Distribution Agreement

In presenting this thesis or dissertation as a partial fulfillment of the requirements for
an advanced degree from Emory University, I hereby grant to Emory University and
its agents the non-exclusive license to archive, make accessible, and display my thesis
or dissertation in whole or in part in all forms of media, now or hereafter known,
including display on the world wide web. I understand that I may select some access
restrictions as part of the online submission of this thesis or dissertation. I retain all
ownership rights to the copyright of the thesis or dissertation. I also retain the right to

use in future works (such as articles or books) all or part of this thesis or dissertation.

Signature:

Igor Albizua Date



Telomere length: implications on the risk for chromosome 21
nondisjunction in oocytes

By
Igor Albizua
Doctor of Philosophy

Graduate Division of Biological and Biomedical Sciences
Program in Population Biology, Ecology and Evolution

Stephanie L. Sherman, Ph.D.
Advisor

Karen Conneely, Ph.D.
Committee Member

William Kelly, Ph.D.
Committee Member

Katie Rudd, Ph.D.
Committee Member

Michael Zwick, Ph.D.
Committee Member

Accepted:

Lisa A. Tedesco, Ph.D.
Dean of the James T. Laney School of Graduate Studies

Date



Telomere length: implications on the risk for chromosome 21
nondisjunction in oocytes

By

Igor Albizua
B.Sc., University of Basque Country, 1998
M.Sc., University of Basque Country, 2000

Adpvisor: Stephanie L. Sherman, Ph.D.

An Abstract of
a dissertation submitted to the Faculty of the James T. Laney School of Graduate Studies

of Emory University

in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

in
Graduate Division of Biological and Biomedical Sciences
Program in Population Biology, Ecology and Evolution

2013



Abstract

Telomere length: implications on the risk for chromosome 21
nondisjunction in oocytes

By Igor Albizua

Trisomy 21, the chromosomal abnormality responsible for Down syndrome (DS), is a
complex condition with many characteristic symptoms as well as an increased risk for
numerous congenital anomalies. Previous studies estimated that 93% of DS cases result
from a chromosomal error during the generation of the oocyte, with maternal age being
the best known risk factor of chromosome 21 nondisjunction. An altered recombination
profile, as defined by the number of recombinant events and their location along
chromosome 21, has been recognized from detailed analysis of nondisjunction events.
Telomeres are specific repetitive DNA sequences formed by 6 nucleotides (TTAGGQG),
and its complementary sequence (AATCCC), found at the end of chromosomes. The loss
of these sequencing and the concomitant shortening of chromosomes are considered a
genetic marker for aging.

In our study, we first test the hypothesis that mothers of children with DS have shorter
telomeres than mothers of euploid children. In effect, our hypothesis suggests that
mothers of children with DS will appear “biologically older” as compare to the mothers
of euploid children. We developed and applied a quantitative PCR assay to measure the
genome-wide relative telomere length in order to test this hypothesis. We also test the
relationship between relative telomere length and absence of recombination, a known risk

factor for chromosome 21 nondisjunction during the first meiotic division of the oocyte.



Our data support telomere length as a biomarker of age and hence nondisjunction. We
also found a relationship between maternal shortened telomeres and lower levels of
recombination in the nondisjoined chromosome. This result suggests that telomere length
may also be a biomarker for abnormal telomere functioning during the formation of the

oocyte.
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Chapter 1: Introduction

Down Syndrome

The history of Down Syndrome (DS) goes back to the 19" century. In 1866, Dr. John Landon
Down published his paper Observations on an Ethnic Classification of Idiots where based on the
phenotypic characteristics such as broad, flat face, slightly slanted eyes and rough thick tongue

(1), he described people with DS as “Mongolian idiots”.

Dr. Langdon Down not only described the physical characteristics of these individuals, he was
also the first to describe the cognitive aspects of what is nowadays known as DS. Dr. Down also
suggested that the syndrome had its origin in early development and never after the baby was
born. The amazing part of this hypothesis comes from the fact that he proposed it without any

knowledge of the genetic discoveries of Gregor Mendel in 1866.

This hypothesis about the uterine origin of the syndrome was later confirmed by many studies.
Dr. Halbertsma (2) studied two identical monozygotic twins and 15 non-identical dyzogotic
twins. He observed that while monozygotic twins shared the phenotype, the dizygotic twins did
not. This led him to conclude that the DS had a fetal origin and confirmed Dr. Down’s

hypothesis from 1866.

It was not until 1956 that, thanks to the development of new techniques that allowed researchers

to observe condensed chromosomes inside a cell, Tijo and Levan were able to observe that
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normal somatic cells contained 23 pairs of chromosomes (3). Using this same technique, in 1959
Lejeune et al. discovered that people with DS had an extra copy of the chromosome 21 in their

karyotype confirming for the first type the molecular origin of the DS (4).

Nowadays we know that individuals with DS are affected by symptoms that range from mild to
severe. Some are common while others are more variable. Some of the common symptoms are
intellectual disabilities, hypotonia, abnormalities of the face, hands and feet. Regarding the
variable ones, about half of children with DS are born with heart defects, including atrial septal
defect, ventricular septal defect, and atrioventricular septal defects. Children with DS also have
an increased risk for certain types of leukemia, which can also cause early death. Adults with DS

also have an increased risk for dementia.

Epidemiology of Down syndrome

In 2010, a large population-based study by Parker et al, estimated the prevalence of DS at
14.47 per 10,000 or one in every 691 live births (5) but it is worth mentioning that nearly 80% of

trisomy 21 conceptuses are lost prior to term as a result of spontaneous abortion (6).

Canfield et al. (7) discovered different rates of DS incidence between different races or ethnic
background in the U.S. For example, non-Hispanic black mothers showed a decreased
prevalence of children with DS (OR 0.77, 95% CI 0.69-0.87) while Hispanic mothers showed an
increased prevalence of children with DS (OR 1.12, 95% CI 1.03-1.21) when compared to non-

Hispanic white mothers. There have been many studies that have tried to explain these
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differences based on genetic, environmental, cultural or socioeconomic factors but none of these

factors seem to provide conclusive evidence (7-9).

For many years, researchers have been focused in two important aspects of DS. On one side, a
lot of research has been done trying to understand the factors that may predispose an embryo to
have DS and on the other side, many researchers have focused on understanding the molecular
origins of this chromosomal aberration. Nowadays we know that trisomy can arise from 3
different types of chromosomal errors: 1) complete trisomy 21 or three independent
chromosomes 21, 2) chromosomal translocations of chromosome 21, and 3) mosaic trisomy 21

where some cells are euploid while others have an extra chromosome 21.

Nowadays we can determine the type of nondisjunction error that gives rise to the trisomy 21.
Thanks to the use of polymorphic markers we can see if the error happened during the formation
of the gametes or if it was a post-zygotic error. In case the error was during the formation of the
gametes, we can also determine if it occurred during the formation of the spermatocyte (paternal
error) or during the formation of the egg (maternal error). Results from the National Down
Syndrome Project (NDSP) showed a striking distribution of the origin of the trisomy. Out of 800
families genotyped, in 93% of them the error had a maternal origin while only 4% of them had a
paternal origin with the rest having a post zygotic origin (11). Among the maternal
nondisjunction cases, 75% of cases occur during the meiosis I (MI), while 25% occur during the
meiosis II (MII). It is important to mention that some of these MII errors, may have originated

during M1, but they look like MII errors (10-12).
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A lot of research has been done focusing on the possible risk factor leading to nondisjunction and
so far, the most important risk factor identified is maternal age. Already in 1933, Dr. Penrose
showed that mothers older than 35 had an increased risk of having a child with DS (13-14). Later
research showed that this increased risk is only seen in cases where the trisomy is caused by a
maternal error not in cases of paternal origin (15-20). The maternal age influence applies to both
MI and MII maternal errors but the increased risk for MI errors starts at around 35 years of age

but for MII errors starts a bit later at around 38 (21).

After maternal age, the second most important risk factor involved in maternal chromosome 21
nondisjunction is altered recombination along the nondisjoined chromosome 21. There are three
chiasmate configurations where risks were identified. If there is no recombination on
chromosome 21, there is an increased risk of nondisjunction during meiosis I (22-23). If there is
a single telomeric exchange, there is also an increased risk of nondisjunction during meiosis I
while an exchange close to the centromere increases the risk of nondisjunction during meiosis II

(24-25).

Female meiosis and human oogenesis

More than 90% of DS cases are due to an error in the formation of oocytes leading to one extra
copy of the chromosome 21 present in the egg. As noted above, the age of the egg is an
important risk factor for nondisjunction. Based on these findings, it is important to have a clear
understanding of the specific characteristics that are present during the formation of female eggs

or oogenesis and the female meiosis process that gives rise to them. First, I will review the
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meiosis in general, or the method of gamete formation that is common in egg and sperm. Then I

will review features of meiosis during oogenesis that differ from meiosis in spermatogenesis.

Meiosis is a special type of cell division that produces gametes (haploid cells called sperm or
egg). It is during the first cell division that homologue chromosomes undergo recombination
which helps segregate chromosomes properly while giving rise to new combinations of genes on

each chromosome.

Meiosis starts with the DNA replication. Subsequently, the cell goes through two different types
of divisions that will produce four haploid cells. Meiosis I is where homologous chromosomes
separate giving rise to two haploid daughter cells. This division or meiosis I is called reductional
division because a diploid cell divides into two haploid cells. The second division or meiosis II is
called equational division because in this division, the sister chromatids of each chromosome

separate into two daughter cells.

Each meiotic division consist of four different phases: prophase, metaphase, anaphase and
telophase but the most important phase of all is the prophase of the first meiotic division. This
prophase one is the most important stage because recombination between homologous
chromosomes takes place. Oocytes are then arrested at this stage and remain this way until
puberty where oocytes start maturing each month. In order to understand prophase I in a better

way, we proceed to explain the different sub stages prophase I in a more detailed manner.

During the first stage of prophase I, called leptotene, chromosomes consisting of two sister
chromatids condense and proceed into zygotene. In order for it to be successful and by extension,
in order for mesiosis to be successful, chromosomes need to have functional (long enough)

telomeres. Chromosomes form a structure called bouquet. This name is due to the fact that
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chromosomes cluster at one end of the nucleus and attach to the nuclear envelope through their
telomeres forming a structure that resembles a bouquet. This is important because proper
alignment of homologous chromosomes is essential in order for synapsis to occur. This
alignment of homologous chromosomes is also facilitated by the specific characteristics of each

chromosome with respect to chromosome length and centromere position.

Once the bouquet formation has taken place and homologous chromosomes have aligned to each
other, meiosis proceeds to the pachytene stage. At this point, recombination occurs and non-

sister chromatids of homologous chromosomes exchange homologous DNA fragments.

At the next stage, called diplotene, even though the synaptonemal complex that kept the
chromosomes together degrades, chromosome homologues remain bound by the chiasmata

formed at the exchange sites.

During female meiosis, oocytes remain arrested at this stage until puberty. At that point an egg is
recruited for ovulation and starts through the maturation process. Once an egg matures, it goes
through the last sub stage of the prophase I which is called diakinesis. At this point, chiasmata
formed previously are clearly visible as well as the four chromatids of the homologous

chromosomes.

The next step in MI is metaphase I where homologous chromosomes move, or congress, to the
metaphase plate. One of the most important characteristics of this stage is the random orientation
of chromosome bivalents along the metaphase plate. This process ensures that non homologous

chromosomes are pulled to each pole of the cell in a random manner.
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During anaphase I, kinetochore microtubules shorten and pull homologous chromosomes apart.
This produces 2 haploid sets of chromosomes. Chromosomes are still formed by a pair of sister
chromatids that stick together due to the centromere cohesin complex. Telophase is the last stage
of prophase I. At this point, chromosomes move to the poles and now each of the two daughter
cells contain a haploid set of chromosomes, hence the name reductional division that is given to

meiosis [.

Both daughter cells proceed now to meiosis II which is sub divided again into different stages.
During prophase II, chromosomes consisting of two sister chromatids, condense and the nuclear
envelope disappears. At this point, centrioles play a central role in the next stages. During
prophase I, centrioles move to the poles and help to pull the chromatids apart during the next
stages. During the metaphase of the meiosis I, centromeres containing two kinetochores attach
to the centrioles through spindle fibers. During anaphase I, sister chromatids are pulled apart to
the poles. Lastly, during telophase II, new nuclear envelopes and cell wall formed in order to

produce 4 haploid daughter cells.

In my thesis, I focused on maternal nondisjunction because it leads to the vast majority of
chromosome aneuploidy in humans. To help identify possible risk factors, it will be necessary to

further explain female meiosis to provide the context in which these errors are occurring.

Apart from the fact that during oogenesis, oocytes remain stalled at prophase I as we explained
before, one of the main characteristic that makes oogenesis unique when compared to
spermatogenesis is the fact that females are born with a set number of oocytes. In other words,
females cannot increase or maintain their number of oocytes during their adult life unlike males,

who produce spermatocytes all through their adult life.
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Lastly, it is important to mention that while the end product of spermatogenesis is four haploid
cells or spermatocytes, the end product of oogenesis is only one haploid cell that has the
potential to be fertilized and three polar bodies that are discarded. One of the polar bodies is
produced at the end of the meiosis I. Once the meiosis I is restarted, the end product of this
reductional division is a functional germ cell or secondary oocyte that will go through meiosis II
and one polar body that is discarded. This secondary oocyte goes through meiosis II until
metaphase II. It remains arrested in this stage until fertilization occurs. If fertilization occurs, this
secondary oocyte goes through the rest of meiosis II and produces a functional egg and another

polar body.
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Telomeres

Background

Between 1975 and 1977, Dr. Elizabeth Blackburn at Yale University discovered the structure of
telomeres and its specific repetitive DNA sequence formed by 6 nucleotides (TTAGGG) and its
complementary sequence (AATCCC). In 2009, Elizabeth Blackburn, Carol Greider, and Jack
Szostak were awarded the Nobel Prize in Physiology or Medicine “for the discovery of how

chromosomes are protected by telomeres and the enzyme telomerase.”

Function and Structure

As stated before, telomeres are repetitive and noncoding sequences of DNA formed by 6
nucleotides and their complementary bases TTAGGG/CCCTAA. These repeats are located at the
end of the linear chromosomes and provide an excellent way to protect the ends of the
chromosomes (26) as it is shown by the fact that these sequences are extremely conserved from
an evolutionary point of view with little variation in the repeat sequence. While all vertebrates
maintain the same six bases, plants (TTTAGGG), insects (TTAGG) or worms (TTAGGC) have

a sequence with very small variation.

Also from an evolutionary point of view, it is important to consider the consequences of the
transition from circular to linear chromosomes. This change had a huge impact on the genome
stability of linear chromosomes due mainly to two reasons. The first one is the “end replication

problem” due to the loss of nucleotides at the 5’ end of the lagging strand during the
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semiconservative DNA replication. The second problem arises from the fact that the end of the
linear chromosomes should not be recognized as a double strand break (DSB). Here is where
telomeres come into play: their repetitive sequences and protein-DNA complexes work to
maintain the chromosome ends and protect them from the DNA repair machinery. We will
describe both phenomena in more detail and describe how telomeres help reduce the associated

outcomes.

The “end replication problem” is due to characteristics of linear chromosomes and to the
enzymes that are involved in their replication. During the DNA replication, DNA polymerase
can only add nucleotides in the 5°-3” direction. This creates a leading strand and a lagging strand.
In the lagging strand, DNA replication occurs with the formation of the Okazaki fragments. The
reduction in telomere sequence occurs with the removal of the RNA primer from the terminal
Okazaki fragment on the lagging strand. This results in incomplete copying of the terminus of
that strand, consequently leading to a shorter template for copying in the next round of DNA

synthesis.

The solution to this problem in humans comes from the presence of a specialized enzyme called
telomerase. The efficiency of this system relies on the nature of this reverse transcriptase
enzyme. Telomerase synthesizes a G-rich 3’ extension composed of TTAGGG at the end of the
chromosome thanks to that fact that it carries its own RNA template. The complementary
sequence to this extension, AATCCC, is synthesized by DNA polymerases in a normal semi

conservative way.

Telomerase elongates telomeres during development in order to allow the cells to go through

several rounds of future replications. Telomerase then becomes inactive in somatic cells. With
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each cell division, telomeres become shorter until they reach a critical length that leads the cell to
apoptosis. In other words, telomeres represent a temporary solution to the end replication
problem, but without them to buffer the loss of DNA, chromosomes would get progressively

shorter giving rise to chromosome fusions and genomic instability.

The second problem relates to the fact that the ends of linear chromosomes could be recognized
as double strand breaks by the DNA repair machinery. Telomeres fix this adopting a structure
called “t-loop” with the use of several telomere binding proteins. An unknown nuclease
generates a G-rich overhang at the end of the chromosomes after DNA replication. This

overhang has a length of 50 to 300 nucleotides (27).

In order to form a closed structure that avoids the problem of being recognized as a double strand
break, chromosomes fold back on themselves, the double DNA strand opens up to allow the G-
overhang to find its complementary sequence on the C-rich strand, forming the structure called

“t-loop”.

There are several proteins that collaborate on the formation of the “t-loop”. These proteins are
part of a complex called “shelterin complex”. Six proteins in total take part in the stabilization of
this structure: Telomeric Repeat-binding Factors 1 and 2 (TRF1 and TRF2) bind the double
strand part of the telomere and TRF1-interacting nuclear protein 2 (TIN2) acts as a link between
TRF1 and TRF2. On the other side, protection of telomeres 1 (POT1) binds single stranded DNA
and TIN2- and POT I-interacting protein (TPP1) links TIN2 and POT1. Finally, the repressor and

activator protein 1 (RAP1), interacts with TRF2 (27).
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Telomere shortening

Telomeres get shorter as a consequence of cell division and after several rounds or cell division
and DNA replication, telomeric repeat length reaches a point that makes telomeres no longer
functional. The consequence of this is genome instability, or replicatve senescence of the cell
death, as it can no longer divide. In other words, telomere shortening provides cells with a set of

number of division that they can go through after which the cell dies.

There are different theories that try to explain the implications that telomere shortening and
replicative senescence have for an organism. While the blocking of cell division due to
replicative senescence is important in the prevention of genomic instability and cancer, there are
other studies (28) that suggest that shortened telomeres may impair immune function. As a result,
rates of cancer may increase because cells become immortalized by telomere extension due to

the activation of telomerase or through ALT pathways.

Several authors have also argued about the importance of the telomere length. They suggest that
short telomeres are an indicative of poor health and aging (28). Thus, we should expect to see a
selection in favor of long telomeres. In 2002, a study suggested (29) that having longer telomeres
could cause an increased susceptibility to cancer. However a review in 2011(28) points out that
shorter telomeres and the inactivation of the enzyme telomerase are often associated to higher
rates of cancer and thus inconsistent with the previous hypothesis. The author points out that this

increased risk normally happens late in life and at this point natural selection influence is low.

As we explained before, telomerase is the enzyme responsible for telomere restoration but its
activity level is low or undetected in somatic cells. On the other hand, it has a higher level

activity in embryonic or adult stem cells and germ line cells (30), though there are differences
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between male and female germ cells. For example, Liu et al. (32) established different activity
levels for telomerase depending on the type of cell and the moment during the development
process. During embryo development, telomerase activity peaks at blastoderm stage and then is
almost undetectable at most somatic cells once the embryonic development is complete. For our
research is also important to mention that telomerase activity is low in mature oocytes. This
makes oocytes susceptible to telomere shortening through oxidative processes, especially if we

consider that oocytes do not divide and wait from 13 to 50 years to mature.

Understanding these differences in telomerase activity and telomere dynamics is nowadays a
very active field of research. As pointed out by Lansdorpt in 2008, “the differences in telomere
dynamics between germ cells and somatic cells, and among different types of somatic cells, are

still poorly understood” (31).
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Summary

In summary, chromosomal aneuploidy is the leading cause of fetal death in humans and thus the
leading cause of miscarriages in women. Around 35% of spontaneous abortions have too many
or too few chromosomes, with trisomies accounting for 50% of the abnormal abortions (33). Our
laboratory focuses on the nondisjunction of chromosome 21 and for the past several years we
have focused on several factors that affect the risk of nondisjunction. These factors include
maternal age, number and location of recombination events and environmental factors such as

maternal folic acid supplementation, smoking, and social economic status.

In 2004, Liu et al. (34) working with telomerase knock out mice showed that shortened
telomeres of 4™ generation mice had impaired meiotic synapsis and decreased recombination in
females. They also observed that male germ cells with dysfunctional telomeres went through
apoptosis thanks to a check point on the spermatogenesis process that differentiated viable and
non viable germ cells. On the other side, female germ cells go through meiosis until they arrest at
prophase 1. These data suggest the presence of surveillance mechanism for telomere shortening

in males but not in females.

They also showed reduced recombination rates in meiocytes with shortened telomeres from late
generation telomerase deficient females as well as impaired chromosome alignment at the
metaphase plate. These results lead them to argue that functional telomeres, or in other words
telomeres that have a functional length, are important in mammalian meiotic synapsis and
recombination. They suggest that this could be the cause of the increased frequency of

metaphase chromosome misalignment and spindle disruption that they noted in their studies (35).
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In this project, we are interested in the variability of telomere loss and its association with
chromosome segregation. As mentioned before, telomeres get shorter with each cell division.
Although the loss due to the “end replication problem” is estimated to be less than 10 base pairs
per replication in human cells, this loss can be greater with an observed loss between 50-200

base pairs per division in some individuals (36).

With respect to a more specific cell like the oocyte, Keefe et al. in 2007 (37) made a very
interesting point. As he mentions, mature oocytes do not divide, so it is intuitive to think that
replicative sensescence would not play a role in oocytes. However, we need to consider that
female germ cells actually divide during fetal life before entering meiosis. At the same time,
according to some studies (38, 39), the first oocytes formed during fetal oogenesis are the first to
ovulate in the pubertal female, and the last oocytes formed are the last to ovulate. This is what is

called “the production line theory” of oocyte formation and maturation.

Another factor to take into consideration is the telomerase activity in oocytes. It has been shown
that telomerase activity is low or undetectable in oocytes and late preimplantation embryos (40).
We also know that oxidative processes in the cells due to cellular metabolism contribute to
shorten the telomeres and oocytes can suffer these processes for a long time, up to 45-50 years
before they mature. These two factors provide an explanation for the “two hit” model of aging on
the female reproductive system, one of this two hits occurring during fetal life and the other one

during the adult life.

The variation in telomere loss is not well understood. Oxidative stress is thought to be one of the

main factors involved (41). This is due to the fact that telomeric DNA is much more susceptible
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to oxidative damage than non-telomeric DNA, at least partly due to the high guanine content

(42).

We plan to examine telomere length in the context of the other risk factors that we have
identified. With our research, we hope to obtain results that will bring insight into the

mechanisms that ultimately affect the risk of nondisjunction of chromosome 21.
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Chapter 2: Methods development to determine telomere length

Sample Description

Our study examined maternal telomere length as a risk factor for trisomy 21. In order to do this,
relative telomere lengths for case and control mothers were obtained from DNA extracted from
blood. The majority of blood samples were obtained previously to study the causes and
consequences of trisomy 21 (21, 43). Cases were defined as mothers who had an infant with
trisomy 21 due to a maternal nondisjunction error (n=404). Controls were defined as mothers
who had an infant with trisomy 21 due to a paternal error or a post-zygotic mitotic error (n=24).
The assay used to define the type of nondisjunction error is described below. A random sample
of mothers who had an infant without trisomy 21 (n=18) were obtained from the general
population as controls. For these controls, we do not have data on recombination and
environmental exposures. For cases and controls, their blood sample was required to have been

drawn within 5 years of the birth of the index case.

Determination of Type of Nondisjunction Error

In order to be able to determine the type of nondisjunction error, our lab genotyped different
STR markers on chromosome 21 in the proband, mother and father. In order to read a more

detailed description of the method, please see Oliver et al. (44, 45).

To be able to determine the parental origin of the extra chromosome 21 in the proband we looked
for at least two informative markers that matched the maternal or paternal alleles. Once the

origin of the extra chromosome was determined, the next step was to figure out the type of
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meiotic error that gave rise to the trisomy. That is, we wanted to determine if the error had
happened during meiosis I or meiosis II. In order to do this, the markers that we used were
located in the pericentromeric region of chromosome 21q, more specifically, between the
13,615,252 base and 16,784,299 base. When we analyzed the markers in the proband, if we
observe parental heterozygosity, we concluded that the nondisjunction error had happened during
meiosis L. If the markers showed homozygosity, we concluded that the error happened during the

equational division of the meiotic process.

One of the caveats of our method to determine the type of meiotic error is that sometimes, we
cannot distinguish perfectly some of the meiotic errors. For example, it could happen that even if
the error happened during meiosis I when homologous chromosomes do not segregate properly,
then they may go through a correct meiotic II division but we would only see the sister

chromatids in the oocyte.

Determination of Recombination Profile

Determination of the recombination profile in chromosome 21 was done following Oliver et al.
(2008) (44). We know that some specific patterns of recombination, like for example, absence of
recombination on chromosome 21, represent a risk factor for nondisjunction. We will analyze the
recombination profile along chromosome 21 and telomere length with respect to nondisjunction
of chromosome 21. In order to do that, we characterized the recombination profile on the
nondisjoined chromosome 21 in the case mothers. We used both STRs and SNPs that are specific
of chromosome 21. The details of the genetic markers and the genotyping quality control
measures are provided in Oliver et al. (2008) (44). The location of the recombinant event was

based on the changes from nonreduction (N) to reduction (R) or vice versa. For example, if we
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observed NNNNRRRRRR, we would determine that a single medial recombinant event has

occurred located at the change from N to R.

As a quality control, before considering a change from nonreduction to reduction as a definite
recombination point, we looked for at least one informative STR or eight informative SNPs
surrounding the recombination point. In those cases where the recombinant event was
determined by the most proximal or distal marker, we only needed one informative STR or four

SNPs in order to validate it.

In cases of double recombinants the same rules applied regarding the numbers of STR or SNPs

needed to validate the recombinant events.

Determination of Telomere Length

We used DNA extracted from blood samples to measure relative telomere length according to
the method by Cawthon et al. (2002) (46). This qPCR method has several advantages over
previous published methods such those using Southern blots. Southern blots generally require
large amounts of DNA between 0.5 to 5 pug of DNA per individual. It has also been observed that
the terminal restriction fragment length in individuals can vary as much as 5% depending on the
restriction enzymes used. This variation can probably be explained by the presence of restriction

site polymorphism that could affect the results.

This could affect the result of comparing inter-individual variation in the mean length of the
telomeric repeat sequence. On the other hand, quantitative PCR provides a much faster method

and more importantly, it is a way that allows us to obtain reproducible estimates of relative
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telomere length using a very small amount of DNA as it requires much less DNA, using as little
as 30 ng of DNA. This is obviously a great advantage as it allows us to maximize the value of

our DNA samples, many of which are impossible to replenish.

We optimized the method outlined in Cawthon 2002 with some small modifications. Briefly, two
master mixes of PCR reagents were prepared, one with the telomere (T) primer pair and the other

with the single copy gene (S) primer pair.

The choice of the single copy gene (S) is important, as pointed out by Cawthon, as “the number
of copies of S per cell that are effectively PCR-amplified must be the same in all individuals
being studied in order for the relative T/S ratios to reflect relative length differences in telomeric
DNA.” Similar to Cawthon, we used 36B4 gene as a single copy gene, which encodes acidic
ribosomal phosphoprotein PO and is located on chromosome 12 (47). This gene was tested and

shown to meet all the requirements (46).

Following Cawthon 2002, the composition of telomere (T) and single copy gene (S) PCRs
master mixes were identical except for the oligonucleotide primers. The final concentrations of
reagents in the PCR were 0.16x Sybr Green I, 15 mM Tris—HCI pH 8.0, 50 mM KCI, 1.5 mM
MgCl,, 0.16 mM each dNTP, 5 mM DTT, 1% DMSO and 1.25 U AmpliTaq Gold DNA
polymerase (Applied Biosystems). The final telomere primer concentrations were: tel 1, 216 nM;
tel 2, 720 nM. The final 36B4 (single copy gene) primer concentrations were: 36B4u, 240 nM;

36B4d, 400 nM. The primer sequences were as follows:

TEL 1: 5° - GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT -3’

TEL 2: 5° - TCCCGACTATCCCTATCCCTATCCCTATCCCTATCC-CTA -3’
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36B4u: 5° - CAGCAAGTGGGAAGGTGTAATCC -3’

36B4d: 5° - CCCATTCTATCATCAACGGGTACAA -3’

All PCRs were performed on the Bio-Rad CFX96 real-time PCR detection system. The thermal
cycling profile for both PCRs began with a 95°C incubation for 10 min to activate the AmpliTaq
Gold DNA polymerase. For telomere PCR, there followed 26 cycles of 95°C for 15 s, 54°C for 2
min. For 3684 PCR, there followed 32 cycles of 95°C for 15 s, 58°C for 1 min. BIORAD
software was used to generate the standard curve for each plate and to determine the dilution

factors of standards corresponding to the T and S amounts in each sample.

In more detail, two PCR reactions were performed for each experimental sample, one for a single
copy gene and another one to measure the quantity of telomere repeats. The first PCR reaction
measured the single copy gene relative quantity. The results for each sample were compared to a
standard curve that was generated using a randomly chosen sample. This gave us a relative
quantity of the single copy gene for each experimental sample. In the second PCR, the same
procedure was followed to measure the relative quantity of telomere repeats for each sample.
After this, the ratio of these two PCR results for each experimental sample was defined as the

relative telomere to single copy gene (T/S) ratio.

We conducted two replicates on each sample to control for experimental variation. For example,
two identical aliquots of the DNA sample were added to plate 1 to assay telomere repeat copy
and another two aliquots were added to the same well positions in plate 2 to assay the single
copy gene. For each standard curve, one reference DNA sample was diluted serially to produce 5

total amounts of DNA ranging from 20 to 1.25 ng.

32



For quality control, the efficiency of the PCR reaction and the r-square value of the regression
line created by the standard dilutions were examined for each reaction. The efficiency of the
PCR reaction measured by the threshold cycles of the standard dilutions used to create the
regression line had to be between 90% and 110% and the r-square value of the regression line
had to be no less than 0.98 (Fig.1, 2). If any of these parameters were not met, the entire PCR for
the plate was repeated. This provided us a measure to control the quality of the PCR reaction as a
whole. We also applied a quality control to each of the duplicates run for each sample. The
duplicate values for each sample could not have a threshold cycle value of more than 0.3 cycles
apart. If this parameter was not met, both the T PCR and the S PCR for that sample were

repeated.
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Chapter 3: Telomere length as a biomarker for maternal age and

nondisjunction

Telomere length and chromosome 21 nondisjuntion

Using the study sample outlined in Table 1, we first sought to confirm the negative relationship
between telomere length and maternal age. Indeed our results indicated a statistically significant
association of T/S ratio measured by quantitative PCR and maternal age in both controls (N=42,
Figure 3) and all maternally-derived nondisjunction cases (N=404) (Table 2). As our further
analyses required maternally-derived nondisjunction cases to be defined by stage of origin and
recombination profile, we ran the above analysis on the subset of cases that were informative for
both variables (N=241) to confirm the association of maternal age on T/S ratio. In this select
group, we found the same statistically significant association between T/S ratio and maternal age
(Table 2). This suggests the selected cases on which we conducted further analyses were

representative of the overall group of maternal errors.

In our next set of analyses, we stratified maternally-derived errors based on the stage of the error,
namely MI or MII. We first examined the mean T/S ratio by maternal age group, as defined in
Ghosh et al. (2010), to provide a comparison of the pattern of the mean telomere length by age
for the two studies (Table 3). We note that a direct comparison cannot be made, as each study
used a different measure of telomere length. Irrespective, differences between studies were
observed. First, Ghosh et al. did not observe a difference in mean telomere length among

younger women from the different meiotic outcome groups whereas we observed shorter
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telomere lengths in MI and MII error groups compared with controls. Because our sample sizes
were small in the youngest group of women, we collapsed the two younger age groups and
compared the means of women less than 35 years. We found that T/S ratio among controls
(mean=1.90, SD=0.78) was significantly greater than MI error cases (mean=1.61, SD=0.39,
p<0.01) and greater than MII error cases (mean=1.51, SD=0.4, p=0.02). There was no difference
in mean telomere length between MI and MII error groups (p=0.24). In addition, we found no
difference in the mean T/S ratios among controls vs MI (p=0.41) and controls vs MII (p=57) in

the older age group (=35 yrs).

We then conducted regression analysis to examine the effect of maternal age on telomere length
over the entire maternal age range (continuous variable). We found that there was a significant
decrease in T/S ratio by maternal age among controls and MI errors, but not MII errors (Figure
3-6, respectively; Table 2). To determine whether the magnitude of the decrease in T/S ratio by
maternal age differed among the meiotic outcome groups, we conducted a joint regression
analysis that included an interaction term for maternal age by meiotic outcome group for the
following datasets: MI and controls, MII and controls, and both MI and MII. For both MI and
MII errors, the influence of maternal age on the T/S ratio differed significantly from controls, as
indicated by a statistically significant beta coefficient for the interaction terms (Figure 6, p=0.03
and p=0.02, respectively). The interaction term was not statistically significant when MI and MII

errors were examined together (Figure 6, p=0.39).
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Telomere length and recombination along the nondisjoined chromosome

We then examined the effect of altered recombination patterns along the nondisjoined
chromosomes 21 on the T/S ratio adjusting for maternal age. For MI nondisjunction, absence of
recombination is a significant risk factor (44); thus, we defined a predictor variable as
chromosomes with no detectable recombination vs those with at least one recombination event
(referent group). We found a statistically significant association between the absence of
recombination on chromosome 21 and telomere length after adjusting for maternal age (p=0.02).
Among MI errors, those with no recombination had T/S ratios that decreased more rapidly across

maternal age than those with recombination (Figure 7).

In addition to the lack of recombination, having a single telomeric recombinant event is also an
established risk factor for MI nondisjunction. It is hypothesized that this single distal exchange
leads to a sister chromatid cohesion complex that is too limited to stabilize the bivalent or that
the event is too far from the kinetochore to aid in the attachment of chromosomes to the meiotic
spindle during MI (44,48-51). To examine whether this pattern is associated with telomere
length, we included the predictor variable defined as having a single telomeric recombination vs
having a single non-telomeric recombination (referent group). Among MI cases, there was no
evidence that this recombination phenotype had an association with the T/S ratio adjusting for

maternal age (p= 0.26), however our sample size was limited for this analysis (Table 4).

Lastly, recombination near to the centromere is a significant risk factor for MII errors,
irrespective of the number of recombinants along the nondisjoined chromosome (45). We

examined this pattern vs having non-pericentromeric recombination (referent group) and found
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no evidence for an effect on the T/S ratio (p= 0.22). Again, it is important to note the small

sample size (Table 4).

Statistical Analysis

As stated above, we defined case mothers as those with maternal errors. Control mothers
included mothers of probands whose trisomy 21 was due to paternal errors or post-zygotic
mitotic errors and mothers of a child without trisomy 21. We first examined T/S ratios by
maternal age using scatterplots stratified by meiotic outcome group (MI errors, MII errors and
controls) We then used linear regression models to examine the effect of maternal age, type of
nondisjunction error and recombination profile on T/S ratio. We conducted analyses separately
for each meiotic outcome group. We conducted joint analyses to test whether the pattern of
maternal age on T/S ratio across the age span differed by meiotic outcome group by including an
interaction term between meiotic outcome group (MI vs controls, MII vs controls, and MI vs
MII) and maternal age. To study the effect of the recombination patterns, we defined the
predictor variables based on the known recombination-related risk factors for nondisjunction and
conducted separate analyses as follows: 1) among MI errors, we defined those with no detectable
recombination as 0 (n=89) and those with at least one recombination as 1 (n=49); 2) among MI
errors, we defined those with a single, distal recombinant as 1 (n=20) and those with a single
non-telomeric recombinant as 0 (n=20); and 3) among MII errors, we defined those with a

pericentromeric recombinant as 1 (n=19) and those with a non-pericentromeric recombinant as 0

(n=8).
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Table 2 and 4 shows the different sample size for each of each group of samples that were used

in the different linear regression models

Sensitivity analysis:

Our T/S ratios measurements showed four values that were more than two standard deviation
above the mean value: two were from cases and two from controls. We repeated the quantitative
PCR analysis in all samples but obtained the same results for these four outliers. We had no
reason to remove these samples from the analysis but we wanted to address how much these
outliers influenced the results. We ran the same regression analyses with these four samples
excluded. The only results that were affected were those corresponding to the comparison
between controls and MI errors. To determine whether the age relationship with telomere length
differs among MI errors and controls, we tested the significance of the interaction term. The p-
value for this term was brought from 0.03 to 0.1 when the outliers were excluded. We want to
mention that even though the statistical significance of the interaction term was reduced, the

conclusions regarding the biological aging of young mothers in the MI group remained the same.
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Chapter 4: Conclusions and future studies

The effect of advanced maternal age on the risk of having a child with DS was established nearly
80 years ago (13). Thanks to molecular studies, nowadays we know that there is a clear
relationship between increased maternal age and chromosome missegregation specifically in the
oocyte (52-54), and, related to our work, this association leads to a high risk of chromosome 21

nondisjunction (14, 21).

At the same time, several studies in mice (34, 35) and in women (37) have shown the importance
of the relationship between telomeres and the meiotic machinery. These studies helped to
develop the hypothesis that women having a child with DS at a young age may suffered from
accelerated genetic aging in comparison to mothers of euploid children. In other words, they

were “genetically” or “biologically” older.

Later on, in 2010, a study from Ghosh et al. (55) did not support this hypothesis. Instead they
proposed that one possible explanation was that their controls had “decelerated aging” and that

they may have a protective mechanism that kept their telomeres long.

Tease et al. (56) conducted a study on human fetal oocytes and observed that recombination is
disturbed in oocytes with synaptonemal complex (SC) fragmentation or synaptic abnormalities
during meiotic prophase I. They suggested that these errors during recombination may increase
the risk of abnormal chromosome segregation in the pool of oocytes that form the mature ovary

in a female.

Liu et al. (34) showed that telomere characteristics may be related to recombination outcomes.

They showed that shortened telomeres of late-generation (4™ generation) telomerase deficient
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female mice had impaired meiotic synapsis and decreased recombination. They also observed
differences between male germ cells and female germ cells with respect to the outcome of cells
with dysfunctional telomeres. While most male germ cells with dysfunctional telomeres undergo
apoptosis, female germ cells with shortened telomeres are able to enter meiotic arrest. These led
them to think that in order to have a correct synapsis and recombination between homologous
chromosomes, functional telomeres of a correct length were needed. In a previous paper by Liu
et al in 2002 (35) they also observed that it was not the telomerase that influenced chromosome
alignment and spindle integrity but rather, sufficiently long telomeres or in other words,
functional telomeres. They got to this conclusion because they did not see any difference in
chromosome alignment at the metaphase plates of meiotic spindles in first generation telomerase
deficient mice but in fourth generation mice with shortened telomeres the metaphase plates were
completely disrupted. Our lab has focused on recombination-related risk factors and
nondisjunction. Most recently, Oliver et al. (44) characterized the recombination profile of the
extra chromosome 21 in children with DS using chromosome 21 genetic markers (SNPs and
STRs) and confirmed that the number of recombination events and their location were associated
with the risk of chromosome 21 nondisjunction. These results were based on 615 MI and 253
MII cases stratified by maternal age. For MI errors, they found two associations. First, they
found that the absence of recombination represents a risk factors associated with nondisjunction
of homologous chromosomes during MI. They hypothesized that this risk factor would have the
same influence on homologue segregation, irrespective of the age of the oocyte (i.e., maternal
age). If true, they would expect to observe the proportion of the MI errors with no recombination
to be highest in the youngest age group of women with such errors. Authors confirmed this

hypothesis as they saw an increase in cases with zero recombinant events among the young
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versus middle age groups, but they did not find statistical significance when they compared other
age groups. Thus these data suggest that absence of an exchange increases the risk for
nondisjunction irrespective of age of the oocyte. They also found that a single telomeric
exchange increased the risk for nondisjunction at MI and, again, that this risk did not depend on

maternal age.

The association of recombination with MII errors differed from that at MI. With respect to
meiosis II errors they suggested that the presence of a single exchange within the pericentromeric
region of 21q interacts with maternal age-related risk factors. This observation could be

explained in two ways:

1) A pericentromeric exchange increases the susceptibility to maternal age risk factors, or

2) A pericentromeric exchange may help homologous chromosomes segregate correctly during

meiosis I but it does not help sister chromatids to do the same during meiosis II

In 2010, Ghosh at el. (55) reported the possible relationship between telomere length in mothers
who had a child with DS and the risk of nondisjunction. They compared a group of 75 mothers
of euploid children to a group of 75 mothers of children with DS. They genotyped the 75 case
mothers and were able to separate them into MI and MII errors. They found that younger women
among the different meiotic outcome groups did not differ with respect to their telomere length.
However they did find that telomeres among both MI and MII case mothers were shorter in the
older age groups compared with controls, especially MII case mothers. They concluded that
based on these data they could not support previous studies that suggested that younger women
who have babies with DS are ‘biologically older’ than their chronological age. Instead, their
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findings suggest that older mothers who have babies with DS are “biologically older than

controls who have euploid babies at the same age”.

Our study took advantage of a larger sample size of mothers with MI and MII errors in order to
confirm or refute the association between telomere length, maternal age and the risk of
nondisjunction of chromosome 21. Our first goal was to confirm a negative relationship between
telomere length and age, as pointed out by previous studies (57-59). Indeed, our results indicate a
statistically significant association of T/S ratio measured by quantitative PCR and maternal age
in both controls (N=42) and all maternally-derived nondisjunction cases (N=404)(Table 2). Our
results suggest that controls show longer telomere length in younger women compared to
younger women with maternally-derived errors. These results support the hypothesis that oocytes
with a nondisjoined chromosome 21 may represent a biologically older ovary compared with
those resulting in a meiotically normal outcome. Previous studies in mice would support this

hypothesis (34, 35, 60).

We further examined the pattern of the association stratified by MI and MII error groups. There
was a significant association between telomere length and age in the MI error group, but we did
not observe it among the MII error group (Table 2). The MII error group shows the shortest
telomere length in young women compared with controls and MI errors (Tables 2, 3). This result
suggests that MII mothers are “biologically” older than women of the same age in the control or
MI groups. Although the sample size is small for the MII error group, we did not observe the

significant decrease in telomere length by age as did Ghosh et al. (55).

We have considered several possible explanations for the different findings between our study

and that of Ghosh et al. First of all, our sample sizes for MI and MII cases were larger than that
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in Ghosh’s study (48 vs 190 MI cases, 27 vs 51 MII cases), although our sample of controls was
smaller (42 vs 75). Also it is important to mention that while our control samples size was
smaller than that in Ghosh’s study, our controls had a continuous decline in telomere length with
age as expected. However, the controls in Ghosh’s study did not show that same decrease in the
oldest age group. Thus, some differences in findings may be due to limited sample sizes. Another
technical issue may be the use of different assays to assess telomere length, although both
technologies have been shown to provide comparable results (46). Lastly, there are now many
studies suggesting that telomere length is affected by environmental exposures (61, 62).
Differences in the environment of among women representing the U.S. and those from Kolkata,

India may explain the different observed age-related patterns in telomere length.

Assuming that our results are representative of the women in the different meiotic outcome
groups, we draw the following conclusions. First, our data show that younger women with MI
and MII errors have significantly shorter telomeres than controls. These data suggest that women
with nondisjunction errors in this younger age group are “biologically” older than controls,
especially for those with MII errors. Thus telomere length may serve as a biomarker of risk for
nondisjunction in this chronologically younger age group. As maternal age increases, the
difference in telomere length among the meiotic outcome groups becomes smaller (Figure 6).
Interestingly, the regression lines for maternal age on T/S ratio all converge around 35-37 years
of age. This is the age where the risk for nondisjunction of chromosome 21 changes from a linear
increase to an exponential increase (21). Of the two types of errors, the MII mothers appear to be
the biologically “oldest” group with a T/S ratio significantly smaller at young ages compared to
controls and with no evidence of a decrease with maternal age. It is important to note that we do

not have longitudinal data, that is, we do not have several measures on relative telomere length
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for each of the women in the study over their life span which makes it difficult to argue that the
decline in telomere length was different in control mothers versus case mothers. We also found
no statistically significant difference in slope of the regression line for maternal age between MI
and MII error groups. Thus, we must be cautious in our speculation that women with MII errors
may be the biologically “oldest” meiotic outcome group. A possible explanation for this smaller
decline in both MI and MII mothers could be on the fact that telomeres do not shorten linearly
across all ages. Several studies have shown that telomeres do not decline in a linear way over the
age span (63, 66): from the first years of life until around 30-35 years old, telomere attrition
steadily declines, from 35 of age to 60-65 years old telomere length attrition slows and after age
65 the decline is more rapid. In that case, for example, the telomeres of younger mothers with
nondisjunction errors may be at the point where decline is reduced because those telomeres are

acting as if they are in a biologically older stage, those within the 35 to 60 year range.

Even though we could argue that mothers of children with DS who had a meiotic I or II error
may be suffering a smaller decline in telomere length due to the fact that they are biologically
older than their chronological age, the lack of longitudinal data in our study is an important
factor to take into account. Also, another possible hypothesis that would explain the differences
observed between controls and case mothers could be due to the presence of a threshold of
biological age, for which telomere length is a biomarker, that vastly increases the risk for DS. To
reach this threshold there would be 2 possible options: 1) the mother must be biologically older
than the mothers of euploid children at the same chronological age or 2) the mother is actually
chronologically older. In our data, what we see is a combination of these two; the younger case

mothers are biologically older and hence have an increased risk of having a child with DS while
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control mothers reach that threshold when they are chronologically older, at around 37 years of

age.

Our data support this hypothesis and explain why the regression lines of control mother and case
mothers cross at around 37 years of age when the probability of having a child with DS increases
exponentially. Our data supports the idea of telomere length as a biomarker for biological age

and fit under the theory of biological aging.

The second part of our research focused on the possible relationship between telomere length and
the established recombination-related risk factors for nondisjunction of chromosome 21. We
found that the absence of recombination had a significant negative association with the T/S ratio:
mothers with MI errors and no observed recombination had shorter T/S ratio compared with
those mothers with MI errors and at least one observed recombinant event. Although limited by
sample size (Table 4), we found no evidence for an association between the location of

recombination and the T/S ratio.

Our results are consistent with the studies of Liu et al (34) in mice. Their studies on telomerase
deficient mice showed that telomere shortening was associated with lack of recombination. More
exactly, they observed that synapsis and recombination was jeopardized at the pachytene stage of
the prophase of MI for cells that had shortened telomeres. Studies in human spermatocytes
showed that telomeres could be involved in the synapsis between homologous chromosomes (64)
and in a study conducted in mice spermatocytes, authors found that the sequences responsible for

the presence of a “hot spot” of meiotic recombination were the telomeric repeats (65).

As we mentioned before, Liu et al. showed a relationship between dysfunctional telomeres and

absence of recombination. They suggested that this result could affect chromosome segregation
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and hence lead to higher rates of nondisjunction and aneuploidy. Our data show for the first time
this possible relationship between telomere length, recombination profile and chromosome 21

nondisjunction in MI error mothers of children with DS.

Study Limitations

Even though our study is the largest study to date on the influence of telomere length on the risk
of maternal nondisjunction leading to DS, there are still some limitations that future studies
could overcome. A larger sample size among control mothers would be advisable in order to
observe whether the increased decline rate in telomere length is maintained. Also a larger sample
size of the MII error group would be advisable even though this is more difficult to achieve as
only 25% of maternal errors correspond to this group (10-12). We have the potential to increase
our sample size with increased chromosome 21 genotype. In our study, we have a total of 163
cases where we could not detect the stage of the meiotic error or the recombination profile. With
better genotyping methods that use smaller amounts of DNA, we will continue to identify
markers that help characterize these cases. The addition of these samples will increase our
sample size by a 64%. A larger sample size would improve our power to observe possible

differences and to confirm our results.

With respect to our analysis on the relationship between telomere length and the recombination
profile on chromosome 21, one of the most important limitations is the misclassification of
number of true exchanges at the four-strand stage of meiosis along the nondisjoined
chromosomes. That is, we can only classify exchanges by inference from the observed number of

detectable recombinants. The group of MI cases with no observed recombinants also includes
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some cases with one exchange that could not be detected due to the characteristics of the tetrad
analysis. Thus, we have a misclassification problem. This problem should not bias our results,
but simply decrease the power to detect a difference between groups. As we observed a

significant difference, we suggest that the true difference between may be larger.

Lastly, one limitation is the tissue that we sample and the lack of specificity per chromosome.
We obtained the T/S ratio to represent a marker of the overall telomere length among all
chromosomes in blood. This ratio is an excellent biomarker. However, to further investigate
whether telomere length influences meiosis itself, we would need to examine the T/S ratio in
oocytes. It would also be interesting to measure the telomere length of chromosome 21 itself to
see if it is representative of other chromosomes or its possible differences when it is involved in

nondisjunction.

Conclusions

The results in the first part of our study support the hypothesis of the premature “genetic aging”
model for younger mothers (37). Based on our T/S ratios measurements, we propose that young
mothers of DS babies are “biologically older” than mothers of euploid babies in the same age
group. Based on these results, telomere length could be considered a biomarker of age and hence
nondisjunction. We hypothesized about the existence of a threshold line for biological age in the
form of telomere length that would explain the older biological age of these women and hence
their increased risk of nondisjunction.

In the second part of our research we report a significant relationship between the absence of

recombination in MI error mothers and telomere length which confirms the observations by Liu
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et al. in their telomerase knockout mice model. Here we provide the first evidence that connects
two relevant observations. First, it has been previously shown the decreased levels of
recombination present in children with DS (25, 44) and second, it has also been shown
dysfunctionally short telomeres are associated with lower levels of recombination. Our data
provide evidence that shortened telomeres may be suboptimal during meiosis and increase the
chance of disrupted recombination and hence of nondisjunction of chromosome 21.

This study provides new insight in the relationship between maternal age, telomere length and
the nondisjunction of chromosome 21 and could be the basis of future studies leading to a better
understanding of the maternal age risk factor leading to Down Syndrome.

Future studies that focus on the longitudinal analysis of telomere length over the age spam of a

person could also provide two key insights.

First, it could be determined if those mothers who had children with DS have an increased rate of
telomere length decline with age. Second, these studies using telomeres as a biomarker for
maternal age would provide a much better understanding of the risk of nondisjunction associated

with maternal age.

Also, studies on environmental factors associated to both the risk of nondisjunction and telomere
length, like for example, folate supplementation during pregnancy, will help understand the
interaction between known environmental factors on the risk of nondisjunction and their

relationship to telomere length.
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Figure 3. Regression line showing the distribution of T/S ratio as function of maternal age

among control mothers.
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Figure 4. Regression line showing the distribution of T/S ratio as function of maternal age
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Figure 7. Regression lines showing the distribution of T/S ratio as function of age among

MI error mothers in the presence or absence of recombination
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Sample size/Mean Age

Controls

18-34 years

235 years

27(29.2)

15(39.3)

100 (28.7) 27 (29.9)

90(38.7) 24(39.4)

Table 1. Sample size for controls, MI errors and MII errors divided by age group.

Meiotic
outcome

Intercept (se)

B for age (se)  p-value

group
Controls
Maternally- VG
derived NDJ
Cases

Selected 241

3.170 (0.555)
2.027 (0.097)

1.959 (0.151)

maternally-
derived NDJ

MI errors 190
MII errors 51

2.025 (0.173)
1.619 (0.299)

—0.044 (0.016)  0.013

—-0.013 (0.002)  <0.0001 0.054
—0.012(0.004) 0.009 0.028
—0.013 (0.005) 0.011 0.034
—0.003(0.008) 0.689 0.003

se= standard error

Table 2. Mathematical models predicting T/S ratio for controls, all maternally-derived

nondisjunction (NDJ) cases, those informative for stage and recombination traits (Selected)

and MI and MII separately as a function of age
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Mean(SD)/Age

18-34 years

235 years

Controls

1.90(0.78)

1.44(0.21)

1.61(0.39)

1.55(0.51)

1.51(0.4)

1.49(0.30)

Table 3. T/S ratio mean and Standard deviation (SD) for controls, MI errors and MII
errors divided by age group.

‘MI

MI

‘ MII

0 recom (89)
1 telomeric

(20)
Centromeric

19

1 recom
(49)

1 non
telomeric
(20)
Non-
centromeric

®

2.12 (0.21)

2.17 (0.54)

1.77 (0.41)

B coef (se)
-0.012
(0.006)

-0.009 (0.01)

-0.01 (0.01)

p-value
0.05

0.58

0.37

P coef (se)
-0.18 (0.08)

-0.23(0.2)

0.17 (0.13)

p-value
0.02

0.26

0.22

0.07 ‘

0.04

0.104 ‘

se= standard error

Table 4. Regression analysis results to determine the influence of recombination on

telomere length, adjusting for maternal age.
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