been revealed.

Epidemiology

It has been suggested that there may be a relationship between triso-
my occurring before or after spontaneous abortion (SA) and trisomy (61).
However, later studies showed no such relationship. Considering all avail-
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able data, it was concluded that trisomy did not cause an abnormal SA in
subsequent pregnancies. However, some studies have shown that women
who have a baby with trisomy 21 at a young age (<30 years) have an in-
creased risk for subsequent pregnancies (62). However, it was thought that
this situation may be due to trisomy 21 mosaicism seen in a small number
of couples (55). There are many young women with more than one tri-
somy. It has been suggested that these may have a risk of trisomy in their
next pregnancies (63,64). These findings support the hypothesis that some
women have a higher risk of chromosomal aberration than their peers when
considering all viable trisomies, including trisomy 21.

Aging

The relationship between advanced maternal age and the risk of trisomy
is well known. The risk of trisomy increases exponentially with increasing
maternal age. Long before it was determined that Down syndrome was
caused by trisomy 21, the relationship of this disease with increasing mater-
nal age was known (65). While this risk is 2% in women under the age of
25, this rate rises to 35% in women over the age of 40 (66). This irregularity
is not related to the uterine environment, but rather a problem with the egg
itself. It is thought that the rate of trisomy specific to the age of the mother
is not related to race, geography and socio-economic status. However, it has
been shown that the risk of having a DS pregnancy in a mother with a low
socio-economic status is increased (67).

Recombination

It is clearly known that maternal age is important for the risk of trisomy.
However, whether other factors contribute to maternal age risk has not yet
been fully established. The main reason here is a disruption in the meiosis
process, which increases the risk of chromosome failure to separate. The ef-
fect of maternal age occurs in the process of chromosome failure to separate.
While this process is lower in younger mothers, this possible risk increases
with age. Meiotic specific proteins can degrade over time. In addition, spin-
dle fibers can become fragmented and mitochondrial mutations can accumu-
late as well. Thus, altered recombination increases the risk of trisomics in an
older woman’s oocyte. Recombination or another factor in fetal life may in-
crease the risk of trisomy. Telomere shortening and untimely replication can
contribute to premature aging of chromosomes. In normal recombination,
a crossover or exchange of genetic material is usually required for separa-
tion between homologous chromosomes. For proper segregation of human
chromosomes, a change in the chromosome must be minimal (22). There
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are many mutations in yeast and flies that reduce or eliminate trade-offs
and cause high frequency of erroneous segregation during division (68,69).
The association between reduced recombination and human trisomy was
first found with reduced levels of recombination across the chromosome
in meiosis leading to trisomy 21 (70). Also, sex chromosome aneuploidies,
MI-induced trisomies of chromosomes 15, 16 and 18 are all known to be
associated with a reduction in recombination (71).

Ovarian Aging

It has been suggested that the woman’s proximity to menopause deter-
mines the risk of aneuploidy. The risk decreases as the total number of folli-
cles and the number of developing follicles increase. Menopause is predicted
when the total number of follicles reaches about 1000. An artificial or nat-
urally occurring follicle reduction will cause premature menopause. It has
been shown that there is an increase in aneuploidy rates with increasing age
in mice (72). It has been found that the risk of disease is higher in women
with a child with Down syndrome who have a single ovary as a result of
ovarian surgery or a congenital absence of an ovary (73). These data sug-
gest that with increasing maternal age, the few remaining oocytes and their
quality increase the risk of trisomy. Menopause may occur one year earlier in
mothers who have children with trisomy.

Chromosome Structure

Chromosomes have two main structural features called centromere and
telomere. Each of these has its own specific repeat sequence and specific
function in meiosis/mitosis. Normal centromeres and telomeres are indis-
pensable structures for chromosome separation. It has been found that telo-
mere sequences are a measure of aging, and short telomeres are associated
with premature aging diseases and infertility, as well as being important for
chromosome and chromatid separation (74).

Centromere

The centromere is a special and important region of the chromosome
formed by DNA alpha sequences, other repetitive sequences and proteins.
The most common DNA element in the human centromere and the [J-sat-
ellite sequences that make up 3-5% of the chromosome DNA (75). The
human centromere consists of repeat monomers rich in AT and 171 bp long,
which are recognized by kinetochore proteins and motifs DNA (76). Cen-
tromere proteins are attached to these sequences. Since the centromere is
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required for proper segregation of chromosomes in MI and chromatid seg-
regation in MII, changes in sequences or size may affect chromosome segre-
gation (77). In particular, a large discrepancy between an abnormally small
and a large alpha sequence sizes within a homologous chromosome pair
can lead to homologous chromosome mismatching, alignment, impaired
recombination, and inability to separate. There are significant differences
in alpha DNA sequence length between homologous chromosomes. For
example, the size of the alpha sequence of the X chromosome ranges from
1300 to 3700 kb (78). Therefore, a pair of parental chromosomes may dif-
ter by 2400 kb in alpha sequence sizes for the X chromosome. In addition,
it has been shown that the centromere on chromosome 21 is short with
a frequency of 6.9% in DS patients (75). It is possible that cohesion is
compromised because the centromeric heterochromatin size is below the
minimum threshold, the alpha DNA does not have sufficient mechanical
strength to hold the chromatids together, or the small alpha sequences bind
less centromere proteins. This can cause the chromosomes to fail to separate.
Failure to maintain sister chromatid cohesion causes premature separation of
sister chromatids (in MI) (Maratou et al., 2000). If the centromeric repeats
are too long, the chromatids may not separate in time, or if they are too
small, the chromatids may not hold together. It has been reported that the
alpha sequence on one of the chromosome 21 homologues is small (79).
The importance of heterochromatic regions in mediating mating and seg-
regation was first demonstrated by studies on chromosome 4 cleavage in
Drosophila oocytes (80). Similar to Drosophila, females with centromeres
with longer heterochromatin regions are likely to increase inseparability:.
Although abnormal alpha sequence size may predispose a chromosome to
non-disjunction, additional factors are probably required as well. As with
recombination, alteration or insufficient size of alpha DNA combined with
maternal age may not allow for normal segregation. Therefore, very small or
large alpha sequence size may be multifactorial of age-related chromosome
segregation in humans. The centromere may also cause loss of replication
control in meiosis and mitosis.

Telomeres

Telomeres are specialized structures found at the chromosome ends of
eukaryotic organisms and are important for chromosome stability. They
consist of a set of repetitive DNA sequences (TTAGGG in man) and associ-
ated proteins. Telomeres are believed to be responsible for positioning chro-
mosomes in mitosis, maintaining chromosome integrity, and maintaining
DNA sequences. Reduced telomere sequences are known to be associated
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with chromosome segregation errors in mitosis. Chromosomes with short
telomeres in aged cells tend to form dicentric chromosomes, most likely
to protect their ends (81). In yeast, telomere loss in a single chromosome
was found to be sufficient to arrest the cell cycle (82). Disruption of telo-
mere-telomere bonds in meiosis may also disrupt synapse and recombination
(20). In male germ cells, telomerase enzyme prevents age-related telomere
destruction. In contrast, most telemor sequences decrease with age in tissues
at a rate of about 50 to 200 bp per cell division (83). While the average telo-
mere length is 20 kb in children younger than 10 years of age, this number
drops to 5 kb in people aged 60-70 years (84). In humans, the inverse rela-
tionship between telomere length and age is linear. However, there is great
variability in telomere length among individuals of all ages (85).

Regular shortening of telomeres has been associated with replicative ag-
ing both in vitro and in vivo and has been termed the mitotic clock. It
has been reported that individuals with early aging Progeria and Down
syndrome have shorter-than-average telomeres (86). Short telomeres have
been found to be associated with aneuploidy and chromosome loss in many
cancers and somatic tissues (87). In addition, it has been shown that the
frequency of aneuploidy in cultured lymphocytes increases with advancing
age. It is possible for short telomeres to cause chromosome missegregation
and aneuploidy. However, there are a number of possible explanations for
short telomeres. These; Mutations in genes involved in telomerase structure
or activity can lead to shortened telomeres. Overexpression of the telomere
binding protein TRF1 has been shown to cause telomere shortening (88).
After it was reported that shortening of telomeres in Dolly the Sheep, the re-
programming of telomere lengths in cloned animals has sparked controversy.
They found that fertile women had significantly longer telomeres compared
to women of the same age who underwent IYF with weak oocytes (74). It
has been suggested that this may be related to less cell division as a result
of the decrease in growth hormones. Therefore, an increase in growth hor-
mones can lead to higher cell divisions and therefore shorter telomeres.

Time of Reproduction

Both alleles of a gene normally replicate synchronously in the cell cycle.
However, asynchronous replication is seen for genes on the X chromosome.
Genes on the inactive X replicate themselves later than those on the active X
chromosome. As with imprinted genes, olfactory receptor genes, and other
mono-allelically expressing genes. Higher rates of allelic asynchrony and an-
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euploidy were found in cells from older mothers who gave birth to a child
with Down syndrome.

Gene Mutations

Methylene-tetra-hydro-folate-reductase  (MTHFR), Methionine-syn-
thase-reductase (MTRR). In addition to the structural features of chromo-
somes that affect chromosome separation, there is some limited evidence
that gene variants may also play a role in separation. There is evidence that
abnormal folate and methyl metabolism can lead to hypomethylation of
DNA and abnormal chromosome segregation. Related to this, it has been
suggested that some polymorphisms may be frequently increased in the
MTHER and MTRR genes of the mother of a DS child (89). It is known
that these two mutations cause a decrease in enzyme activity in heterozy-
gotes and homozygotes and pose a risk for neural tube defects. Maternal
polymorphism analysis of other genes involved in the folate pathway found
an increase in the MTRR mutant homozygous variant in mothers with DS.
In addition, the combined presence of both mutations was found to increase
the risk even more. However, some studies could not show the same associ-
ation for trisomy 21, but no significant increase in MTHFR or MTRR poly-
morphisms was observed in more than 200 trisomy except trisomy 21 (42).

Apos4 Alleles: Young mothers who give birth to a child with DS have
been shown to have a five-fold higher than normal risk of developing Alzhei-
mer’s disease (AD) later in life (90). All individuals with DS over the age of
40 also had AD-specific neuropathological changes. Some forms of AD have
been reported to result from mutations in the APP (B-amyloid precursor
protein) genes on chromosome 21, presenilin-1 (PS-1) on chromosome 14,
and presenilin-2 (PS-2) genes on chromosome 1 (91). Presenilin proteins
may be important in chromosome segregation because they bind to the ki-
netochores and centrosomes. However, Apolipoprotein E (apoE) mutations
may explain this association. ApoE is a gene located on chromosome 19.
Rarely; allele E4 has been reported to be a risk factor for AD in both familial
and sporadic cases (92). A higher frequency of the APOE s4 allele was found
in young mothers who gave birth to a DS child due to maternal MII errors
(93).

Mitochondrial Mutations: Another factor that has been suggested to
contribute to chromosome failure is mitochondrial abnormalities. Mito-
chondrial dysfunction resulting from decreased ATPase6 and Tfam expres-
sions during meiotic maturation of oocytes has also been suggested to cause
non-differentiation errors (Lee et al., 2003). Mitochondrial DNA (mtD-
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NA) mutations are also known to increase exponentially with increasing age.
The curve for the amount of time- or age-related mtDNA mutations is very
similar to the age-related trisomy risk. The accumulation of mtDNA errors
over time in both the ovary and somatic tissues can lead to energy deficiency
and other problems that can complicate chromosome segregation.

Environmental Factors

The possibility that the environment, what we eat, and the harmful fac-
tors we are exposed to can affect reproductive success has always aroused in-
terest. Smoking, alcohol, caffeine, and many other factors have been shown
to affect the health of the developing fetus. Exposure to these harmful fac-
tors can lead to non-segregation of chromosomes in meiosis and increase
the risk of trisomy. There are conflicting studies on the relationship between
smoking and DS. It has been suggested that high alcohol and caffeinated
coffee consumption reduce the risk of having a DS fetus (94). However, it
has been reported that oral contraceptive use in smoking mothers increases
the risk of DS fetus, but oral contraceptive use alone is not an important risk
factor. There are conflicting findings about the effects of radiation on repro-
duction and pregnancy. It has been suggested that the increased frequency
of trisomy 21 in West Berlin is linked to the Chernobyl reactor accident.
However, no genetic link to exposure to other types of radiation has been re-
ported. It has been reported that exposure to an insecticide called trichlorfon
can cause an increase in DS (95). Environmental risks seem to be important
in terms of trisomy risk by affecting the development of oocytes. Bisphenol
A (BPA) is an estrogenic compound widely used in the manufacture of poly-
carbonate plastics and epoxy resins. It can also be found in feeding bottles,
water bottles, can liners, and dental sealants. When BPA was widely used,
a significant increase in chromosome non-segregation and meiotic chromo-
some abnormalities was observed. It was concluded that this was due to the
strong meiotic aneugenic effect of BPA. Similar studies support that envi-
ronmental exposures can lead to changes in the body and oocytes, leading
to nondisjunction.

Conclusion

Chromosome failure and aneuploidy events are very important in hu-
mans. The relationship between increasing maternal age and the risk of tri-
somy is widely known. However, little is known about the mechanisms,
causes, predictability and prevention of chromosomal nondisjunction. It is
well known that chromosomal non-separation is associated with advanced
maternal age. Telomere length, the timing of replication at the centromere
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and other loci are important in this relationship. It is known that decreasing
telomere length is associated with increasing age. Telomere length is known
to be associated with reproductive health. Depending on the replication tim-
ing, chromatin abnormalities are known to cause trisomy in young women.
Decreased recombination frequency was associated with non-segregation at
meiosis I, while an increase was associated with non-segregation at meiosis
IT for most chromosomes. It is not fully known whether methylation or oth-
er epigenetic modifications in DNA are related to non-dissociation. Meth-
ylation and chromatin changes may be related to recombination, telomere
length, and possibly replication timing. Chromosome structure, centromere
and telomere sizes/stability are probably crucial for proper pairing and seg-
regation of chromosomes in meiosis. This may not necessarily be related to
aging. However, there may also be another factor that somehow contributes
to the risk. Non-separation causes abnormalities in the number of chromo-
somes that often lead to pregnancy loss. Some women appear to be predis-
posed to trisomy. However, environmental harmful factors such as nicotine,
mobile phone and harmful rays can cause numerical chromosome damage.
Little is known about the cause of non-separation in human reproduction.
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Although there are many important studies in this field of inseparability and
aneuploidy, definitive proof of a direct cause of inseparability has not yet
been fully revealed.
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