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Abstract
The Molecular Regulation of Preimplantation Embryo Development and

Underlying Mechanisms of Aneuploidies

Aytacoglu, Hakan
PhD, Department of Medical Biology and Genetics
Supervisor: Prof. Dr. Pinar Tulay

September, 2025, 271 pages

Infertility is an ever growing concern. In correlation, use of Assisted
Reproductive Technologies (ART) clinics has also seen a sharp rise over the
years. However, success rates of these techniques remain far from ideal.
One of the biggest detriments to ART is aneuploid cases as they are mostly
incompatible with life. This thesis thus aimed to investigate gene expression
level differences between euploid and aneuploid embryos, as well as
complementing this with a mathematical model to understand aneuploidies
better. Towards that goal, total RNA was isolated from euploid and aneuploid
embryos for cDNA synthesis. Quantitative real time PCR reactions were then
conducted to investigate gene expression level variations of key genes within
the DNA damage response (DDR) pathway. For the mathematical model,
parent parameters were associated with morphological and karyotypical
outcomes with regression analyses. Results demonstrate that BRCA1 levels
are elevated in aneuploid embryos. Statistically insignificant variations among
ATM, MDM?2 and RAD51 levels were also observed between euploid and
aneuploid embryos. Mathematical model was able to predict embryo
morphology based on parent parameters to an extent comparable to image
based artificial intelligence (Al) systems, but aneuploidies proved too
complicated for the current model. Overall, BRCA1 seems to be activated in
aneuploid embryos irrelevantly of its roles in homologous recombination
(HR). Moreover, mathematical models, with improvements, posit a promising

technology as a widely available predictive software for ART clinics.

Keywords: Aneuploidy, Gene expression, DDR pathway, Mathematical

modelling
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CHAPTERI
Introduction
This chapter contains information pertaining to the current state of
practices in In Vitro Fertilisation (IVF) clinics as well as the growing concern
of infertility worldwide. In addition, this section includes brief descriptions for
aneuploidy and mathematical modelling techniques to prepare the setting for

current research question and objectives.

Contemporary Situation in Infertility and Aneuploidy

Use of infertility clinics and Assisted Reproductive Technologies (ART)
as a whole, have seen a steady incline since their inception. This elevation in
the use of ART mimics the rise in infertility cases.

Infertility can be defined as the lack of conception despite frequent,
unprotected intercourse for a period of minimum one year and represents a
worldwide health concern that has been consistently growing with each
passing year (World Health Organisation, 2023). Infertility can originate from
female factors or male factors or from a culmination of both. Possible
infertility causes of female origin include but not limited to; chromosomal and
genetic aberrations, hormonal problems, zygote implantation disorders,
damage to fallopian tubes and certain health conditions such as gonorrhoea
or polycystic ovary syndrome (PCOS) (Brugo-Olmedo et al., 2001; Carson &
Kallen, 2021; Zegers-Hochschild et al., 2017). Male aspect of infertility
usually depends on altercations in sperm production and/or transport. This
may be a result of a number of conditions such as chromosomal or genetic
aberrations, hormonal imbalances, certain health conditions such as
varicocele and heat and morphological conditions like undescended testes
(Brugo-Olmedo et al., 2001; Carson & Kallen, 2021; Zegers-Hochschild et al.,
2017). These factors can bring about infertility in various unique
mechanisms. One such way is aneuploidy.

Aneuploidy can be described as an abnormal number of
chromosomes within a cell that is not a multiplication of its native
chromosome number (n), which separates this phenomenon from
polyploidies. Aneuploidies can arise during meiotic or mitotic cell divisions via

erroneous chromosome segregation. Under normal circumstances, genetic



integrity is of utmost importance for any cell and thus, it is normally under
strict protection by various checkpoints and regulatory networks. However,
even the most stringent and complex pathways are not infallible, hence
aneuploidies can be observed.

Aneuploidy represents an intriguing and yet to be fully explored field.
While typically associated with negative outcomes, in more recent years
aneuploidy was shown to confer proliferative advantage under stress
conditions (Kaya et al., 2020; R. Li & Zhu, 2022; Pavelka et al., 2010; Yona et
al., 2012). Furthermore, this property of aneuploidies has been debated
within the context of various cancers (Davoli et al., 2013; Gordon et al., 2012;
G. Liu et al., 2015; Molina et al., 2021; Sack et al., 2018; van Leeuwen et al.,
2020). Aneuploidy has additionally been of particular interest in the field of
oncogenetics as most cancers involve aneuploid cells (Denko et al., 1994;
Vasudevan et al., 2021; B. A. Weaver & Cleveland, 2006; Woo & Poon,
2004). Nevertheless, due to obvious experimental challenges, investigations
regarding aneuploidies within the field of embryology remains pale in
comparison. Despite this, aneuploidy posits a topic of great importance in the
field of embryology as naturally, most aneuploidies are known to be
incompatible with life in both natural conceptions and IVF clinics. Among
trisomies, only three (trisomy 13, 18 and 21) are known to result in childbirth.
However, trisomies of chromosomes 13 and 18 are typically associated with
early death after birth (J. Wu et al., 2013). Such discoveries coupled with
advances in next generation sequencing (NGS) technologies led to the
emergence of preimplantation genetic testing (PGT) in IVF clinics around the
world. More specifically, preimplantation genetic testing for aneuploidy (PGT-
A) has become a very standard clinical practice to ensure the implanted
embryos are free of aneuploidies with higher chances of successful
pregnancies. Despite the commonality of PGT-A, its practical benefits remain
a controversy within the field (Barad et al., 2022; Cornelisse et al., 2020;
Pagliardini et al., 2020; Tong et al., 2022; Yan et al., 2021). While these
studies show successful pregnancies and live births with aneuploid embryos,
success rate in such cases remain low and birth defects are observed
frequently (Barad et al., 2022; Cornelisse et al., 2020; Pagliardini et al., 2020;



Tong et al., 2022; Yan et al., 2021). Therefore, avoiding aneuploid embryo

implantation suggests a safer approach so far.

Origin of Aneuploidy

In its simplest form, the cause of aneuploidies can be attributed to
erroneous chromosome segregation. Conversely, the mechanisms leading to
these segregation errors remain far from simple.

Fidelity of the genomic content is important and thus is tightly
controlled. Regarding aneuploidies, the first line of defence is generally
considered to be the spindle assembly checkpoint (SAC). SAC represents a
well-established molecular network that is responsible for sensing and
ensuring proper spindle attachment to kinetochores, prior to progression of
the cell cycle (Musacchio, 2015; Musacchio & Salmon, 2007). Interactions
between chromosomal instability (CIN), SAC and aneuploidies have been
extensively researched and reviewed (Diaz-Rodriguez et al., 2008;
Santaguida & Amon, 2015; Sotillo et al., 2007; B. A. A. Weaver et al., 2007).
On the other hand, SAC is not the only mechanism related to aneuploidies.
Many gene mutations have been associated with aneuploidies while the cells
in question retained a functional SAC (McCulley & Petes, 2010; Narkar et al.,
2021; Schvartzman et al., 2010; Vasudevan et al., 2021).

In more recent years, elements of DNA damage response (DDR)
pathway have been associated with aneuploidy. Intriguingly, DDR association
with aneuploidy can be independent of the DDR functions of the genes
involved. As an example, ataxia telangiectasia Rad3 related (ATR) gene is a
key sensor of DNA damage which then stimulates downstream effectors such
as CHK1 as a response (Qian et al., 2012; Toledo et al., 2008). Recently,
ATR and CHEK1 were also implicated in regulating Aurora B kinase at
centromeres, thus enhancing spindle stability and centromere-microtubule
interactions, ultimately contributing to faithful chromosome segregation and
cytokinesis. Moreover, this function appears independently of ATR’s role in
DDR pathway (Kabeche et al., 2018; Zachos et al., 2007). In contrast, ataxia
telangiectasia mutated (ATM) is another serine/threonine kinase that bears a
lot of resemblance to ATR in many ways and is also associated with
aneuploidy (Maréchal & Zou, 2013; Qian et al., 2012). Furthermore, ATM and



ATR are both considered important initiators of DNA damage response and
they often work together intimately. However, despite their similarities, they
have distinct duties and their roles are not redundant (Brown & Baltimore,
2003; Maréchal & Zou, 2013; H. Wang et al., 2004). Moreover, ATM was not
detected at centromeres as opposed to ATR (Kabeche et al., 2018). This
suggests that even the most intimately associated DDR elements can lead to
aneuploidy in distinct but yet to be fully elucidated ways. However, the
complexity communications between ATM-ATR, the other DDR member
genes and their downstream effectors increase the challenge of
understanding their roles in aneuploidy.

Hurdles preventing our understanding are not limited to the complexity
of the suspected molecular networks. Another obstacle is the blurriness of
the lines between causes and consequences of aneuploidy. For instance,
disruptions in the DDR pathway can lead to genomic instability (GIN) which
can ultimately lead to CIN and aneuploidies (Andriani et al., 2017; Burrell et
al., 2013; Russo et al., 2015; Z. Shen, 2011). Conversely, aneuploidies can
promote further CIN and GIN, as well as disruptions in a multitude of cellular
mechanisms such as DDR (Andriani et al., 2017; Ganem & Pellman, 2012;
Orth et al., 2012; Russo et al., 2015).

Despite all the challenges, aneuploidy remains an interesting and
prominent area of investigation within the field of cancer genetics and
reproductive genetics. In particular, DDR member genes are very commonly
investigated in cancerous tissues and cell lines. However, in aneuploid
embryos the literature is still lacking.

Understanding the role of these genes, their part as causes and
consequences of aneuploidy can lead to important advances in infertility and
cancer fields. Therefore, this thesis firstly investigates gene expression
patterns for various DDR pathway genes and then compares expression

levels between aneuploid and euploid human surplus embryos.

Embryo Quality Prediction in IVF Clinics
Increasing healthcare costs is an emerging problem in many countries
(Bolongaita et al., 2023). This also reflects on IVF clinics. IVF and/or

intracytoplasmic sperm injection (ICSI) procedures, especially when coupled



with NGS technologies for PGT purposes, can become extremely costly.
Unfortunately, increased expenses do not warrant successful outcomes and
thus patients can face economical and psychological loss in this endeavour.
Additionally, success rates for IVF procedures remain relatively low, despite
many major advances in the field (Kushnir et al., 2017; Qiao et al., 2014; M.
R. Sadeghi, 2018; C. Thompson, 2016; Wong et al., 2014). Being able to
predict success rates in IVF centres can enable the attendees to give a better
informed decision about whether to commit to the entire procedure or not. To
this end, resulting embryo quality while not perfect, can provide a good
indicator as better quality embryos yield the highest chances of success.

At infertility clinics, various measurements are taken from both the
female and male partners. Indeed, there is some variation between clinics,
yet there are certain data points that are very commonly recorded. For
females, some of this data include age, follicle number, number of oocytes
that are in meiosis-1 (Ml oocyte number) and finally number of oocytes that
are halted in meiosis-2 (Mll oocyte number). For males, typical
measurements include age, sperm count, sperm motility and the morphology
of sperm.

Embryo quality can be considered under two main categories. First is
the morphological assessment of the embryo. Generally, embryo
morphological qualities are assessed on day 3, following fertilisation and also
on days 5 and 6 just before implantation. Intriguingly, day 5 and day 6
embryos can be graded by the same criteria as opposed to day 3 embryos.
The latter requires a different grading system. To analyse the morphological
qualities of day 3 embryos methodology described by Ciray and colleagues
(2012) which consists of the number of blastomeres and their evenness,
degree of fragmentation, nucleus details and characteristic of the cytoplasm
can be utilised. For grading of day 5 and day 6 embryos, almost exclusively
Gardner criteria is used as posited by Gardner and Schoolcraft (1999). In
short, Gardner criteria consist of a grading system for the expansion status of
the blastocyst as well as the quality of the trophectoderm and inner cell mass
(Gardner & Schoolcraft, 1999).

The second quality marker for determining the embryo’s overall quality

is its genetic composition. Genetic analysis can be comprised of multiple



aspects. Firstly, preimplantation genetic testing for monogenic disorders
(PGT-M) can allow the screening of any known single gene disorders that
may be pre-existing in the family. Secondly, preimplantation testing for
structural rearrangements (PGT-SR) may allow identification of structural
chromosomal rearrangements such as translocations and inversions. Last
but not least, as previously stated PGT-A can be utilised to examine for
aneuploidies. While the former two PGT methods are usually used within
more specific contexts, PGT-A possesses a broader range for its application.
Analysis and interpretation of large data sets have been an issue in
the past. Fortunately, dawn of the computer age has changed this status quo.
Particularly, the recent advances in Al technologies and predictive algorithms
have enabled analyses of complex data with relative ease. These new
technologies are rapidly becoming a part of a variety of fields such as
infertility clinics (Gardner et al., 2015; Manna et al., 2013; Simopoulou,
Sfakianoudis, Antoniou, et al., 2018; Simopoulou, Sfakianoudis, Maziotis, et
al., 2018). Another alternative to these technologies can be mathematical
modelling. Mathematical models can enable identification of complex
biological interactions and may allow them to be understood in a simpler
fashion (Hassan et al., 2020; Simopoulou, Sfakianoudis, Antoniou, et al.,
2018; Simopoulou, Sfakianoudis, Maziotis, et al., 2018; Yenkie et al., 2013).
Furthermore, mathematical models can ultimately lead to valuable predictive
algorithms. In order to prepare predictive algorithms or softwares, it is
imperative to understand all the contributing factors for the outcome.
Regression analyses can help in determining which independent variables, if
any, are related to the dependent variables. More specifically for the
purposes of this thesis, mathematical modelling can be a tool to establish the
relationship between parental parameters and the morphological quality
and/or aneuploidy status of the embryo. Moreover, a mathematical model can
be established to understand the complex interactions of the parental data
with overall embryo quality, ultimately leading to a prediction software to
assess the success chances of the IVF or ICSI procedure before it
commences. Such a prediction can assist couples in deciding whether to

commit to the entire procedure based on their success chances and



potentially allow aversion of psychological burdens that may arise from an

unsuccessful attempt as well as saving from an economical obstacle.

Purpose of the Study

Aneuploidy presents a major obstacle for IVF success. Recent data
suggests DDR elements may play a role in faithful chromosome segregation,
but their parts and mechanisms remain unclear, particularly in embryos. Most
research surrounding DDR is in cancerous tissues and contexts. Thus, this
thesis aims to investigate gene expression patterns in euploid and aneuploid
embryos comparatively to elucidate the role of DDR genes further in
aneuploidies.

Secondly, predicting IVF success chances in a clinical setting can
benefit patients immensely. Recent advances in computational tools and
mathematical models may enable such predictions. However, complex
interactions between parental parameters and embryo quality must be
understood better before predictive algorithms can be written. Thus, the
second aim of this study was to establish correlations between parental data
and embryo quality in order to create a mathematical model of the IVF/ICSI

procedure.



CHAPTERIII

Literature Review
This chapter contains detailed information on the previous work done
on infertility and aneuploidy as well as mathematical modelling which leads
up to the current state of the above-mentioned fields. The detailed review of

the literature in this section forms the basis of the thesis study.

Infertility and IVF

World Health Organisation (WHOQO) describes infertility as the absence
of pregnancy despite frequent unprotected intercourse for a period of one
year or more. Furthermore, infertility is a growing concern as its incidence
increases every year (Fischer-Holzhausen & Roblitz, 2022; World Health
Organisation, 2023). Causes of infertility may vary and can be genetic,
hormonal or physiological in origin. Moreover, it can arise from the female or
the male partner or both partners may play a part in the lack of conception
(Brugo-Olmedo et al., 2001; Carson & Kallen, 2021). The most prominent
methodology among our current health systems is the use of ART. In vitro
fertilisation (IVF) constitutes the most well-known type of ART but by no

means it is the only available technique in the entire ART catalogue (Table 1).

Table 1

Summary List of Available ART Methods

Methodology Abbreviation
Intra-uterine Insemination Ul

In Vitro Fertilisation IVF

Gamete Intrafallopian Transfer GIFT
Intracytoplasmic Sperm Injection ICSI

Round Nuclei or Spermatid Injection ROSNI




Patients can choose from various ART options, based on their
clinician’s guidance as well as the root cause of their infertility diagnosis
among some other considerations such as economical concerns, female
patient age, risk factors and the preference of the couple. Among those
techniques, IVF and ICSI constitute the most popular options. Briefly, IVF
describes a series of operations that initiates with controlled ovarian
stimulation via recombinant follicle stimulating hormone (FSH) injections to
achieve multiple follicle maturation which maximises the oocytes that will be
gathered. When abundant follicle maturation is confirmed, typically after six
days of hormonal injections, ovulation is triggered by administration of the
hormone human chorionic gonadotropin (hCG). Follicle contents are then
aspirated and oocytes are placed together with sperm from the paternal
candidate in a petri dish and allowed to be fertilised in an incubator.
Determination of the sperm quality is usually performed at this stage as well
according to the latest WHO guidelines (World Health Organization, 2021).
After fertilisation is confirmed by the presence of two pronuclei (2PN) under
microscopic inspection, embryos are closely followed until day 3 post-
fertilisation when the initial morphological quality of the developing embryo
can be performed. At day 5 morphological quality of the embryos are re-
evaluated according to the Gardner criteria (Gardner & Schoolcraft, 1999).
Further details about these grading systems are covered in Chapter Ill:
Materials and Methods section of this thesis. If the embryos do not show
sufficient growth another assessment may be required the following day.
Furthermore, when the embryos show adequate growth and reasonable
morphology, a trophectoderm biopsy is commonly carried out for PGT
analyses. Trophectoderm biopsy can be summarised by laser drilling of the
zona via a laser and allowing trophectoderm herniation followed by collection
of the herniated cells with the assistance of a needle (Figure 1). These cells
can then be used for various PGT tests via different techniques ranging from
real-time polymerase chain reaction (RT-PCR) to NGS (Zakaria, Al-
Ibraheemi, et al., 2021). Most commonly this is used for aneuploidy
screening via NGS. Indeed, classical karyotyping can also be used for the
purposes of PGT-A, it would be a considerably slower process. Furthermore,

partial and smaller aneuploidies could be missed depending on the
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experience of the laboratory. While PGT tests are carried out, the blastocysts
can be vitrified and stored in liquid nitrogen to prevent further embryo
maturation as day 5/6 stage is the prime time for the embryo to embed itself
into the mother’s uterine wall and thus is the stage for embryo implantation in

IVF as well.

Figure 1

An Overview of the Trophectoderm Biopsy Procedure

Main steps in trophectoderm biopsy involve drilling of zona pellucida,
trophectoderm herniation and pipetting of the exposed trophectoderm cells

with a specialised needle.
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When the embryos with an euploid karyotype and high morphological
quality are identified one or two of them are transplanted directly into the
uterine lumen via ultrasound guided injection. When implantation is
confirmed by blood hCG levels within a few days, pregnancy can then be
followed closely by an obstetrician no different than a natural pregnancy. ICSI

procedure is almost identical to the IVF counterpart with one major
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difference. In ICSI, a single sperm cell is injected directly into the cytoplasm
of the oocyte, hence the fertilisation process is slightly more artificial.

Despite the common use and the extensive history of ART, the
success rates for remain relatively low (Kushnir et al., 2017; Qiao et al.,
2014; M. R. Sadeghi, 2018; C. Thompson, 2016; Wong et al., 2014). There
are a multitude of problems that can lead to IVF/ICSI failures and
chromosomal errors belongs to this category as well. Literature consists of
multiple studies that show chromosomal and/or spindle formation
abnormalities in female oocytes and in male sperm can result in IVF failures
(Carrell et al., 2003; Kilani & Chapman, 2014; Miyara et al., 2003; Puscheck
& Jeyendran, 2007; Tilia et al., 2020). Furthermore, chromosomal or
morphological aberrations of the resulting embryos can lead to unsuccessful
attempts (Check et al., 2009; Fortin et al., 2019; Penzias, 2012; Uyar et al.,
2013). In contrast, there are studies that suggest aneuploid embryo
transplantation may result in successful pregnancy and childbirth (Barad et
al., 2022; Cornelisse et al., 2020; Pagliardini et al., 2020; Tong et al., 2022;
Yan et al., 2021). However, these studies suggest that indeed aneuploid
embryos might bring about successful childbirth, yet the risk of failure is
remarkably high. Additionally, childbirth in such cases often accompanied by
various congenital defects (Barad et al., 2022; Cornelisse et al., 2020;
Pagliardini et al., 2020; Tong et al., 2022; Yan et al., 2021).

Overall, aneuploidies represent a cause of infertility and can be an
obstacle in both natural pregnancies and in artificially assisted pregnancies.
Therefore, understanding the causes of aneuploidies in embryogenesis will
be beneficial to multiple fields but primarily in reproductive genetics and

oncogenetics.

Aneuploidy

Aneuploidy can be defined as one or more chromosomes being
present in excess. Absence of such chromosomes also classifies as a case
of aneuploidy. Moreover, partial aneuploidies also exist where only a part of a
chromosome or few chromosomes are categorised under partial aneuploidies

as well. It is important to note the difference between aneuploidies and
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polyploidies, the latter referring to the addition or loss of complete sets of
chromosomes.

Aneuploidy has always been of high interest due to its negative effects
on overall cellular genomic integrity and tight association with almost all
cancer cases (Duijf et al., 2013; Edwards et al., 1960; Patau et al., 1960; A.
M. Taylor et al., 2018). More recent research however, showed that in yeast
cells and some cancer cell lines aneuploidy could confer a proliferative
advantage under stress conditions (Barja et al., 2017; Beaupere et al., 2018;
Ben-David et al., 2014; Bussotti et al., 2018; G. Chen et al., 2012; Downing
et al., 2011; Janbon et al., 1998; Kabir et al., 2005; Kaya et al., 2015; X. Liu
et al., 1997; Lukow et al., 2021; Pavelka et al., 2010; Rancati et al., 2008;
Rutledge et al., 2016; Ryu et al., 2016, 2018; A. Selmecki et al., 2006, 2008;
A. M. Selmecki et al., 2009; Sionov et al., 2010; N. R. H. Stone et al., 2019;
Su et al., 2021; Yona et al., 2012). Moreover, aneuploid cells have been
observed in healthy human tissues at low frequencies as well (Coorens et al.,
2021; Duncan et al., 2012; Knouse et al., 2014; McConnell et al., 2013; Terao
et al., 2020; van den Bos et al., 2016). These observations led to the
hypothesis of aneuploidies granting the cells a rapid adaptation mechanism
for environmental stress (R. Li & Zhu, 2022). All in all, effects of aneuploidy
appear to be context dependent and insufficiently understood. Another
difficulty in isolating the consequences of aneuploidy comes from the fact that
aneuploidies can confer phenotypical effects in two distinct contexts. Firstly,
aneuploidy can cause karyotype specific effects. Naturally, depending on the
specific chromosome or chromosomes affected, the expression levels of
genes encoded on that chromosome is altered. This in turn leads to gene
dosage imbalances and ultimately lead to transcriptomic alterations (Birchler
& Veitia, 2012; R. Li & Zhu, 2022). In addition to such a direct effect,
karyotype specific changes are disruptive to multiple regulatory networks.
This is because many genes work in tandem and within complex regulatory
networks in order to ensure homeostasis. For example, MDM?2 gene is
situated on chromosome 12 and is involved in suppressing TP53 activity via
ubiquitination. On the other hand, TP53 is encoded on chromosome 17. An
aneuploidy of chromosome 12 would alter expression levels of MDM2 which

would inadvertently affect the gene expression levels for TP53 as well.
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Depending on affected chromosomes, specific aneuploidies can also weaken
spindle assembly checkpoint (SAC) and DDR pathways, thus can elevate
chromosomal instability (CIN) which can ultimately result in further
aneuploidy.

Secondly, aneuploidies can exert general effects on the cell regardless
of the specific karyotype. In summary, aneuploid cells show slower cell cycle
and proliferation, although these results are still under debate as isolating
general effects of aneuploidy through the veil of karyotype-specific changes
is challenging (R. Li & Zhu, 2022). Furthermore, aneuploid cells usually show
high genomic instability (GIN) and CIN, nevertheless, these results were
mostly observed in various cancer cell lines which complicates separating
which alterations are the causes and which are the consequences of
aneuploidy (Gordon et al., 2012; R. Li & Zhu, 2022). It is highly likely that the
effects are a combination of both cause and consequence. Additional general
effects of aneuploidies can include altered proteostasis and elevated reactive
oxygen species (ROS) production and the resultant changes to cellular
metabolism (R. Li & Zhu, 2022). Interestingly, these outcomes of aneuploidy,
in particular increased ROS production can form a positive feedback loop
that can cause further aneuploidy (Caracausi et al., 2018; G. Chen et al.,
2012; Clemente-Ruiz et al., 2016; Dephoure et al., 2014; M. Li et al., 2010;
Lim et al., 2020; Y. Liu et al., 2017; Mihalas et al., 2017; Niikura et al., 2006;
Panagaki et al., 2019; Perkins et al., 2016; Techer et al., 2017; Valenti et al.,
2011; G. F. Wang et al., 2017; Zuelke et al., 1997). For both general and
karyotype-specific consequences of aneuploidy, the severity of the results is
correlated with the sternness of the aneuploidy (Siegel & Amon, 2012). This
can explain the worse and more unpredictable outcomes generally observed
in complex and chaotic aneuploidies, which refer to aneuploidies affecting 3
or more chromosomes.

As previously stated, most of the molecular research surrounding
aneuploidy was conducted on cancer cell lines. However, cancer cells can
closely resemble embryo cells in certain aspects. Firstly, they share
characteristics such as the capacity for initiating tumorigenesis and
pluripotency. Furthermore, gene expression patterns between cancer cells

and blastocyst cells share a lot of common ground in particular STAT3,
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HSP70, CD44 which are regulators of pluripotency and fundamental growth
pathways JAK/STAT, NOTCH, MAP-Kinase/ERK, PI3K/AKT, NFk@, Wnt and
TGFB (Gnanavel et al., 2021; Manzo, 2019). Further similarities between

blastocyst stage embryos and cancer cells are summarised in Figure 2.

Figure 2

Side by side listing of similar stages between embryogenesis and
oncogenesis

Many stages of ontogenesis and cancer formation processes closely
resemble each other. Steps that are hypothetically associated are

summarised here.
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Mechanisms of Aneuploidy

Under extreme stress conditions, aneuploidy can confer proliferative
advantage (Pavelka et al., 2010). On the other hand, in a stress-free
environment aneuploid cells are usually selected against in proliferation
and/or removed by apoptosis, immune responses (R. Li & Zhu, 2022;
Pavelka et al., 2010; B. R. Williams et al., 2008). There are multiple ways

such defence mechanisms can be bypassed and aneuploidies can arise.
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Despite the mechanisms discussed in this section are quoted as causes, in
different contexts they can also be consequences of aneuploidy and in most

cases, they are both.

Spindle Assembly Checkpoint (SAC)

During meiosis and mitosis, accurate segregation of chromosomes
into daughter cells is required to preserve the genetic integrity of the
progenitor cells. During metaphase stage of the cell cycle, duplicated
chromosomes align at the equator of the cell and are then required to attach
to the microtubules generated by the centrosomes on opposite poles. Proper
kinetochore attachment to spindles can be dependent on the duration of the
procedure (B. Orr et al., 2015). The SAC network is the prime guardian of
proper chromosome segregation. SAC is responsible for halting anaphase
and cytokinesis until all spindles are correctly attached at kinetochores, thus
guarding the fidelity of chromosome segregation. Moreover, failure to satisfy
SAC for an extended duration may activate pro-apoptotic BCL2, BAX and
BAK genes and trigger the mitochondrial apoptosis pathway by initiating
cytochrome C release into the cytoplasm (Ruan et al., 2019).

SAC plays a part in both meiotic and mitotic divisions as its activation
was shown to involve chromosome enrichment by BUB and MAD proteins in
both (Maciejewska et al., 2009). SAC is a network comprised of a multitude
of distinct genes that show complex interactions with each other. Some of the
most popularly investigated ones include but not limited to BUBR1, MADZ2,
CDC20, BUB3 which collectively form the mitotic checkpoint complex (MCC).
Additionally, cyclin dependent kinases Cdk1 and 2, Aurora B kinase play
critical roles in the SAC pathway as well. Ultimately, SAC complex seeks to
inhibit APC/C complex until confirming proper and stable microtubule-
kinetochore attachment to block mitotic exit (Musacchio, 2015; Ruan et al.,
2019). Once correct spindle attachment is achieved, APC/C complex is
activated to ubiquitinate Cyclin B and securin leading to their degradation
ultimately activating separase and initiating anaphase. More detailed
representation of the SAC pathway and its regulation of the cell cycle is

shown in Figure 3.
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Despite its stringent regulation, SAC is still error-prone and can be
disrupted by numerous ways. Mutations in key genes of the SAC pathway
such as BUBR1 are known to cause aneuploidies and increase cancer risk
(Hanks et al., 2004; Snape et al., 2011; Yost et al., 2017). Nevertheless, SAC
disruption is not necessary for its failure. Merotelic spindle attachments
present a unique risk of avoiding detection by SAC (Gregan et al., 2011).
Normally, Aurora B attempts to convert merotelic attachments to SAC-
detectable monotelic attachments (R. Li & Zhu, 2022). Multipolar spindles
can be observed as a direct consequence of centrosome overduplication and
may also result in aneuploidies. Furthermore, centrosome overduplication
can also elevate the incidence of merotelic attachments (Vitre & Cleveland,
2012). Centrosome overduplication is commonly observed in various cancers
and is associated with aneuploidies as well (Brinkley, 2001; D’Assoro et al.,
2002; Pihan et al., 2003). Under normal circumstances centrosome
multiplication occurs once during a cell-cycle and is also a well-regulated
process (Bettencourt-Dias & Glover, 2007; Hinchcliffe & Sluder, 2001; Mazia,
1987; Nigg, 2007; Tsou & Stearns, 2006). Intriguingly, Prosser and
colleagues (2009) identified CDK2 activation as an early step that may lead
to centrosome overduplication in the cytoplasm. Moreover, ATM/ATR induced
TP53 and p21 pathway can inhibit CDK2 and prevent centrosome
overduplication and the consequent aneuploidy. Additionally, CHK1 and
CHK2 can inhibit CDC25A which has roles in regulating CDK2 expression.
Together, these two pathways may form another connection between DDR

genes and aneuploidies.

Genomic and Chromosomal Instability

Chromosomal instability refers to the condition where the chances of
missegragation is elevated. Eventually, higher chances of chromosome
segregation defects will result in chromosome number alterations in cells,
which is the definition of aneuploidy. In other words, aneuploidy can be
considered a direct result of CIN (Bakhoum & Cantley, 2018; R. Li & Zhu,
2022; Schukken & Foijer, 2018). CIN can be introduced in a cell by various
ways. One most obvious is to disrupt SAC (Musacchio & Salmon, 2007).

Furthermore, other alterations that affect centrosome duplication, spindle
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formation and disruption of kinetochore-spindle attachments are all methods
to provoke CIN formation. Finally, irradiating cells may also lead to CIN
emergence (Bortoletto et al., 2001; Musacchio & Salmon, 2007; Simon et al.,
2015). Irradiation in this context is interesting as irradiation is a potent
mutagen as well as a prominent cause of double strand breaks (DSBs) in
DNA. Increased frequency of mutations and double strand breaks is the
description of GIN and GIN is a hallmark of aging and cancers (Giam &
Rancati, 2015; Lopez-Otin et al., 2013; Maslov & Vijg, 2009; Schukken &
Foijer, 2018). In healthy cells, DNA damage is countered by various
mechanisms such as mismatch repair, nucleotide-excision repair processes
(N. Chatterjee & Walker, 2017). Moreover, homologous recombination (HR)
(also known as homology-directed repair) and non-homologous end joining
(NHEJ) are two types of repair pathways against DSBs. All the
aforementioned repair pathways are regulated by genes of the DDR network.
Additionally, CIN is considered a sub-type of GIN. Therefore, DDR network is
intimately related to CIN which can eventually lead to aneuploidy.

Conversely, aneuploidy presence can occur independently of CIN as
well which was observed in certain haematologic malignancies such as acute
myeloid leukaemia (Paulsson & Johansson, 2007). The exact reason for this
strange phenomenon is not determined yet however it was posited that it
could arise due to low chromosome segregation rates or a possible selective
advantage for trisomy 8 (Bakhoum & Cantley, 2018). Lastly, it is a recurrent
theme in aneuploidies that causes can often be consequences as well.
Adhering to this pattern, CIN can be a direct cause of aneuploidy but also it
can be a consequence in a context-dependent manner (Schukken & Foijer,
2018).

Replication Stress and DNA Damage Response

Cancers are very intimately associated with aneuploidies and indeed
almost all cancers contain aneuploid cell populations (Duijf et al., 2013; A. M.
Taylor et al., 2018). As previously stated, the major defender against
aneuploidies is SAC. lt is interesting then, that SAC mutations are rare
occurrences in cancers (Schvartzman et al., 2010). In contrast, DDR genes

are very commonly mutated in various cancers, most notorious examples
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being TP53, BRCA1 and BRCAZ2 (Mendiratta et al., 2021; Shiovitz & Korde,
2015). DDR genes have a wide array of responsibilities within a cell. Beyond
their primary role of sensing and acting upon DNA damage, they are also
prominent regulators of the cell cycle and more recently they have been
associated with faithful chromosome segregation (Kabeche et al., 2018;
Stirling et al., 2011; D. J. Thompson et al., 2019). Furthermore, DDR genes
may be involved in chromosome segregation and aneuploidy in different
ways. Aside from more direct pathways, DNA replication stress mainly
caused by stalled replication forks brought about by various sources of DNA
damage or nucleotide depletion has been implicated in numerous
aneuploidies (Burrell et al., 2013; Zeman & Cimprich, 2014). Additionally,
replication stress may be provoked by replication forks that are progressing
faster than normal or by disrupted replication origin firing (Kotsantis et al.,
2018; Marchal et al., 2019; Maya-Mendoza et al., 2018). Replication stress
and delayed forks eventually cause lagging chromosomes or anaphase
bridging further down in the cell cycle (Figure 4). In particular, prolonged cell
cycle halts were associated with increased frequency of anaphase bridges
and ultra-fine bridges (UFBs), consequently increasing CIN (Ait Saada et al.,
2017;Y. W. Chan et al., 2017; Y. W. Chan & West, 2018; Eykelenboom et al.,
2013). Independently of anaphase bridging, microtubule defects and
multipolar spindle formations are common outcomes of replication stress as
well (Bohly et al., 2019; Wilhelm et al., 2019).
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Figure 4

Summary of how replication stress may contribute to CIN

Replication stress induced by DNA damage may lead to anaphase bridges
and ultimately can cause erroneous chromosome segregation and

aneuploidy.
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Anaphase bridges and UFBs mainly arise from unresolved homology
directed repair during anaphase. Moreover, other inducers of end-to-end
chromosome fusions such as telomere breaks, incomplete DNA replication or
due to the presence of catenated chromosomes are considered instigators of
UFBs (Carlton et al., 2012; Garsed et al., 2014; Janssen et al., 2011; Y. Li et
al., 2014; Mardin et al., 2015). During mitosis these structures can cause
chromosome ruptures which in turn can cascade into break-fusion-break
cycles (Y. Li et al., 2014; Umbreit et al., 2020). More recently, it was also
shown that these break-fusion-break cycles are complemented by
chromothripsis, described as the rearrangement of a chromosome, to further
elevate the mutation rates in a multitude of cancers (Umbreit et al., 2020).
Same study also concluded that this combination is a primer of GIN and

formation of micronuclei (Umbreit et al., 2020). Micronuclei can be formed by
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lagging chromosomes during cell division and depicts small vesicles
containing double stranded DNA within the cytoplasm. These vesicles are
highly likely to rupture during S-phase of the cell cycle and release DNA into
the cytoplasm, activating the anti-viral cGAS-STING pathway (Bakhoum &
Cantley, 2018). Activity of cGAS-STING pathway may result in the
establishment of senescence associated secretory pathway (SASP). SASP
has the potential to affect the neighbouring cells in the microenvironment to
provoke further aneuploidy in the surrounding population, which is a hallmark
of aging (Freund et al., 2010; Q. He et al., 2018; Pawlikowski et al., 2013;
Vasudevan et al., 2021).

DDR elements can also play a more direct role in aneuploidies. One of
the most prominent DDR kinases, ATR, was recently discovered to interact
with Aurora B kinase, a contributor to SAC and a defender of proper
kinetochore attachments. Furthermore, this interaction was shown to be
independent of its DDR functions (Kabeche et al., 2018). In addition, DDR
activation during S-phase in yeast cells was shown to extend cell cycle to
allow correct spindle assembly to take place (Pardo et al., 2017).
Nevertheless, DNA damage and subsequent DDR activation during mitosis
was shown to cause chromosome missegregation (Bakhoum et al., 2014). In
tandem, these results suggest that DDR genes’ involvement in chromosome
segregation is complex and can rely on the diversity of the roles of the
member genes in different contexts.

DNA is a relatively stable and durable molecule. However,
endogenous and exogenous agents can still trigger deleterious modifications.
Exogenous DNA damage can be brought about by different physical,
chemical and biological perturbations. Some examples include ionising
radiation, ultraviolet (UV) radiation, alkylating agents, certain toxins and
pathogens. Endogenous agents include reactive oxygen species (ROS) and
the intrinsic DNA replication errors during normal cell cycles. Each cell cycle
accumulates single-base deletions and inversions with a frequency of
approximately 10 per cell each generation (Kunkel, 2004, 2009).
Susceptibility to damage is not an intrinsically negative feature of DNA as the
ability to acquire mutations is crucial for evolution. In contrast, many

alterations can exert a deleterious influence on the integrity of the DNA and
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give rise to severe disorders and cancers. Therefore, protection of the
genomic integrity is important for cells and is accomplished by different repair
mechanisms collectively termed DNA damage response pathways. There are
five main pathways that are commonly recruited, base excision repair,
mismatch repair, nucleotide excision repair mechanisms are commonly used
for single strand errors affecting one or a few bases only. The remaining two,
HR and NHEJ are enrolled when double-strand breaks occur which poses a
bigger threat for DNA integrity (N. Chatterjee & Walker, 2017).

Following DNA damage, DDR activation occurs in a sequential fashion
(Polo & Jackson, 2011). Different repair mechanisms are tasked with
correcting distinct DNA damage types. Base excision repair mechanism is
involved in correcting single base level damage and is generally active in G1
stage of the cellular cycle (Dianov & Hubscher, 2013). When the damaged
area involves multiple bases, nucleotide excision repair is generally
employed. Mismatch repair on the other hand represents a highly conserved
replication repair pathway that eliminates the majority of the nucleotide
mismatches brought about by DNA polymerase errors post-replication (Arana
& Kunkel, 2010). These errors usually affect a single strand of DNA and are
generally easier to attenuate. On the other hand, double strand breaks
present a tougher challenge for DDR and unattended DSBs are associated
with multiple disorders, aneuploidies and cancers (Arnould & Legube, 2020;
Jackson & Bartek, 2009). HR and NHEJ are the two major damage response
mechanisms against DSBs. Initial sensor of the double strand break in both,
is usually ATM which then cascades into downstream pathways
phosphorylating histone variant H2AX and BRCA1 (Bhatti et al., 2011;
Chapman, Taylor, et al., 2012; Chou et al., 2010; Gottschalk et al., 2009; C.
Liu et al., 2014; J. Lukas et al., 2011; Rogakou et al., 1998; Rothkamm et al.,
2003; Yu et al., 2006). In brief, NHEJ is mainly facilitated by Ku proteins
which prevent resection at the broken ends and acts as a scaffold for other
NHEJ proteins to dock (Mari et al., 2006; Mimitou & Symington, 2010; Pang
et al., 1997; Soutoglou et al., 2007). As the broken genetic material is lost,
NHEJ is a more error-prone correction of DSBs compared to HR. Conversely,
HR pathway utilises DNA invasion to induce template directed repair and

thus is a high-fidelity repair mechanism (X. Li & Heyer, 2008). Initiator of HR
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is the MRN complex, which is comprised of three proteins MRE11, RAD50
and NBS1. MRN complex then recruits ATM and downstream of ATM
important HR proteins like BRCA1 and RAD51 (N. Chatterjee & Walker,
2017). As heavy DNA damage is incompatible with replication, most DDR
genes are also regulators of the cell cycle. Many are tied to various cell cycle
checkpoints which are activated to halt the cell cycle until DNA damage can
be resolved or in extreme cases apoptosis is triggered (N. Chatterjee &
Walker, 2017; Heeres & Hergenrother, 2007; W. Zhou & Doetsch, 1993). To
accomplish these goals, DDR genes form very complex networks and
interact with each other (Figure 5).

As the interactions of the entire network is too complex, in the
following sub-sections only genes that are the direct focus of this thesis are

introduced.
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Figure 5

Complex DDR interactions form the core of cell cycle regulation and DNA
repairs.

Damaging alterations to DNA structure initiate extremely complex pathways
with different outcomes. Aimost all members of the DDR grid are situated
both upstream and downstream of each other concurrently, therefore
complicating the pathway further. While this figure encapsulates most of the
known interactions within the DDR pathway, it is important to note that it still
lacks the entirety of the connections among DDR members. For ease of
tracking, the genes that are directly the focus of this thesis are denoted with
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ATM and ATR. Ataxia telangiectasia mutated (ATM) and ataxia
telangiectasia Rad3-related (ATR) are serine/threonine kinases, belonging to
PI13K-like kinase family, that act as the master conductors of the DDR
network (Maréchal & Zou, 2013). While the pair often work intimately to
govern the DDR, the prerequisites for their activation and their specific roles
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are different and not redundant. They direct the DDR mainly by protein
phosphorylation.

In summary, DNA damage or replication stress, such as stalled
replication forks, is recognised by sensory proteins like the MRN complex
which in turn recruits ATM and ATR to the site. ATM and ATR then instigate
downstream signalling cascades that may trigger apoptosis, DNA repair and
cell cycle arrest. Generally, ATM is primarily activated by DSBs, whereas
ATR is activated in response to a broad spectrum of DNA damage as well as
interferences with replication (Maréchal & Zou, 2013). First step in this
pathway usually involves the recruitment of CHK1 and CHK2 kinases.

Double strand breaks present one of the biggest threats to the fidelity
of the genome. Therefore, ATM activity is paramount in averting such
catastrophes. This is further evidenced in ataxia telangiectasia patients
where ATM perturbations lead to hypersensitivity to DNA damage via
irradiation and also to defects in G1/S, S and G2/M cell cycle checkpoints.
Normally, MRN complex would sense and bind to the site of DNA double
strand breaks and recruits ATM to the site to initiate the DSB repair process.
ATM, in turn, phosphorylates other DDR elements such as BRCA1, CHK2
and TP53 (Lavin, 2008; Shiloh, 2003). Furthermore, ATM also works closely
with H2AX to induce the chromatin rearrangements that allow further
recruitment of DDR elements (Maréchal & Zou, 2013; Meier et al., 2007;
Savic et al., 2009). Interestingly, ATM-H2AX interaction is not compulsory to
phosphorylate CHK2 and TP53, but it is necessary for further recruitment of
DDR proteins and chromatin remodelling proteins (Fernandez-Capetillo et al.,
2002; J. Kang et al., 2005). Moreover, ATM interaction with H2AX is a crucial
initiator of ubiquitylation and sumoylation reactions that recruit BRCA1 and
53BP1 (Bekker-Jensen et al., 2009; Doil et al., 2009; Galanty et al., 2009;
Huen et al., 2007; Kim et al., 2007; Kolas et al., 2007; Mailand et al., 2007,
Meerang et al., 2011; Morris et al., 2009; Sobhian et al., 2007; Stewart, 2009;
B. Wang et al., 2007; B. Wang & Elledge, 2007). BRCA1 and 53BP1
antagonise one another and the balance between their levels is an important
regulator of HR system of repairing DSBs (Bunting et al., 2010; Chapman,
Sossick, et al., 2012; Y. Xu et al., 2017). Furthermore, BRCA1 and 53BP1

have been shown to amplify ATM activity in vitro, suggesting ATM boosts its
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own activity for DSB repairs via H2ZAX-BRCA1-53BP1 expression (J. H. Lee
et al., 2010). In addition, BRCA1 and 53BP1 assists in further recruitment of
ATM substrates (DiTullio et al., 2002; Fabbro et al., 2004; Kitagawa et al.,
2004; B. Wang et al., 2002). In addition, ATM seems to be further involved
with mitochondrial pathways. Knockdown of Drp-1 show hyperfused
mitochondria that lead to defects in chromosome segregation (Qian et al.,
2012). Moreover, Drp-1 knockdown induced genomic instability was shown to
trigger ATM-dependent G2-M arrest and the same study further showed that
ATR deficiency in combination with Drp-1 knockdown further decreased
stalled replication fork recovery leading to increased ATM activity, suggesting
that the united efforts of ATM and ATR is important in ensuring genomic
stability (Qian et al., 2012). ROS was also implicated in inducing ATM
autophosphorylation (Z. Guo et al., 2010; Maréchal & Zou, 2013). Normally,
the largest contributor to ROS in a cell are the mitochondria, suggesting that
mitochondrial processes can induce ATM activity and indirectly affect
genomic stability as well. Intriguingly, in many IVF centres, mitoscore is
considered as a factor in selecting the embryos for implantation. While the
exact effect of mitochondria is unknown on the quality of the embryo, the
association between the two is clear (H. Arora et al., 2022; Bayram et al.,
2017; Diez-Juan et al., 2015; Fragouli et al., 2015; May-Panloup et al., 2005;
Viotti et al., 2017; Wai et al., 2010). This connection between the
mitochondria and ATM might provide an answer to this mystery, thus
elevating the interest in the research of ATM in a fertility context. ATM but not
ATR is also a key contributor of NHEJ (H. Wang et al., 2004; Zha et al.,
2011). ATM and ATR often work closely together and can assist in the
recruitment of one another. ATR-ATRIP recruitment generally depends on the
presence of RPA coated ssDNA sequences. In DSB cases ATM and MRN
complex act as prominent drivers of resection which introduces ssDNA to the
blunt ends. As resection process advances and ssDNA sequence elongates,
ATM activation switches towards ATR activation instead (Shiotani & Zou,
2009).

ATR works in tandem with its effector kinase Chk1 to manipulate intra-
S and G2/M checkpoints. Despite their close relationship, ATR but not ATM is

essential to the survival of proliferating cells and its deletion leads to lethal



27

outcomes in embryogenic mice and in human cell lines (Brown & Baltimore,
2000, 2003; Cortez et al., 2001; Klein et al., 2000). ATR is a vigilant watcher
of replication fork progression and is a protector against intrinsic replication
stress (Casper et al., 2002; McNees et al., 2010). In contrast to ATM, ATR
can also be activated by single strand DNA damage, in addition to DSBs and
ATR has been implicated in nucleotide excision repair and mismatch repair
responses (Ball et al., 2005; Byun et al., 2005; Lopes et al., 2006; Namiki &
Zou, 2006; Shigechi et al., 2012; Zou & Elledge, 2003). ATR recruitment also
depends on sensory proteins. RPA complex covers exposed or resected
single strand DNA to initialise ATR-ATRIP recruitment (Maréchal & Zou,
2013; Menolfi & Zha, 2020). ATRIP refers to ATR interacting protein which is
essential for ATR stability and function (Menolfi & Zha, 2020). However, full
ATR activation pre-requisites at least three regulatory mechanisms to
collaborate (Maréchal & Zou, 2013). ATR can also act in response to a
compromised coordination between helicase and DNA polymerase as this
would also induce stress on the replication fork (Byun et al., 2005; Lopes et
al., 2006). Furthermore, ATR is involved in faithful origin firing during
replication (Cimprich & Cortez, 2008; Flynn & Zou, 2011). As an important
regulator of such eminent processes, ATR activation is tightly regulated to
prevent premature initiation. Most notably, research showed that simple
presence of ssDNA is insufficient for ATR activation and ss/dsDNA junctions
are required. This prevents key ATR responses such as apoptosis, DNA
repair and senescence from occurring spontaneously (Ellison & Stillman,
2003; Kumagai et al., 2006; J. Lee & Dunphy, 2010; S. Liu et al., 2011;
Mordes et al., 2008; Mordes & Cortez, 2008; E. A. Nam et al., 2011; Yoo et
al., 2009; Zou et al., 2003).

Another point of interest regarding ATR is that many of its downstream
proteins are also direct substrates of ATR itself, further complicating the
signalling network (Maréchal & Zou, 2013). Furthermore, ATM and ATR
cross-talk at the substrate level as well (Matsuoka et al., 2007). For instance,
ATR is also an inducer of H2AX, allowing downstream activation of INO80
and RADS1 in order to initiate DNA repair at stalled replication forks (Flynn &
Zou, 2011). As previously mentioned, ATR generally exerts its influence via
its effector kinase CHK1. One gene that is downstream of CHEK1 is CDC25
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which is inhibited in response to ATR/CHEK1. This CDC25 inhibition
prevents CDKs1 and 2 and cyclin B kinase functions to inhibit mitotic entry
(Busino et al., 2003; Jin et al., 2003; Melixetian et al., 2009; C. Y. Peng et al.,
1997; Sanchez et al., 1997). Another important CHK1 target is BRCA1, which
aids in preventing the collapse of replication forks under replication stress
(Arlt et al., 2006; Bartek & Lukas, 2003).

Both ATM and ATR are highly activated in various cancers and are
thought to aid in the survival of cancer cells (Halazonetis et al., 2008). This
theory is further supported by the observation that ATR is essential for
sustained survival of proliferating cells and that even in unperturbed cell lines
acts to safeguard the replication forks (Buisson et al., 2015; Simoneau &
Zou, 2021). Interestingly, in tumours with numerous chromosomal
abnormalities, commonly referred to as CIN tumours, SAC members are
commonly mutated, but they cannot explain the degree of genome
destabilisation on their own (Collura et al., 2005; Eun & Burke, 2008; Garber
& Rine, 2002; Rajagopalan et al., 2003; Sugimoto et al., 2004). ATM and
ATR are commonly mutated in CIN tumours and thus present two high-value
candidates in that regard (McCulley & Petes, 2010). Furthermore, in yeast
and CIN tumours mutations that elevate the number of gross chromosomal
rearrangements are found to be in genes controlling S-phase DNA damage
checkpoint, DNA replication, telomere length regulation and chromatin
assembly (C. Chen & Kolodner, 1999; Craven et al., 2002; Myung, Chen, et
al., 2001; Myung, Datta, et al., 2001; Myung et al., 2003). In contrast, SAC
mutations do not elevate the levels of gross chromosomal rearrangements
(Myung et al., 2004). In yeast Tel1p and Mec1p (orthologs of human ATM
and ATR respectively) have been shown to have roles in DDR, S-phase
checkpoint and telomere length regulation. Interestingly, McCulley and Petes
also showed that even in the absence of DNA damage Tel1p and Mec1p
mutations were associated with extensive aneuploidy and chromosomal
rearrangements while the SAC remained intact (McCulley & Petes, 2010).
Therefore, suggesting SAC independent influence of ATM and ATR on
aneuploidies. Furthermore, correcting telomere defects reduced CIN but not

the rate of aneuploidies, suggesting the role of ATM and ATR in aneuploidies
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to be also independent of their role in telomere length regulation (McCulley &
Petes, 2010).

ATR is a master regulator of DNA replication. Even in unperturbed
cells, knockdown of ATR slows replication fork progression and increases the
number of replication origins (Eykelenboom et al., 2013). Furthermore, such
cells tend to undergo mitosis early, i.e., without sufficient control of proper
DNA replication, as well as showed quicker division, leading to anaphase
lagging and chromosome bridges, failed cytokinesis and cell death
(Eykelenboom et al., 2013). ATR is considered to enable various cell cycle
checkpoints to regulate the cell cycle. Firstly, activating S-M checkpoint
minimises unreplicated DNA before mitosis (K. L. Chan et al., 2007, 2009;
Eykelenboom et al., 2013; C. Lukas et al., 2011). Initialisation of intra S
checkpoint inhibits replication origin firing, protects stalled replication forks
from recombination, allows relaxation of chromosomal torsional stress and
modification of proteins at the replication fork (Alabert et al., 2009; Bermejo et
al., 2011; Boddy et al., 2003; De Piccoli et al., 2012; Santocanale & Diffley,
1998; Shirahige et al., 1998; Zegerman & Diffley, 2010). Furthermore,
activation of the intra-S checkpoint induces dNTP production, which may aid
in decreasing replication stress due to depleted dNTP reserves (Elledge et
al., 1993). ATR is further involved in the balance of replication origin firing
and dNTP production (Simoneau & Zou, 2021). In contrast, S/G2 checkpoint
inhibits mitosis in the absence of complete DNA replication. However, as
opposed to DDR, ATR activation during S/G2 transition is achieved by
ETAA1 enabled by RPA (Bass et al., 2016; S. Feng et al., 2016; Haahr et al.,
2016; Y.-C. Lee et al., 2016). Loss of ATR activity hastens S-phase
progression albeit with increased levels of mitotic defects that ultimately lead
to cell death. Furthermore, reduction in checkpoint regulation may lead to
mitotic entry prior to total DNA replication which is then attempted to be
corrected by the cells during mitosis. However, these attempts usually lead to
chromosome missegregations and aneuploidies (Simoneau & Zou, 2021). In
addition to its roles in checkpoint regulation, ATR also regulates the rate of
DNA synthesis via controlling the number of replication origins that are active

at any given time. ATR’s influence on replication origins is dependent on
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CDC25A phosphorylation via CHK1 (Buisson et al., 2015; H. Zhao et al.,
2002).

Another interesting observation about ATR related aneuploidies is
seen in neurodegenerative disorders. In Alzheimer patients, mosaic
aneuploidy is observed (Arendt et al., 2010; lourov et al., 2009, 2010; P.
Thomas & Fenech, 2008). Similarly, in ataxia telangiectasia and Seckel
syndromes, which are the results of ATM and ATR mutations respectively,
mosaic aneuploidies are also a common occurrence (Potter et al., 2019).
ATM and ATR mutation are associated with genomic instability, aneuploidy
and increased cancer risk due to defective DNA repair in such patients.
Moreover, loss of ATR function is a known cause of centrosome
overduplication (Alderton et al., 2004; Collis et al., 2008; Stiff et al., 2016).
Therefore, in addition to cancers, ATM and ATR mutations are also
associated with aneuploidies in neurodegenerative disorders. However,
similar observations in preimplantation embryos are currently lacking in the
literature.

A recent study has highlighted that ATR but not ATM co-localises to
the centromeres (Kabeche et al., 2018). Previously, CHK1 was considered to
act independently of ATR in centromeres in tandem with Aurora B kinase
(Zachos et al., 2007). Intriguingly, CHEK1 inhibition seems to dampen SAC
functions whereas a reduction in ATR activity appears to have no effect on
the SAC (Kabeche et al., 2018; Zachos et al., 2007). However, this recent
data suggests ATR induces Aurora B via CHK1 to prevent lagging
chromosomes, thus providing defence against CIN and aneuploidy.
Furthermore, results of this study also suggest this role of ATR is
independent of its S-phase checkpoint activity and DDR functions (Kabeche
et al., 2018). ATR is required for full Aurora B activation at centromeres which
in turn allows correction of erroneous microtubule attachments at
kinetochores (Cimini et al., 2006; Kabeche et al., 2018; Lampson &
Cheeseman, 2011). Intriguingly, recruitment of ATR at centromeres is RPA-
dependent, however ssDNA presence at centromeres is not confirmed.
Instead, R-loop structures seem to act as RPA binding sites to conscript ATR
(Kabeche et al., 2018). Interestingly, centromeric employment of ATR doesn’t

seem to affect CDDK1 and CDC25A, very common downstream kinases of



31

ATR in its DDR related pathways. Therefore, suggesting that the centromeric
and DDR functions of ATR appear to be distinct (Kabeche et al., 2018).

Finally, ATR was also shown to associate with apoptosis directly.
Interestingly, pro-apoptotic protein BID interacts with ATRIP and RPA to drive
ATR activation during replicative stress (Y. Liu et al., 2011). Furthermore, ATR
was shown to bind to BID to prevent apoptotic functions of BAK and BAX in
order to give the cell time to correct DNA damage (Biswas et al., 2022; Hilton
et al., 2015; Makinwa et al., 2020; Murga et al., 2009; Musich et al., 2017).
Surprisingly, this function of cytoplasmic ATR is based on the cis- /trans-
configuration of the protein and is independent of the nuclear function of ATR
(Biswas et al., 2023). Usually, aneuploidies and other copy number variations
are highly prone to apoptosis. Therefore, ATR’s involvement in both

aneuploidies and apoptosis makes it a very interesting gene in this field.

CHEK1. CHK1 is a serine/threonine kinase that has roles in G2/M
checkpoint, DNA replication, mitotic progression, DNA repair and overall cell
cycle (Alderton et al., 2004; Neizer-Ashun & Bhattacharya, 2021). CHK1 is
the protein encoded by the CHEK1 gene situated on chromosome 11. CHK1
is the effector kinase of ATR and thus is integrated in many of its pathways
(Alderton et al., 2004; Maréchal & Zou, 2013; Sgrensen et al., 2005).
Intriguingly, ATM and ATR have distinct pathways, yet their effector kinases,
CHK2 and CHK1 respectively, show overlaps (Neizer-Ashun & Bhattacharya,
2021). Naturally, loss of ATR/CHK1 pathway functions either by loss of ATR
and/or CHEKT1 activity is associated with defects in cell cycle and DDR.
Furthermore, mutations of TP53 and Rb genes were shown to render cells
heavily reliant on ATR/CHK1 pathway. Suggesting, their cooperation in
maintaining cell survival (Gaillard et al., 2015; Ma et al., 2012; Neizer-Ashun
& Bhattacharya, 2021; Origanti et al., 2012). Additionally, in the absence of
ATR/CHK1 pathway activity, replicative stress, nuclear fragmentation and
micronuclei formations are common sights (Alderton et al., 2004).
Conversely, hyper-expression of CHEK1 can be detrimental to cellular and
genomic homeostasis. Suggesting that strict regulation and oscillation of the
expression levels of CHEK1 is crucial to its function (Krystyniak et al., 2005;
Mailand et al., 2006; Neizer-Ashun & Bhattacharya, 2021; Peschiaroli et al.,
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2006; Tang et al., 2006; Zachos et al., 2007). CHEK1 was also observed to
be prominent in development and expansion of haemopoietic stem and
progenitor cells (Schuler et al., 2019). Moreover, in mice deletion of Chek1
completely abolished survival of embryos (Boles et al., 2010; Takai et al.,
2000).

CHK1 forms different interactions with a multitude of proteins. As
previously mentioned, ATR is considered to be the primary activator of CHK1.
ATR phosphorylates CHK1 on its specific serine residues mainly as a
response to replication stress, thus mediating G2/M and intra-S checkpoints
as well as influencing SAC via Aurora kinases A and B (Dai & Grant, 2010;
Gaillard et al., 2015; Krystyniak et al., 2005; Mailand et al., 2006; Peschiaroli
et al., 2006; Petermann et al., 2010; Shaltiel et al., 2015; Syljuasen et al.,
2005; J. L. Wang et al., 2002; Zachos et al., 2007; Zeman & Cimprich, 2014;
H. Zhao et al., 2002). As a prominent influencer of key cellular processes,
CHEKT1 expression requires rigorous supervision. Furthermore, CHK1 protein
was observed to exist in a constitutively inactive state prior to its
phosphorylation due to its unique folding (Neizer-Ashun & Bhattacharya,
2021). Activation of CHK1 can involve varying pathways and the mode of its
activation appears to depend on the root cause of its activation. As an
example, CHK1 activation during DNA replication and its activation as a
response to DNA damage rely on distinct mechanisms (Neizer-Ashun &
Bhattacharya, 2021).

When DNA damage is recognised by ATR, CHK1 is subsequently
phosphorylated and activated in majority of cases. In turn, CHK1 acts to
delay cell cycle progression to grant the cell more time for carrying out
necessary repairs on the DNA (Manic et al., 2015; Shaltiel et al., 2015).
CHK1 can then phosphorylate RADS1, which is a key step in its interaction
with BRCA2 within the HR pathway. The S-phase checkpoint is triggered
under replication stress and CHK1 usually activates cell-cycle checkpoints
via CDC25 phosphatases (Donzelli et al., 2004; Melixetian et al., 2009; J. L.
Wang et al., 2002; H. Zhao et al., 2002). CDC25 has three major isoforms
that are downstream targets of Chk1. Firstly, CDC25A is phosphorylated by
CHK1 leading to the inhibition of CDK1 and CDK2 and ultimately causing

cell-cycle arrest at either intra-S or G2/M checkpoints (J. L. Wang et al.,
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2002; H. Zhao et al., 2002). Secondly, CHK1 can phosphorylate CDC25C
and enable its export from the nucleus. Consequently, nuclear cyclin B and
CDK1 cannot be activated which prevents mitotic entry (Lopez-Girona et al.,
1999; C. Y. Peng et al., 1997). Interestingly, third CDC25 isoform, CDC25B,
is localised to centrosomes in unperturbed cell cycle and its phosphorylation
by CHK1 prevents CDK1 activation at centrosomes (Kramer et al., 2004;
Schmitt et al., 2006). On the other hand, CHK1’s importance in unperturbed
cells extends beyond centrosomes as it is critical for cell survival, DNA
replication, G2/M transition and mitosis independently of its DDR functions
(Wilsker et al., 2008). Furthermore, loss of CHEK1 was shown to cause TP53
induced cell death via caspase 2 in undisturbed cells (Pan et al., 2009).
During natural DNA replication, at S-phase, activated CHK1 phosphorylates
CDC25A and mediates its degradation, thus promoting replication fork
progression and inhibits excess origin firing. Conversely, knockdown of
CHEK1 was observed to result in elevated replication stress, DSBs,
excessive replication origin firing and aberrant replication forks that may
eventually result in aneuploidies (Petermann et al., 2010; Syljuasen et al.,
2005). In addition, CHK1 can also inhibit DNA replication via TRESLIN, a
TOPBP1 binding protein (Qiu et al., 2018). Interestingly, CHK1 needs to be
inactivated later in the cell cycle, to allow G2/M progression as otherwise
nuclear export of CDC25C prevents cyclin B and CDK1 activation in the
nucleus (Lopez-Girona et al., 1999; C. Y. Peng et al., 1997). Moreover, CHK1
is implicated in mitotic exit, just before cytokinesis. Cells that enter mitosis
with damage will delay mitotic exit and tend to go through mitotic catastrophe
and form binucleates. Binucleated cells are cleared via apoptosis in a TP53-
dependent manner. Activation of CHK1 was shown to attenuate cyclinB1
degradation which in turn enforces mitotic catastrophe (Andreassen et al.,
2001; X. Huang et al., 2005).

CHK1 is also a key in influencer of the SAC network. In particular,
CHK1 regulates Aurora A and Aurora B kinases and thus is essential in
kinetochore-microtubule attachments (Krystyniak et al., 2005; Zachos et al.,
2007). Previously, these regulating roles of CHK1 was considered to be
independent of ATR, however more recent data suggests ATR may play a

role in this pathway after all (Kabeche et al., 2018; Zachos et al., 2007).
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CHK1 also negatively regulates PLK1, an important regulator of SAC (Tang
et al., 2006). Abrogation of CHEK1 was further associated with chromosome
misalignment in metaphase, lagging chromosomes and kinetochore defects
during anaphase, all promising precursors of aneuploidies (Tang et al., 2006).
Chk1 was also shown to regulate SAC and DDR during early
embryonic development in mice (Ju et al., 2020). Preimplantation embryos
can acquire aneuploidies at any developmental stage, but the first two
divisions are known to be the most susceptible to chromosomal aberrations
(Mertzanidou et al., 2013). Moreover, cleavage stage embryos generally
present more abnormalities compared to blastocyst embryos (Santos et al.,
2010). Notably, loss of CHK1 has important implications on early embryo
development. Firstly, loss of Chek1 was shown to elevate DNA damage and
oxidative stress which in turn induced early apoptosis and autophagy in mice
embryos (Ju et al., 2020). In addition, abrogation of Chek1 activity severely
impedes the ability of embryos to develop to morula and/or blastocyst stages,
while initially accelerating cell cycle progression at the first cleavage (Ju et
al., 2020). Furthermore, SAC impairment in early embryogenesis, which can
arise as a consequence of loss of CHEK1 activity, results in micronuclei
formation, chromosome misalignment and aneuploidies, thus decreasing
implantation rates and delaying development (Dobles et al., 2000; Kalitsis et
al., 2000; Q. T. Wang et al., 2004; Y. Wei et al., 2011). SAC disruption in early
embryos due to CHEK1 knockdown can be attributed to its active role in
BUBR1 and Aurora B localisation and their recruitment or to CHK1’s
influence on MADZ2, another well-known member of the SAC network
(Carrassa et al., 2009; Chila et al., 2013; Mackay & Ullman, 2015). As
mentioned above, first cleavage divisions hasten in CHEK1 knockdown cells,
but the cells show abnormal spindle assembly and chromosome alignments.
Moreover, lagging and scattered chromosomes were common observations
in such cases alongside multipolar spindle formations (Ju et al., 2020).
Furthermore, CHEK1 elimination at the embryogenic stage results in
increased BAX expression and subsequent apoptotic responses. Lastly,
CHEK1 loss was associated with an increase in H2AX activity which is an
important marker of sensing DNA damage. In contrast, RAD51 levels were

shown to be decreased, suggesting that despite the DNA damage can be
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detected, the cells may lack the restorative response in the absence of CHK1
(Dickey et al., 2009; Ju et al., 2020).

CHEK2. As CHK1 constitutes the immediate downstream effector
kinase for ATR, CHK2 fulfils the same role for ATM. CHK2 is also a
serine/threonine kinase encoded by the CHEK2 tumour suppressor gene
situated on chromosome 22 and has a part primarily in the DDR pathway
(Tominaga et al., 1999). Following the recognition of DSB sites by the MRN
complex, ATM is recruited which in turn phosphorylates and activates CHK2.
CHK2 can in turn interact with other downstream substrates such as TP53,
CDC25A, CDC25C and BRCA1 (Boonen et al., 2022). Through these
substrates, CHK2 can be involved in various cellular processes as a
moderator. For instance, through its interactions with BRCA1, CHK2 can be
involved in DDR. Furthermore, via KAP1 it can influence heterochromatin
relaxation. By interacting with CDC25A and CDC25C, checkpoint activation
and cell cycle arrest can be regulated. Similarly, via its interaction with TP53,
CHK2 can be prominent in cell cycle arrest and apoptosis (Boonen et al.,
2022). Unsurprisingly, CHK2 has been associated with Li-Fraumeni
syndrome much like TP53 (Bell et al., 1999; McBride et al., 2014; Schneider
et al., 2019). Moreover, CHK2 has been shown to phosphorylate TP53 and
drive its dissociation from MDM2, ultimately stabilising TP53, thereby
elevating cellular responses against tumorigenesis (Chehab et al., 2000).
Independently of these interactions, CHEKZ2 is an eminent tumour suppressor
gene by itself. Disruption of its activity has been extensively documented in
breast cancers (Couch et al., 2017; Dorling et al., 2021; Hauke et al., 2018;
Meijers-Heijboer et al., 2002; Weischer et al., 2007). Nonetheless, it is a
cancer risk gene in multiple organs outside of breast cancers (Cybulski et al.,
2004).

CHEK?2 possesses an intriguing expression profile with regards to
cellular activity. A past study has shown that CHEK?Z is highly expressed in
proliferating, renewing cells whereas it was downregulated comparatively in
terminally differentiated cells or resting cells (Zoppoli et al., 2012).
Additionally, CHEK2 mutations are one of the most frequent germline

alterations (Stolarova et al., 2020). As a very actively expressed protein in
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proliferating cells, it is not surprising that CHK2 holds duties in stem cell
maintenance alongside circadian clock regulation duties and intracellular
responses to viral infections (Stolarova et al., 2020). Since CHK2 exerts
influence on a number of cellular pathways its expression necessitates tight
regulation. Molecularly, in the absence of DNA damage stimuli, CHK2
remains as an inactive monomer. Upon activation of DNA damage signals,
ATM phosphorylates CHK2, promoting its transient homodimerization
(Matsuoka et al., 2000). CHK2 was also shown to be able to dimerise and
self-activate independently of ATM when overexpressed. However, such an
activation occurs partially and full activation of CHK2 requires
phosphorylation by ATM (Schwarz et al., 2003). As such, CHK2
phosphorylation has been used extensively as a marker for ATM activation
(Blackford & Jackson, 2017). Enigmatically, ATR has also been shown to be
able to phosphorylate the same serine residue in vitro (Shang et al., 2014).
Suggesting ATR could be a potential activator of CHK2.

In order to balance CHK2 activity, other molecules can antagonise its
initiation. For instance, WIP1 can dephosphorylate CHK2 in DDR to suppress
its activation (Freeman et al., 2010; Fujimoto et al., 2006; Oliva-Trastoy et al.,
2007). Within undamaged cells WIP1, PP2A, PP1 phosphatases can
antagonise ATM/CHK2 induction (Carlessi et al., 2010). When DNA damage
demands enhanced CHK2 activity, it is suspected that phosphorylation by
ATM brings forth full CHKZ2 activation and in this stage CHK2 is less sensitive
to dephosphorylation by phosphatases such as WIP1. Ubiquitination of CHK2
is also important for its function as its turnover is reliant on it as well as
presence of MDM2 (Kass et al., 2009). Phosphorylation of CHK2 on S456
prevents this ubiquitination, thus is needed for its activation in DDR (Bohgaki
et al., 2013). Moreover, ubiquitination of CHK2 by CUL1 has been implicated
in CHK2 mediated apoptosis (Stolarova et al., 2020). Another antagonist of
CHK2 activation is PLK1. Together in a complex with 53BP1, PLK1 can
phosphorylate CHK2 and prevent its activation in mitosis. Most curiously,
CHK2 has been shown to colocalise to centromeres with PLK1 during mitosis
(Chouinard et al., 2013). This suggests that CHK2 may have roles in faithful
chromosome segregation, CIN and aneuploidy, yet the mechanistic

significance of this colocalization remains under investigation. On the other
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hand, a more recent paper suggests that the activity of CHK2 can be
dispensable in aneuploidies (Zerbib et al., 2023).

Canonically, CHK2 is mentioned within the ATM-CHK2-TP53 pathway
against DSBs (Falck et al., 2001; Matsuoka et al., 1998). MRN complex
localises to the site of DSBs and recruits ATM which in turn activates CHK2
and cascades the DDR (Paull, 2015). CHK2 not only activates downstream
effectors against DSBs but also shares substrates by ATM and thus can also
amplify ATM signals and improve DDR regulation. Interestingly, ATR-CHK1
also has overlapping targets with CHK2, underscoring the intimacy between
ATM-CHK2 and ATR-CHK1 networks (Bartek et al., 2007; Neizer-Ashun &
Bhattacharya, 2021). Concurrently, other studies have shown that knockout
of Chek?2 yield viable and fertile mice, insinuating that Chk2 duties are
redundant and can be partially compensated by Chk1 (Niida et al., 2010;
Takai et al., 2002). Further downstream in the pathway, CHK2
phosphorylates TP53 and activates it (Cheng & Chen, 2010). Additionally,
CHK2 can phosphorylate MDM2 and disrupt its coupling with TP53 which
enhances the stabilisation of TP53 further. Moreover, CHK2 can
phosphorylate and inhibit CDC25A phosphatases, allowing checkpoint
activation. However, for longer arrest of the cell cycle, senescence or
apoptosis, TP53 activation is required (J. Chen, 2016). Phosphorylation of
CDC25A induces dephosphorylation of CDK2 and halts cell cycle before S-
phase (Falck et al., 2001). Furthermore, CHK2 can phosphorylate CDC25C
which prevents CDK1-cyclinB activation, thus preventing mitotic entry
(Matsuoka et al., 1998). On the other hand, normal levels of CHK2 were
proven to be insufficient to cause G1 arrest and its overexpression is
required to drive checkpoint activation (Jack et al., 2002). Lastly, CHK2 is
also implicated in autophagy in response to oxidative stress via Beclin1
phosphorylation (Q. Guo et al., 2020). Overall, CHK2 exerts influence on
many cellular processes, most notoriously in DSB repair and failing that,
apoptosis via TP53. Intriguingly, it is highly expressed in proliferative cells
such as embryogenic cells. Moreover, it has been shown to colocalise to
centromeres, thus CHEKZ presents an interesting gene for this study. While

CHK2 has been shown to be dispensable in aneuploidies, lack of apoptosis
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and/or senescence in aneuploid embryos warrant investigations into CHEK2

expression levels.

BRCA1. BRCA1, alongside its close associate BRCAZ2 represent two
very common DDR genes. Together, they are the two most notorious genes
mutated in breast and cervical cancers (Y. Chen et al., 1996). BRCA1 plays a
key role in various crucial cellular processes such as cellular growth,
apoptosis, DDR, cell cycle progression and transcriptional regulation (Deng &
Brodie, 2000; Gudmundsdottir & Ashworth, 2006).

BRCA1 is a gene comprised of 24 exons encoded on chromosome 17
(Hall et al., 1990). BRCA1 is a relatively large protein with many domains.
Among those, its BRCT domain is conserved in many DDR networks.
Furthermore, BRCA1 BRCT and RING domains are commonly altered in
majority of the clinically significant BRCA1 mutations as they are crucial in its
contribution to HR in DSBs (Chabanon et al., 2021; Fu et al., 2022; B. Wang,
2012). BRCA1 works intimately with other DDR agents such as ATM, TP53,
RAD50, RAD51 and many others to carry out most of its functions. For
example, BRCA1-PALB2-BRCA2 complex is a prominent recruiter of RAD51
which in turn drives damage repair at DNA breaks (Ducy et al., 2019; Sy et
al., 2009).

The balance between HR and NHEJ in the repair of DSBs can
influence GIN within a cell (Chapman, Taylor, et al., 2012; Dever et al., 2011;
Dimitrov et al., 2013; Y. Hu et al., 2011, 2014; Sonoda et al., 1998; Taouis et
al., 2023; Vohhodina et al., 2020). While DSBs themselves can create GIN
and chromosomal aberrations, too low or too high levels of HR can also
cause GIN (Blackford & Jackson, 2017; Dever et al., 2011; Dimitrov et al.,
2013; Her & Bunting, 2018; Y. Hu et al., 2011, 2014; Kieffer & Lowndes,
2022; Sonoda et al., 1998; Taouis et al., 2023; Vohhodina et al., 2020).
BRCA1 is a regulator of HR in different ways. Firstly, BRCA1 and 53BP1
balance is a key regulator of HR response (Bunting et al., 2010). Secondly,
BRCA1/CtIP complex is a promoter of DNA end resection which can allow
ATR recruitment and in turn can enhance HR response (Adams et al., 2006;
Fu et al.,, 2022; R. X. Huang & Zhou, 2020; Jazayeri et al., 2006; Maréchal &
Zou, 2013; Myers & Cortez, 2006; G. Peng et al., 2012; Sartori et al., 2007;
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Shiotani & Zou, 2009; Tomimatsu et al., 2012; Vohhodina et al., 2020).
Interestingly, BRCA1 also prevents excess resection and thus unnecessary
HR response. Therefore, BRCA1’s role in HR appears to be as a regulator as
opposed to being an enhancer or an inhibitor (R. X. Huang & Zhou, 2020;
Vohhodina et al., 2020). Furthermore, mutations or absence of BRCA1 has
been shown to cause a shift towards NHEJ in the repair of DSBs (Narod &
Foulkes, 2004; Zhong et al., 1999). As NHEJ constitutes an error-prone
pathway, this fluctuation towards its use was posited to be a cause of
chromosomal instability and a key step in carcinogenesis. Moreover, a
combination of BRCAZ2 and RAD51 mutations were shown to result in similar
phenotypic outcomes, suggesting that these three genes are part of the
same pathway that regulate chromosome stability (Narod & Foulkes, 2004).
In addition, BRCA1, BRCA2 and RAD51 levels were found to be elevated
during S-phase, prompting a hypothetical role during or after DNA duplication
and hence in preserving chromosome stability. Later, BRCA1 was confirmed
to play a part in the maintenance of stressed replication forks as well as
restart of the fork once necessary repairs have been carried out (Hatchi et
al., 2015; Long et al., 2014; Morris & Solomon, 2004; Schlacher et al., 2012).
On the other hand, BRCA1 can interact with a myriad of proteins apart from
BRCAZ2 and RAD51. Very notably, ATM, CHEK2, RAD50, BLM helicase and
MRN complex were all identified as members of the BRCA1 associated
surveillance complex (BASC). Being comprised of many DNA repair proteins,
BASC is involved in the detection and repair of DNA errors. Interestingly, the
same study excluded BRCA2 and RAD51 from BASC (Y. Wang et al., 2000).
Finally, BRCA1 has been implicated in R-loop induced DNA damage which
are normal intermediates of RNA/DNA hybrid structures during transcription.
While natural steps, unresolved R-loops can threaten the integrity of the
genome (Gorthi et al., 2018; Hatchi et al., 2015; Herold et al., 2019).
Increasing levels of R-loops at halted transcription sites were further
observed in Ewing’s sarcoma and neuroblastomas (Gorthi et al., 2018;
Herold et al., 2019). BRCA1 was observed in the recruitment of senataxin
and consequently resolving R-loops, effectively decreasing R-loop induced
DNA damage (Hatchi et al., 2015). Association of BRCA1 in resolving R-

loops may also suggest an indirect association with aneuploidy and ATR at
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the centromeres which was shown to localise to the centromeres via R-loops
(Kabeche et al., 2018). However, there is no conclusive evidence showing
BRCA1 localisation at centromeres, thus this prospect remains a mere
hypothesis at the moment.

Similar to ATM and ATR, BRCA1 is also a pertinent cell cycle
checkpoint regulator. It has been shown to play active roles in controlling G1-
S and G2-M checkpoints (Hakem et al., 1997; Larson et al., 1997; Ruffner &
Verma, 1997; S. X. Shen et al., 1998; Somasundaram et al., 1997; Vaughn et
al., 1996; X. Xu et al., 1999). Furthermore, its role in G2-M checkpoint may
require phosphorylation by ATM and ATM deficiency appears to yield similar
phenotypes as BRCA1 deficiency with regards to G2-M checkpoint and DNA
damage (Barlow et al., 1997; X. Xu et al., 1999). Moreover, disruption of
BRCA1 and BRCA2 show survival despite heavy GIN as checkpoint activity
and apoptotic drive in these cells is heavily impaired similar to loss of TP53
and p21 (Gretarsdottir et al., 1998; Tirkkonen et al., 1997; Wessels et al.,
2002). Survival of genomically unstable cells can be the precursor to
carcinogenesis and aneuploidies. In addition to being a cell cycle checkpoint
regulator BRCA1 is associated with centrosome duplication and thus may
play a prominent role in aneuploidy cases (Deng & Brodie, 2000; Piemonte et
al., 2021; Vodicka et al., 2023).

Lastly, Brca1 mutations have been shown to be embryonically lethal in
mice during gestation. All the more, embryos with Brca1 deficiencies showed
various structural and numerical chromosomal abnormalities (Gowen et al.,
1996; Hakem et al., 1996; C. Y. Liu et al., 1996; Ludwig et al., 1997; S. X.
Shen et al., 1998). These consequences of BRCA1 loss may be dependent
on its interactions with BRCA2 and RADS51 as nullification of these two genes
result in phenotypically similar outcomes (Tavtigian et al., 1996; Wooster et
al., 1995). Furthermore, a hypothesis suggests that mutations of BRCA
genes allow survival in breast and ovarian cancer precursor cells. However,
carcinogenesis initiation then necessitates oestrogen presence, which may in
part explain why BRCA1 and BRCA2 are most commonly seen in those two
cancers in comparison to other neoplasms (Elledge & Amon, 2002; Gompel
et al., 2000; Narod & Foulkes, 2004; Scully & Livingston, 2000). Oestrogen

has anti-apoptotic properties and is supplied in excess during most ART



procedures which may be a factor that enables the survival of aneuploid

embryos.

TP53. From a certain point of view, TP53 needs no introduction as it
has been revered as the “guardian of the genome” for many years (D. P.
Lane, 1992) TP53, formerly called p53, has been researched in cancer
genetics very extensively as it plays a major role in almost all cancers.
Furthermore, TP53 mutations were observed in all aneuploid tumours and
such mutations are associated with poorer cancer prognosis, solidifying the
tumour suppressor properties of TP53 (McClure et al., 2023; Narkar et al.,
2021; Oltmann et al., 2018). Intriguingly, TP53 seems to cause aneuploidy
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without without disrupting the SAC, not unlike ATR (Schjglberg et al., 2009).

TP53 is a transcription factor that is best known as a tumour

suppressor. However, it has more recently discovered roles in cell

differentiation and aging as well (Hernandez Borrero & El-Deiry, 2021; Jain &

Barton, 2018). Moreover, TP53 is activated by various stress responses such

as DNA damage, replication stress or instigation of oncogenic pathways

within the cells (Kastenhuber & Lowe, 2017). In this TP53 activation process
ATM, ATR, alongside their effector kinases CHEK2 and CHEK1 respectively,

play prominent parts. Furthermore, MDM2 is a regulator and a target of

TP53, thus regulating TP53 in a negative feedback loop manner (Hernandez

Borrero & El-Deiry, 2021). Collectively, these pathways enable TP53 to

interact with downstream proteins such as CDC25C, E2F7, DDIT4 and leads

to cell cycle arrest, DDR and senescence. Furthermore, TP53 can also

interact with mitochondrial proteins such as BAX and BAK to trigger apoptotic

responses (Hernandez Borrero & El-Deiry, 2021) (Figure 6).



Figure 6

Summary of TP53 activation, and resultant cellular actions.

TPS53 induction can occur under DNA damage conditions via ATM/ATR

related pathways. In response, the cellular cycle is halted to allow DNA

repair. However, when this fails, senescence and apoptosis of the cell are

likely outcomes.
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While the role of TP53 in tumorigenesis and aneuploid tumours is

nothing de novo and is well-known, it is hardly the only field TP53 is

implicated in. More recently, TP53 was shown to be associated with

neurodegenerative disorders (Caneus et al., 2018). Mutant Tau (MAPT) is

considered to be the main instigator of many neurodegenerative disorders

42

such as frontotemporal lobar degeneration (FTLD) and Alzheimer’s disease.

In both, neuronal aneuploidy appears to be a common feature. However, in

FTLD blocking of the cell cycle via activation of TP53 seems to alleviate

aneuploidy (Caneus et al., 2018; Potter et al., 2019). Therefore, the role of

TP53 in aneuploidies appears to be a preventative one. Mainly, TP53 is
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considered to initiate apoptotic responses in opposition to a variety of cellular
perturbations (Aylon & Oren, 2011; Hafner et al., 2019; Kastenhuber & Lowe,
2017; Mello & Attardi, 2018; Mijit et al., 2020; Narkar et al., 2021; Reinhardt &
Schumacher, 2012). Interestingly, a more recent paper showed that TP53
does not act as a universal watcher for aneuploidies. Furthermore, the same
study suggested that TP53 can influence faithful chromosome segregation
directly or indirectly and mainly by minimising mitotic errors (Narkar et al.,
2021). Inhibition of TP53 seems to induce lagging chromosomes in anaphase
and formation of multipolar spindles, both common precursors to CIN and
aneuploidies (Artegiani et al., 2020; Drost et al., 2015; Kirsch-Volders et al.,
2002; Lens & Medema, 2018; Narkar et al., 2021; Saunders et al., 2000; Shi
& King, 2005; Steigemann et al., 2009). Moreover, this loss of TP53 does not
seem to alter SAC function. Coupled with prior research this suggests that
TP53 influences aneuploidy independent of SAC (Narkar et al., 2021;
Schjglberg et al., 2009). However, recent literature suggests that induction of
aneuploidy does not always equate to TP53 activation and subsequent G1
arrest. Indeed, such responses can vary in a cell-line dependent manner
(Narkar et al., 2021).

Finally, TP53 was established to have a direct impact on embryo
implantation and pregnancy maintenance, thus can be significant in ART
procedures. Relevance of TP53 in embryogenic contexts is thought to stem
from its protective role in genomic stability (W. Hu, 2009). Interestingly,
TP53’s role in implantation appears to be independent of its tumour
suppressor roles. In addition, TP53 within the context of embryo implantation
was shown to be induced by leukaemia inhibitory factor (LIF) (Z. Feng et al.,
2011; W. Hu et al., 2007; H. J. Kang & Rosenwaks, 2018). On the other
hand, the effect of TP53 polymorphisms on IVF outcomes remains
contradictory (Kay et al., 2006; Mohammadzadeh et al., 2019; Palomares et
al., 2021). Additionally, there is a clear association between LIF induced
TP53 response and embryo implantation, however the molecular
mechanisms surrounding these interactions remain to be unveiled (J. R.
Chen et al., 2000; Palomares et al., 2021).
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MDM2. In the current literature, most information on MDM2 pertains to
its capacity to moderate p53. MDM2 is an E3 ubiquitin ligase that is best
known for ubiquitinating p53, thereby targeting it for degradation (Honda et
al., 1997). As MDM2 mainly functions by downregulating TP53 activity, its
overexpression and subsequent excessive inhibition of TP53 has been the
perpetuator of various anomalies such as lymphomas, increased frequencies
of chromosome and chromatid breaks and/or aneuploidies, elevated
proliferation and loss of TP53-mediated apoptosis (P. Wang et al., 2007).
MDM2 can also block the transactivation function of TP53 (Momand et al.,
1992). MDM2 was further proven to facilitate SUMOylation and nuclear
export of TP53 which in turn drives its degradation by the proteasome
(Konopleva et al., 2020). Collectively, these studies show that MDM2
mediated inhibition of TP53 proceeds via two distinct pathways, on the one
hand via proteosomal degradation and on the other, by blocking the
transactivation domain of TP53 (Konopleva et al., 2020; Sciot, 2021).
Furthermore, MDMZ2 is a direct transcriptional target of TP53, thus it forms an
autoregulatory feedback loop to regulate the expression of TP53 (Barak et
al., 1993; Karni-Schmidt et al., 2016; Vassilev, 2007; X. Wu et al., 1993).
Activators of TP53, such as irradiation, hyperproliferative signals and hypoxia
also upregulate MDM2, thereby triggering the feedback control that keeps
TP53 response in check (Levine et al., 2006). Dampening of TP53 activity is
critical for survival as Mdm2 null mice were observed to show embryonic
lethality which was rescued by simultaneous knockdown of Tp53 (Shangary
& Wang, 2009). Abolishing the MDM2- TP53 binding yielded identical results
(Chinnam et al., 2022). In B-cells, elevated levels of MDM2 confer
proliferative, survival advantage and CIN, paving the way for tumorigenesis
(P. Wang et al., 2007). Interestingly, increased MDM2 expression in pre-B-
cells also presaged aneuploidy and loss of chromosomes. On the other hand,
substitute chromosomal abnormalities such as chromosomal breaks and
fusions were not observed in these cells (P. Wang et al., 2007). Oddly, MDM?2
overexpression in mature B-cells caused a reversed profile, where
aneuploidy levels failed to show a significant skew but
chromosome/chromatid breaks were a lot more common (P. Wang et al.,

2007). Other effects of MDM2 overexpression mainly arise due to excess
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TP53 inhibition, culminating in outcomes such as decreasing apoptotic
responses, downregulation of other cell-cycle inhibiting genes like p21. In
contrast, apoptotic pathways unrelated to TP53 activity showed no alterations
(P. Wang et al., 2007). The exact mechanism of how MDM?2 overexpression
leads to chromosome breaks and aneuploidy remains elusive but TP53
activity is one of the suspected pathways.

Even though, they are not as well-known as TP53- dependent
functions, TP53-independent roles of MDM2 can be of paramount
importance. For instance, MDM2 was shown to interact with NBS1 of the
MRN complex and thus MDM2 overexpression degenerates DSB repair (Alt
et al., 2005). As discussed more in depth in the next section, this can be a
potential path to GIN and aneuploidy. More recent studies have also pointed
towards the importance of the TP53-independent roles of MDM2 in
oncogenic contexts via the ubiquitination of various transcription factors like
ATF, E2F and others (Fridman et al., 2003; S. N. Jones et al., 1998; Sciot,
2021; Sigalas et al., 1996). Other studies corroborate and expand on this
further. MDM2-NBS1 interactions appear to stunt DSB repair leading to CIN
and aneuploidy irrespective of TP53 yet in contrast NBS1 and ATM are
indispensable in this context unlike the ubiquitin ligase activity of MDMZ2.
Additionally, abolishing MDM2-Nbs1 interaction precludes MDM2 from
delaying phosphorylation of H2AX and ATM-S/TQ sites, thereby delaying
repair of DSBs and resolution of DNA foci (Bouska et al., 2008; St & Hall,
2020). Mutated Mdm2 in mouse embryogenic fibroblasts presented G2-M
transition anomalies and increased aneuploidy in the absence of TP53.
Suggesting that MDM2 can influence cell-cycle and GIN separately from p53
(Chinnam et al., 2022). Interestingly, the E3 ligase activity of MDM2 was
found to be indispensable both for TP53 driven G1 cell cycle arrest and for
TP53 independent G2-M transition in the same study (Chinnam et al., 2022).
Moreover, knockdown of MDM?2 was associated with elevated hyperploidy
which was attributed to the weakened G2/M response which can propel re-
replication of DNA (Chinnam et al., 2022). Finally, the same study also
denoted that in the absence of MDMZ2 embryonic fibroblasts fail to mount a

TP53 mediated response against DSBs. Insinuating that MDM2 may not just
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be a repressor of TP53 but is also crucial for a normal TP53 transcriptional
response (Chinnam et al., 2022).

Other members of the DDR pathway can also interact with and/or
influence MDMZ2 activity. For example, retinoblastoma (Rb) protein is a
prominent gene in apoptosis and was shown to be inhibited by MDM2 to
promote cell proliferation independent of TP53 (Z. X. Xiao et al., 1995). More
recent studies also showed that ATM/ATR-CHK2/CHK1 activity can abolish
or at least reduce TP53-MDM2 interactions, thus stabilising TP53 (Y. Zhou et
al., 2023). Intriguingly, MDM2 was shown to suppress E2F1/DP1 driven
apoptosis and stimulate DP1 induced DNA synthesis and proliferation
(Loughran & Thangue, 2000). Overexpression of MdmZ2 in mice mammary
glands was shown to promote S-phase without mitosis, thus generating
polyploid cells (Lundgren et al., 1997). On the other hand, MDM2 is important
for TP53 regulation as it can bind to TP53 mRNA and reinforce its translation
together with ATM (Candeias et al., 2008; Chinnam et al., 2022; Gajjar et al.,
2012).

Corroboratively, these studies suggest that MDM2 can temper TP53’s
growth supporting effects yet is also important for its normal translation and
function. Furthermore, MDM2 can promote cell proliferation independently of
TP53. TP53 is implicated in self-renewal, differentiation and reprogramming
what is more loss of TP53 activity seems to induce stem cell reminiscent
profiles in varying cancers (Mcconnell et al., 2016; Spike & Wahl, 2011). As a
major modulator of TP53, MDM2 can indirectly lead to similar outcomes.
Moreover, mono-ubiquitination of TP53 by MDM2 induces its translocation to
mitochondria where HAUSP deubiquitinates TP53 to drive apoptosis, thereby
drawing a connection between MDM2 and apoptosis (Marchenko et al.,
2007). As previously stated, MDM2 overexpression is associated with a
delayed DSB repair response (Bouska et al., 2008; St & Hall, 2020).
Therefore, MDM?2 is negatively correlated with DNA repair and genomic
stability (Bouska & Eischen, 2009). Despite this, MDM2 and E2F1 were also
shown to interact with the MRN complex via NBS1 and drive DSB repair
(Manickavinayaham et al., 2021). MDM2 bound to NBS1 was shown to
colocalise to the sites of DSBs, thus implying that MDM2 can be a promoter

or a hindrance to DSB repair in a dosage-dependent manner. Moreover,
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independently of TP53, MDM2 is associated with supplementing apoptosis,
direct facilitation of DNA synthesis, cell proliferation and propagating
invasiveness. Finally, ARF is posited to inhibit such tumorigenic properties by
dampening the TP53-independent interactions of MDM2 (Y. Zhou et al.,
2023).

Overall, MDM2 can influence DSB repair, apoptosis, CIN and
aneuploidy via TP53 or irrespective of TP53. However, the precise pathways
of MDM2’s influence on such outcomes appear to be somewhat context-
dependent and are not fully understood. Therefore, MDMZ2 remains a gene of

interest in a lot of research endeavours.

RAD50. As mentioned in previous sections, the MRN complex plays
an important role in the repair of DSBs. MRN complex is comprised of
MRE11, RAD50 and NBS1. Among the three, RAD50 is situated at the core
of the complex and is held together by MRE11 (Y. Liu et al., 2016; Schiller et
al., 2012; Sung et al., 2014). RADS0 itself is an ATPase belonging to the
structural maintenance of chromosome (SMC)-like protein class (Hoencamp
& Rowland, 2023; Kinoshita et al., 2009; Syed & Tainer, 2018). SMC-like
proteins are typically involved in organising DNA to assure proper
chromosome function. Furthermore, they also possess roles in organising
DNA for repairs, which is a trait demonstrated by RADS50 (Kinoshita et al.,
2009). Not surprisingly, RAD50 within the MRN complex is necessary for
DSB repair. Indeed, disruption of any of the MRN complex members appears
to abrogate cell viability and has been shown to induce embryonic lethality
(G. Luo et al., 1999; Y. Xiao & Weaver, 1997; J. Zhu et al., 2001). Intriguingly,
different members of the MRN complex can be more prominent in unique
pathways. For instance, RAD50 appears to be more directly associated with
DDR as opposed to cell cycle checkpoints where NBS1 shows a more
intimate connection.

The MRN complex and in particular MRE11 and RADS50 are highly
conserved among living organisms ranging from archaea to higher
eukaryotes (Connelly & Leach, 2002). Moreover, RAD50 appears to be
sufficient for DNA scanning and tethering, but MRE11 is required to

recognise the DNA ends and exert exo-/endo-nuclease activity, supporting
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both of their highly conserved nature (Reginato & Cejka, 2020; Zabolotnaya
et al., 2020). The MRN complex is a key initiator is a key initiator of various
pathways such as driving initial and sustained responses to DSBs, stalled
replication forks, dysfunctional telomeres and viral DNA infections (Syed &
Tainer, 2018). Interestingly, NBS1 of the MRN complex is only conserved in
eukaryotes. However, any loss or mutations in MRE11, RAD50 or NBS1 lead
to severe defects in humans like ataxia telangiectasia-like disease and/or
Nijmegen breakage syndrome (Delia et al., 2004; Fernet et al., 2005; G. Luo
et al., 1999; Matsumoto et al., 2011; Miyamoto et al., 2014; Ragamin et al.,
2020; Stewart et al., 1999; Stracker & Petrini, 2011; Uchisaka et al., 2009; Y.
Xiao & Weaver, 1997; J. Zhu et al., 2001). Presence of ataxia telangiectasia-
like syndrome when MRN complex subunits are altered is unsurprising as the
MRN complex is a prime recruiter of ATM during DSB response. Additional
studies also showed that mutated RADS0 can’t oligomerise, thus fails to
activate Tel1 (orthologue of human ATM) (Kissling et al., 2022). Overall, the
MRN complex is essential for genomic stability and it is frequently absent in
epithelial, ovarian cancer patients (Brandt et al., 2017). The MRN complex
has roles in DNA damage sensing, NHEJ and HR. Moreover, the activity of
the MRN complex can determine the choice between NHEJ and HR
pathways in the repair of DSBs. MRN achieves this level of action mainly by
activating ATM and ATR cascades (Falck et al., 2005; Maréchal & Zou,
2013). Other studies have also shown that the MRN complex can interact
with BRCA1 as well, further solidifying its role in DDR (Lafrance-Vanasse et
al., 2015; G. J. Williams et al., 2010).

Molecularly, MRE11 forms the core of the MRN complex, but the
largest subunit in the complex is RAD50 (Hopfner et al., 2000; Lafrance-
Vanasse et al., 2015). Upregulation of RAD50 has been shown to increase
radio-resistance whereas its knockdown sensitises cells to radiation most
likely due to changes in the DSB repair levels (Y. Wang et al., 2018). Zinc-
hook and coiled coil domains are critical for functional RAD50-DNA tethering
and subsequent ATM activation (Barfoot et al., 2015; J. He et al., 2012; Roset
et al., 2014). ATM-MRN interactions are regulated by antagonistic balance of
binding of ATMIN, MRNIP and PLK1 (Christopher Staples et al., 2016; Z. Li
etal., 2017; T. Zhang et al., 2012, 2014). RAD50 undergoes conformational
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changes in an ATP-dependent manner. These changes to its structure are
necessary in order to make DNA available/unavailable to the MRN complex
(Deshpande et al., 2014). Furthermore, correct interactions between RAD50-
ATP-MRE11 are a must for DSB processing (Acharya et al., 2008; G. J.
Williams et al., 2011). ATP hydrolysis opens RAD50 and allows MRE11 to
bind to the DNA.

As mentioned previously, the activity of the MRN complex can alter the
choice of DSB repair mechanism that will be employed between NHEJ and
HR. Additionally, depending on the type of NHEJ that will be carried out,

MRN may be required to employ different molecules and resection pathways
(Biehs et al., 2017; Dutta et al., 2017; Mahaney et al., 2009; Sfeir &
Symington, 2015; Sharma et al., 2015). On the other hand, the MRN complex
can also initiate HR as well as interact with BRCA2, RAD51, ATR to halt cell
cycle and repair replication forks. Strikingly, HR is implicated in replication
fork recovery but in this context, it is considered to operate independently of
DDR against DSBs (Carr & Lambert, 2013). During de-stressing of replication
forks HR can restore robustness but can also induce GIN as the mechanism
relies on a homologous sequence intrinsically (Carr & Lambert, 2013).
Furthermore, uncoupling of helicase and polymerase at replication forks
creates extended stretches of single stranded DNA (ssDNA) which triggers
ATR induced checkpoint response (Zeman & Cimprich, 2014). ATR activation
can also be induced by RADS0 (Gatei et al., 2014). Moreover, the MRN
complex can assist in ATR-CHK1 phosphorylation and it has been shown that
loss of MRN decreases but not completely eliminates CHK1 phosphorylation
(J. Lee & Dunphy, 2013). ATR pathway can in turn regulate the temporal
sequence of MRN activities at replication forks, thereby enabling a positive
feedback loop that protects chromosome stability of cells. Defective MRN
formation and resection at replication fork stress sites can lead to repair
attempts via NHEJ which can contribute to GIN.

Telomeres are natural protectors of chromosome ends against DSB
DDR and suppress replication instability (X. D. Zhu et al., 2000).
Dysfunctional telomeres and/or shelterin defects at telomeres can enable
MRN recruitment at chromosome ends and can lead to aneuploidy within a

few cycles of replication (Déjardin & Kingston, 2009). Conversely, MRN
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complex can also inhibit GIN at dysfunctional telomeres by initiating NHEJ.
However, this inhibition appears to be context dependent as this NHEJ
initiation was also shown to be able to cause GIN (Marcand, 2014).

Next, in the absence of RAD51, an important DSB repair member,
MRE11 was shown to degrade DNA where the resulting fragments can be
released into the cytoplasm and trigger innate immune responses
(Bhattacharya et al., 2017; X. Liu et al., 2013). Furthermore, RADS0 is known
to form a complex with the innate immune system adaptor protein CARD9 in
dendritic cells, consequently activating NF-K pathway (Roth et al., 2014).
Studies in yeast also showed that the MRX complex (yeast equivalent to
MRN in higher eukaryotes) can induce replicative senescence in conjunction
with Tel1 (Ballew & Lundblad, 2013). In turn, ATM can promote MRX
recruitment whereas molecules such as RIF2 can negatively regulate this
process by ATP hydrolysis, thereby opening RAD50 and releasing the MRX
complex from DNA (Cassani et al., 2016). In the more recent years, the MRX
complex was shown to have a role in chromatin organisation and transcript
regulation (Forey et al., 2021). Lastly, Simonetti and colleagues (2016)
compared euploid and aneuploid acute myeloid leukaemia cells and reported
higher mutation rates in PLK1, CHK2, CDC20, BUB1B and RAD50 in
aneuploid cancers. The authors further argued that the disruptions in these
key DDR and checkpoint genes alongside TP53 mutations leads to forced
progression through mitosis resulting in aneuploid daughter cells (Simonetti
et al., 2016).

RAD51. RAD51 is best known for its strand invasion and exchange
ability. Interestingly, while this canonical role of RADS51 is crucial for DDR, in
particular the HR response, most RAD51 mutations are not cancer-prone (M.
Thomas et al., 2023). However, much like other HR genes such as BRCAT,
RADS51 is also observed in Fanconi anaemia which presents with
spontaneous chromosomal instability (Ameziane et al., 2015; Auerbach,
2009; Geilmann et al., 2023; Takenaka et al., 2019; A. T. Wang et al., 2015).
While most RAD51 mutations do not show intrinsic tumorigenicity, in various
cancers both increase and decrease in RAD51 expression levels as well as

levels of HR have been reported. Particularly in breast cancers a reduction in
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RADS1 expression was observed (Yoshikawa et al., 2000). Nevertheless, in
other cancers RAD51 levels appear to be elevated (Maacke, Jost, et al.,
2000). In their study with mouse derived cell lines comparing overexpression
of Rad51 and reduced RADS51 activity, Bertrand et. al. (2003) reported that
hypo-RADS1 cells showed higher tumorigenicity, centrosome duplication
defects and subsequent aneuploidy compared to both hyper-RAD51 and
control groups. Moreover, dominant negative RAD57 expression significantly
elevated the levels of centrosome fragmentation irrespective of irradiation.
The authors attributed these changes to RAD51’s roles outside of the HR
response yet associated with its canonical role in recombination (Bertrand et
al., 2003). On the other hand, RAD51 perturbations are more tightly
associated with centrosome amplification rather than centrosome
fragmentation (Date et al., 2006). Defects in centrosome amplification have
long been correlated with aneuploidies seen in cancers and many tumour
suppressor genes have been implicated in centrosome amplification defects
and subsequent aneuploidies (Fukasawa et al., 1996; Harvey et al., 1993;
Lingle et al., 2002; Pihan et al., 2001; Tutt et al., 1999; H. Zhou et al., 1998).
Concurrently, BRCA1 shows localisation at centrosomes and ATM exerts
influence on centromeric amplification in RAD51-deficient cells (Dodson et
al., 2004; Hsu & White, 1998). These studies further underscore the
importance of RAD51 in aneuploidies and its close interactions with other
DDR genes. The role of RAD57 in DDR indeed is so prominent that formation
of RADS1 foci is considered a marker of sites of DSBs and the ongoing repair
processes (Lisby et al., 2003; Maser et al., 1997).

As a member of various pathways that are necessary for cell survival,
it is not surprising that RAD51 is beholden to a multitude of regulatory
mechanisms. Firstly, its expression can be regulated at the transcriptional
level. Secondly, many post-translational modifications including the formation
of active monomer structures, cellular localisation, phosphorylation,
SUMQOylation, ubiquitination, cleavage and degradation may alter the cellular
activity of RAD51 (Daboussi et al., 2002). Other proteins can directly bind to
and manipulate RADS51 activity, such as p51 (Buchhop et al., 1997;
Stlrzbecher et al., 1996). It has been posited that TP53 can downregulate
RAD51-mediated HR reactions by de-escalating RAD51’s strand exchange
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and replication fork regression schemes (Yoon et al., 2004). Furthermore,
ATM and other notable DDR members like BRCA1, BRCA2, ATR, RPA, Chk1
and Chk2 have been shown to be able to interact with and recruit RAD51 for
HR (Richardson, 2005). As mentioned previously, RAD51 gene and its
expression levels were found to be altered in multiple cancers (Ben-Yehuda
et al., 1996; Blasiak et al., 2003; Goode et al., 2002; Jakubowska et al.,
2003; Raderschall, Bazarov, et al., 2002; Raderschall, Stout, et al., 2002;
Schoenmakers et al., 1999; Seedhouse et al., 2004; W. W. Wang et al.,
2001; Wick et al., 1996; Xia et al., 1997). In most of these carcinogenic
formations, RAD51 levels appear to be elevated. During unperturbed
apoptosis, RAD51 is cleaved by caspase3. In tandem, elevated levels of
RADS1 in cancers may point towards an aversion of apoptotic signals
(Flygare et al., 1998; Y. Huang et al., 1999; Kanamoto et al., 2002; Saintigny
et al., 2001). Elevated levels of RAD51 have been associated with other
cellular anomalies as well. Firstly, increased RAD51 levels were connected to
interchromosomal HR-mediated repair that can result in translocation and
aneuploidies (Richardson et al., 2004). Independently of HR, enhanced
RADS1 expression profile can lead to indirect disconcertion of DNA
metabolism and consequent recombinogenic DNA lesions (Betti et al., 2001,
2003; Y. Huang et al., 1999). Moreover, increased RAD51 levels can cause
apoptotic escape in erroneously repaired cells due to its aberrant interactions
with TP53, p21 and BCL2 (Raderschall, Bazarov, et al., 2002; Saintigny et
al., 2001; Slupianek et al., 2001). In addition, RAD51 overexpression has
been shown to disrupt G2/tetraploid checkpoints, resulting in aneuploidies
(Borel et al., 2002; Margolis et al., 2003). Even minute climbs in RAD51
expression patterns during DSB repair can trigger crossovers which can
result in GIN, CIN, translocations and aneuploidies. Furthermore, disturbed
centrosome functions due to higher RAD51 expression have been suggested
as a contributor to CIN and aneuploidies (Richardson et al., 2004).
Conversely, chromosomal aberrations can also cause RAD51
overexpression. Besides the obvious chromosome 15 aneuploidies, the
fusion protein Bcr-Abl which arises from Philadelphia chromosome, has been
shown to lead to constitutive RAD51 activation, thereby establishing another

causal link between CIN and RAD51, as well as DDR and HR responses
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(Slupianek et al., 2001). Another interesting contrast is that reduced RAD51
levels can also present similar outcomes as aforementioned (Bertrand et al.,
2003).

RADS51’s significance is also demonstrated by the fact that total loss of
RADS51 is embryonic lethal. This property of RAD51 can be attributed in part
to its involvement in sister-chromatid exchange (Lambert & Lopez, 2001).
Additionally, RAD51 defects have been associated with premature ovarian
insufficiency (W. Luo et al., 2020; M. Thomas et al., 2023). Regardless,
RAD51 also possesses various non-canonical roles in the cell that
contributes to its cruciality. Protection of arrested replication forks, resistance
against alternate DSB repair pathways, processing of R-loops can be listed
among the more recently illuminated non-canonical roles of RAD51 (W. Luo
et al., 2020; Mason et al., 2019; M. Thomas et al., 2023). Non-canonical
NHEJ can be a hindrance to genomic stability. Addition of RADS1 on to the
resected ssDNA at DSB sites favour the use of HR as opposed to non-
canonical NHEJ, thereby preventing the use of alternate DSB repair
pathways and protecting genomic stability (Ahrabi et al., 2016; Han et al.,
2017; Mason et al., 2019; A. So et al., 2022). Furthermore, HR is usually
limited to S-G2 phases of the cell cycle. However, RAD51 loading onto DNA
at G1 phase was shown to prevent alternative NHEJ and enhance
centromeric stability, thus preventing chromosomal rearrangements (Yilmaz
et al., 2021). Moreover, RAD51 was shown to be recruited at centromeres in
quiescent cells to shield centromeres from breakage (Saayman et al., 2023).
RAD51 has also been implicated in the maintenance of stalled replication
forks. It can promote fork reversal independently of its strand exchange
function (Mason et al., 2019). Intriguingly, this RAD51-mediated drive
towards fork reversal appears to perpetuate in a BRCA2-independent
fashion, enforcing the idea that RAD51 plays a non-canonical role in this
context (Berti, Teloni, et al., 2020; Chaudhuri et al., 2016; Mijic et al., 2017;
Zellweger et al., 2015). Furthermore, MCM8 and MCM9 were shown to
favour BRCA1 and RAD51 recruitment at the stalled sites of replication forks
to protect them from excess degradation, implicating that BRCA1 but not
BRCAZ2 works collaboratively with RAD51 to preserve the integrity of
replication forks (Griffin et al., 2022). BRCA1’s interaction with BARD1
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appears to be imperative for RAD51 recruitment to stalled replication forks in
order to prevent excess resection (Berti, Cortez, et al., 2020; Daza-Martin et

al., 2019). Additionally, RADS1 has also been associated with post-replicative
repair, either by translesion synthesis or by template switching (Giannattasio

et al., 2014; Prado, 2021).

R-loops are RNA-DNA hybrid structures that may form naturally as
intermediate products. R-loops can form in cis-conformation which happens
co-transcriptionally or in trans-conformation which is a consequence of the
RNA transcript binding to homologous DNA at a distant locus post-
transcriptionally. In mutant yeast defective for RNA biogenesis, RNA-DNA
hybrid formation is dependent on RADS51 and RAD52 activity. Moreover,
these hybrids have been shown to lead towards chromosome loss and
terminal deletion of chromosomes (Wahba et al., 2013). Furthermore,
bacterial orthologue of RAD51, RecA is known to promote DNA-RNA
hybridisation (Kirkpatirck et al., 1992; Kirkpatirck & Radding, 1992; Zaitsev &
Kowalczykowski, 2000). Collectively, these studies show that RAD51
possesses a highly conserved role in the formation of R-loops. RAD51-
originating R-loops can form in both cis and trans conformations, but cis R-
loops present a bigger threat against genomic stability (M. Thomas et al.,
2023). Telomeres can also be sites of R-loop formations. Telomeric repeat-
containing RNA (TERRA) is a IncRNA capable of forming R-loops at the ends
of telomeres and is involved in telomere maintenance (R. Arora et al., 2014;
Azzalin et al., 2007; Graf et al., 2017). Recruitment of TERRA is perpetuated
by RAD51 in humans (Feretzaki et al., 2020). Accumulation of ROS
represents another pathway through which R-loops can be generated.
Elevated levels of ROS can yield replication stress which in turn can prime
formation of R-loops at transcription sites. ROS-driven R-loops are identified
by a complex of comprised of RAD51, RAD52 and CSB (Teng et al., 2018;
Wilhelm et al., 2016). In contrast, ROS-induced R-loops at telomeres do not
recruit RAD51 (Tan et al., 2020). This is perplexing, as RAD51 has key roles
in dissolving such R-loops independently of BRCA1, BRCA2 and the HR
pathway (Teng et al., 2018). Finally, abrogated ATR-CHK1 pathway can
induce the accumulation of cis R-loops during transcription (Barroso et al.,

2019). As mentioned previously, cis R-loops can be deleterious to genomic
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stability, thus resolving these structures is paramount. Studies show that in
the absence of WRN, such as in Werner Syndrome cells, actions of WRNIP1
are crucial for the removal of these structures that are the consequences of
ATR pathway defects and this deed of WRBIP1 necessitates RAD51 (Basile
et al., 2014; Marabitti et al., 2020). Nevertheless, centromeric recruitment of
ATR also appears to be reliant on R-loops and thus the relationship between
ATR, R-loops, RAD51 and CIN remains to be fully elucidated (Kabeche et al.,
2018). Overall, R-loops are drivers of many important cellular procedures like
gene expression but are also instigators of GIN and are associated with
many diseases such as cancers and Fanconi’s anaemia (Crossley et al.,
2019; Richard & Manley, 2017; Skourti-Stathaki & Proudfoot, 2014). RADS51’s
involvement with R-loops appear to be as a regulator, as its actions can
either drive the formation of R-loops or their resolution.

RADS1 has five paralogues that have arisen from ancient gene
duplications of RAD51 itself, then proceeded to evolve into regulators and
enhancers of RAD51 function (Bonilla et al., 2020). These paralogs, namely
RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 can promote RADS51
binding to ssDNA and stabilisation of the nucleoprotein filament (Masson et
al., 2001; Sigurdsson et al., 2001). RAD51 paralogues are also intertwined
with CIN and GIN (Loveday et al., 2011, 2012; N. Orr et al., 2012; Pierce et
al., 1999; Takata et al., 2001). Paralogs of RAD51 are as fundamental as
their progenitor to the viability of cells. For instance, fully abrogated RAD51B
(RAD51B) has been associated with early embryonic lethality (Shu et al.,
1999). Partial knockdown of RAD51B and its subsequent haploinsufficiency
have been shown to cause HR defects, centrosome fragmentation and
aneuploidy (Date et al., 2006). RAD51B, similar to RADS1 itself, is required
for chromosomal stability and is implicated in sister chromatid exchange
which may account for the centromeric defects and aneuploidies observed in
Date and colleagues’ study (Date et al., 2006). Furthermore,
haploinsufficiency of RAD51B causes a reduction in the formation of RAD51
foci at DSB sites, debilitating the HR response (Date et al., 2006).
Downregulation of RAD571B and RAD51C has also been alluded to G2/M
arrest. XRCC3 is another paralogue of RAD51 that has been associated with

checkpoint perturbations when inhibited. XRCC3 is a paralogue with roles
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later in the HR response in the resolution of Holliday junctions, thus having
critical impact on preventing aneuploidies and aberrant mitotic divisions.
Similar to RAD51, XRCC3 knockdown also leads to centrosome aberrations,
further connecting this gene with aneuploidies. Indeed, a study by Rodrigue
and colleagues (2013) demonstrated that knockdown of XRCC3 leads to
chromosome misalignments, anaphase bridges and aneuploidies, albeit with
a persistent SAC function in a striking fashion. Naturally, cells with RAD51C,
XRCC2 and XRCCa3 deficits all fail to fully propagate the HR response, the
prime directive of RAD51, evidenced by the lack of damage induced RAD51
foci formation (Bishop et al., 1998; French et al., 2002; Godthelp et al., 2002;
O’Regan et al., 2001). Therefore, insinuating that these paralogs are key in
homology search and strand invasion actions of RAD51, much like RAD51B.
Reduction in the expression levels of RAD51 paralogs might lead to
similar outcomes. Nevertheless, abrogation of different paralogs may also
bear distinct consequences. As an example, inhibition via siRNA knockdown
of RAD51B and RAD51C triggers G2/M arrest whereas XRCC3 knockdown
did not alter G2/M arrested cell numbers. In contrast, treatment with siRNAs
targeting XRCC3 gave rise to several mitotic problems that could be
attributed to failures in resolving Holliday junctions (Rodrigue et al., 2013).
Moreover, knockout of XRCC3 debilitates kinetochore/microtubule
attachments, thus poses a highly likely candidate to cause aneuploidies
despite the SAC function persisting (Rodrigue et al., 2013). Interestingly, the
authors attribute the altercations observed in XRCC3 knockdown to its
RADS51 independent functions, such as the resolving of Holliday junctions.
On the other hand, similar outcomes can be observed in RAD51 and RAD54
inhibited cells, necessitating further studies to fully understand these

interactions (Dodson et al., 2004).

PIK3ca. Phosphoinositide 3-kinase (PI3k) pathway is a well-known
proliferative pathway. It mainly activates in response to pro-growth signals
transmitted via receptor tyrosine kinases and other growth factor receptors
(P. Hu et al., 1992; Klippel et al., 1992; Paplomata & O’regan, 2014; Rasti et
al., 2022). In return, PI3k mainly activates the AKT/mTOR pathway to support
cellular growth and repress apoptosis (Chalhoub & Baker, 2009; Mora et al.,
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2004). PI3k protein is formed of different subunits. One of the most notable
among those is its catalytic subunit p110a, also known as the PI3k catalytic
subunit a which is indispensable for normal PI3k function (Verret et al.,
2019). This subunit is encoded by the PIK3CA gene situated on chromosome
3 and is notorious in various abnormalities and cancers such as human
epidermal growth factor receptor 2 (HER2)-positive breast cancers (Utermark
et al., 2012; Q. Wang et al., 2015). PIK3CA mutations primarily lead to
activation of class | PI3k pathway which is a common happenstance in many
cancers. Moreover, amplification of wild type PIK3CA has also been
intimately tied to tumorigenic outcomes such as lung squamous carcinomas
(McLendon et al., 2008; Vanhaesebroeck et al., 2019). As PI3k and its
downstream pathway members AKT and two mTOR complexes mTORc1
and mTORc2 are drivers of anabolic reactions, migration, cell-cycle
progression as well as survival, their infamy in diverse cancers is not
surprising (Bilanges et al., 2019; Fruman et al., 2017). For healthy
progression of cell cycle, PI3k levels need to oscillate (S. M. Jones et al.,
1999; S. M. Jones & Kazlauskas, 2001; Marqués et al., 2008; Shtivelman et
al., 2002). Constitutively activated PI3k can be detrimental to the cell cycle
despite its pro-growth properties and can even lead to fatal consequences for
the cell (Alvarez et al., 2001; Klippel et al., 1998). Other studies also
associate elevated PIK3CA expression or mutations to the PIK3CA gene with
stabilisation of microtubules which when prolonged can lead to GIN which is
a hallmark of tumorigenesis (Gasic et al., 2019; Hanahan & Weinberg, 2011;
Onishi et al., 2007). Interestingly, in breast cancers with duplicated genomes,
PIK3CA mutations occur prior to the onset of aneuploidy (Vanhaesebroeck et
al., 2019). Furthermore, in cancers PIK3CA mutations appear to transpire
mutually exclusive with TP53 mutations (Berenjeno et al., 2017).
Collaboratively, these studies imply that PIK3CA mutations might be more
likely to be a cause of GIN than a consequence. Moreover, PIK3CA
mutations may be bestowing properties to pre-tumorigenic cells to tolerate
genome duplications and this facet of PIK3CA seems to act independently of
TP53. While P13k pathway is disrupted in many cancers, notably, PIK3CA is
the second most altered gene in endometrial cancers (Millis et al., 2016; Oda
et al., 2005; Thorpe et al., 2014). Nevertheless, PIK3CA mutations do not
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readily warrant poor prognosis in endometrial cancer (Bredin et al., 2023).
However, the close association with endometrial tumours could imply a faint
connection with infertilities and oocyte aneuploidies which can then extend to
the resulting embryo.

P13k pathway is tightly intertwined with DDR. Upregulation of PI3k
pathway member proteins have been shown to amplify DDR, reduce DNA
damage and enhance cell proliferation in cancer scenarios (T. T. Huang et al.,
2020; Kumar et al., 2010; Toulany et al., 2008). In addition, most P13k
inhibiting chemotherapeutics act via suppression of DDR to eliminate cancers
(Gil Del Alcazar et al., 2014; Juvekar et al., 2012; Kirkpatrick et al., 2013;
Shortt et al., 2013). Collectively, these studies point towards an undeniable
regulatory connection between PI3k and DDR. Further studies established
more concrete connections between PI3k/AKT and DDR pathways, in
particular with members of the DDR pathway that belong to the PIKK protein
family such as ATM, ATR and DNA-PKcs (Alemi et al., 2022; Karimian et al.,
2019; Yap et al., 2020). A newer study concurs by showing that reduced PI3k
phosphorylation downregulates DDR and increases apoptosis in non-small
cell lung cancer. Moreover, in the same study quercetin intervention, a potent
P13k inhibitor, was shown to diminish phosphorylation levels of ATM, ATR,
CHK1 and CHK2 (B. Zhou et al., 2023). Another investigation also identified
a contraction in BRCA1 and BRCAZ2 following the inhibition of P13k,
strengthening the bond between PI3k and DDR (lbrahim et al., 2012).
Additional notable member of DDR and apoptotic pathways is TP53.
Inhibition of the PI3k/AKT/mTOR pathway was proven to decelerate TP53
expression levels, asserting PI3k as an influencer of TP53 (Kojima et al.,
2008). Interestingly, the same PI3k/mTOR pathway inhibition also enhanced
TP53-mediated mitochondrial apoptotic pathway such as BAX and BAK
(Kojima et al., 2008).

The PI3k pathway has been associated with CIN. Recent research
suggests that when activated in an uncontrolled manner PI3k pathway might
confer CIN tolerance and thereby facilitate oncogenic growth
(Vanhaesebroeck et al., 2019). Based on the level of CIN, aneuploidy may
lead to cell death, senescence or impaired proliferation (Andriani et al., 2016;
Oromendia & Amon, 2014). PI3K/AKT/mTOR pathway was proposed to
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induce CIN as well (Vanhaesebroeck et al., 2019). Amplification of wild type
PIK3CA or mutations to the PIK3CA gene leads to centrosome amplification,
enhanced microtubule stability and perturbations in microtubule/cell cortex
interactions, all mechanisms that can eventually lead to CIN and
aneuploidies. Within the P13k pathway, AKT and CDK2 are considered
alongside PIK3CA to be involved in centrosome amplification (Berenjeno et
al., 2017; Vanhaesebroeck et al., 2019). The a subunit of PI3k is known to be
activated at mitosis entry and is a regulator of early mitotic events such as
prometaphase progression and spindle orientation (Silié et al., 2012). In
oncogenic contexts, centrosome amplification appears to be reliant on the
PI3k/AKT pathway but not the MAPK pathway (H. J. Nam et al., 2010). A
latter study also showed that several PI3k pathway members and substrates
are situated on centrosomes, further propagating PI3k’s prominence in
centrosome amplification (Vanhaesebroeck et al., 2019).

PIK3CA mutations can majorly affect embryonic development and
adult life (Berenjeno et al., 2017; Hare et al., 2015). However, in
tumorigenesis PIK3CA mutations appear to be insufficient by themselves but
rather they exacerbate the process in collaboration with other factors
(Berenjeno et al., 2017). On the other hand, PIK3CA mutation or
overexpressed wild type PIK3CA may result in supernumerary centrosomes
(Berenjeno et al., 2017). In particular, p110aH1%47R mutation appears to cause
centrosome amplification in E8.5 embryos, suggesting PIK3CA mutations
can impact embryonic development and aneuploidy (Berenjeno et al., 2017).
The same mutation was confirmed to cause tetraploidies in mouse embryonic
fibroblasts. Intriguingly, the researchers attributed these tetraploidies to DNA
duplications as opposed to segregation errors (Berenjeno et al., 2017).
Therefore, cell-cycle checkpoint genes are anticipated to play a larger role
compared to SAC genes in the presence of PIK3CA"1047R mutation.
Increased tolerance to tetraploidy in such cells was also posited within the
same study since the fibroblasts did not arrest as G1 tetraploids but achieved
8N DNA content (Berenjeno et al., 2017). Inactivation of TP53 is known to be
an important mechanism resulting in tolerance to genome doubling (Aylon &
Oren, 2011; S. L. Thompson & Compton, 2010). As stated earlier, P13k

repression may reduce TP53 expression, further supporting this notion
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(Kojima et al., 2008). Nevertheless, in this study tetraploidy tolerance
appeared disjointed from TP53 (Berenjeno et al., 2017). Overall, mutations to
p110a subunit of PI3k may lead to centrosome amplification, aneuploidy and
tetraploidisation. Tetraploid cells possess unstable genetic structure and are
prone to accumulating numerical and structural chromosomal abnormalities,
aneuploidies that may have tumorigenic consequences (Davoli & De Lange,
2011; Ganem et al., 2007).

All'in all, PI3k represents an important survival pathway for cells.
Various studies associate P13k pathway with cell cycle checkpoint genes
such as ATM, ATR, CHEK1, CHEK2, BRCA1 and TP53 (B. Zhou et al.,
2023). Furthermore, AKT is downstream of PI3k. AKT is also downstream of
ATM and ATR and is an upstream enabler of BRCA1 and RADS51. Finally,
mTORc1 and TP53 are downstream of Akt in apoptotic contexts. As the gene
encoding one of the most critical PI3k catalytic subunits, PIK3CA is thus
tightly associated with apoptosis, centrosome amplification, CIN and

aneuploidies.

Modelling Techniques in ART

Technological developments have made it possible to use
computational techniques to help comprehend extremely complex pathways
and processes. Studies using mathematical modelling have been used in the
past to improve discerning of the ART process (Fischer-Holzhausen &
Roblitz, 2022; Hassan et al., 2020; Simopoulou, Sfakianoudis, Antoniou, et
al., 2018; Simopoulou, Sfakianoudis, Maziotis, et al., 2018; Yenkie et al.,
2013). Moreover, these investigations have furnished a foundation for the
development of prediction models. Around the world, predictive studies have
been used in a number of reproductive clinics as helpful tools to help the
doctors (Simopoulou, Sfakianoudis, Antoniou, et al., 2018; Simopoulou,
Sfakianoudis, Maziotis, et al., 2018). A few of these predicted characteristics
can be summed up as time-lapse microscopy studies of morphokinetics,
proteomic factors, and genetic analysis using NGS technology (Gardner et
al., 2015). Image-based predictive artificial intelligence (Al) technologies also
represent the more recent supportive techniques in ICSI with the emergence

of the computer age (Manna et al., 2013). By making these models more
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accurate and enhancing their predictive capability, ICSI failures may be
prevented, saving couples from needless financial strain and possibly severe
psychological damage. Additionally, it can give medical professionals and
infertile couples more treatment options. In the realm of reproductive biology,
mathematical models are still relatively young, thus further investigation is

necessary before their full potential as prognostic tools is realised.
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CHAPTER I
Materials And Methods
Within this chapter, detailed information on the methodology and the
materials used while conducting this research is described. Furthermore,
experimental details are provided to ensure the reproducibility of the

presented work.

Embryo Collection

Vitrified surplus embryos collected from patients undergoing ICSI
treatment at British IVF Centre were obtained for the purposes of this
research with informed consent. The study was approved by the board of
ethics of Near East University (Project no: YDU/2021/96-1432) and was
conducted according to worldwide and local rules and regulations pertaining
to human based research. All procedures were carried out by an expert
embryologist at the IVF centre and the practical details employed are detailed
henceforth.

Controlled ovarian hyperstimulation (COH) was performed with the
assistance of Gonadotropin-releasing hormone antagonists (GnRH),
preventing natural production of follicle stimulating hormone (FSH) and
luteinising hormone (LH). Patients were then given recombinant FSH (150 -
300 IU, Gonal F, Serono) and hMG (75-150 U, Merional, IBSA) at the start of
their menstrual cycle. Response of the ovaries to the external stimulants was
followed up on by biochemical screening of the blood serum for progesterone
and estradiol levels as well as ultrasonography after the sixth day of ovarian
stimulation. The day of ovulation triggering was determined via the size of the
leading follicle which should exceed 13 mm, before ovulation can be initiated.
Patients were given daily doses of 0.25 mg GnRH antagonist Cetrotide
serono until this condition was met. To initialise ovulation, 250 mg hCG
(Ovitrelle, serono) or 0.2 mg triptorelin (Gonapeptyle, ferrin) was
administered to patients, so that oocytes could be retrieved approximately 35
hours later.

Ooocyte collection is carried out by follicle aspiration with a needle
(Wego, 1816U, PRC) with aid from transvaginal ultrasonography. Aspirated
follicle contents were then sent to the laboratory so that the cumulus-oocyte
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complexes can be isolated which were then stored and cultured in
bicarbonate buffered media (Continuous Single Culture, CSC, 90164, Irvine
Scientific, USA) until denudation at 37°C with 5% O2and 7% COs..
Denudation was later carried out with modified HTF (mHTF with HEPES,
90126, Irvine Scientific, USA).

Methodology described previously by Coban et. al. (2020) was used to
prepare semen samples. A single sperm cell detected via 10ul PVP
(Polyvinylpyrrolidone Solution with HSA - 7%, 90121, Irvine Scientific, USA)
was injected into the oocyte, completing the ICSI procedure. Fertilisation was
confirmed roughly 16-18 hours after the ICSI process by the observation of
two pronuclei. Day 3 embryo grading was performed using the criteria
proposed by Ciray et. al. (2012) which incorporates number of blastomeres,
degree of fragmentation, cytoplasmic properties, nuclear specifications and
evenness of the cells of the blastocyst. For the analysis of day 5 and day 6
embryos Gardner specifications were utilised (Gardner & Schoolcraft, 1999).
In brief, their criteria rank the expansion stage between 1-6 where 6 denotes
the highest quality expansion. Furthermore, quality of the trophectoderm (TE)
and inner cell mass (ICM) are graded in letters A-C where A indicates the
best quality and C the poorest (Gardner & Schoolcraft, 1999).

Laser assisted hatching was employed for every embryo in order to
elevate the number of herniating cells (10-15um) (Octax EyeWare, Vitrolife,
Sweden). Trophectoderm biopsies were taken from day5 or day6 blastocysts
without disrupting the ICM. Approximately 5-8 cells were biopsied for each
embryo with aspiration or flicking techniques with the additional help from
laser shots.

For long term storage, embryos were vitrified and placed into liquid
nitrogen. Vitrification was carried out using special vitrification media (Vit Kit-
Freeze; 90133-SO, Irvine scientific, USA). Prior to their transport from the
IVF centre, embryos were thawed utilising vitrification thawing media, as per
the manufacturer’s guidelines (Vit Kit-Thaw; 90137-SO, Irvine Scientific,
USA).

PGT-A Analysis and Sample Grouping
Biopsied trophectoderm cells were submitted to a private genetics

laboratory by the IVF centre which conducted the NGS analyses to determine
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numerical chromosomal abnormalities. The lon ReproSeq PGS kit was used
in each PGT-A test by the laboratory. The PGT-A results obtained from the
IVF centre was used to separate experimental and control groups alongside
morphological quality data. In particular, embryos with higher morphological
quality were prioritised to be included in the research. Additionally, complex
and chaotic aneuploidies were excluded from this study as their implications
on the gene expression patterns would be too complex and too unpredictable
to analyse. Finally, as the aneuploidy of the chromosomes where any genes
of interest to this study are situated on would assuredly alter its gene
expression levels, care was taken to avoid using any embryos possessing
such aneuploidies. Namely, chromosome 17 is where TP53 and BRCA1
genes are located, chromosome 3 hosts ATR and PIK3CA genes,
chromosome 11 contains CHEK1 and ATM, CHEK?Z is situated on
chromosome 22, MDM?2 is located on chromosome 12, RAD50 and RAD51
genes are located on chromosomes 5 and 15 respectively. Lastly, ACTB
gene which acts as the housekeeping gene in this study is encoded on
chromosome 7. Therefore, the embryos belonging to the aneuploid group all
possessed euploid numbers for the chromosomes stated above and showed
aneuploidies in other chromosomes. More detailed information on the
experimental groups and the embryos allocated within them can be found in
Table 2 below.



Table 2
Experimental groups and embryo details.
First ten samples belong to the aneuploidy group, whereas the final 10

samples belong to the euploid or the control group.

Embryo ID Aneuploidy Morphological Quality

B1 -10 3AA
B2 +4q 4AA
B3 -9q 4AA
B4 -19 4AA
B5 -20 4CC
B6 -16 5AB
B7 +14 5BB
B8 X0 5BB
B9 -4p 4AB
B10 -21 5BB
B11 Euploid 5BC
B12 Euploid 6BB
B13 Euploid 5AA
B14 Euploid 5BB
B15 Euploid 4AB
B16 Euploid 5AB
B17 Euploid 5BB
B18 Euploid 5AB
B19 Euploid 4AA
B20 Euploid 5BA

As optimisation took a great deal of time and numerous tries,
eventually these cDNAs were depleted and new samples were acquired. In
later stages, optimisations were completed with pooling of samples. From
acquired blastocysts RNA isolations were carried out and cDNA synthesis
was performed as outlined in the subsequent sections. Obtained cDNAs
were later pooled in groups of 4 with the PGT-A results for each embryo
taken into consideration. RAD51 data was obtained with the use of cDNA

pools as outlined in Table 3.

65
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Table 3

Details of Pooled Embryos that was used in RAD51 qRT-PCR experiments
In every sample pool cDNAs from 4 distinct embryos were pooled in equal
volumes. The list of all aneuploidies combined in each pool sample is given.
Aneuploidies separated by “/” refer to the unique aneuploidies contributed by

each individual embryo comprising the pool.

Pool ID Combined Aneuploidy

Aneuploid 1 -16/+16/-16 / +6, +18
Aneuploid 2 +4q /-4p / Partial -4q / -4
Aneuploid 3 -10 /410 /-X/+X
Aneuploid 4 -19/+419/-13,-21/-21
Aneuploid 5 Partial +6q, Partial -8p / +14 /-9q / -20

Euploid 1 Euploid

Euploid 2 Euploid

Euploid 3 Euploid

Euploid 4 Euploid

Euploid 5 Euploid

For the analyses of ATM and MDM?2, similarly prepared yet different cDNA

pools were used. Details regarding these sample pools are given in Table 4
below.
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Table 4

Details of Pooled Embryos that was used in ATM and MDM2 qRT-PCR
experiments

In every sample pool, cDNAs from 4 distinct embryos were pooled in equal
volumes. The list of all aneuploidies combined in each pool sample is
presented for each mix. Aneuploidies separated by “/” refer to the unique

aneuploidies contributed by each individual embryo comprising the pool.

Pool ID Combined Aneuploidy

AY 1 +1,+5/+16/-16/ +6, +18

AY 2 -10 / +21, Partial -3q / Partial -4q / -4
AY 3 -17/+10/+X /-4, -14

AY 4 -6q/+19/-13,-21/+3p

AY 5  Partial +6q, Partial -8p /-9 / +19 / +5, -9q
EY 1 Euploid

EY 2 Euploid

EY 3 Euploid

EY 4 Euploid

EY 5 Euploid

DNA/RNA Isolation

For analysis of gene expression patterns, RNA extraction from the
received embryos was imperative. This was accomplished via the use of a
commercial kit, Hibrigen Total Nucleic Acid Isolation kit (Turkiye, Cat. Id: MG-
TNA-01). Isolates were then tested for their quantity and purity by Nanodrop
2000 Spectrophotometer (ThermoScientific) and its relevant software. Data

regarding these measurements can be found below in Table 5.



Table 5

Nanodrop data for RNA isolates
Isolates were measured with Nanodrop twice and the recordings presented

here denote the average of the two measurements.

Embryo no Concentration (ng/ul) 260/280
B1 7.3 1.80
B2 3.5 1.93
B3 15.6 1.52
B4 9.5 1.74
B5 3.5 1.97
B6 25.3 1.66
B7 15.1 1.58
B8 13.5 1.58
B9 17.5 1.65
B10 5.3 1.56
B11 4.7 1.52
B12 12.3 1.61
B13 18.2 1.56
B14 9.2 1.51
B15 8.8 1.60
B16 17.6 1.57
B17 4.3 1.62
B18 14.3 1.64
B19 30.1 1.64
B20 6.2 1.59

cDNA Synthesis
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Before QRT-PCR could be carried out, RNA to cDNA conversion was

needed to obtain a suitable template. This transition was achieved by the use

of ThermoFisher High-capacity cDNA Reverse Transcription kit

(ThermoFisher, Cat. ID: 4368814) where the manufacturer protocols were

exactly adhered to.
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QRT-PCR

QRT-PCR reactions were carried out to obtain gene expression data.
All runs used SYBR green as the fluorescent reporter incorporated in a
commercial kit, ThermoFisher Life Sciences PowerTrack SYBR Green
Mastermix (ThermoFisher, Cat. ID: A46109). Later optimisations, namely the
ones for ATM, RAD51 and MDM2 were carried using another commercial kit,
Hibrigen 2x SYBR Green qPCR Master Mix (Hibrigen, Turkey; Cat. No: MG-
SYBR-01-400). As previously mentioned, specific primers were designed for
all genes of interest in an exon-exon spanning manner, using PrimerBlast
software by NCBI, available online. Furthermore, possible off-target
amplicons from genomic DNA or cDNA were ensured to be larger in size
(>1500 bp) which renders them incompatible with SYBR green, decreasing
confounding factors. Final primer sequences and their melting temperatures
(Tm) are listed in Table 6. All primers were ordered from Bioligo (Turkiye) in
lyophilised fashion. Preceding the QRT-PCR experiments, PCR runs were
optimised and correct sized products were confirmed by agarose gel
electrophoresis. 2% Tris-Acetic Acid-EDTA (TAE) gels were used in all gel
runs and the amplicons were compared against a commercial 100 bp DNA
ladder (Hibrigen, Turkiye) in each instance. Running buffer was also 1x TAE
in all runs. Once optimised conditions for each run were determined, melting
curve analysis was used in all final experiments as confirmation of proper

amplification.
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Table 6

Primer sequences and their respective melting temperatures as provided by
the manufacturer.

To reiterate, the primers are specifically designed to span exon-exon

junctions, suppressing possibilities for genomic DNA binding.

Primer Name ‘ Sequence (5’->3’) Tm (°C)
TP53 Forward | TCAGACCTATGGAAACTACTTCCTG 61
TP53 Reverse CTGGGAAGGGACAGAAGATGA 60
ATM Forward TGGGATGCTGTTTTTAGATTTTT 54
ATM Reverse AGAGTTCTTGACATTTTAGCCT 55
ATR Forward ATTGTGCCATTTCGCCTGAC 57
ATR Reverse GAACATGGGTCTTGGCCTTTT 58
CHEK1 Forward ATATGAAGCGTGCCGTAGAC 57
CHEK1 Reverse ACCATGCAGATAAACCACCC 57
CHEK?2 Forward CCTTCAGGATGGATTTGCCA 57
CHEKZ2 Reverse TTTAGGACCCACTTCCCTGA 57
RAD50 Forward GCCTTGGATAGCCGAAAGAA 57
RADS50 Reverse AGCTGTAGACGACCCTGTT 57
RAD51 Forward | ATTTCACGGTTAGAGCAGTGTG 58
RAD51 Reverse TGACCGCCTTTGGTGGAAT 57
PIK3ca Forward GCTCTACAGGGCTTTCTGTC 59
PIK3ca Reverse CTTGCCGTAAATCATCCCCA 57
MDM2 Forward GTGAGGAGCAGGCAAAT 53
MDM?2 Reverse | ACCTCTTTCATAGTATAAGTGTCT 56
BRCA1 Forward GATTTATCTGCTCTTCGCGT 56
BRCA1 Reverse AGGTTCCTTGATCAACTCCA 59
ACTB Forward GACGGCCAGGTCATCACTAT 59
ACTB Reverse CGGATGTCAACGTCACACTT 58

Final experimental conditions used in QRT-PCR reactions following
optimisation runs are stated in Table 7. Optimised QRT-PCR runs were
designed to compare 10 aneuploid and 10 euploid samples and 2 biological

replicates were included for each sample in all runs to improve data
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accuracy. For ATM, RAD50 and MDM?2 5 aneuploid pools were compared

with 5 euploid cDNA pools in 2 biological replicates again.

Table 7
Final experimental conditions for each QRT-PCR run to gather data on gene

expression patterns.

Gene of Reaction Components Thermal Cycler

Interest Conditions

BRCA1 5 yl ThermoFisher Life Sciences 95°C 5 Minutes
PowerTrack SYBR Green Mastermix X40 Cycles of:
0.4 uM Forward Primer 95°C 30 Seconds
0.4 uM Reverse Primer 57°C 35 Seconds
2.2 ul Water 72°C 50 Seconds
2 ul cDNA Template (water for Negative
Control)

RAD51 5 ul Hibrigen 2x SYBR Green gPCR 95°C 5 Minutes
Master Mix X40 Cycles of:
0.4 uM Forward Primer 95°C 20 Seconds
0.4 uM Reverse Primer 57°C 55 Seconds
2.2 ul Water 72°C 30 Seconds
2 ul cDNA Template (water for Negative
Control)

ATM 5 pl Hibrigen 2x SYBR Green gPCR 95°C 5 Minutes
Master Mix X40 Cycles of:
0.4 uM Forward Primer 95°C 20 Seconds
0.4 uM Reverse Primer 56°C 55 Seconds
2.2 ul Water 72°C 30 Seconds
2 ul cDNA Template (water for Negative
Control)

MDM?2 5 ul Hibrigen 2x SYBR Green gPCR 95°C 5 Minutes
Master Mix X40 Cycles of:
0.4 uM Forward Primer 95°C 20 Seconds
0.4 uM Reverse Primer 54°C 55 Seconds
2.2 ul Water 72°C 30 Seconds
2 ul cDNA Template (water for Negative
Control)

Statistical Analysis

Cycle threshold (Ct) values obtained from QRT-PCR were analysed by

the AACt method employing ACTB as the housekeeping gene in every

instance. GraphPad Prism 8 software was used to conduct all analyses, in

the form of student’s t-tests to determine statistical significance.
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Mathematical Modelling

For the mathematical modelling part of this thesis anonymised
retrospective data obtained from British IVF Centre was used. The data
belonged to patients attending this clinic between the years 2016-2021.
Altogether, data from 765 different couples totalling up to 4123 embryos was
collected. Data points included the ages of the parents, the number of
follicles aspirated from the maternal candidate and the number of oocytes at
the meiosis-I stage and the number of oocytes stalled at the meiosis-Il stage.
These oocytes are referred to as MI oocytes and MIl oocytes from now on
respectively. For paternal data, commonly measured sperm parameters were
gathered such as sperm number, motility and morphology. To determine the
“good” and “bad” thresholds for paternal parameters, the most recent WHO
guidelines were referred to (World Health Organization, 2021).

The ages of parents ranged between 30-60 for females and for males
the youngest data point was 30 whereas the eldest was 73. Conversely, for
both genders the ages assembled within a scope of 30-40 years in the
current dataset. Lastly, mathematical modelling part of this study was
approved by the IRB committee of the university albeit separately from the
first part of this thesis (Project no: NEU/2023/116-1766).

In order to investigate a potential connection between parent
reproductive features and the quality of the resulting embryos, these
parameters had to be allocated into two distinct groups. Measurements
related to the quality of the embryos, namely follicle number, Ml and Ml
oocyte numbers as well as factors pertaining to sperm quality such as
number of sperm, sperm motility and morphology were termed the
independent variables. In contrast, the parameters associated with embryo
quality, such as morphological measurements as described by Ciray et. al.
(2012) for day3 embryos and by Gardner and Schoolcraft (1999) for day5
and 6 embryos were considered as dependent variables. Additionally, the
aneuploidy status of the embryos was categorised under dependent
variables. A regression analysis was performed to understand the connection
between the described independent variables and dependent variables. In
general, a regression equation can be shown as:

Yy =bo+ bixs+box2+... +bpxn + e,
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in which bo stands for the intercept, bx is the regression coefficient for the
independent variable x, y denotes the dependent variable and finally e
represents the error (S. Chatterjee & Hadi, 2006).

The specific regression equation to connect parental parameters with
the aneuploidy status of the embryos was constructed as this:
Result = bo+b1Follicle No+b2MI No+bsMIl No+bsSperm No+bsSperm
Motility+beSperm Morphology+e
where bo, b1, b2, b3, ba, bs and be stand for each of the regression coefficients
for every independent variable, and e again for the error. Based on the
outcome, specific equation is shown below:
Regression Equation: Result = -0.12267 + (-0.001018) x Follicle No +
(-0.16904) x Ml No + —0.014676 x MIl No + 0.1018 x Sperm No +
0.0013029 x Sperm Motility + (-0.0012664) x Sperm Morphology



Table 8

Summary of the regression analysis results to draw out further equations.
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Dependent Independent Variables R- P-

Variable Squared| Value

2PN Number | Follicle No, Ml No, MIl No, Sperm No, Sperm Motility, | 0.695 |0.002
Sperm Morphology

D3 Cell Follicle No, MI No, MIl No, Sperm No, Sperm Motility, | 0.481 |0.033"
Number Sperm Morphology

D3 Follicle No, Ml No, MIl No, Sperm No, Sperm Motility, | 0.405 | 0.067
Even/Uneven Sperm Morphology

D3 Follicle No, Ml No, MIl No, Sperm No, Sperm Motility, | 0.528 |0.023"
Sperm Morphology

D5 Expansion | Follicle No, Ml No, MIl No, Sperm No, Sperm Motility, | 0.592 |0.015"
Sperm Morphology

D5TE Follicle No, Ml No, MIl No, Sperm No, Sperm Motility, | 0.386 | 0.077
Sperm Morphology

D5 ICM Follicle No, MI No, MIl No, Sperm No, Sperm Motility, | 0.509 |0.026"
Sperm Morphology

D6 TE Follicle No, Ml No, MIl No, Sperm No, Sperm Motility, | 0.747 |0.001"
Sperm Morphology

D6 ICM Follicle No, Ml No, MIl No, Sperm No, Sperm Motility, | 0.636 |0.006

Sperm Morphology

Using the values from Table 8, regression equations precise for each
dependent variable was written out: D6 ICM: y = -1.195 + 0.040(Follicle
Number) + 0.268(MI Number) + 0.332(MIl Number) + 0.0002(Sperm
Number) + 0.554(Sperm Motility) - 0.136(Sperm Morphology)
2PN Number: y = 0.386 + 0.014(Follicle Number) + 0.186(MI Number) +
0.175(MIl Number) - 0.0002(Sperm Number) + 0.520(Sperm Motility) -
0.181(Sperm Morphology)
D3:y =-0.303 + 0.011(Follicle Number) + 0.114(MI Number) + 0.096(MlI
Number) + 0.0002(Sperm Number) + 0.199(Sperm Motility) - 0.068(Sperm
Morphology)
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D3 Even/Uneven: y = -2.088 + 0.062(Follicle Number) + 0.450(MI Number) +
0.145(MIl Number) - 0.001(Sperm Number) + 0.437(Sperm Motility) -
0.223(Sperm Morphology)

D3 Cell Number: y = -23.127 + 0.649(Follicle Number) + 6.183(MI Number) +
4.034(MIl Number) - 0.013(Sperm Number) + 4.822(Sperm Motility) -
2.694(Sperm Morphology)

D5 ICM: y = -0.769 + 0.035(Follicle Number) + 0.207(MI Number) +
0.233(MIl Number) + 0.0002(Sperm Number) + 0.350(Sperm Motility) -
0.092(Sperm Morphology)

D5 Trophoectoderm: y = -2.901 + 0.092(Follicle Number) + 0.742(MI
Number) + 0.048(MIl Number) - 0.001(Sperm Number) + 0.607(Sperm
Motility) - 0.435(Sperm Morphology)

D5 Expansion: y = -2.306 + 0.066(Follicle Number) + 0.632(MI Number) +
0.094(MIl Number) + 0.001(Sperm Number) + 0.772(Sperm Motility) -
0.357(Sperm Morphology)

D6 TE: y =-5.390 + 0.140(Follicle Number) + 1.484(MI Number) + 0.344(MlI
Number) + 0.003(Sperm Number) + 1.480(Sperm Motility) - 0.986(Sperm
Morphology)
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CHAPTER IV
Results

This chapter aims to succinctly present the results of the study. The
data is supplemented with figures to provide accurate representation of all
findings.
Gene Expression Patterns are Altered Between Euploid and Aneuploid
Blastocysts

Gene expression patterns were assessed between euploid and
aneuploid embryos with the widely used B-actin (ACTB) gene as the
normaliser in all experiments. The result show that the gene expression
patterns show variation between the two experimental groups. Results for
each gene investigated in this study are introduced individually in the

following subsections.

BRCA1 Expression is Elevated in Aneuploid Embryos

Optimisation of PCR conditions was accomplished directly via qRT-
PCR method followed by a melting curve analysis. Observation of a single
peak under melting curve suggested that under the finalised conditions, as
outlined in materials and methods (Table 7), no primer dimers and/or
unintended products were present.

Quantitative Real-Time PCR reactions yielded two Ct values for each
sample as one biological replicate per sample was employed (Figure 7).
While primer dimerization cases were not expected, a melting curve analysis
was employed at the end of PCR cycles. Melting curve results showed a
single melting point common for all intended products and no additional
peaks, confirming the lack of primer dimers or unintended products in the

final reaction (Figure 8).



Figure 7

Real Time PCR Amplification Plot for BRCA1.

Sigmoidal shaped amplification curves suggest good expansion during the
PCR reaction. Furthermore, lack of a signal in negative control instils

confidence in the reaction quality.
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Figure 8

Melting Curve Analysis for BRCAT.

A single peak shared with all the samples suggested that BRCA1
amplification was consistently obtained for all samples. Additionally, no signal
was observed for negative control sample, eliminating the possibility of
primer dimers.
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Averaged Ct values were evaluated via the AACt method and 2-(A2CY
values were log transformed prior to conducting a student’s t-test to establish
statistical significance. Results from the t-test revealed a notable increase in
BRCA1 expression (p=0.0046, t=3.294) in aneuploid samples versus euploid

control group (Figure 9).
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Figure 9

Student's t-test Results for BRCA1 Expression.
BRCA1 expression is significantly elevated in aneuploid embryos compared

to euploid embryos.
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ATM Expression Does Not Significantly Change Between Euploid and
Aneuploid Preimplantation Embryos

PCR conditions outlined as (Table 7) was used to generate the data.
Optimisation of runs were confirmed by agarose gel electrophoresis as
depicted in (Figure 10). Quantitative real time PCR results successfully gave
sigmoidal curves as well as corresponding Ct values as can be observed in
(Figure 11).
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Figure 10

Agarose Gel Electrophoresis Results for ATM Optimisation

2% TAE agarose gels were performed to confirm intended product formation
for multiple genes in tandem. Optimisation runs were conducted with a single
sample named Trial and a negative control lacking a cDNA template. From
left to right, a commercial 100 bp ladder for reference, Trial sample for ATR,
TP53 and ATM followed by negative control samples for ATR, TP53 and ATM
can be observed in subsequent wells as labelled at the top of each well.
Relevant size markers on the DNA ladder are also indicated by arrows. All
wells clearly show dimer formations only, with the exception of ATM Trial,
which also presents a 193 bp size DNA band which is concurrent with the
expected band size for the ATM primer pair. Observation of a single correct
sized band for ATM and only primer dimers for the negative control

suggested that the optimum conditions for these reactions were achieved.
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ATR Negative
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Figure 11
Real Time PCR Amplification Plot for ATM
Appearance of sigmoidal curves suggests no abnormal amplification

occurred during the run.
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For ATM runs, primer dimers appeared to be unavoidable, particularly
in negative controls. Moreover, these dimers were prominent enough to
warrant Ct values in the gRT-PCR runs. To be absolutely certain that for the
actual sample cDNA pools Ct values obtained arose from proper
amplification of the intended product and not dimers, amplicons were ran on
a secondary agarose gel (Figure 12). Indeed, few tubes only generated
primer dimers during the reaction and hence those were excluded from

further analyses even if the machine was able to generate a Ct value.
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Figure 12

Agarose Gel Electrophoresis Results for the Data Acquisition gRT-PCR of
ATM

A 2% agarose gel was utilised for all samples and their biological duplicates.
From left to right in order, two duplicates of AY1, AY2, AY3, AY4 and AY5
were loaded onto the wells. To the adjacent well, a 100 bp ladder was loaded
and then subsequent wells were populated with duplicates of EY1, EY2, EY3,
EY4, EY5 similar to AY samples. The final well contained the negative control
amplicon. All wells are labelled at the top and details about the sample pools
can be found in Table 4. Ladder bands closer in size to expected ATM
product size (193 bp) are indicated with red arrows.Confirmation of proper
amplifications were made with observed correctly sized bands. Sample with
excessive primer dimers and ones where no product band was observable

were excluded from further analyses.
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Finally, Ct values belonging to proper amplicons were subjected to
AACt analysis and similarly to BRCA1 obtained log(2-(*2Y) values were
subsequently compared via student’s t-test analysis. While there was an
increase in ATM expression observed in aneuploid embryos, these
differences failed to reach statistical significance (p=0.1641, t=1.701). (Figure
13).
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Figure 13
Student’s t-test results for ATM Expression

ATM expression was not significantly altered in aneuploid embryos
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RAD51 Expression Remains Unchanged Between Euploid and
Aneuploid Embryos

Similarly to ATM experiments, RAD51 optimisation was also confirmed
with agarose gel electrophoresis. Resembling the ATM results, RAD51 also
showed some primer dimers as well as a single, clear correct sized band
(Figure 14).
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Figure 14

Agarose Gel Electrophoresis Results for RAD51 Optimisation

Agarose gel electrophoresis was used during optimisations of multiple primer
pairs. In order, first well contained 100 bp ladder for reference band sizes.
Relevant band sizes on the ladder are highlighted with arrows. Subsequent
wells were loaded with RAD51 Trial, PIK3CA Trial, CHEK1 Trial and RAD50
Trial PCR amplicons. Final 4 wells contained the negative controls for these
genes in the same order as indicated by the labels above each well. For
RADS1, a single correct sized band was observed in the trial sample and

only primer dimers in the negative control suggesting that the optimal

reaction conditions were found.
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Quantitative PCR was then carried out by the determined optimum
conditions and all readings appeared successful in light of the observed

sigmoidal curves (Figure 15).
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Figure 15
Real Time PCR Amplification Plot for RAD51
Sigmoidal curves indicated that nothing abnormal happened during the PCR

experiment
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Once again, the PCR reaction was followed by a melting curve
analysis to eliminate any interference of primer dimers as well as to exclude
any amplicons that contained solely primer dimers from further analysis.

Melting curve results are demonstrated in (Figure 16).
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Figure 16
Melting Curve Analysis for RAD51
A single peak shared with all the samples suggested that RAD51
amplification was consistently obtained for all samples. Primer dimers were
identified by comparing the peaks with the negative control sample as
indicated. Samples with heavy primer dimer influences or those that lacked
the desired amplicon peaks were excluded from further analyses.
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Once more, AACt values were calculated from the Ct values obtained
and log(222CY) values were compared using t-test. Results of the statistical
analysis revealed that RAD51 levels were slightly lower in aneuploid embryos

albeit in a statistically insignificant manner (p=0.0890, t=1.974) (Figure 17).
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Figure 17
Student’s t-test Results for RAD51 Expression
RADA51 transcription was slightly lower in aneuploid embryos, but this

difference did not achieve statistical significance.

Rad51

0.5

0.0 T

—
O
3
'51 -0.5
=]
2 J;
-1.0-
1.5 T T
» .
& &
® 0°Q
©
Embryo Line

MDM2 Expression Levels are Similar between Euploid and Aneuploid
Embryos

Experimentally similar procedures were followed for MDM?2 as well.
Agarose gel electrophoresis was carried out to confirm optimisation. Gel
results showed primer dimers as well as a single, correct sized band for the

trial sample (Figure 18).



88

Figure 18

Agarose Gel Electrophoresis for MDM?2 Optimisation

During MDM?2 optimisation a 2% agarose gel was employed for confirming
proper amplification. Wells were loaded with a 100 bp ladder, the trial
amplicon from the PCR reaction and the negative control as outlined by the
labels above each well. 500, 200 and 100 bp reference bands are highlighted
on the ladder with arrows. A negative control with only primer dimers and the
presence of a single correct sized band in the trial sample inferred that the

optimum conditions for this reaction was achieved.
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Quantitative Real Time PCR reactions were then performed on full
samples with the determined conditions as outlined in (Table 7). Sigmoidal
curves were observed as shown in (Figure 19). Furthermore, melting curve
analysis was performed after the QRT-PCR to separate primer dimers from
proper amplifications as a Ct value was observed for the negative control.

Melting curve analysis is presented in (Figure 20).

Figure 19
Real Time PCR Amplification Plot for MDM2
Presence of only sigmoidal curves showed that the data obtained came from

reliable amplifications.
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Figure 20
Melting Curve Analysis for MDM2
A single peak shared with all the samples suggested that MDM2 amplification
was consistently obtained for all samples. Primer dimers were identified by
comparing the peaks with the negative control sample as indicated. Samples
with heavy primer dimer influences or those that lacked the desired amplicon
peaks were excluded from further analyses.
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Obtained Ct values were then subjected to AACt analysis and log(2-
(AACY) values were used in student’s t-test to investigate the statistical
significance in differences of MDM2 expression. MDM2 values were slightly
elevated in aneuploid embryos, nonetheless these differences were not
statistically significant (p=0.2729, t=1.190) (Figure 21).
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Figure 21
Student’s t-test Results for MDM2 Expression
Expression levels of MDMZ2 were slightly higher in aneuploid embryos, albeit

this variation was not statistically significant.
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Mathematical Modelling Can Partially Anticipate Embryo Quality

For ART purposes, two main characteristics of blastocysts can be
considered to ensure only good quality embryos can be transplanted to
patients. The first are the morphological aspects and the second is the
aneuploidy status of the embryo. In this study, developed mathematical
model proved successful in predicting the prior yet was unsuccessful in being
informative about the latter. Detailed results about these investigations are

presented within subsections below.

Parent Parameters Can Predict Embryo Morphology

As detailed in the materials and methods section, a dataset consisting
of information on 4123 blastocysts belonging to 765 couples undergoing ICSI
treatment was investigated in its efficiency to offer a mathematical model
capable of predicting the quality of the resulting embryos following the ICSI
procedure. Associations between follicle numbers, Ml oocyte numbers, Ml|
oocyte numbers, sperm count, sperm motility and morphology, as the

independent variables, and embryonic values constituting the dependent
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variables were assessed via regression analyses. Outcomes of these queries
showed significant correlations between all independent and dependent
variables with the exception of D3 evenness status and the trophectoderm
quality on day 5 (Table 8). R? values offer a representation of how good the
regression model fits in explaining how much of the difference in dependent
variables is tied to a variation in the independent variables. In the current
study R? ranged between 0.386 — 0.747, showing that the model can explain
38.6% - 74.7% of the variance in dependent variables (Figure 22). Therefore,

we conclude that the model can explain moderate — high variation.

Figure 22

Graph Depicting the R? Measurements of the Regression Analysis.

These values provide a measurement of how close the relationship is
between the independent variables and each dependent variable. Typically,
R? values between 0.3-0.5 denote low correlation, values ranging from 0.5-
0.7 correspond to a moderate association and finally an R? value between
0.7-1 indicates a strong relationship between the assessed variables.
Therefore, the current model can draw moderate to strong correlations

between independent and dependent variables (Aytacoglu et al., 2025).
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The results further suggest that the independent variables had a net
positive correlation with the dependent variables (Figure 23). On the other
hand, when considered individually this applied to majority of the

independent variables but not all (Figure 24).



Figure 23

Graphical representation of the regression equations.
For each dependent variable, the current model predicts an overall positive

correlation with the independent variables (Aytacoglu et al., 2025).
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Figure 24

Graphical representation of regression coefficients of each independent
variable.

Regression coefficients provide an indication on the degree of dependency
between the variables. A positive denomination suggests a positive
correlation and a negative value advocates an inverse correlation. Based on
this, the current model draws positive correlations with most of the
independent variables when they are evaluated individually. As opposed to
this, sperm number by itself presented no direct association with any
dependent variables and sperm morphology displayed an inverse correlation
(Aytacoglu et al., 2025).
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The associations drawn between the independent and dependent
variables were statistically significant for almost all dependent variables, as
underscored by a p value less than 0.05. Cell number evenness on day 3
and the trophectoderm status on day 5 were the only exceptions to this
(Table 8).

The 2PN refers to the presence of two pronuclei in the embryo and
thus proves successful fertilisation. Number of cells that showed 2PN
presence was found to be influenced by independent variables. Firstly, the
model drew a positive association between 2PN number and independent

variables when considered as a whole (Figure 23). This correlation was
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statistically significant (p=0.002). When taken individually, sperm motility,
morphology, Ml oocyte number were the top influencers on 2PN number.
Conversely, sperm morphology showed an inverse correlation to 2PN
number. Finally, the current model was able to explain roughly 70% of the
variation observed for 2PN number, corresponding to an almost strong yet
moderate association (R>=0.695).

Next measurement was morphological parameters of day 3 following
fertilisation. Such factors included D3, standing in for the number of nuclei
within embryonic cells, D3 cell number, and lastly, D3 even/uneven denoting
the evenness of the number of the cells on day 3 post-fertilisation. The model
developed in this study was able to partially predict the outcome. Out of the
three parameters stated, the model was able to predict the outcomes for D3
and D3 cell number (p=0.033 and p=0.023 respectively). The resolution of
the associations for these two factors was low-moderate as established by
the R? values 0.481 and 0.528 respectively. Overall independent variables
showed a positive correlation with D3 and D3 cell number (Figure 23). When
assessed individually, the most influential contributor of single nucleus
presence within cells was found to be the sperm maotility, closely followed by
MI and MIl oocyte number (Figure 24). For D3 cell number, the same
independent variables retained their status as the most important
contributors, however their order changed slightly. For D3 cell number, Ml
oocyte number showed the largest impact (Figure 24). On the other hand,
day 3 evenness status could not be predicted by the current model, as any

associations found were statistically insignificant (p=0.067).

The model also showed success in showing premonition potential
about the morphology of the embryos 5 days after fertilisation. Day 5
characteristics under investigation included the quality of the expansion,
trophectoderm and the inner cell mass. Among these variables, the model
was unable to predict D5 TE, referring to the trophectoderm status (p=0.077).
Conversely, relationships observed between the other two dependent
variables were statistically significant, p=0.026 for D5 ICM and p=0.015 for
D5 expansion. Furthermore, similar to day 3 cell number, Ml oocyte number

and MII oocyte number as well as sperm motility were the top influencers of
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D5 ICM. Moreover, resembling day 3 cell number, Ml oocyte number had the
largest effect on D5 ICM (Figure 24). Regression coefficient or the R? value
for D5 ICM was 0.509, indicating that the model can explain roughly 51% of
the variation seen in D5 ICM by the independent variables. Therefore, the
model can draw moderate associations between D5 ICM and independent
variables. Expansion status on day 5 also showed a positive correlation with
the independent variables (Figure 23). In contrast to D5 ICM, D5 expansion
showed a similar profile to D3 in which sperm motility had the most
substantial influence on. The model was found to have a moderate predictive

potential for D5 expansion as well (R?=0.592).

Lastly, morphological features of the blastocysts 6 days following
fertilisation were investigated. The model was particularly successful at
predicting day 6 outcomes. For both trophectoderm status and the quality of
the inner cell mass positive correlations were observed with the combination
of independent variable (Figure 23). For D6 TE, sperm motility, Ml oocyte
number and MII oocyte number were once again the biggest contributors with
MI oocyte number ranking the top among the three (Figure 24). In addition,
the model drew strong correlations between the dependent and independent
variables, accounting for approximately 75% of the variance (R?>=0.747,
p=0.001). On the other hand, D6 ICM had a moderate association (R?=0.636,
p=0.006). Furthermore, Ml oocyte number was the biggest influencer of D6

ICM, followed closely by sperm motility and MIl oocyte number (Figure 24).

The model was validated by plotting actual data obtained from the IVF
centre against the predicted values. Validation plots further showed that the

mathematical model developed had medium-strong accuracy (Figure 25).
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Figure 25

Validation plot for the mathematical model.

Actual values plotted against the predicted values by the model shows that
the model is particularly successful at predicting D6 ICM, D5 ICM, D3 and
2PN outcomes. Moreover, inconsistent distribution of actual values compared
to predicted values for D5 TE and D3 even/uneven further support that the

model was not able to successfully predict these variables (Aytacoglu et al.,

2025).
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Parent Parameters are Insufficient in Predicting Embryo Aneuploidy
Status

The second main determinant of an embryo’s quality is its aneuploidy
status for ART purposes. Therefore, secondly this study aimed to predict
aneuploidy status for resultant embryos with a mathematical modelling
approach. Unfortunately, the current model proved insufficient in that
endeavour as the regressions observed were statistically insignificant for
every independent variable as can be observed in Table 9 (p>0.05).
Moreover, Figure 26 also shows that the correlations between the
independent variables and the aneuploidy status are weak. Lastly, figures

Figure 27 and Figure 28 show that the error in the developed model is
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minimal as evidenced by the high determination coefficient observed, despite

the lack of significant associations observed concerning aneuploidy.
Table 9

Regression analysis results pertaining aneuploidy status of the resultant
embryos.
All p-values are greater than 0.05 thus no significant associations could be

made (Aytacoglu et al., 2025).

Variable Coefficient P-Value
Intercept -0.12267 -
Follicle No -0.001018 0.9791
MI No -0.16904 0.2212
MII No -0.014676  0.7594
Sperm No 0.1018 0.6301
Sperm Motility 0.0013029  0.8899

Sperm Morphology  -0.0012664  0.4456
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Figure 26

Regression coefficients for independent variables against aneuploidy status
of the resultant embryos.

The graph demonstrates that the correlations between independent variables

and euploidy outcomes are weak (Aytacoglu et al., 2025).

Regression Coefficients
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Figure 27

Representation of regression analysis combined with the actual data.
While no significant correlations were found, actual data fits the regression
well, increasing confidence that the error in the mathematical model is

minimal (Aytacoglu et al., 2025).

Regression Coefficients

0.05
0
- -0.05
=
2
£ 0.1 — daa
= =  shape-preserving
o 015l —  5th degree |
Shape-preserving interpolant
0.2} Sth degree: y = - 0.004545%" + 0.001°x" - 0.6048"
+ 247457 - 3.04T*x + 2.076
-0.25 L R =1 1 L i
we wo we wo awed ey
W o0 O\ W Q‘Bﬁ“ *00‘ “O\O
%° = o wo'®
<@ P

oe®



100

Figure 28

Graphical representation of the residual plot.

The plot both confirms that the data set is suitable for a regression analysis
(Aytacoglu et al., 2025).
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Embryo Morphology and Embryo Aneuploidy Status Share an Intricate
Correlation

As the first part of the mathematical model has established, embryo
morphology can be inferred from parental parameters. Following this, the
final part of the model investigated whether embryo morphology can be
indicative of its euploidy status. If so, parent parameters could then be
utilised to infer euploidy status of the embryo in an indirect manner. For this
third analysis, a logistic regression model was utilised. All p-values in this
analysis were less than 5% (p<0.05) and thus results were deemed
statistically significant. Among the morphological criteria, D3 cell no, D3
nucleus, D3 light/dark, D5 TE, D6 TE and D6 expansion correlated positively
with euploid outcomes. Conversely, D3 fragmentation, D3 evenness, D5
expansion, D5 ICM and D6 ICM parameters associated inversely with
euploid consequences. All these results are summarised in Table 10 and
Figure 29.
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Table 10

Detailed output of the results obtained from the logistic regression analysis.
Statistical significance of the results was evaluated based on p-values where
p < 0.05 denotes a statistically significant result. Coefficient values are
indicators of the relationship between the dependent and independent
variables. A positive denomination indicates a positive association whereas a

negative value points towards an inverse correlation (Aytacoglu et al., 2025).

Predictor Coefficient Std. Error t-Statistic p-Value
Intercept -1.50 0.50 -3.00 0.003
D3CellNo 0.02 0.008 2.50 0.012
D3Fragmentation -0.04 0.009 -4.44 0.0001
D6Expansion 0.08 0.015 5.33  0.00001
D3Nucleus 0.50 0.12 417 0.0002
D3EvenUneven -0.30 0.10 -3.00 0.003
D3LightDark 0.40 0.13 3.08 0.002
D5Expansion -0.25 0.1 -2.27 0.02

D5Trophoectoderm 0.60 0.14 4.29 0.0001
D5ICM -0.20 0.09 -2.22 0.025
D6TE 0.35 0.11 3.18 0.0015

D6ICM -0.40 0.12 -3.33 0.001
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Figure 29

Regularised Logistic Regression Model.

This figure presents the effect of regularization on model coefficients,
demonstrating how the penalty term prevents overfitting and improves

generalization by shrinking some coefficients (Aytacoglu et al., 2025).

Regularized Logistic Regression Coefficients

Coefficient Value

Quality control for this model was achieved via the construction of a
ROC curve, demonstrating how well the model fits to the actual data, which is
presented in Figure 30. Additional performance measurements for the

model’s precision, accuracy, F1 score and recall are presented in Table 11.
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Figure 30

ROC curve for the logistic regression model.

The ROC curve provides an illustration of the trade-off between sensitivity
and specificity, thus presenting an evaluation of model performance. A higher
area under the curve (AUC) corresponds to better classification capabilities
for the model (Aytacoglu et al., 2025).
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Table 11

Performance metrics of the model.

Accuracy represents the overall correctness of predictions, Precision
indicates the proportion of positive identifications that were actually correct,
Recall measures the ability to identify all relevant instances, and the F1
Score provides a balanced evaluation of Precision and Recall (Aytacoglu et
al., 2025).

Metric Value
Accuracy 88.00%
Precision 85.00%
Recall 90.00%
F1 Score 0.87
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CHAPTER YV

Discussion

This chapter aims to evaluate obtained results that have been
presented in the previous chapter in great detail. Providing possible
explanations for the observations made with relevant comparisons to the
current literature and the body of knowledge.

For the first part of this thesis, 10 DDR and cell cycle checkpoint
genes were investigated on a transcriptional level between euploid and
aneuploid embryos. Namely, ATR, ATM, CHEK1, CHEK2, RAD50, RAD51,
TP53, PIK3CA, BRCA1 and MDM?2 genes were researched using the
quantitative real time PCR. Among these, qRT-PCR has failed to yield data
on ATR, CHEK1, CHEK2, RAD50, TP53 and PIK3CA. There are two main
explanations for this. First is the very simple explanation being that despite
the numerous attempts at optimising the PCR conditions, these efforts have
failed and thus the cDNA was not amplified whether it was present or not. In
other words, PCR experiments failed to confirm or deny the presence or
absence of these genes. The second reason could be that these six genes
are not expressed in embryos. In the following paragraphs these two
reasonings are mused on in broader detail.

First and foremost, qRT-PCR reactions may have been unsuccessful.
To briefly reminisce the experimental procedure, total RNA isolation was
carried out for all embryos, which were subsequently transformed into cDNA
via reverse transcription reactions. Any errors or imperfections during these
steps may have compromised the final PCR run. However, the earlier two
steps incurring such detrimental effects to final PCR outcomes is unfeasible
as the same cDNAs were successful in providing proper amplifications for
other genes of interest such as BRCA1, ATM, RAD51 and MDM?2. However,
one argument can be made for RNA isolation, where low amounts of RNA
obtained may explain these results. Indeed, relatively low number of cells
within blastocysts presents practical challenges in obtaining abundant and
high quality RNA for the subsequent reactions. In isolations from primary
tissue samples or organs this represents a lesser issue. On the other hand,

lower number of available cells in blastocysts lowers the quantity of RNA
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obtained significantly. Most DDR genes in healthy cells are tightly regulated
at transcriptional and post-translational level as their over- or under-
expression is associated with cancers and other various cellular
perturbations (Bakkenist & Kastan, 2003; Batchelor et al., 2008; Bond et al.,
2004; Brooks & Gu, 2006; Ellison & Stillman, 2003; Kumagai et al., 2006; J.
Lee & Dunphy, 2010; S. Liu et al., 2011; Mordes et al., 2008; Mordes &
Cortez, 2008; E. A. Nam et al., 2011; Richardson et al., 2004; Sun et al.,
2007; Yoo et al., 2009). Furthermore, not all genes are expressed at the
same level in cells. For instance, B-ACTIN or ACTB, a very commonly used
housekeeping gene in many studies is expressed at a much higher level in
cells compared to DDR genes. In fact, this is observable in the results of this
study as well where CT values obtained for the housekeeping gene is lower
compared to the gene of interest within the same cDNA template for analysis.
A similar phenomenon exists among the DDR genes as well where not all are
expressed at the same level. Therefore, it is possible that ATR, CHEK1,
CHEK2, RAD50, TP53 and PIK3CA are transcriptionally less active
compared to ATM, BRCA1, RAD51 and MDM?2. In combination with RNA
isolation challenges this could provide an explanation for why certain DDR
genes were detected via qRT-PCR approach and others did not. On the other
hand, main purpose of PCR is to amplify low amounts of a desired DNA
template and thus it is inherently designed to amplify low levels of isolates.
Indeed, there are many stories that exist in the scientific literature where
isolates from even single cells have been successfully amplified by PCR.
Moreover, ATM's detectability in light of CHEKZ'’s inability to be amplified is
surprising within this context. As outlined in the introduction section, ATM
interacts with a multitude of downstream elements, though CHEKZ is the
main kinase it induces especially in a DDR pathway (Boonen et al., 2022).
Hence, while not impossible, it is puzzling for ATM to be expressed at a level
detectable by PCR whereas CHEK2 would be expressed in a lesser degree
to the extent that it couldn’t be detected by the same methodology. Together
these two reasonings undermine the confidence in this first explanation yet
does not discredit it completely. On the qRT-PCR side of the experiment,
typically optimisation tries involve changing of varying parameters. Over the

course of this thesis, many adjustments were tried for optimising reaction
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conditions. Some of which were, varying concentrations of primers (ranging
from 0.3 uM — 0.6 uM), varying cDNA template volumes (ranging from 0.5 pl
— 4 pl), adjustments to extension times within each cycle (ranging from 15
seconds — 45 seconds) as well as a range of annealing temperatures (+ 6°C
of the Tm for each gene). In addition, differing annealing times per cycle was
also tested (varying from 15 seconds — 1 minute). Furthermore, different
SYBR Green reaction ready mixes from different brands were also utilised
with these varying conditions. Unfortunately, despite all these efforts PCR
runs for ATR, PIK3CA, RAD50, TP53, CHEK1 and CHEKZ2 were unable to
generate amplifications. Results varied from primer dimers to null outcomes
that were presented as blank both in real time PCR and in agarose gels that
were ran for confirmation. Therefore, an alternative explanation for the lack of
results must be considered.

Secondly, it is plausible that while some genes are expressed in the
preimplantation embryos, some genes are yet to be activated. This
phenomenon is not new to preimplantation embryos as it is well-known that
the embryonic genome is inactive initially which is then activated post-
blastocyst stage. For example, apoptotic gene expression was shown only to
become prominent after embryonic genome activation (Regin et al., 2024). It
is possible thus, that at the time of RNA isolation not all genes within the
embryonic genome were activated and methylation pattern structuring was
still ongoing. It is noteworthy that both ATR and CHEK1 are among the genes
that were inactive and their close relationship is in support of this hypothesis.
In contrast, ATM being activated when CHEKZ2 was not once again casts
doubts on this notion. One counter-argument for such concerns could be
that, ATM and ATR are capable of diverse interactions independent of
CHEKZ2 and CHEK1 (Bekker-Jensen et al., 2009; Biswas et al., 2022; Doil et
al., 2009; Flynn & Zou, 2011; Huen et al., 2007; Kolas et al., 2007; Y. Liu et
al., 2011; Mailand et al., 2007; Meerang et al., 2011; Morris et al., 2009;
Sobhian et al., 2007; Stewart, 2009; B. Wang et al., 2007; B. Wang &
Elledge, 2007). Therefore, ATM and ATR activity may insinuate yet not
necessitate CHEK1 and CHEK?Z transcription. Nevertheless, these ideas

need to be confirmed by further experiments. One improvement in this regard
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would be to use high fidelity kits for RNA isolation that are more suited for
lower cell numbers.

Among the genes that were successfully amplified by gRT-PCR
reactions, ATM, RAD51 and MDM2 were found to be slightly altered in their
relative expression levels although these differences were not statistically
significant. On the other hand, BRCA1 portrayed prominently increased
transcription levels in aneuploid embryos compared to their euploid
counterparts. In the subsequent passages possible causes for these
observations will be investigated.

Initially, albeit less likely explanations, experimental causes must be
reviewed. First and foremost, there were unfortunate yet unavoidable
experimental differences between BRCA1 and the other three genes. Most
notably, BRCA1 reaction was optimised ThermoFisher Life Sciences
PowerTrack SYBR Green Mastermix (ThermoFisher, Cat. ID: A46109)
whereas ATM, RAD51 and MDM?2 were optimised with Hibrigen 2x SYBR
Green qPCR Master Mix (Hibrigen, Turkey; Cat. No: MG-SYBR-01-400).
Moreover, for BRCA1 it was possible to obtain data from individual cDNA
templates, whereas for the remaining three genes reactions could only be
optimised with pooling of four cDNA templates together as explained in the
materials and methods section of this work. While each reaction was
normalised with their own SYBR using the Ct values obtained for ACTB,
these differences may cause significant considerations for the reliability and
comparability of data. The first observation regarding these considerations
was that in experiments for ATM, RAD51 and MDM2, there were primer
dimers clearly observable alongside correct sized product bands. Further
optimisation tests were run prior to data acquisition runs, yet the dimers were
unavoidable and were prominent enough to give CT values in negative
control. The levels of dimers appear to be similar across samples in all runs;
hence it is not expected for the dimers to have an impact on the overall
results. On the other hand, the situation is not ideal and it is impossible to
rule out the chance of interference from those primer dimers on the analysis,
regardless of its low probability. Secondly, there are different conclusions that
can be drawn from the use of pooled samples. For instance, inability to

optimise the gRT-PCR runs without a collective cDNA pool can indicate that
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the initial RNA and cDNA levels were too low for ATM, RAD51 and MDM?2.
Additionally, despite pooling cDNA amount could still be less than desired for
the PCR reaction, at least in certain tubes which can explain why in certain
mixes no data could be obtained despite the use of optimised conditions.
Another impact of using a collective sample mix as template is that different
cDNAs could have opposing effects ultimately masking the changes that
could be present in individual embryos. Particularly for aneuploid sample
pools this poses a threat. While care was taken to pool same aneuploidies
into the same mix, in most cases this was practically not possible and varying
aneuploidies had to be colluded together. Therefore, those pools when used
as templates would in essence have effects that mimic complex or chaotic
aneuploidies. Indeed, this complicates commenting on the findings as varying
aneuploidies can show opposing effects as stated. Furthermore, BRCA1 data
was obtained by single cDNAs. Consequently, it can be questionable to
compare the results of BRCA1 with ATM, RAD51 and MDM?2 despite in each
analysis samples were normalised within themselves with the use of AACt
analyses. Indeed, the use of AACt analysis improves confidence in the
analyses despite the shortcomings, yet more prominent hypotheses are
needed to explain the data acquired.

ATM, BRCA1, RAD51, MDM2 usually work together intimately
especially in the repair of DSBs. As outlined in the introduction, BRCA1
cooperates with the MRN complex to promote end resection at DSB sites
(Reczek et al., 2013). In addition, BRCA1 acts as a scaffold for BRCA2 and
PALB2 to recruit RAD51 to location of the breaks under HR response which
appears dependent on CHEK2 mediated phosphorylation of BRCA1 (Roy et
al., 2011). However, this does not mean they cooperate exclusively.
Concurrently, different signals and pathways can also recruit these proteins.
One example of such an event is that BRCA1 involvement in S-phase
checkpoint activity is induced by CHK1 which is the downstream kinase of
ATR (F. Sadeghi et al., 2020). In contrast, this association appears to
necessitate ATM to phosphorylate BRCA1 as well as MRN complex’s
influence (J. H. Lee & Paull, 2004, 2005; B. Xu et al., 2001). This is not the
only pathway of BRCA1 recruitment. RAP80 complex can act as another

recruiter of BRCA1 in the activation of G2/M checkpoint which later induces
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CHK1 (Kim et al., 2007). Another key element of this pathway is CtIP-
BRCA1, a complex formed by the namesake proteins as this complex is
responsible for the phosphorylation of CHK1 (Escribano-Diaz et al., 2013; Yu
& Chen, 2004). On the other hand, G2 accumulation checkpoint brought on
by DNA damage is regulated by the BRCA1-BACH1 complex as opposed to
CtIP-BRCA1 (Yu & Chen, 2004). Which is consistent with prior studies that
demonstrated that BRCA1’s role in HR repair is quite different compared to
its other roles in checkpoint regulation and utilise varying pathways (J. Zhang
et al., 2004). Furthermore, even same proteins may play diverse roles in
different pathways leading to distinct outcomes. For example, BRCA1
prevents MRE11 from initiating degradation of stalled replication forks
(Bunting et al., 2012). In contrast, in a DSB repair context, BRCA1 needs to
cooperate with CtIP as well as the MRN complex to promote resection at the
broken DNA ends (L. Chen et al., 2008). BRCA1 also has been shown to
have roles in G1/S checkpoint, working together with ATM which
phosphorylates TP53 to induce p21 (Fabbro et al., 2004; Shorrocks et al.,
2004). Collectively these studies indicate that these DNA repair and cell cycle
checkpoint genes can have diverse and complex interactions that are heavily
context dependent. Therefore, it is plausible that BRCA1 can have elevated
transcription independent of ATM, RAD51 or MDM2. One example of its
alternative activation could be via CHEK1 activity which is generally induced
by ATR (Busino et al., 2003; Melixetian et al., 2009). Although, ATR and
CHEKT1 transcription were not detectable by gRT-PCR in the current study as
discussed previously. This lack of transcriptional confirmation can be
suggestive of their inactivity which casts doubts on this theory.

There are further mechanisms that may explain elevated expression
levels of BRCA1 independent of ATM and its downstream kinases.
Oestrogen is a known inducer of BRCA1. Previous studies have
demonstrated that oestrogen induction increases BRCA1 levels both on a
transcriptional level and a translational level (Gorski et al., 2009).
Experiments in mice showed similar results where Brca7 levels elevated at
the time of puberty as well as pregnancy, following a positive association with
rising oestradiol levels. Oestradiol was able to increase BRCA1 levels even

in ovariectomised animals (T. F. Lane et al., 1995; Marquis et al., 1995).



110

Oestrogen levels may pose as a viable explanation for why BRCA1 levels
may have risen in aneuploid embryos without altering ATM, RAD51 and
MDM?2 transcription. If this is the case, the differences in oestradiol levels are
unlikely to come from incubation conditions following ICSI procedure as the
media and incubators would be the same standardised protocol within the
same clinic. However, evidence exists within the literature that embryos are
reactive towards oestradiol levels (Logsdon et al., 2023; Melnick et al., 2015;
Tsutsui et al., 1987) yet there is no conclusive evidence that oestrogen levels
differ between aneuploid and euploid embryos. BRCA1 results are
insinuating that this could be an interesting research area to be pursued.

An additional BRCA1 regulator is retinoblastoma protein commonly known as
Rb. Rb achieves its influence on BRCA1 levels by adjusting E2F activity (A.
Wang et al., 2000). Furthermore, BRCA1 itself can form complexes with E2F-
1 as well as Rb to form a negative autoregulatory loop to inhibit its own
transcription. In cases of genotoxic stress however, BRCA1 can be displaced
from the BRCA1 promoter to counter the incoming DNA damage thus re-
allowing the upregulation of BRCA1 (De Siervi et al., 2010). As opposed to
this, Rb-E2F pathway is also known to activate ATM, CHEK1 and RADS51
(Berkovich & Ginsberg, 2003; lwanaga et al., 2006; Verlinden et al., 2007).
Furthermore, inactive Rb pathway has been shown to promote cellular
proliferation which can be TP53-dependent or independent (Macleod et al.,
1996; Morgenbesser et al., 1994; A. Wang et al., 2000). Another activator of
BRCA1 is c-Myc (Y. Chen et al., 2011). It also can have indirect effects on
gene expression patterns as it has been connected with DNA
methyltransferases which suggests it can have epigenetic influences on gene
expression patterns (Brenner et al., 2004). Indeed, epigenetic regulation has
also been demonstrated by previous studies to influence BRCA1T levels in
breast cancer cells (Butcher & Rodenhiser, 2007; Esteller et al., 2000; Seery
et al., 1999; C. Stone et al., 2003; M. Wei et al., 2005; J. Xu et al., 2009).
Nevertheless, c-Myc is also associated with ATM, ATR, CHEK1 and RAD51.
Specifically, ATM has the capacity to suppress overexpression of c-Myc
(Najnin et al., 2023). In addition, c-Myc can activate ATR/CHK1 pathway to
confer tolerance to stalled replication forks as well as activating RAD51 to

resolve them (Krlger et al., 2018; Luoto et al., 2010). Moreover, two other
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mechanisms for BRCA1 expression control have been identified. First the
mechanism of nucleosome occupancy, referring to the chance of a specific
DNA region to be entangled by histone proteins in a population of cells (J. C.
Lin et al., 2007). A high occupancy indicating highly condensed regions that
are mostly unavailable to transcription factors, whereas low occupancy
suggests a structure mainly open for transcription. Secondly, microRNAs
have been shown to regulate BRCA1 activity (lorio et al., 2005). Last but not
least, both Rb/E2F pathway and c-Myc have associations with other genes of
interest of this study such as ATM and RAD51. Combined with the fact that
the expression levels for these were unchanged unlike BRCA1, stimulation
by Rb or c-Myc seems unlikely to explain the single upregulation observed
for BRCA1, though it is important to consider that based on different contexts
varying pathways can be induced as stated before. In contrast, methylation
appears to be a more likely candidate for an explanation. Specifically,
BRCA1’s epigenetic regulation in preimplantation embryos has already been
demonstrated (Tulay et al., 2016). Intriguingly, throughout the development of
an embryo it was shown that methylation patterns can follow stage-specific
changes and certain genes such as regulatory genes, pluripotency genes
and differentiation genes show specific methylation patterns underlining the
importance of epigenetics in embryonic gene expression (Paranjpe &
Veenstra, 2015; Tomizawa et al., 2011; M. T. Zhao et al., 2013).

When investigating gene expression patterns, an understanding of
how the genes are regulated on a transcriptional level can be obtained.
Nevertheless, transcription is only one part of the proverbial equation.
Translational controls and post-translational modifications also play an
important role. Particularly in the case of critical DNA damage repair genes,
most activity control is accomplished post-translationally. ATM as an
example, is constantly present in the cells as a dimer which is then activated
by the MRN complex by monomerization brought on by proper
phosphorylation and acetylation modifications (Bakkenist & Kastan, 2003; S.
So et al., 2009; Sun et al., 2007). Interestingly, ATM also has autoregulatory
functions which is prominent for its sustained localisation at the DSB sites
which requires the assistance of complexes MDC1 and MRN (Dupré et al.,
2006; S. So et al., 2009). Furthermore, it is important to stress that ATM is
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known to possess a multitude of phosphorylation sites, which makes defining
its exact post-translational mechanisms an enormous and difficult task as not
all of these phosphorylation sites are associated with its roles in the DDR
mechanism (Kozlov et al., 2011). It is highly likely ATM’s unique
phosphorylation patterns whether by itself in an autoregulatory fashion or by
other interactions may have varying consequences that are dependent on the
cellular context its being utilised in. A similar phenomenon can be observed
for RAD51. Among normal cells, expression as well as activity levels of
RADS1 are under strict controls to avoid erroneous DNA recombination
(Richardson et al., 2004). In fact, RAD51 levels were found to be significantly
elevated in various cancers (Maacke, Opitz, et al., 2000; Sarwar et al., 2017;
X. Zhang et al., 2019). RAD51 is usually constitutively present in cells which
is then recruited to DSB sites with the actions of BRCA1, BRCA2 and PALB2
instead of being transcriptionally activated (Orhan et al., 2021; Roy et al.,
2011; F. Sadeghi et al., 2020). In contrast, other studies have demonstrated
that DNA damage strengthens RAD51 transcription (Aboussekhra et al.,
1992; Barrington et al., 1999; Basile et al., 1992; Shinohara et al., 1992).
There are also studies that have identified several transcriptional regulators
for RAD51. For instance, E2F1, EGR1 as well as CDK12 were identified as
positive regulators of RAD51 transcription whereas E2F4, E2F7 and TP53
are transcriptional repressors of RAD51 (Arias-Lopez et al., 2006; Orhan et
al., 2021). Therefore, regulatory mechanisms for RAD51 appear to be
multilayered and complex. Intriguingly, CDK12 is known to have the capacity
for inducing BRCA1, ATM and other DDR genes’ transcription as well (Blazek
et al., 2011; Krajewska et al., 2019). E2F1, E2F4 and E2F7 were also shown
to be phosphorylated under DNA damage conditions which was
hypothetically attributed to ATM, ATR and CHEK2 (W.-C. Lin et al., 2001;
Orhan et al., 2021; Stevens et al., 2003). Considering the unchanged mRNA
levels for ATM and RAD51 as well as null mMRNA observed for ATR and
CHEK?2, our findings suggest that activation of BRCA1 most likely comes
from pathways independent of RAD517 regulators such as CDK2, E2F1, E2F4
or E2F7. Similarly, MDM2 also appears to be ever-present in cells as a
regulator of TP53 activity. Naturally, TP53 levels within a cell is regulated very

carefully and similar to ATM and RAD51, TP53 is also constantly present at
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low levels. Definitive machinations that lead to the activation of TP53 are yet
to be elucidated, yet they are thought to involve mainly post-translational
changes (Brooks & Gu, 2006). This poses a great significance for MDM2 as
well as its activity is to assist TP53 to form a negative feedback loop to guide
its own expression levels (X. Wu et al., 1993). On the other hand, regulation
of BRCAT1 levels within cells are relatively more transcription oriented. In
particular, how genotoxic stress affects BRCA1 expression levels is still a
topic of debate in the field. Certain studies have identified that genotoxic
stress downregulate the expression of BRCA1 in a TP53-dependent manner
(Andres et al., 1998; Fan et al., 1998). Other investigations have concluded
that levels of BRCA1 fluctuate over time where there is an initial peak of
BRCAT1 levels after encountering a genotoxic stress which is then gradually
lost as TP53 activation ensues (Clarkin et al., 2000; MacLachlan et al.,
2000). Although, TP53 was deemed not essential for inhibition of BRCA1 as
well (Andres et al., 1998). BRCA1 also possesses a capacity for
autoregulation where it can bind to its own promoter to suppress its own
transcription as stated above (De Siervi et al., 2010). In the current study
protein levels were unable to be analysed. Hence, it is not possible to gauge
the extent of post-translational alterations on the overall activity levels of
ATM, RAD51, MDM2 AND BRCA1. However, ATM, RAD51 and MDM2 are
more likely to be post-translationally regulated as opposed to
transcriptionally. This could pose a very prominent reason why BRCA1 was
found to be significantly elevated when ATM, RAD51 and MDM2 mRNA
levels showed no significant alterations between euploid and aneuploid
embryos. Therefore, it would be paramount to investigate protein levels in
future studies to understand clearly if there is an increase in the activity of
ATR, RAD51 and MDM?2 despite no transcriptional changes were observed.
MDM2 have additional pathways it is involved in that merit further
considerations. Firstly, MDM2 is known to impact cell cycle progression by
interacting with pRb, a Rb-family protein (Castéra et al., 2010). MDM2 can
degrade pRb and eliminate its repression of E2F allowing the cell cycle to
continue (Freitas, 2019). In addition, MDM2 was shown to have high
correlation with steroid regulation, specifically for oestrogen (Portman et al.,
2020; Zafar et al., 2023). MDM2 together with TP53 regulates the turnover of
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ERa (Duong et al., 2007; Leclercq et al., 2006). Moreover, MDM?2
overexpression enforces the growth of ERa-positive breast cancer cell lines
and has been shown to form a positive feedback loop to feed its own
overexpression thus perpetuating this growth (Brekman et al., 2011; Caldon,
2014). As stated previously, Rb/E2F as well as oestrogen are regulators of
BRCAA1 activity as well. In combination, however, these two pathways do not
seem to be the reason behind BRCA1’s increased transcription in
aneuploidies as MDM2 expression was not affected. Nevertheless, as
Rb/E2F and ERa also belong to various other pathways it is not easy to
disregard their possible involvement.

ATM/CHEKZ2 pathway usually recruits BRCA1 downstream which in
turn recruits RAD51 to induce HR (Roy et al., 2011; San Filippo et al., 2008).
Considering this in combination with the findings of this study where ATM and
RADS1 levels remained unchanged as opposed to an elevation of BRCA1 in
aneuploid embryos, it can be theorised that the elicited response in these
blastomeres is not HR. If only ATM mRNA levels remained constant it may
not have been sufficient to rule out HR by itself as it was demonstrated that
BRCA1 is essential in HR mediated repair of DSBs whereas ATM was
dispensable (Kass et al., 2013). Nevertheless, steady mRNA levels in both
ATM and RAD51 suggests an alternative response may have been activated
in aneuploid blastomeres. An exciting possibility is the attempt at recovering
SAC function. Spindle Assembly Checkpoint is one of the most prominent
defences a cell has against chromosomal anomalies during cell division.
Moreover, in a previous study BRCA1 has been shown to be essential for
MAD?2 function which is a key member of the SAC system (R. H. Wang et al.,
2004).

Numerous ART systems have evolved over the years to treat various
infertilities and/or to help people conceive. While revolutionary advancements
have been made in the field, success rates of these techniques remain lower
than ideal thus leaving many bereft of any hopes of parenthood (Kushnir et
al., 2017; Qiao et al., 2014; Sadeghi, 2018; C. Thompson, 2016; Wong et al.,
2014). One of the methods for improving success rates in ART applications
like IVF and ICSI procedures involves next generation sequencing

technologies for identifying aneuploidies albeit while incurring heavier
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economical burdens on an already relatively expensive procedure (Coates et
al., 2017; Doroftei et al., 2022; Fishel et al., 2010). Emerging technologies
have allowed computers to assist clinicians in infertility clinics with making
the correct treatment decisions. However, these options so far have only
attained supporting roles and lack prognostic capabilities (Simopoulou,
Sfakianoudis, Antoniou, et al., 2018; Simopoulou, Sfakianoudis, Maziotis, et
al., 2018). Enabling prognostic or predictive capabilities in such novel tools
can allow patients to give more informed decisions on whether or not to
commit to such arduous and expensive pursuits in the future. The first step in
such an endeavour is to find a system that can make accurate predictions as
to the resulting embryos quality. While embryo quality does not warrant
successful pregnancies, it improves the chances greatly and embryo quality
is used as the main criterion for choosing embryos currently (Hossain et al.,
2016; Niinimaki et al., 2015). Embryo quality typically pertains to two aspects,
first one being the morphological quality of the embryos and the second
being the chromosomal composition mainly assessed as euploidy versus
aneuploidy. As mentioned previously in this thesis, there are studies on
assessing embryo quality with the use of artificial intelligence and imaging
systems. However, these methodologies’ main drawback comes from their
reliance on imaging systems which may prove expensive and not widely
accessible across all clinics. Furthermore, the process necessitates the
formation of the embryo to be imaged and thus even improved it possesses
more potential as a diagnostic approach as opposed to a predictive one.
Therefore, in this thesis we aimed to use a mathematical modelling approach
which has the capability to be transformed into a computer software that can
predict possible success rates allowing clinicians to choose better suited
treatments for each patient as well as allowing the patients to decide whether
to pursue one treatment option or not in a better-informed manner.

The first step towards a predictive algorithm, was to investigate
possible connections between parent parameters (as outlined in the
materials and method section of this thesis) and the morphological quality of
the resulting embryos. Briefly, parent parameters appear to be medium to
strong predictors of embryo quality. For all parameters except for D3

even/uneven and D5 TE, statistically significant correlations were drawn
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(p<0.05). Strongest association was found between the parent parameters
and D6 TE quality where approximately 75% accuracy was observed (R?=
0.747). Other studies that utilised artificial intelligence in tandem with embryo
imaging reported various rates of success (Kromp et al., 2022). The best
performance observed with such tools were 72% accuracy in predicting ICM
quality, 73% in trophectoderm and 77% for expansion status. Interestingly,
among various Al models, trophectoderm accuracy was regularly the lowest
(Kromp et al., 2022). Taken together, these suggest that mathematical
modelling not only can be a viable substitute for Al based systems but can
also be superior in some aspects, as it shows higher accuracy in
trophectoderm predictions. Notably, current Al studies are generally coupled
with expensive time-lapse imaging systems that may not be widely available.
Therefore, mathematical models that can predict embryo quality even before
their inception based on parent parameters show additional advantages over
such systems. Evaluating the prediction accuracy for individual embryogenic
morphology criteria, the developed model appears to be capable of making
moderate to high accuracy predictions for most of the parameters. For D3
even/uneven and D5 TE, the model shows low accuracy predictions (0.3 < R?
value < 0.5) albeit these predictions appear statistically insignificant (p>0.05).
In the case of D3 even/uneven, prediction may be complicated by the
inherent differences in the cell division rates between different embryos.
Inability to predict trophectoderm status on day 5 is more intriguing as the
same model shows the biggest success in predicting day 6 trophectoderm
quality. This phenomenon may have been brought about by the inherent
weaknesses of day 6 embryos by making them more susceptible to other
factors such as parent parameters thus making them easier to predict.
Although the data regarding the use of day 5 or day 6 embryos remain
contradictory in the literature, later developing embryos, such as day 6
embryos, are typically associated with higher rates of chromosomal
abnormalities when compared to day 5 blastocysts (Park et al., 2020;
Zakaria, Steven, et al., 2021). Furthermore, day 6 blastocysts have been
shown to have up to 10% more aneuploidies (Davie et al., 2017; T. H. Taylor
et al., 2014). Embryos with lesser developmental haste also show

abnormalities in mitotic spindle formations as well as other molecular
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abnormalities (Hashimoto et al., 2013; Wood et al., 2007). Anomalies with the
spindle formation can also be attributed to their dampened expression in
day6 blastocysts (Hsieh et al., 2004). An extended time period spent in in
vitro culture conditions have also been shown to exacerbate negative effects
on development and debilitate cleavage in relation to the laboratory
conditions as opposed to innate deficiencies attributed to the embryos
(Abdelmassih et al., 2001). Collectively, these studies may indicate that as
the embryos grow more susceptible to different effectors like spindle
anomalies, molecular aberrations and/or laboratory conditions, their
susceptibility to parent factors also increase and thus their morphology
particularly the trophectoderm, in light of being the site of the biopsies,
becomes easier to predict. Another interesting notion could be that normally
developing blastocysts could be activating the embryonic genome faster
compared to day 6 or later blastocysts. This may suggest that they are at
least in part shielded against inherited anomalies from the maternal oocyte
and/or the paternal sperm. While not experimentally proven yet, this may
present an explanation for a weaker predictive potential for day 5 embryos in
comparison with day 6 embryos. On the other hand, embryos that reach
blastocyst stage on day6 have been observed to have similar implantation
rates with their day5 counterparts, under the condition they show same or
similar morphological quality as them (Sunkara et al., 2010). Significance of
this remark is two-fold. Firstly, if similar morphological qualities warrant
similar implantation outcomes, the model’s inability to predict day 5 TE when
showing immense prediction potential for day 6 TE raises new questions with
regards to its reliability. In contrast, if day 5 and day 6 embryos behave
similarly with the same morphological qualities then being able to predict day
6 TE status can be equated with day 5 TE status with regards to implantation
potential. In other words, in a practical case, day 6 TE prediction may prove
sufficient for indicating implantation potential of the resulting embryo.
However, these require further experiments to firmly delineate such
implications.

For ICM prediction, the model was able to successfully predict both
day 5 and day 6 ICM quality with moderate strength. Similarly to TE, the

model was able to infer slightly stronger associations with day 6 ICM as
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opposed to day 5 ICM. To explain this relative superiority, same principles as
the trophectoderm case can be put forth. Namely, weaknesses associated
with day 6 embryos previously such as spindle anomalies, and molecular
anomalies which were presented in the previous paragraph may be causing
the later developing embryos to show a higher sensitivity to other external
factors like parent parameters investigated here. This observation holding
true for both trophectoderm and ICM comparisons between day 5 and day 6
embryos is constituting a more compelling argument for this hypothesis.
Furthermore, the longer an embryo is kept under culture conditions in vitro, a
higher risk of developmental debilitations is incurred as stated in the previous
paragraph (Abdelmassih et al., 2001; Zakaria, Steven, et al., 2021). Finally, if
embryos with a normal development rate have earlier embryonic genome
activation as opposed to their slower developing counterparts, they may be
shielded against inherited deficiencies via activated repair mechanisms.
While these require further research to confirm, consistency of better
predictions for day 6 embryos when compared to day 5 embryos increases
the possibility of such hypotheses as well as strengthening the confidence in
the current model’s performance.

Among the remaining outcomes regarding embryo morphology, the
model was able to account for 48.1% of D3 cell number corresponding to a
weak association. This may indicate that the replication speed at the
cleavage stage may be affected by other factors such as environmental
influences more than the innate characteristics of the oocyte or the sperm
cells. On the other hand, nuclei status of day 3 embryos as well as expansion
status on day 5 were managed to be moderately predictable by the model.
Finally, 2PN number was also predicted at a moderate strength (69.5%) and
was close to high levels of association. Fertilisation success’ intimate
connection to parent parameters is not very surprising, however the missing
approximately 30% is stressing of other factors playing a role in fertilisation
yet still. Indeed, with the current model three parameters showed high or
higher than 60% predictability. Aside from the 2PN number, the other
parameters both belonged to day 6 datapoints. Stronger associations made
in day 6 observations when compared to slightly lower R? values seen for

day 3 and day 5 parameters is supportive of later developing embryos having
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a higher susceptibility to the effects of parent factors as discussed previously.
The model also holds potential for further improvement with the addition of
other parameters like the parent ages. In particular, maternal age has been
associated with blastocyst quality for a long time (Janny & Menezo, 1996). In
contrast, preliminary results from another study of our group showed
maternal age to possess a non-significant association with embryo
morphology when using a revised model.

In the current literature, there are only 5 aneuploidies that are known
to associate with live births. Namely these are the aneuploidies of
chromosomes 13, 18, 21, X and Y. Therefore, many clinics around the world
has adopted an embryo selection process that includes an aneuploidy
analysis based on biopsied cells, PGT-A. The necessity for taking biopsies to
conduct the test, however, is considered to be the culprit behind the lower-
than-expected success rates achieved by the employment of PGT-Ain
embryo selection (Awadalla et al., 2022; Paulson, 2017). Therefore, being
able to predict an embryo’s aneuploidy status without compromising its
integrity can be paramount in elevating the success rates for PGT-A and
consequently all ART endeavours. Thus, the second part of this project
aimed to predict aneuploidy status of embryos based on the parent
parameters. This evaluation was once again conducted by employing
regression analyses. While the devised mathematical model was successful
at predicting embryo morphology at a moderate to high level, it lacked the
same accomplishment in predicting the aneuploidy status of the embryos. In
this study, aneuploidies were categorised uniformly without considering either
varied single aneuploidies or multiple aneuploidies. Inability to separate
aneuploidies despite this generalised classification is highly indicative that
aneuploidy is a very complex phenomenon that is not solely dependent on
oocyte and/or sperm quality. Indeed, cleavage anomalies depending on
factors other than inherent characteristics of the embryos have been
documented in the literature (Abdelmassih et al., 2001). A time-lapse imaging
Al learning module was tested in a similar capacity in another study which
achieved high (approximately 70%) accuracy (Chavez-Badiola et al., 2020).
Undoubtedly impressive, the biggest drawback of this study was the

obligatory use of time-lapse imaging which reduces its wide-scale
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applicability across world-wide clinics. Therefore, a mathematical model
could prove a worthy substitute that can have a farther reach. Regrettably, all
parameters showed very minor associations with regards to aneuploidy
prediction as indicated by coefficients (Table 9). In addition, regardless of the
coefficients none of the parameters yielded p values lesser than 0.05 and
thus any effects the parent parameters may exert on the embryos does not
appear to be sufficient to alter their euploidy outcomes. On the other hand,
higher calibre models that utilise machine learning approaches may be able
to identify more complex relationships between parent parameters and
euploidy status of resulting embryos and hence presents an exciting avenue
of investigation. Curiously a recent study has attempted to guess euploidy
outcomes based on blastocyst morphology with assistance from maternal
age and embryo imaging technologies with an accuracy of almost 70%
(Barnes et al., 2023). While the imaging necessity in this study raises the
same concerns as Chavez-Badiola’s work (2020), blastocyst score was
found to be one of the most influential factors on predicting euploidies
(Barnes et al., 2023). As mathematical model developed in this thesis can
predict embryo morphology, it was plausible to try and combine the two
findings together to try predicting the euploidy status of embryos based on an
initial prediction of embryo morphology. Undoubtably, making predictions in
succession like this would be compromising to the integrity and accuracy of
the final prediction. Nevertheless, if the accuracy remains high between
blastocyst morphology and euploidy status, this could still present a viable
strategy. In order to test this, the third and final part of this modelling study
aimed to find correlations between the morphological quality parameters of
an embryo and outcomes regarding its euploidy. Unlike Barnes and
colleagues (2023), in our investigation maternal age and embryo images
were not incorporated into the predictor pool. In a case high accuracy of
predictions could be achieved like such an approach, then the first model
used to predict embryo morphology based on parent parameters could be
integrated into an euploidy prediction without the need for any additional
measurements or equipment such as a time-lapse imaging incubator hence
such a methodology was chosen. To conduct this investigation a logistic

regression model was developed. This model demonstrated that all
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morphology parameters showed significant influence on the embryo euploidy
status (p<0.05). D3 cell number, D3 nucleus, D3 light/dark, D5
trophectoderm, D6 trophectoderm as well as D6 expansion were positively
correlated with euploidies evidenced by the positive coefficients put out by
the model in Table 10. These associations were somewhat expected as
better quality morphology insinuates healthier genetic components thus
lesser chances of aneuploid observations provides a straightforward
assumption. Specifically, a better quality trophectoderm corresponding to
euploid PGT-A results is quite elementary as trophectoderm is the site where
biopsies are taken for the aneuploidy test. Intriguingly, not all independent
variables showed a positive association with euploidies. Namely, D3
fragmentation, D3 evenness, D5 expansion, D5 ICM as well as D6 ICM
demonstrated an inverse correlation with euploidy. As stated before, better
morphological qualities bringing about higher chances of euploidies is an
easy assumption to make. Therefore, these inverse correlations are
perplexing. For D3 fragmentation an inverse correlation can be considered
natural, and it has been documented in the literature previously that highly
fragmented cells often bore aneuploid results (Cecchele et al., 2022; Lagalla
et al., 2020). Thus, the devised model concurs with the current literature on
higher fragmentation rates indicating higher incidences of aneuploidies.
Despite this, contradictory evidence remains in the literature and thus this
point may be open for debate still. In 2018, one study concluded that
fragmentation percentages for day 3 embryos were not significant indicators
of aneuploidies (Pasternak et al., 2018).

Next, evenness of the embryos appears to negatively impact their
chances of turning out euploid. An even appearance during the morula stage
is considered to be morphologically superior. Thus, having such a
morphological advantage causing aneuploid outcomes is surprising. Morula
evenness is tightly linked to the number of cells at that stage shown by
multiple studies. For instance, one recent study has concluded that 8-cell
embryos possess the best general evenness and higher or lower cell
numbers than 8 showed a comparatively more uneven structure (J. Wang et
al., 2022). An earlier paper also demonstrated that embryos with six to nine

cells have better chances for euploidy as opposed to their counterparts that
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possess 9 or more cells (Kroener et al., 2015). While this finding concurs with
our model’s output for cell number, it may also suggest that having a cell
number closer to 8 may have a positive influence on euploidy via promoting
evenness in addition to having a favourable cell number in the morula. On
the other hand, having an excess of 9 cells declines the rate of aneuploidies,
insinuating that the relationship between cell number, embryo evenness and
euploidies may not be as directly correlated as it may initially appears.
Indeed, another research project has concluded that embryos that are
constituted of 11 or more blastomeres imitate 8-cell morulas more with
regards to aneuploidies when compared with 9-11 cell morulas (Pons et al.,
2019). Collectively, these findings indicate that the relationship between cell
number on day 3, evenness on day 3 and the euploidy result may have a
more complex nature. Currently developed model outputting a direct
correlation with cell number and an inverse relationship with day 3 evenness
may be a result of their antagonistic effects as evidenced in the literature. A
balance of these opposite forces may be the real influencer of euploidies.
Furthermore, an improvement to future modelling endeavours could be
implemented that analyses cell number in distinct groups where embryos that
have less than 9 cells, 9-11 cells and more than 11 cells are segregated into
different categories to be investigated separately with respect to their
evenness as well as PGT-A outcomes. While such an approach may be
difficult to achieve with simple regression analyses, stronger modelling
toolkits like machine learning assisted models may accomplish such a feat.
Such an approach may broaden our understanding of the complex
interactions between cell number, morula evenness and euploidy.

Another interesting outcome of the logistic regression analyses was
the opposing coefficients for day 5 expansion and day 6 expansion. To
reiterate, a positive coefficient corresponds to a positive correlation whereas
a negative coefficient value indicates an inverse relationship. Therefore, day
5 expansion and day 6 expansion are showing antagonistic effects on
euploidy which is perplexing. Previous discoveries have shown that
expansion rates and euploidy usually take a concurrent path (T. T. Huang et
al., 2019). Thus, the result obtained from D6 expansion was not surprising.

Nevertheless, D5 expansion demonstrated the opposite effect with euploid
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outcomes. While unexpected, there can be a few explanations for this
observation. Firstly, perhaps, increased cell division rate posits a reason. In
the cases where expansion score is too high too early during the blastulation
process, due to excess cell division, lesser cell cycle checkpoint activity at
this stage could lead to higher aneuploidy incidences. Indeed, in the first part
of this thesis, many DNA repair pathway genes were not have been able to
be detected amongst euploid or aneuploid embryos using a gqRT-PCR
approach as discussed before. While this may certainly be brought on by the
inabilities of the methodology, it could also indicate that these genes are not
significantly expressed in early stage blastocysts. Which can bolster this
theory. Granted, more studies to are required for precise confirmation and
understanding in this regard. Secondly, patient group profile may have had
played a role in this finding. Namely, one study had found that embryos
develop into blastocysts significantly slower, especially in 35 year old or older
patients. This is of particular note as in our dataset, mean ages for both
genders clustered around 30-40 as well. The same study also concluded that
if waited longer than the common 5-6 day period, a little over 43% of usable
embryos would demonstrate an euploid profile (Tiegs et al., 2019). Therefore,
this study is in line with our observation that slower blastulation on day 5
might still be capable of becoming euploid embryos, or in other words, it
points towards a possibility of an inverse correlation between day 5
expansion and euploidies. In addition, this outlook can also explain the
reversal of the correlation direction for day 6 expansion, as it shows that
further development can indeed result in euploid embryos.

By far the most interesting finding of the logistic regression analyses
was the inverse correlation observed between both day5 and day6 ICM
quality and euploidies. Inner cell mass, is where the embryo proper originates
from, hence a better quality ICM should be heralding greater quality embryos
with better chances of becoming euploid. Though these results are
surprising, there is evidence in the current literature that may support our
findings regarding ICM. For instance, one theory exists within the field that
embryos possess self-correcting mechanisms resembling extrusions of the
blastomere where aneuploid blastomeres are shunted to the trophectoderm

(Lagalla et al., 2020). This exile would concurrently enrich the trophectoderm
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with aneuploid cells and improve the quality of the ICM. PGT-A analyses use
cells biopsied from the trophectoderm and therefore this phenomenon can
explain how the ICM can remain in good quality and develop into euploid
embryos despite an elevation in observed aneuploidies, thus creating a
contrary association. On the other hand, findings from diverse studies within
the current literature also indicate that the connection between ICM quality
and euploid results by PGT-A may not be as straightforward as it might
initially assumed. Moreover, this statement appears particularly applicable for
patients aged over 30. A prior study had demonstrated that in patients aged
less than 35 years of age as well as patients aged 35-39 ICM quality was not
significantly correlated with euploid results (Coates et al., 2015). In addition,
for the age groups younger than 35 years of age, overall embryo quality was
not significantly associated with euploidies in the same study (Coates et al.,
2015). One other study had shown that individual ICM grades may not share
a relationship with positive foetal heartbeat. Specifically, the study identified
that grade B ICM scores didn’t correlate with a positive foetal heartbeat. In
this particular research venture, mean ages for patient groups were 33.4 and
34.4 (Abdala et al., 2022). Though a comparison with foetal heartbeat and
euploidy is difficult to draw, this study still enforces the idea that for ages
above 30, ICM grade may not necessarily be an indication of clinically
beneficial outcomes. While non-significant findings can support the notion
that ICM quality may be independent than euploid results, more convincingly
other studies exist where negative associations between morphology and
euploid outcomes were observed. One body of work had demonstrated that
excellent grade embryos would show a higher rate of aneuploidies.
Researchers had attributed their findings to the higher tendency of better
embryos’ to be biopsied in contrast to low quality embryos (Salame et al.,
2024). A facsimile of this principle also applies to our dataset as most
embryos tested by PGT-A were of high quality and were being considered for
implantation. Further evidence is available in the literature. One other body of
research has demonstrated that when comparing excellent, good and
average grade embryos observed euploidy rates were 56.4%, 39.1% and
42.8% in each group respectively (Capalbo et al., 2014). Indeed, excellent

grade embryos showed the highest euploidy rates but when comparing good
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and average quality embryos a clear negative correlation is observed
between embryo grade and its euploidy status. Thus, it is inferable that the
connections between embryo quality and an euploid PGT-A result is more
complex than initially assumed. All in all, this complexity appears to be
exceptionally prominent when maternal age is between 30 and 40. As the
data used for the mathematical model has a maijority of patients within this
age group, this can posit a possible explanation for the surprising results
observed for day5 and day6 ICM quality and euploidies. As discussed above,
non-significant or inverse correlations between euploidies and embryo
morphology is evident within the current literature. However, other
confounding effects may have been the cause for the intriguing results
obtained from our model as well. Two prominent examples can be named as
the causes of infertility in the couple and the day of the biopsy, as both have
been shown to alter these associations (Salame et al., 2024; Thang et al.,
2024). Another consideration that is essential is the potential differences in
embryo grading criteria and variations in laboratory procedures between
different clinics and studies. Therefore, any comparisons and generalisations
that may be made between different studies must be done with caution which
was suggested previously (Thang et al., 2024). Nonetheless, overall,
developed model seems to concur with the current literature.

The developed model was successful in drawing correlations between
parent parameters and embryo morphology but was unsuccessful in
associating the same parent parameters with PGT-A results. Finally, it was
able to correlate embryo morphology with euploidy. Consequently, combining
these two predictions to estimate the euploidy status of an embryo can prove
to be a viable strategy. Certainly, predictions made in succession in such a
way could undermine its ultimate accuracy. While this relatively simple
modelling technique can provide a basis for decisive prediction models,
integrating similar strategies with higher forms of modelling methods such as
machine learning models or Al calculations can also posit a viable
improvement in future research.

All in all, mathematical model presents an acceptable substitute for
time-lapse imaging/Al based arrangements. Not necessitating any additional

equipment or data collection, mathematical models have the unparalleled
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capacity for cheaper and a much wider-scale applicability over such systems.
Furthermore, the model can prepare a basis for a more structured computer
software where a clinician can simply enter the relevant data and embryo
viability predictions are calculated by the machinery. In addition to these
practical advantages, results obtained via analyses of this model once again
highlights the complexity of the factors governing the morphology and
euploidy of embryos, thus contributing to the current literature on this topic.
An embryo’s overall quality and hence it’s viability naturally depends on both
its morphology and it's euploidy. Therefore, inverse correlations observed
with this model again highlights the complexities of creating a prognostic
software in ART clinics. In particular, developed mathematical model shows a
strong affinity for quality prediction of day5 and day6 embryos. In clinic,
embryos are most commonly transplanted to the mother candidate at these
developmental stages which makes this observation a very eminent one.

As with many studies, this one is also not devoid of limitations. Firstly,
the model’s prediction of a negative association among sperm morphology
and embryo quality remains startling and opposing to the current literature. In
addition to the above discussions, it is also pertinent to point out that
mathematical models generally identify stochastic associations between
variables and thus there is always a possibility of random influences affecting
the outcome. More powerful modelling tools such as ones that utilise
machine learning approaches may assist in reducing this randomness as well
as drawing a generally better fitting model. Secondly, this model was derived
from a dataset obtained from a single clinic and thus is composed of data
that followed a uniform lab procedure across all patients. This uniformity can
be a strength as well as a hindrance. Data obtained from a consistent
treatment and laboratory practice regiment can alleviate randomness within
the data, hence reducing the effects of confounding variables. On the other
hand, it lessens the generalisation capacity of the findings as well as
hindering the analysis strength of certain variables. Notably, ICSI uses a
single sperm cell for insemination of the oocytes. This can have an
invalidating effect on sperm number and its association with embryo
morphology as regardless of the total sperm number observed a single

sperm will be injected into the oocyte. Consequently, this impacts the
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applicability of the findings in other clinics with diverse laboratory practices as
well as its generalisability across various ART techniques even within the
same clinic. Last but not least, developed mathematical model was incapable
of predicting aneuploid embryos strictly from parent parameters.

Historically, aneuploidies of chromosomes 13, 18, 21, X and Y are the
sole ones that have been documented to result in live births. Despite the
successful birth, such individuals are typically afflicted with serious conditions
in their postnatal life, the most well-known example being trisomy 21 also
known as Down syndrome. In light of that, many ART clinics chose to utilise
PGT-A tests to choose euploid embryos for implantation. However, PGT-A
testing is widely considered to have been unsuccessful in attaining the
projected success rates it would bring. It has been considered that the
obligatory biopsies to perform the test is also hindering its success rates due
to its damaging nature (Wells, 2010). Lack of success has led many IVF
centres to abandon this practice disharmonising the treatment approaches
across different clinics. Nonetheless, the power of being able to predict
aneuploidies prior to implantation remains undeniable and thus it appears
imperative to find alternative methods to accomplish this goal. For this
purpose, in this study the potential of parent parameters to predict embryo
morphology and aneuploidies were being investigated which the latter was
an unsuccessful aspect of this venture. The dataset in this study was derived
from 4123 embryos from 765 diverse couples allowing for distinct yet
comprehensive data to be examined for developing a strong model. Overall,
the model was successful in providing a foundation for a precise prediction
software as well as supporting many long-theorised phenomena in the field
that are difficult to investigate experimentally. The model also holds potential
for further improvements in the form of addition of further parameters. A few
potential candidates are ages for maternal and paternal candidates, as well
as at which day the biopsies were obtained from the embryos. Specifically for
maternal age, prior data is highly suggestive of a strong influence on embryo
morphology as well as its euploidy chances (Barnes et al., 2023; Zhan et al.,
2020).

All'in all, while not perfect, mathematical modelling approach was

successful in predicting embryo morphology and showed the potential for
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predicting euploidy status based on this morphology. Indeed, not being able
to separate euploid and aneuploid embryos directly from parent parameters
presents a weakness for this approach, however the findings are sufficient for
forming a baseline for development of a prognostic software to be used in
ART clinics worldwide. It is envisioned that specifically strong predictions in
day 6 criteria to have important implications for improving success rates in

ICSI| endeavours.
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CHAPTER VI

Conclusions and Suggestions

In this thesis, it was aimed to understand the roles of DDR genes
under aneuploidy conditions. According to the results of this study, HR
mechanism seems to be inactive in aneuploid embryos and increased
transcription of BRCA1 must be attributed to its roles independent of HR
mediated repair mechanisms. There are two significant improvements that
can be done for this part of the study. Firstly, findings regarding gene
expression profiles should also be investigated on a protein level to
understand the impact of post-translational modifications. Secondly, though
the difficulty of limited cell numbers make experimentation difficult, if possible
same samples and preferably not pooled cDNA templates should be used to
acquire more accurately comparable data. Nevertheless, challenges will
remain as it will be difficult to isolate proteins and RNA from the same
blastocyst for downstream analyses.

A mathematical model was also developed to understand how parent
parameters can affect embryo morphology and karyotype. Developed model
was successful at predicting embryo morphology to the extent that it can
compete with image based Al systems on trial for similar purposes. However,
ease of access to mathematical models can confer an edge to such a model
in this context. Unfortunately, the same model failed to predict aneuploidies
directly based on parent data but results suggest an indirect prediction may
be possible. These findings also reinforce the complexity of mechanisms
behind aneuploidies. With expanding knowledge in the field, however, the
model can easily be expanded upon to make it stronger in aneuploidy
predictions. Furthermore, stronger modelling methods such as Al or machine
learning based systems can increase predictive power.

Overall, this body of work extends the knowledge on aneuploidies, one
of the biggest problems faced in IVF clinics. An elevation in BRCA1 levels is
particularly interesting as it could suggest a role in aneuploidy corrections,
though more experiments are required to precisely delineate this role.

Furthermore, the mathematical model successfully provides a basic
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background for development of predictive and diagnostic softwares that can

improve the quality of care in ART clinics around the world.



131

References

Abdala, A., Elkhatib, I., Bayram, A., Arnanz, A., EI-Damen, A., Melado, L.,
Lawrenz, B., Fatemi, H. M., & De Munck, N. (2022). Day 5 vs day 6
single euploid blastocyst frozen embryo transfers: which variables do
have an impact on the clinical pregnancy rates? Journal of Assisted
Reproduction and Genetics, 39(2), 379. https://doi.org/10.1007/S10815-
021-02380-1

Abdelmassih, V., Balmaceda, J. P., Nagy, Z. P., Abdelmassih, S., &
Abdelmassih, R. (2001). ICSI and day 5 embryo transfers: higher
implantation rates and lower rate of multiple pregnancy with prolonged
culture. Reproductive BioMedicine Online, 3(3), 216-220.
https://doi.org/10.1016/S1472-6483(10)62039-1

Aboussekhra, A., Chanet, R., Adjiri, A., & Fabre, F. (1992). Semidominant
suppressors of Srs2 helicase mutations of Saccharomyces cerevisiae
map in the RAD51 gene, whose sequence predicts a protein with
similarities to procaryotic RecA proteins. Molecular and Cellular Biology,
12(7), 3224. https://doi.org/10.1128/MCB.12.7.3224

Acharya, S. N., Many, A. M., Schroeder, A. P., Kennedy, F. M., Savytskyy, O.
P., Grubb, J. T., Vincent, J. A., Friedle, E. A., Celerin, M., Maillet, D. S.,
Palmerini, H. J., Greischar, M. A., Moncalian, G., Williams, R. S., Tainer,
J. A, & Zolan, M. E. (2008). Coprinus cinereus rad50 Mutants Reveal an
Essential Structural Role for Rad50 in Axial Element and Synaptonemal
Complex Formation, Homolog Pairing and Meiotic Recombination.
Genetics, 180(4), 1889-1907.
https://doi.org/10.1534/GENETICS.108.092775

Adams, K. E., Medhurst, A. L., Dart, D. A., & Lakin, N. D. (2006). Recruitment
of ATR to sites of ionising radiation-induced DNA damage requires ATM
and components of the MRN protein complex. Oncogene, 25(28), 3894.
https://doi.org/10.1038/SJ.ONC.1209426

Ahrabi, S., Sarkar, S., Pfister, S. X., Pirovano, G., Higgins, G. S., Porter, A. C.
G., & Humphrey, T. C. (2016). A role for human homologous



132

recombination factors in suppressing microhomology-mediated end
joining. Nucleic Acids Research, 44(12), 5743-5757.
https://doi.org/10.1093/NAR/GKW326

Ait Saada, A., Teixeira-Silva, A., Iraqui, |., Costes, A., Hardy, J., Paoletti, G.,
Fréon, K., & Lambert, S. A. E. (2017). Unprotected Replication Forks Are
Converted into Mitotic Sister Chromatid Bridges. Molecular Cell, 66(3),
398-410.e4. https://doi.org/10.1016/j.molcel.2017.04.002

Alabert, C., Bianco, J. N., & Pasero, P. (2009). Differential regulation of
homologous recombination at DNA breaks and replication forks by the
Mrc1 branch of the S-phase checkpoint. The EMBO Journal, 28(8),
1131-1141. https://doi.org/10.1038/EMBOJ.2009.75

Alderton, G. K., Joenje, H., Varon, R., Bgrglum, A. D., Jeggo, P. A., &
O’Driscoll, M. (2004). Seckel syndrome exhibits cellular features
demonstrating defects in the ATR-signalling pathway. Human Molecular
Genetics, 13(24), 3127-3138. https://doi.org/10.1093/HMG/DDH335

Alemi, F., Raei sadigh, A., Malakoti, F., Elhaei, Y., Ghaffari, S. H., Maleki, M.,
Asemi, Z., Yousefi, B., Targhazeh, N., & Majidinia, M. (2022). Molecular
mechanisms involved in DNA repair in human cancers: An overview of
P13k/Akt signaling and PIKKs crosstalk. Journal of Cellular Physiology,
237(1), 313-328. https://doi.org/10.1002/JCP.30573

Alt, J. R., Bouska, A., Fernandez, M. R., Cerny, R. L., Xiao, H., & Eischen, C.
M. (2005). Mdm2 binds to Nbs1 at sites of DNA damage and regulates
double strand break repair. Journal of Biological Chemistry, 280(19),
18771-18781. https://doi.org/10.1074/jbc.M413387200

Alvarez, B., Martinez-A., C., Burgering, B. M. T., & Carrera, A. C. (2001).
Forkhead transcription factors contribute to execution of the mitotic
programme in mammals. Nature, 413(6857), 744—747.
https://doi.org/10.1038/35099574

Ameziane, N., May, P., Haitiema, A., Van De Vrugt, H. J., Van Rossum-
Fikkert, S. E., Ristic, D., Williams, G. J., Balk, J., Rockx, D., Li, H.,
Rooimans, M. A., Oostra, A. B., Velleuer, E., Dietrich, R., Bleijerveld, O.



133

B., Maarten Altelaar, A. F., Meijers-Heijboer, H., Joenje, H., Glusman, G.,
... Dorsman, J. C. (2015). A novel Fanconi anaemia subtype associated
with a dominant-negative mutation in RADS1. Nature Communications
2015 6:1, 6(1), 1-11. https://doi.org/10.1038/ncomms9829

Andreassen, P. R., Lacroix, F. B., Lohez, O. D., & Margolis, R. L. (2001).
Neither p21WAF1 Nor 14-3-30 Prevents G2 Progression to Mitotic
Catastrophe in Human Colon Carcinoma Cells after DNA Damage, But
p21WAF1 Induces Stable G1 Arrest in Resulting Tetraploid Cells1 |
Cancer Research | American Association for Cancer Research. Cancer
Research, 61(20), 7660-7668.
https://aacrjournals.org/cancerres/article/61/20/7660/507988/Neither-
p21WAF1-Nor-14-3-3-Prevents-G2-Progression

Andres, J. L., Fan, S., Turkel, G. J., Wang, J. A, Twu, N. F., Yuan, R. Q.,
Lamszus, K., Goldberg, I. D., & Rosen, E. M. (1998). Regulation of
BRCA1 and BRCA2 expression in human breast cancer cells by DNA-
damaging agents. Oncogene, 16(17), 2229-2241.
https://doi.org/10.1038/sj.0nc.1201752

Andriani, G. A., Almeida, V. P., Faggioli, F., Mauro, M., Li Tsai, W.,
Santambrogio, L., Maslov, A., Gadina, M., Campisi, J., Vijg, J., &
Montagna, C. (2016). Whole Chromosome Instability induces
senescence and promotes SASP. Scientific Reports, 6(1), 1-17.
https://doi.org/10.1038/srep35218

Andriani, G. A., Vijg, J., & Montagna, C. (2017). Mechanisms and
consequences of aneuploidy and chromosome instability in the aging
brain. Mechanisms of Ageing and Development, 161(Pt A), 19.
https://doi.org/10.1016/J.MAD.2016.03.007

Arana, M. E., & Kunkel, T. A. (2010). Mutator phenotypes due to DNA
replication infidelity. Seminars in Cancer Biology, 20(5), 304-311.
https://doi.org/10.1016/J.SEMCANCER.2010.10.003

Arendt, T., Brickner, M. K., Mosch, B., & Lésche, A. (2010). Selective Cell

Death of Hyperploid Neurons in Alzheimer’s Disease. The American



134

Journal of Pathology, 177(1), 15-20.
https://doi.org/10.2353/AJPATH.2010.090955

Arias-Lopez, C., Lazaro-Trueba, I., Kerr, P., Lord, C. J., Dexter, T., Iravani,
M., Ashworth, A., & Silva, A. (2006). p53 modulates homologous
recombination by transcriptional regulation of the RAD51 gene. EMBO
Reports, 7(2), 219-224.
https://doi.org/10.1038/SJ.EMBOR.7400587/SUPPL_FILE/EMBR740058
7-SUP-0001.PDF

Arlt, M. F., Durkin, S. G., Ragland, R. L., & Glover, T. W. (2006). Common
fragile sites as targets for chromosome rearrangements. DNA Repair,
5(9-10), 1126—1135. https://doi.org/10.1016/J.DNAREP.2006.05.010

Arnould, C., & Legube, G. (2020). The Secret Life of Chromosome Loops
upon DNA Double-Strand Break. Journal of Molecular Biology, 432(3),
724. https://doi.org/10.1016/J.JMB.2019.07.036

Arora, H., Collazo, I., Eisermann, J., Hendon, N., Kuchakulla, M.,
Khodamoradi, K., Bidhan, J., Dullea, A., Zucker, |., Khosravizadeh, Z.,
Shah, P., & Bustillo, M. (2022). Association Between MitoScore, BMI,
and Body Fat Percentage as a Predictive Marker for the Outcome of In-
Vitro Fertilization (IVF). Cureus, 14(7).
https://doi.org/10.7759/CUREUS.27367

Arora, R., Lee, Y., Wischnewski, H., Brun, C. M., Schwarz, T., & Azzalin, C.
M. (2014). RNaseH1 regulates TERRA-telomeric DNA hybrids and
telomere maintenance in ALT tumour cells. Nature Communications,
5(1), 1-11. https://doi.org/10.1038/ncomms6220

Artegiani, B., Hendriks, D., Beumer, J., Kok, R., Zheng, X., Joore, I., Chuva
de Sousa Lopes, S., van Zon, J., Tans, S., & Clevers, H. (2020). Fast
and efficient generation of knock-in human organoids using homology-
independent CRISPR—-Cas9 precision genome editing. Nature Cell
Biology, 22(3), 321-331. https://doi.org/10.1038/s41556-020-0472-5



135

Auerbach, A. D. (2009). Fanconi anemia and its diagnosis. Mutation
Research/Fundamental and Molecular Mechanisms of Mutagenesis,
668(1-2), 4—10. https://doi.org/10.1016/J.MRFMMM.2009.01.013

Awadalla, M. S., Agarwal, R., Ho, J. R., McGinnis, L. K., & Ahmady, A.
(2022). Effect of trophectoderm biopsy for PGT-A on live birth rate per
embryo in good prognosis patients. Archives of Gynecology and
Obstetrics, 306(4), 1321-1327. https://doi.org/10.1007/S00404-022-
06679-X/FIGURES/3

Aylon, Y., & Oren, M. (2011). p53: Guardian of ploidy. Molecular Oncology,
5(4), 315-323. https://doi.org/10.1016/J.MOLONC.2011.07.007

Aytacoglu, H., Amilo, D., Kaymakamzade, B., Hincal, E., Coban, O., & Tulay,
P. (2025). Influence of oocyte and sperm parameters on the
morphological quality and the aneuploidy status of the ICSI embryos: a
mathematical modelling approach. Zygote, 33(3), 163—178.
https://doi.org/10.1017/S0967199425100099

Azzalin, C. M., Reichenbach, P., Khoriauli, L., Giulotto, E., & Lingner, J.
(2007). Telomeric repeat-containing RNA and RNA surveillance factors
at mammalian chromosome ends. Science, 318(5851), 798—-801.
https://doi.org/10.1126/SCIENCE.1147182/SUPPL_FILE/AZZALIN.SOM.
PDF

Bakhoum, S. F., & Cantley, L. C. (2018). The Multifaceted Role of
Chromosomal Instability in Cancer and Its Microenvironment. Cell,
174(6), 1347-1360. https://doi.org/10.1016/J.CELL.2018.08.027

Bakhoum, S. F., Kabeche, L., Murnane, J. P., Zaki, B. I., & Compton, D. A.
(2014). DNA-damage response during mitosis induces whole-
chromosome missegregation. Cancer Discovery, 4(11), 1281-1289.
https://doi.org/10.1158/2159-8290.CD-14-0403/42429/AM/DNA-
DAMAGE-RESPONSE-DURING-MITOSIS-INDUCES-WHOLE

Bakkenist, C. J., & Kastan, M. B. (2003). DNA damage activates ATM
through intermolecular autophosphorylation and dimer dissociation.
Nature, 421(6922), 499-506. https://doi.org/10.1038/NATURE01368



136

Ball, H. L., Myers, J. S., & Cortez, D. (2005). ATRIP binding to replication
protein A-single-stranded DNA promotes ATR-ATRIP localization but is
dispensable for Chk1 phosphorylation. Molecular Biology of the Cell,
16(5), 2372-2381. https://doi.org/10.1091/MBC.E04-11-
1006/ASSET/IMAGES/LARGE/ZMK0050531540006.JPEG

Ballew, B. J., & Lundblad, V. (2013). Multiple genetic pathways regulate
replicative senescence in telomerase-deficient yeast. Aging Cell, 12(4),
719-727. https://doi.org/10.1111/ACEL.12099

Barad, D. H., Albertini, D. F., Molinari, E., & Gleicher, N. (2022). IVF
outcomes of embryos with abnormal PGT-A biopsy previously refused
transfer: a prospective cohort study. Human Reproduction, 37(6), 1194—
1206. https://doi.org/10.1093/HUMREP/DEAC063

Barak, Y., Juven, T., Haffner, R., & Oren, M. (1993). mdm2 expression is
induced by wild type p53 activity. The EMBO Journal, 12(2), 461-468.
https://doi.org/10.1002/J.1460-2075.1993.TB05678.X

Barfoot, T., Herdendorf, T. J., Behning, B. R., Stohr, B. A., Gao, Y., Kreuzer,
K. N., & Nelson, S. W. (2015). Functional analysis of the bacteriophage
T4 Rad50 Homolog (gp46) Coiled-coil Domain. Journal of Biological
Chemistry, 290(39), 23905-23915.
https://doi.org/10.1074/jbc.M115.675132

Barja, P. P., Pescher, P., Bussotti, G., Dumetz, F., Imamura, H., Kedra, D.,
Domagalska, M., Chaumeau, V., Himmelbauer, H., Pages, M., Sterkers,
Y., Dujardin, J. C., Notredame, C., & Spath, G. F. (2017). Haplotype
selection as an adaptive mechanism in the protozoan pathogen
Leishmania donovani. Nature Ecology & Evolution 2017 1:12, 1(12),
1961-1969. https://doi.org/10.1038/s41559-017-0361-x

Barlow, C., Brown, K. D., Deng, C. X,, Tagle, D. A., & Wynshaw-Boris, A.
(1997). Atm selectively regulates distinct p53-dependent cell-cycle
checkpoint and apoptotic pathways. Nature Genetics, 17(4), 453—-456.
https://doi.org/10.1038/NG1297-453



137

Barnes, J., Brendel, M., Gao, V. R., Rajendran, S., Kim, J., Li, Q., Malmsten,
J. E., Sierra, J. T., Zisimopoulos, P., Sigaras, A., Khosravi, P., Meseguer,
M., Zhan, Q., Rosenwaks, Z., Elemento, O., Zaninovic, N., &
Hajirasouliha, I. (2023). A non-invasive artificial intelligence approach for
the prediction of human blastocyst ploidy: a retrospective model
development and validation study. The Lancet Digital Health, 5(1), e28—
e40. https://doi.org/10.1016/S2589-7500(22)00213-8

Barrington, R. A., Fasullo, M., & Knight, K. L. (1999). A Role for RAD51 in the
Generation of Immunoglobulin Gene Diversity in Rabbits. Journal of
Immunology (Baltimore, Md. : 1950), 162(2), 911.
https://doi.org/10.4049/jimmunol.162.2.911

Barroso, S., Herrera-Moyano, E., Mufioz, S., Garcia-Rubio, M., Gbmez-
Gonzalez, B., & Aguilera, A. (2019). The DNA damage response acts as
a safeguard against harmful DNA—-RNA hybrids of different origins.
EMBO Reports, 20(9).
https://doi.org/10.15252/EMBR.201847250/SUPPL_FILE/EMBR2018472
50-SUP-0002-TABLEEV1.DOCX

Bartek, J., Bartkova, J., & Lukas, J. (2007). DNA damage signalling guards
against activated oncogenes and tumour progression. Oncogene,
26(56), 7773—7779. https://doi.org/10.1038/SJ.ONC.1210881

Bartek, J., & Lukas, J. (2003). Chk1 and Chk2 kinases in checkpoint control
and cancer. Cancer Cell, 3(5), 421-429. https://doi.org/10.1016/S1535-
6108(03)00110-7

Basile, G., Aker, M., & Mortimer, R. K. (1992). Nucleotide sequence and
transcriptional regulation of the yeast recombinational repair gene
RAD51. Molecular and Cellular Biology, 12(7), 3235.
https://doi.org/10.1128/MCB.12.7.3235

Basile, G., Leuzzi, G., Pichierri, P., & Franchitto, A. (2014). Checkpoint-
dependent and independent roles of the Werner syndrome protein in

preserving genome integrity in response to mild replication stress.



138

Nucleic Acids Research, 42(20), 12628-12639.
https://doi.org/10.1093/NAR/GKU1022

Bass, T. E., Luzwick, J. W., Kavanaugh, G., Carroll, C., Dungrawala, H.,
Glick, G. G., Feldkamp, M. D., Putney, R., Chazin, W. J., & Cortez, D.
(2016). ETAA1 acts at stalled replication forks to maintain genome
integrity. Nature Cell Biology, 18(11), 1185-1195.
https://doi.org/10.1038/ncb3415

Batchelor, E., Mock, C. S., Bhan, I., Loewer, A., & Lahav, G. (2008).
Recurrent initiation: a mechanism for triggering p53 pulses in response
to DNA damage. Molecular Cell, 30(3), 277-289.
https://doi.org/10.1016/J.MOLCEL.2008.03.016

Bayram, A., Elkhatib, I., Arnanz, A., Linan, A., Ruiz, F., Lawrenz, B., & Fatemi,
H. M. (2017). What Drives Embryo Development? Chromosomal
Normality or Mitochondria? Case Reports in Genetics, 2017, 1-4.
https://doi.org/10.1155/2017/4397434

Beaupere, C., Dinatto, L., Wasko, B. M., Chen, R. B., VanValkenburg, L.,
Kiflezghi, M. G., Lee, M. B., Promislow, D. E. L., Dang, W., Kaeberlein,
M., & Labunskyy, V. M. (2018). Genetic screen identifies adaptive
aneuploidy as a key mediator of ER stress resistance in yeast.
Proceedings of the National Academy of Sciences of the United States
of America, 115(38), 9586—-9591.
https://doi.org/10.1073/PNAS.1804264115/SUPPL_FILE/PNAS.1804264
115.SD03.XLSX

Bekker-densen, S., Danielsen, J. R., Fugger, K., Gromova, |., Nerstedt, A.,
Bartek, J., Lukas, J., & Mailand, N. (2009). HERC2 coordinates ubiquitin-
dependent assembly of DNA repair factors on damaged chromosomes.
Nature Cell Biology, 12(1), 80—-86. https://doi.org/10.1038/ncb2008

Bell, D. W., Varley, J. M., Szydlo, T. E., Kang, D. H., Wahrer, D. C. R,
Shannon, K. E., Lubratovich, M., Verselis, S. J., Isselbacher, K. J.,
Fraumeni, J. F., Birch, J. M., Li, F. P., Garber, J. E., & Haber, D. A.

(1999). Heterozygous germ line hCHK2 mutations in Li-Fraumeni



139

syndrome. Science (New York, N.Y.), 286(5449), 2528—-2531.
https://doi.org/10.1126/SCIENCE.286.5449.2528

Ben-David, U., Arad, G., Weissbein, U., Mandefro, B., Maimon, A., Golan-
Lev, T., Narwani, K., Clark, A. T., Andrews, P. W., Benvenisty, N., &
Carlos Biancotti, J. (2014). Aneuploidy induces profound changes in
gene expression, proliferation and tumorigenicity of human pluripotent
stem cells. Nature Communications, 5(1), 1-11.
https://doi.org/10.1038/ncomms5825

Ben-Yehuda, D., Krichevsky, S., Caspi, O., Rund, D., Polliack, A., Abeliovich,
D., Zelig, O., Yahalom, V., Paltiel, O., Or, R., Peretz, T., Ben-Neriah, S.,
Yehuda, O., & Rachmilewitz, E. A. (1996). Microsatellite instability and
p53 mutations in therapy-related leukemia suggest mutator phenotype.
Blood, 88(11), 4296-4303.
https://doi.org/10.1182/BLOOD.V88.11.4296.4296

Berenjeno, I. M., Pifeiro, R., Castillo, S. D., Pearce, W., McGranahan, N.,
Dewhurst, S. M., Meniel, V., Birkbak, N. J., Lau, E., Sansregret, L.,
Morelli, D., Kanu, N., Srinivas, S., Graupera, M., Parker, V. E. R,,
Montgomery, K. G., Moniz, L. S., Scudamore, C. L., Phillips, W. A, ...
Vanhaesebroeck, B. (2017). Oncogenic PIK3CA induces centrosome
amplification and tolerance to genome doubling. Nature
Communications, 8(1). https://doi.org/10.1038/S41467-017-02002-4

Berkovich, E., & Ginsberg, D. (2003). ATM is a target for positive regulation
by E2F-1. Oncogene, 22(2), 161-167.
https://doi.org/10.1038/SJ.ONC.1206144

Bermejo, R., Capra, T., Jossen, R., Colosio, A., Frattini, C., Carotenuto, W.,
Cocito, A., Doksani, Y., Klein, H., Gbmez-Gonzalez, B., Aguilera, A.,
Katou, Y., Shirahige, K., & Foiani, M. (2011). The replication checkpoint
protects fork stability by releasing transcribed genes from nuclear pores.
Cell, 146(2), 233—-246. https://doi.org/10.1016/J.CELL.2011.06.033

Berti, M., Cortez, D., & Lopes, M. (2020). The plasticity of DNA replication
forks in response to clinically relevant genotoxic stress. Nature Reviews



140

Molecular Cell Biology, 21(10), 633—-651. https://doi.org/10.1038/s41580-
020-0257-5

Berti, M., Teloni, F., Mijic, S., Ursich, S., Fuchs, J., Palumbieri, M. D.,
Krietsch, J., Schmid, J. A., Garcin, E. B., Gon, S., Modesti, M., Altmeyer,
M., & Lopes, M. (2020). Sequential role of RAD51 paralog complexes in
replication fork remodeling and restart. Nature Communications, 11(1),
1-12. https://doi.org/10.1038/s41467-020-17324-z

Bertrand, P., Lambert, S., Joubert, C., & Lopez, B. S. (2003). Overexpression
of mammalian Rad51 does not stimulate tumorigenesis while a
dominant-negative Rad51 affects centrosome fragmentation, ploidy and
stimulates tumorigenesis, in p53-defective CHO cells. Oncogene 2003
22:48, 22(48), 7587—-7592. https://doi.org/10.1038/sj.0nc.1206998

Bettencourt-Dias, M., & Glover, D. M. (2007). Centrosome biogenesis and
function: centrosomics brings new understanding. Nature Reviews.
Molecular Cell Biology, 8(6), 451-463. https://doi.org/10.1038/NRM2180

Betti, C. J., Villalobos, M. J., Diaz, M. O., & Vaughan, A. T. M. (2001).
Apoptotic Triggers Initiate Translocations within the MLL Gene Involving
the Nonhomologous End Joining Repair System. Cancer Research,
61(11), 4550-4555.
https://aacrjournals.org/cancerres/article/61/11/4550/507506/Apoptotic-
Triggers-Initiate-Translocations-within

Betti, C. J., Villalobos, M. J., Diaz, M. O., & Vaughan, A. T. M. (2003).
Apoptotic Stimuli Initiate MLL-AF9 Translocations that Are Transcribed in
Cells Capable of Division. Cancer Research, 63(6), 1377-1381.
https://aacrjournals.org/cancerres/article/63/6/1377/511095/Apoptotic-

Stimuli-Initiate-MLL-AF9-Translocations

Bhattacharya, S., Srinivasan, K., Abdisalaam, S., Su, F., Raj, P., Dozmoroy,
I., Mishra, R., Wakeland, E. K., Ghose, S., Mukherjee, S., & Asaithamby,
A. (2017). RAD51 interconnects between DNA replication, DNA repair
and immunity. Nucleic Acids Research, 45(8), 4590—4605.
https://doi.org/10.1093/NAR/GKX126



141

Bhatti, S., Kozlov, S., Farooqi, A. A., Naqi, A., Lavin, M., & Khanna, K. K.
(2011). ATM protein kinase: The linchpin of cellular defenses to stress.
Cellular and Molecular Life Sciences, 68(18), 2977-3006.
https://doi.org/10.1007/S00018-011-0683-9/FIGURES/3

Biehs, R., Steinlage, M., Barton, O., Shibata, A., Jeggo, P. A., & L6 Brich
Correspondence, M. (2017). DNA Double-Strand Break Resection
Occurs during Non-homologous End Joining in G1 but Is Distinct from
Resection during Homologous Recombination. Molecular Cell, 65, 671-
684.e5. https://doi.org/10.1016/j.molcel.2016.12.016

Bilanges, B., Posor, Y., & Vanhaesebroeck, B. (2019). PI3K isoforms in cell
signalling and vesicle trafficking. Nature Reviews Molecular Cell Biology,
20(9), 515-534. https://doi.org/10.1038/s41580-019-0129-z

Birchler, J. A., & Veitia, R. A. (2012). Gene balance hypothesis: Connecting
issues of dosage sensitivity across biological disciplines. Proceedings of
the National Academy of Sciences, 109(37), 14746-14753.
https://doi.org/10.1073/PNAS.1207726109

Bishop, D. K., Ear, U., Bhattacharyya, A., Calderone, C., Beckett, M.,
Weichselbaum, R. R., & Shinohara, A. (1998). Xrcc3 Is Required for
Assembly of Rad51 Complexes in Vivo. Journal of Biological Chemistry,
273(34), 21482—-21488. https://doi.org/10.1074/JBC.273.34.21482

Biswas, H., Makinwa, Y., & Zou, Y. (2023). Novel Cellular Functions of ATR
for Therapeutic Targeting: Embryogenesis to Tumorigenesis.
International Journal of Molecular Sciences, 24(14), 11684.
https://doi.org/10.3390/IJMS241411684

Biswas, H., Zhao, S. J., Makinwa, Y., Bassett, J. S., Musich, P. R, Liu, J. Y.,
& Zou, Y. (2022). Prolyl Isomerization-Mediated Conformational
Changes Define ATR Subcellular Compartment-Specific Functions.
Frontiers in Cell and Developmental Biology, 10.
https://doi.org/10.3389/FCELL.2022.826576



142

Blackford, A. N., & Jackson, S. P. (2017). ATM, ATR, and DNA-PK: The
Trinity at the Heart of the DNA Damage Response. Molecular Cell, 66(6),
801-817. https://doi.org/10.1016/J.MOLCEL.2017.05.015

Blasiak, J., Przybytowska, K., Czechowska, A., Zadrozny, M., Pertynski, T.,
Rykata, J., Kotacinska, A., Morawiec, Z., & Drzewoski, J. (2003).
Analysis of the G/C polymorphism in the 5’-untranslated region of the
RAD51 gene in breast cancer. Acta Biochimica Polonica, 50(1), 249—
253. https://doi.org/10.18388/ABP.2003_3733

Blazek, D., Kohoutek, J., Bartholomeeusen, K., Johansen, E., Hulinkova, P.,
Luo, Z., Cimermancic, P., Ule, J., & Peterlin, B. M. (2011). The Cyclin
K/Cdk12 complex maintains genomic stability via regulation of
expression of DNA damage response genes. Genes & Development,
25(20), 2158-2172. https://doi.org/10.1101/GAD.16962311

Boddy, M. N., Shanahan, P., McDonald, W. H., Lopez-Girona, A., Noguchi,
E., lll, J.R.Y,, & Russell, P. (2003). Replication Checkpoint Kinase Cds1
Regulates Recombinational Repair Protein Rad60. Molecular and
Cellular Biology, 23(16), 5939. https://doi.org/10.1128/MCB.23.16.5939-
5946.2003

Bohgaki, M., Hakem, A., Halaby, M. J., Bohgaki, T., Li, Q., Bissey, P. A,,
Shloush, J., Kislinger, T., Sanchez, O., Sheng, Y., & Hakem, R. (2013).
The E3 ligase PIRH2 polyubiquitylates CHK2 and regulates its turnover.
Cell Death & Differentiation 2013 20:6, 20(6), 812—822.
https://doi.org/10.1038/cdd.2013.7

Bohly, N., Kistner, M., & Bastians, H. (2019). Mild replication stress causes
aneuploidy by deregulating microtubule dynamics in mitosis. Cell Cycle
(Georgetown, Tex.), 18(20), 2770-2783.
https://doi.org/10.1080/15384101.2019.1658477

Boles, N. C., Peddibhotla, S., Chen, A. J., Goodell, M. A., & Rosen, J. M.
(2010). Chk1 Haploinsufficiency Results in Anemia and Defective
Erythropoiesis. PLOS ONE, 5(1), e8581.
https://doi.org/10.1371/JOURNAL.PONE.0008581



143

Bolongaita, S., Lee, Y., Johansson, K. A., Haaland, @. A., Tolla, M. T., Lee, J.,
& Verguet, S. (2023). Financial hardship associated with catastrophic
out-of-pocket spending tied to primary care services in low- and lower-
middle-income countries: findings from a modeling study. BMC Medicine,
21(1), 1-13. https://doi.org/10.1186/S12916-023-02957-W/TABLES/3

Bond, G. L., Hu, W., Bond, E. E., Robins, H., Lutzker, S. G., Arva, N. C.,
Bargonetti, J., Bartel, F., Taubert, H., Wuerl, P., Onel, K., Yip, L., Hwang,
S. J., Strong, L. C., Lozano, G., & Levine, A. J. (2004). A single
nucleotide polymorphism in the MDM2 promoter attenuates the p53
tumor suppressor pathway and accelerates tumor formation in humans.
Cell, 119(5), 591-602. https://doi.org/10.1016/j.cell.2004.11.022

Bonilla, B., Hengel, S. R., Grundy, M. K., & Bernstein, K. A. (2020). RAD51
Gene Family Structure and Function. Annual Review of Genetics, 54,
25-46. https://doi.org/10.1146/ANNUREV-GENET-021920-092410

Boonen, R. A. C. M., Vreeswijk, M. P. G., & van Attikum, H. (2022). CHEK2
variants: linking functional impact to cancer risk. Trends in Cancer, 8(9),
759-770. https://doi.org/10.1016/j.trecan.2022.04.009

Borel, F., Lohez, O. D., Lacroix, F. B., & Margolis, R. L. (2002). Multiple
centrosomes arise from tetraploidy checkpoint failure and mitotic
centrosome clusters in p53 and RB pocket protein-compromised cells.
Proceedings of the National Academy of Sciences, 99(15), 9819-9824.
https://doi.org/10.1073/PNAS.152205299

Bortoletto, E., Mognato, M., Ferraro, P., Canova, S., Cherubini, R., Celotti, L.,
& Russo, A. (2001). Chromosome instability induced in the cell progeny
of human T lymphocytes irradiated in G(0) with gamma-rays.
Mutagenesis, 16(6), 529-537. https://doi.org/10.1093/MUTAGE/16.6.529

Bouska, A., & Eischen, C. M. (2009). Mdm2 affects genome stability
independent of p53. Cancer Research, 69(5), 1697-1701.
https://doi.org/10.1158/0008-5472.CAN-08-3732/654836/P/MDM2-
AFFECTS-GENOME-STABILITY-INDEPENDENT-OF-P53



144

Bouska, A., Lushnikova, T., Plaza, S., & Eischen, C. M. (2008). Mdm2
Promotes Genetic Instability and Transformation Independent of p53.
Molecular and Cellular Biology, 28(15), 4862—4874.
https://doi.org/10.1128/MCB.01584-07

Brandt, S., Samartzis, E. P., Zimmermann, A. K., Fink, D., Moch, H., Noske,
A., & Dedes, K. J. (2017). Lack of MRE11-RAD50-NBS1 (MRN) complex
detection occurs frequently in low-grade epithelial ovarian cancer. BMC
Cancer, 17(1), 1-9. https://doi.org/10.1186/S12885-016-3026-
2/FIGURES/2

Bredin, H. K., Krakstad, C., & Hoivik, E. A. (2023). PIK3CA mutations and
their impact on survival outcomes of patients with endometrial cancer: A
systematic review and meta-analysis. PLOS ONE, 18(3), e0283203.
https://doi.org/10.1371/JOURNAL.PONE.0283203

Brekman, A., Singh, K. E., Polotskaia, A., Kundu, N., & Bargonetti, J. (2011).
A p53-independent role of Mdm2 in estrogen-mediated activation of
breast cancer cell proliferation. Breast Cancer Research : BCR, 13(1).
https://doi.org/10.1186/BCR2804

Brenner, C., Deplus, R., Didelot, C., Loriot, A., Viré, E., De Smet, C.,
Gutierrez, A., Danovi, D., Bernard, D., Boon, T., Pelicci, P. G., Amati, B.,
Kouzarides, T., De Launoit, Y., Di Croce, L., & Fuks, F. (2004). Myc
represses transcription through recruitment of DNA methyltransferase
corepressor. The EMBO Journal, 24(2), 336.
https://doi.org/10.1038/SJ.EMBOJ.7600509

Brinkley, B. R. (2001). Managing the centrosome numbers game: from chaos
to stability in cancer cell division. Trends in Cell Biology, 11(1), 18-21.
https://doi.org/10.1016/S0962-8924(00)01872-9

Brooks, C. L., & Gu, W. (2006). p53 Ubiquitination: Mdm2 and Beyond.
Molecular Cell, 21(3), 307.
https://doi.org/10.1016/J.MOLCEL.2006.01.020



145

Brown, E. J., & Baltimore, D. (2000). ATR disruption leads to chromosomal
fragmentation and early embryonic lethality. Genes & Development,
14(4), 397-402. https://doi.org/10.1101/GAD.14.4.397

Brown, E. J., & Baltimore, D. (2003). Essential and dispensable roles of ATR
in cell cycle arrest and genome maintenance. Genes & Development,
17(5), 615-628. https://doi.org/10.1101/GAD.1067403

Brugo-Olmedo, S., Chillik, C., & Kopelman, S. (2001). Definition and causes
of infertility. Reproductive BioMedicine Online, 2(1), 173-185.
https://doi.org/10.1016/S1472-6483(10)62193-1

Buchhop, S., Gibson, M. K., Wang, X. W., Wagner, P., Stirzbecher, H. W., &
Harris, C. C. (1997). Interaction of p53 with the Human Rad51 Protein.
Nucleic Acids Research, 25(19), 3868-3874.
https://doi.org/10.1093/NAR/25.19.3868

Buisson, R., Boisvert, J. L., Benes, C. H., & Zou, L. (2015). Distinct but
Concerted Roles of ATR, DNA-PK, and Chk1 in Countering Replication
Stress during S Phase. Molecular Cell, 59(6), 1011-1024.
https://doi.org/10.1016/j.molcel.2015.07.029

Bunting, S. F., Callén, E., Kozak, M. L., Kim, J. M., Wong, N., Lépez-
Contreras, A. J., Ludwig, T., Baer, R., Faryabi, R. B., Malhowski, A.,
Chen, H. T., Fernandez-Capetillo, O., D’Andrea, A., & Nussenzweig, A.
(2012). BRCAT1 functions independently of homologous recombination in
DNA interstrand crosslink repair. Molecular Cell, 46(2), 125-135.
https://doi.org/10.1016/J.MOLCEL.2012.02.015

Bunting, S. F., Callén, E., Wong, N., Chen, H. T., Polato, F., Gunn, A.,
Bothmer, A., Feldhahn, N., Fernandez-Capetillo, O., Cao, L., Xu, X,
Deng, C. X,, Finkel, T., Nussenzweig, M., Stark, J. M., & Nussenzweig,
A. (2010). 53BP1 inhibits homologous recombination in Brca1-deficient
cells by blocking resection of DNA breaks. Cell, 141(2), 243.
https://doi.org/10.1016/J.CELL.2010.03.012

Burrell, R. A., McClelland, S. E., Endesfelder, D., Groth, P., Weller, M. C.,
Shaikh, N., Domingo, E., Kanu, N., Dewhurst, S. M., Gronroos, E.,



146

Chew, S. K., Rowan, A. J., Schenk, A., Sheffer, M., Howell, M.,
Kschischo, M., Behrens, A., Helleday, T., Bartek, J., ... Swanton, C.
(2013). Replication stress links structural and numerical cancer
chromosomal instability. Nature, 494(7438), 492—496.
https://doi.org/10.1038/nature11935

Busino, L., Donzelli, M., Chiesa, M., Guardavaccaro, D., Ganoth, D., Dorrello,
N. V., Hershko, A., Pagano, M., & Draetta, G. F. (2003). Degradation of
Cdc25A by beta-TrCP during S phase and in response to DNA damage.
Nature, 426(6962), 87-91. https://doi.org/10.1038/NATURE02082

Bussotti, G., Gouzelou, E., Boité, M. C., Kherachi, |., Harrat, Z., Eddaikra, N.,
Mottram, J. C., Antoniou, M., Christodoulou, V., Bali, A., Guerfali, F. Z.,
Laouini, D., Mukhtar, M., Dumetz, F., Dujardin, J. C., Smirlis, D., Lechat,
P., Pescher, P., Hamouchi, A. El, ... Spath, G. F. (2018). Leishmania
genome dynamics during environmental adaptation reveal strain-specific
differences in gene copy number variation, karyotype instability, and
telomeric amplification. MBio, 9(6). https://doi.org/10.1128/MBIO.01399-
18/SUPPL_FILE/MBO005184123SF5.JPG

Butcher, D. T., & Rodenhiser, D. I. (2007). Epigenetic inactivation of BRCA1
is associated with aberrant expression of CTCF and DNA
methyltransferase (DNMT3B) in some sporadic breast tumours.
European Journal of Cancer (Oxford, England : 1990), 43(1), 210-219.
https://doi.org/10.1016/J.EJCA.2006.09.002

Byun, T. S., Pacek, M., Yee, M. C., Walter, J. C., & Cimprich, K. A. (2005).
Functional uncoupling of MCM helicase and DNA polymerase activities
activates the ATR-dependent checkpoint. Genes & Development, 19(9),
1040-1052. https://doi.org/10.1101/GAD.1301205

Caldon, C. E. (2014). Estrogen Signaling and the DNA Damage Response in
Hormone Dependent Breast Cancers. Frontiers in Oncology, 4, 106.
https://doi.org/10.3389/FONC.2014.00106

Candeias, M. M., Malbert-Colas, L., Powell, D. J., Daskalogianni, C., Maslon,
M. M., Naski, N., Bourougaa, K., Calvo, F., & Fahraeus, R. (2008). p53



147

MRNA controls p53 activity by managing Mdm2 functions. Nature Cell
Biology , 10(9), 1098-1105. https://doi.org/10.1038/ncb1770

Caneus, J., Granic, A., Rademakers, R., Dickson, D. W., Coughlan, C. M.,

Chial, H. J., & Potter, H. (2018). Mitotic defects lead to neuronal
aneuploidy and apoptosis in frontotemporal lobar degeneration caused
by MAPT mutations. Molecular Biology of the Cell, 29(5), 575-586.
https://doi.org/10.1091/MBC.E17-01-
0031/ASSET/IMAGES/LARGE/MBC-29-575-G008.JPEG

Capalbo, A., Rienzi, L., Cimadomo, D., Maggiulli, R., Elliott, T., Wright, G.,

Nagy, Z. P., & Ubaldi, F. M. (2014). Correlation between standard
blastocyst morphology, euploidy and implantation: an observational
study in two centers involving 956 screened blastocysts. Human
Reproduction, 29(6), 1173—-1181.
https://doi.org/10.1093/HUMREP/DEU033

Caracausi, M., Ghini, V., Locatelli, C., Mericio, M., Piovesan, A., Antonaros,

F., Pelleri, M. C., Vitale, L., Vacca, R. A., Bedetti, F., Mimmi, M. C.,
Luchinat, C., Turano, P., Strippoli, P., & Cocchi, G. (2018). Plasma and
urinary metabolomic profiles of Down syndrome correlate with alteration
of mitochondrial metabolism. Scientific Reports, 8(1), 1-16.
https://doi.org/10.1038/s41598-018-20834-y

Carlessi, L., Buscemi, G., Fontanella, E., & Delia, D. (2010). A protein

phosphatase feedback mechanism regulates the basal phosphorylation
of Chk2 kinase in the absence of DNA damage. Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research, 1803(10), 1213—-1223.
https://doi.org/10.1016/J.BBAMCR.2010.06.002

Carlton, J. G., Caballe, A., Agromayor, M., Kloc, M., & Martin-Serrano, J.

(2012). ESCRT-III governs the Aurora B-mediated abscission checkpoint
through CHMP4C. Science (New York, N.Y.), 336(6078), 220-225.
https://doi.org/10.1126/SCIENCE.1217180

Carr, A. M., & Lambert, S. (2013). Replication Stress-Induced Genome

Instability: The Dark Side of Replication Maintenance by Homologous



148

Recombination. Journal of Molecular Biology, 425(23), 4733—-4744.
https://doi.org/10.1016/J.JMB.2013.04.023

Carrassa, L., Sanchez, Y., Erba, E., & Damia, G. (2009). U20S cells lacking
Chk1 undergo aberrant mitosis and fail to activate the spindle
checkpoint. Journal of Cellular and Molecular Medicine, 13(8a), 1565.
https://doi.org/10.1111/J.1582-4934.2008.00362.X

Carrell, D. T., Wilcox, A. L., Lowy, L., Peterson, C. M., Jones, K. P., Erickson,
L., Campbell, B., Branch, D. W., & Hatasaka, H. H. (2003). Elevated
sperm chromosome aneuploidy and apoptosis in patients with
unexplained recurrent pregnancy loss. Obstetrics & Gynecology, 101(6),
1229-1235. https://doi.org/10.1016/S0029-7844(03)00339-9

Carson, S. A,, & Kallen, A. N. (2021). Diagnosis and Management of
Infertility: A Review. JAMA, 326(1), 65-76.
https://doi.org/10.1001/JAMA.2021.4788

Casper, A. M., Nghiem, P, Arlt, M. F., & Glover, T. W. (2002). ATR Regulates
Fragile Site Stability. Cell, 111(6), 779-789.
https://doi.org/10.1016/S0092-8674(02)01113-3

Cassani, C., Gobbini, E., Wang, W., Niu, H., Clerici, M., Sung, P., &
Longhese, M. P. (2016). Tel1 and Rif2 Regulate MRX Functions in End-
Tethering and Repair of DNA Double-Strand Breaks. PLOS Biology,
14(2), e1002387. https://doi.org/10.1371/JOURNAL.PBIO.1002387

Castéra, L., Sabbagh, A., Dehainault, C., Michaux, D., Mansuet-Lupo, A.,
Patillon, B., Lamar, E., Aerts, I., Lumbroso-Le Rouic, L., Couturier, J.,
Stoppa-Lyonnet, D., Gauthier-Villars, M., & Houdayer, C. (2010). MDM2
as a modifier gene in retinoblastoma. Journal of the National Cancer
Institute, 102(23), 1805-1808. https://doi.org/10.1093/JNCI/DJQ416

Cecchele, A., Cermisoni, G. C., Giacomini, E., Pinna, M., & Vigano, P.
(2022). Cellular and Molecular Nature of Fragmentation of Human
Embryos. International Journal of Molecular Sciences, 23(3), 1349.
https://doi.org/10.3390/[JMS23031349



149

Chabanon, R. M., Rouanne, M., Lord, C. J., Soria, J. C., Pasero, P., & Postel-
Vinay, S. (2021). Targeting the DNA damage response in immuno-
oncology: developments and opportunities. Nature Reviews Cancer
2021 21:11, 21(11), 701-717. https://doi.org/10.1038/s41568-021-
00386-6

Chalhoub, N., & Baker, S. J. (2009). PTEN and the PI3-kinase pathway in
cancer. Annual Review of Pathology: Mechanisms of Disease, 4(Volume
4, 2009), 127-150.
https://doi.org/10.1146/ANNUREV.PATHOL.4.110807.092311/CITE/REF
WORKS

Chan, K. L., North, P. S., & Hickson, I. D. (2007). BLM is required for faithful
chromosome segregation and its localization defines a class of ultrafine
anaphase bridges. The EMBO Journal, 26(14), 3397-34009.
https://doi.org/10.1038/SJ.EMBQOJ.7601777

Chan, K. L., Palmai-Pallag, T., Ying, S., & Hickson, I. D. (2009). Replication
stress induces sister-chromatid bridging at fragile site loci in mitosis.
Nature Cell Biology, 11(6), 753—760. https://doi.org/10.1038/NCB1882

Chan, Y. W., Fugger, K., & West, S. C. (2017). Unresolved recombination
intermediates lead to ultra-fine anaphase bridges, chromosome breaks
and aberrations. Nature Cell Biology, 20(1), 92—103.
https://doi.org/10.1038/s41556-017-0011-1

Chan, Y. W., & West, S. C. (2018). A new class of ultrafine anaphase bridges
generated by homologous recombination. Cell Cycle, 17(17), 2101.
https://doi.org/10.1080/15384101.2018.1515555

Chapman, J. R., Sossick, A. J., Boulton, S. J., & Jackson, S. P. (2012).
BRCA1-associated exclusion of 53BP1 from DNA: Damage sites
underlies temporal control of DNA repair. Journal of Cell Science,
125(15), 3529-3534.
https://doi.org/10.1242/JCS.105353/263055/AM/BRCA1-ASSOCIATED-
EXCLUSION-OF-53BP1-FROM-DNA



150

Chapman, J. R., Taylor, M. R. G., & Boulton, S. J. (2012). Molecular Cell
Review Playing the End Game: DNA Double-Strand Break Repair
Pathway Choice. Molecular Cell, 47, 497-510.
https://doi.org/10.1016/j.molcel.2012.07.029

Chatterjee, N., & Walker, G. C. (2017). Mechanisms of DNA damage, repair,
and mutagenesis. Environmental and Molecular Mutagenesis, 58(5),
235-263. https://doi.org/10.1002/EM.22087

Chatterjee, S., & Hadi, A. S. (2006). Regression Analysis by Example (4th
ed). John Wiley & Sons. Inc.
https://books.google.com.cy/books?hl=tr&Ir=&id=uiu5XsAA9KY C&oi=fnd
&pg=PR1&dqg=regression+analysis+by+example&ots=mqglwT75eRI&sig
=12Z3XpF5bpyMIZ0ZDzq1yixycXHO&redir_esc=y#v=onepage&q=regress
ion%20analysis%20by%20example&f=false

Chaudhuri, A. R., Callen, E., Ding, X., Gogola, E., Duarte, A. A,, Lee, J. E,,
Wong, N., Lafarga, V., Calvo, J. A., Panzarino, N. J., John, S., Day, A,
Crespo, A. V., Shen, B., Starnes, L. M., De Ruiter, J. R., Daniel, J. A.,
Konstantinopoulos, P. A., Cortez, D., ... Nussenzweig, A. (2016).
Replication Fork Stability Confers Chemoresistance in BRCA-deficient
Cells. Nature, 535(7612), 382. https://doi.org/10.1038/NATURE 18325

Chavez-Badiola, A., Flores-Saiffe-Farias, A., Mendizabal-Ruiz, G., Drakeley,
A. J., & Cohen, J. (2020). Embryo Ranking Intelligent Classification
Algorithm (ERICA): artificial intelligence clinical assistant predicting
embryo ploidy and implantation. Reproductive BioMedicine Online,
41(4), 585-593. https://doi.org/10.1016/J.RBM0O.2020.07.003

Check, J. H., Graziano, V., Cohen, R., Krotec, J., & Check, M. L. (2009).
EFFECT OF AN ABNORMAL SPERM CHROMATIN STRUCTURAL
ASSAY (SCSA) ON PREGNANCY OUTCOME FOLLOWING (IVF)
WITH ICSI IN PREVIOUS IVF FAILURES. Archives of Andrology, 51(2),
121-124. https://doi.org/10.1080/014850190518125

Chehab, N. H., Malikzay, A., Appel, M., & Halazonetis, T. D. (2000).
Chk2/hCds1 functions as a DNA damage checkpoint in G1 by stabilizing



151

p53. Genes & Development, 14(3), 278.
https://doi.org/10.1101/gad.14.3.278

Chen, C., & Kolodner, R. D. (1999). Gross chromosomal rearrangements in
Saccharomyces cerevisiae replication and recombination defective
mutants. Nature Genetics, 23(1), 81-85. https://doi.org/10.1038/12687

Chen, G., Bradford, W. D., Seidel, C. W., & Li, R. (2012). Hsp90 stress
potentiates rapid cellular adaptation through induction of aneuploidy.
Nature, 482(7384), 246—250. https://doi.org/10.1038/nature10795

Chen, J. (2016). The Cell-Cycle Arrest and Apoptotic Functions of p53 in
Tumor Initiation and Progression. Cold Spring Harbor Perspectives in
Medicine, 6(3), a026104.
https://doi.org/10.1101/CSHPERSPECT.A026104

Chen, J. R., Cheng, J. G., Shatzer, T., Sewell, L., Hernandez, L., & Stewart,
C. L. (2000). Leukemia Inhibitory Factor Can Substitute for Nidatory
Estrogen and Is Essential to Inducing a Receptive Uterus for
Implantation But Is Not Essential for Subsequent Embryogenesis.
Endocrinology, 141(12), 4365—4372.
https://doi.org/10.1210/ENDO.141.12.7855

Chen, L., Nievera, C. J., Lee, A. Y. L., & Wu, X. (2008). Cell cycle-dependent
complex formation of BRCA1.CtIP.MRN is important for DNA double-
strand break repair. The Journal of Biological Chemistry, 283(12), 7713—
7720. https://doi.org/10.1074/JBC.M710245200

Chen, Y., Farmer, A. A., Chen, C.-F., Jones, D. C., Chen, P-L., & Lee, W.-H.
(1996). BRCA1 Is a 220-kDa Nuclear Phosphoprotein That Is Expressed
and Phosphorylated in a Cell Cycle-dependent Manner1 | Cancer
Research | American Association for Cancer Research. Cancer Res,
56(14), 3168-3172.
https://aacrjournals.org/cancerres/article/56/14/3168/502349/BRCA1-Is-
a-220-kDa-Nuclear-Phosphoprotein-That-Is

Chen, Y., Xu, J., Borowicz, S., Collins, C., Huo, D., & Olopade, O. . (2011). c-

Myc activates BRCA1 gene expression through distal promoter elements



152

in breast cancer cells. BMC Cancer, 11, 246.
https://doi.org/10.1186/1471-2407-11-246

Cheng, Q., & Chen, J. (2010). Mechanism of p53 stabilization by ATM after
DNA damage. Cell Cycle (Georgetown, Tex.), 9(3), 472—478.
https://doi.org/10.4161/CC.9.3.10556

Chila, R., Celenza, C., Lupi, M., Damia, G., & Carrassa, L. (2013). Chk1-
Mad2 interaction: A crosslink between the DNA damage checkpoint and
the mitotic spindle checkpoint. Cell Cycle, 12(7), 1083.
https://doi.org/10.4161/CC.24090

Chinnam, M., Xu, C., Lama, R., Zhang, X., Cedeno, C. D., Wang, Y.,
Stablewski, A. B., Goodrich, D. W., & Wang, X. (2022). MDM2 E3 ligase
activity is essential for p53 regulation and cell cycle integrity. PLOS
Genetics, 18(5), e1010171.
https://doi.org/10.1371/JOURNAL.PGEN.1010171

Chou, D. M., Adamson, B., Dephoure, N. E., Tan, X., Nottke, A. C., Hurov, K.
E., Gyqi, S. P., Colaiacovo, M. P., & Elledge, S. J. (2010). A chromatin
localization screen reveals poly (ADP ribose)-regulated recruitment of
the repressive polycomb and NuRD complexes to sites of DNA damage.
Proceedings of the National Academy of Sciences of the United States
of America, 107(43), 18475-18480.
https://doi.org/10.1073/PNAS.1012946107/SUPPL_FILE/ST01.DOCX

Chouinard, G., Clément, ., Lafontaine, J., Rodier, F., & Schmitt, E. (2013).
Cell cycle-dependent localization of CHK2 at centrosomes during
mitosis. Cell Division, 8(1). https://doi.org/10.1186/1747-1028-8-7

Christopher Staples, A. J., Barone, G., Myers, K. N., Ahel, |., Mark Skehel, J.,
Collis Correspondence scollis, S. J., Staples, C. J., Ganesh, A., Gibbs-
Seymour, |, Patil, A. A., Beveridge, R. D., Daye, C., Beniston, R.,
Maslen, S., & Collis, S. J. (2016). MRNIP/C50rf45 Interacts with the
MRN Complex and Contributes to the DNA Damage Response. Cell
Reports, 16, 2565-2575. https://doi.org/10.1016/j.celrep.2016.07.087



153

Cimini, D., Wan, X., Hirel, C. B., & Salmon, E. D. (2006). Aurora kinase
promotes turnover of kinetochore microtubules to reduce chromosome
segregation errors. Current Biology : CB, 16(17), 1711-1718.
https://doi.org/10.1016/J.CUB.2006.07.022

Cimprich, K. A., & Cortez, D. (2008). ATR: an essential regulator of genome
integrity. Nature Reviews Molecular Cell Biology, 9(8), 616—627.
https://doi.org/10.1038/nrm2450

Ciray, H. N., Aksoy, T., Goktas, C., Ozturk, B., & Bahceci, M. (2012). Time-
lapse evaluation of human embryo development in single versus
sequential culture media-a sibling oocyte study. Journal of Assisted
Reproduction and Genetics, 29(9), 891-900.
https://doi.org/10.1007/S10815-012-9818-7/TABLES/5

Clarkin, C. E. K., Zhang, H., & Weber, B. L. (2000). Kinetics of BRCA1
regulation in response to UVC radiation. Cellular and Molecular Life
Sciences: CMLS, 57(7), 1126—-1134.
https://doi.org/10.1007/PL00000749

Clemente-Ruiz, M., Murillo-Maldonado, J. M., Benhra, N., Barrio, L., Pérez,
L., Quiroga, G., Nebreda, A. R., & Milan, M. (2016). Gene Dosage
Imbalance Contributes to Chromosomal Instability-Induced
Tumorigenesis. Developmental Cell, 36(3), 290-302.
https://doi.org/10.1016/j.devcel.2016.01.008

Coates, A., Coate, B., Holmes, L., & Griffin, D. (2015). Morphological and
Kinetic Embryological Criteria and Correlation with Aneuploidy Rates:
How Might they Be Used to Choose the Best IVF Embryo for Transfer?
Human Genetics & Embryology, 05(03). https://doi.org/10.4172/2161-
0436.1000129

Coates, A., Kung, A., Mounts, E., Hesla, J., Bankowski, B., Barbieri, E., Ata,
B., Cohen, J., & Munné, S. (2017). Optimal euploid embryo transfer
strategy, fresh versus frozen, after preimplantation genetic screening

with next generation sequencing: a randomized controlled trial. Fertility



154

and Sterility, 107(3), 723-730.e3.
https://doi.org/10.1016/J.FERTNSTERT.2016.12.022

Coban, O., Serdarogullari, M., Yarkiner, Z., & Serakinci, N. (2020).
Investigating the level of DNA double-strand break in human
spermatozoa and its relation to semen characteristics and IVF outcome
using phospho-histone H2AX antibody as a biomarker. Andrology, 8(2),
421-426. https://doi.org/10.1111/ANDR.12689

Collis, S. J., Ciccia, A., Deans, A. J., Hofejsi, Z., Martin, J. S., Maslen, S. L.,
Skehel, J. M., Elledge, S. J., West, S. C., & Boulton, S. J. (2008).
FANCM and FAAP24 Function in ATR-Mediated Checkpoint Signaling
Independently of the Fanconi Anemia Core Complex. Molecular Cell,
32(3), 313—-324. https://doi.org/10.1016/j.molcel.2008.10.014

Collura, A., Blaisonneau, J., Baldacci, G., & Francesconi, S. (2005). The
fission yeast Crb2/Chk1 pathway coordinates the DNA damage and
spindle checkpoint in response to replication stress induced by
topoisomerase | inhibitor. Molecular and Cellular Biology, 25(17), 7889—
7899. https://doi.org/10.1128/MCB.25.17.7889-7899.2005

Connelly, J. C., & Leach, D. R. F. (2002). Tethering on the brink: The
evolutionarily conserved Mre11-Rad50 complex. Trends in Biochemical
Sciences, 27(8), 410—-418. https://doi.org/10.1016/S0968-
0004(02)02144-8

Coorens, T. H. H., Oliver, T. R. W., Sanghvi, R., Sovio, U., Cook, E., Vento-
Tormo, R., Haniffa, M., Young, M. D., Rahbari, R., Sebire, N., Campbell,
P. J., Charnock-Jones, D. S., Smith, G. C. S., & Behjati, S. (2021).
Inherent mosaicism and extensive mutation of human placentas. Nature,
592(7852), 80—85. https://doi.org/10.1038/s41586-021-03345-1

Cornelisse, S., Zagers, M., Kostova, E., Fleischer, K., van Wely, M., &
Mastenbroek, S. (2020). Preimplantation genetic testing for aneuploidies
(abnormal number of chromosomes) in in vitro fertilisation. Cochrane
Database of Systematic Reviews, 9(9).
https://doi.org/10.1002/14651858.CD005291.pub3



155

Cortez, D., Guntuku, S., Qin, J., & Elledge, S. J. (2001). ATR and ATRIP:
Partners in checkpoint signaling. Science, 294(5547), 1713-1716.
https://doi.org/10.1126/SCIENCE.1065521/SUPPL_FILE/1066521S3 T
HUMB.GIF

Couch, F. J., Shimelis, H., Hu, C., Hart, S. N., Polley, E. C., Na, J., Hallberg,
E., Moore, R., Thomas, A., Lilyquist, J., Feng, B., McFarland, R.,
Pesaran, T., Huether, R., LaDuca, H., Chao, E. C., Goldgar, D. E., &
Dolinsky, J. S. (2017). Associations Between Cancer Predisposition
Testing Panel Genes and Breast Cancer. JAMA Oncology, 3(9), 1190-
1196. https://doi.org/10.1001/JAMAONCOL.2017.0424

Craven, R. J., Greenwell, P. W., Dominska, M., & Petes, T. D. (2002).
Regulation of genome stability by TEL1 and MEC1, yeast homologs of
the mammalian ATM and ATR genes. Genetics, 161(2), 493-507.
https://doi.org/10.1093/GENETICS/161.2.493

Crossley, M. P., Bocek, M., & Cimprich, K. A. (2019). Molecular Cell Review
R-Loops as Cellular Regulators and Genomic Threats. Molecular Cell,
73, 398—-411. https://doi.org/10.1016/j.molcel.2019.01.024

Cybulski, C., Gorski, B., Huzarski, T., Masoj¢, B., Mierzejewski, M., Debniak,
T., Teodorczyk, U., Byrski, T., Gronwald, J., Matyjasik, J., Ztowocka, E.,
Lenner, M., Grabowska, E., Nej, K., Castaneda, J., Medrek, K.,
Szymanska, A., Szymanska, J., Kurzawski, G., ... Lubinski, J. (2004).
CHEK?2 is a multiorgan cancer susceptibility gene. American Journal of
Human Genetics, 75(6), 1131-1135. https://doi.org/10.1086/426403

Daboussi, F., Dumay, A., Delacéte, F., & Lopez, B. S. (2002). DNA double-
strand break repair signalling: The case of RAD51 post-translational
regulation. Cellular Signalling, 14(12), 969-975.
https://doi.org/10.1016/S0898-6568(02)00052-9

Dai, Y., & Grant, S. (2010). New insights into checkpoint kinase 1 in the DNA
damage response signaling network. Clinical Cancer Research, 16(2),
376-383. https://doi.org/10.1158/1078-0432.CCR-09-



156

1029/347184/P/INEW-INSIGHTS-INTO-CHECKPOINT-KINASE-1-IN-
THE-DNA

D’Assoro, A. B, Lingle, W. L., & Salisbury, J. L. (2002). Centrosome
amplification and the development of cancer. Oncogene, 21(40), 6146—
6153. https://doi.org/10.1038/SJ.ONC.1205772

Date, O., Katsura, M., Ishida, M., Yoshihara, T., Kinomura, A., Sueda, T., &
Miyagawa, K. (2006). Haploinsufficiency of RAD51B Causes
Centrosome Fragmentation and Aneuploidy in Human Cells. Cancer
Research, 66(12), 6018-6024. https://doi.org/10.1158/0008-5472.CAN-
05-2803

Davie, J., Neitzel, D., Robinson, K., Zhu, M., & Faulkner, N. E. (2017).
Aneuploidy rates in day 5 vs day 6 biopsies. Fertility and Sterility, 108(3),
e283—e284. https://doi.org/10.1016/J.FERTNSTERT.2017.07.840

Davoli, T., & De Lange, T. (2011). The causes and consequences of
polyploidy in normal development and cancer. Annual Review of Cell
and Developmental Biology, 27(Volume 27, 2011), 585-610.
https://doi.org/10.1146/ANNUREV-CELLBIO-092910-
154234/CITE/REFWORKS

Davoli, T., Xu, A. W., Mengwasser, K. E., Sack, L. M., Yoon, J. C., Park, P. J.,
& Elledge, S. J. (2013). Cumulative haploinsufficiency and
triplosensitivity drive aneuploidy patterns and shape the cancer genome.
Cell, 155(4), 948. https://doi.org/10.1016/J.CELL.2013.10.011

Daza-Martin, M., Starowicz, K., Jamshad, M., Tye, S., Ronson, G. E.,
MacKay, H. L., Chauhan, A. S., Walker, A. K., Stone, H. R., Beesley, J. F.
J., Coles, J. L., Garvin, A. J., Stewart, G. S., McCorvie, T. J., Zhang, X.,
Densham, R. M., & Morris, J. R. (2019). Isomerization of BRCA1-
BARD1 promotes replication fork protection. Nature 2019 571:7766,
571(7766), 521-527. https://doi.org/10.1038/s41586-019-1363-4

De Piccoli, G., Katou, Y., Itoh, T., Nakato, R., Shirahige, K., & Labib, K.
(2012). Replisome stability at defective DNA replication forks is



157

independent of S phase checkpoint kinases. Molecular Cell, 45(5), 696—
704. https://doi.org/10.1016/J.MOLCEL.2012.01.007

De Siervi, A., De Luca, P., Byun, J. S., Di, L. J., Fufa, T., Haggerty, C. M.,
Vazquez, E., Moiola, C., Longo, D. L., & Gardner, K. (2010).
Transcriptional autoregulation by BRCA1. Cancer Research, 70(2), 532—
542. https://doi.org/10.1158/0008-5472.CAN-09-

1477/655330/P/ TRANSCRIPTIONAL-AUTOREGULATION-BY-BRCA1

Déjardin, J., & Kingston, R. E. (2009). Purification of Proteins Associated with
Specific Genomic Loci. Cell, 136(1), 175-186.
https://doi.org/10.1016/j.cell.2008.11.045

Delia, D., Paine, M., Buscemi, G., Savio, C., Palmeri, S., Lulli, P., Carlessi, L.,
Fontanella, E., & Chessa, L. (2004). MRE11 mutations and impaired
ATM-dependent responses in an Italian family with ataxia-telangiectasia-
like disorder. Human Molecular Genetics, 13(18), 2155-2163.
https://doi.org/10.1093/HMG/DDH221

Deng, C.-X., & Brodie, S. G. (2000). Roles of BRCA1 and its interacting
proteins. BioEssays, 22. https://doi.org/10.1002/1521-1878

Denko, N. C., Giaccia, A. J., Stringer, J. R., & Stambrook, P. J. (1994). The
human Ha-ras oncogene induces genomic instability in murine
fibroblasts within one cell cycle. Proceedings of the National Academy of
Sciences, 91(11), 5124-5128. https://doi.org/10.1073/PNAS.91.11.5124

Dephoure, N., Hwang, S., O’Sullivan, C., Dodgson, S. E., Gygi, S. P., Amon,
A., & Torres, E. M. (2014). Quantitative proteomic analysis reveals
posttranslational responses to aneuploidy in yeast. ELife, 3(July2014),
1-27. https://doi.org/10.7554/ELIFE.03023

Deshpande, R. A., Williams, G. J., Limbo, O., Williams, R. S., Kuhnlein, J.,
Lee, J. H., Classen, S., Guenther, G., Russell, P., Tainer, J. A., & Paull, T.
T. (2014). ATP-driven Rad50 conformations regulate DNA tethering, end
resection, and ATM checkpoint signaling. EMBO Journal, 33(5), 482—
500.



158

https://doi.org/10.1002/EMBJ.201386100/SUPPL_FILE/EMBJ20138610
0.REVIEWER_COMMENTS.PDF

Dever, S. M., Golding, S. E., Rosenberg, E., Adams, B. R., I[dowu, M. O.,
Quillin, J. M., Valerie, N., Xu, B., Povirk, L. F., & Valerie, K. (2011).
Mutations in the BRCT binding site of BRCA1 result in hyper-
recombination. Aging, 3(5), 515-532.
https://doi.org/10.18632/AGING.100325

Dianov, G. L., & Hubscher, U. (2013). Mammalian base excision repair: the
forgotten archangel. Nucleic Acids Research, 41(6), 3483—3490.
https://doi.org/10.1093/NAR/GKT076

Diaz-Rodriguez, E., Satillo, R., Schvartzman, J. M., & Benezra, R. (2008).
Hec1 overexpression hyperactivates the mitotic checkpoint and induces
tumor formation in vivo. Proceedings of the National Academy of
Sciences of the United States of America, 105(43), 16719-16724.
https://doi.org/10.1073/PNAS.0803504105/SUPPL_FILE/0803504105SI.
PDF

Dickey, J. S., Redon, C. E., Nakamura, A. J., Baird, B. J., Sedelnikova, O. A.,
& Bonner, W. M. (2009). H2AX: functional roles and potential
applications. Chromosoma, 118(6), 683. https://doi.org/10.1007/S00412-
009-0234-4

Diez-Juan, A., Rubio, C., Marin, C., Martinez, S., Al-Asmar, N., Riboldi, M.,
Diaz-Gimeno, P., Valbuena, D., & Simén, C. (2015). Mitochondrial DNA
content as a viability score in human euploid embryos: less is better.
Fertility and Sterility, 104(3), 534-541.e1.
https://doi.org/10.1016/J.FERTNSTERT.2015.05.022

Dimitrov, S. D., Lu, D., Naetar, N., Hu, Y., Pathania, S., Kanellopoulou, C., &
Livingston, D. M. (2013). Physiological modulation of endogenous
BRCA1 p220 abundance suppresses DNA damage during the cell cycle.
Genes & Development, 27(20), 2274-2291.
https://doi.org/10.1101/GAD.225045.113



159

DiTullio, R. A., Mochan, T. A., Venere, M., Bartkova, J., Sehested, M., Bartek,
J., & Halazonetis, T. D. (2002). 53BP1 functions in an ATM-dependent
checkpoint pathway that is constitutively activated in human cancer.
Nature Cell Biology, 4(12), 998—1002. https://doi.org/10.1038/NCB892

Dobles, M., Liberal, V., Scott, M. L., Benezra, R., & Sorger, P. K. (2000).
Chromosome missegregation and apoptosis in mice lacking the mitotic
checkpoint protein Mad2. Cell, 101(6), 635-645.
https://doi.org/10.1016/S0092-8674(00)80875-2

Dodson, H., Bourke, E., Jeffers, L. J., Vagnarelli, P., Sonoda, E., Takeda, S.,
Earnshaw, W. C., Merdes, A., & Morrison, C. (2004). Centrosome
amplification induced by DNA damage occurs during a prolonged G2
phase and involves ATM. The EMBO Journal, 23(19), 3864.
https://doi.org/10.1038/SJ.EMBOJ.7600393

Doil, C., Mailand, N., Bekker-densen, S., Menard, P., Larsen, D. H.,
Pepperkok, R., Ellenberg, J., Panier, S., Durocher, D., Bartek, J., Lukas,
J., & Lukas, C. (2009). RNF168 Binds and Amplifies Ubiquitin
Conjugates on Damaged Chromosomes to Allow Accumulation of Repair
Proteins. Cell, 136(3), 435—-446.
https://doi.org/10.1016/j.cell.2008.12.041

Donzelli, M., Busino, L., Chiesa, M., Ganoth, D., Hershko, A., & Draetta, G. F.
(2004). Hierarchical order of phosphorylation events commits Cdc25A to
Beta-TrCP-dependent degradation. Cell Cycle, 3(4), 469-471.
https://doi.org/10.4161/CC.3.4.770

Dorling, L., Carvalho, S., Allen, J., Gonzalez-Neira, A., Luccarini, C.,
Wahlstrom, C., Pooley, K. A., Parsons, M. T., Fortuno, C., Wang, Q.,
Bolla, M. K., Dennis, J., Keeman, R., Alonso, M. R., Alvarez, N.,
Herraez, B., Fernandez, V., Nufez-Torres, R., Osorio, A., ... Easton, D.
F. (2021). Breast Cancer Risk Genes - Association Analysis in More than
113,000 Women. The New England Journal of Medicine, 384(5), 428—
439. https://doi.org/10.1056/NEJMOA1913948



160

Doroftei, B., llie, O. D., Anton, N., Armeanu, T., & llea, C. (2022). A Mini-
Review Regarding the Clinical Outcomes of In Vitro Fertilization (IVF)
Following Pre-Implantation Genetic Testing (PGT)-Next Generation
Sequencing (NGS) Approach. Diagnostics 2022, Vol. 12, Page 1911,
12(8), 1911. https://doi.org/10.3390/DIAGNOSTICS12081911

Downing, T., Imamura, H., Decuypere, S., Clark, T. G., Coombs, G. H.,
Cotton, J. A., Hilley, J. D., De Doncker, S., Maes, |., Mottram, J. C.,
Quail, M. A, Rijal, S., Sanders, M., Schonian, G., Stark, O., Sundar, S.,
Vanaerschot, M., Hertz-Fowler, C., Dujardin, J. C., & Berriman, M.
(2011). Whole genome sequencing of multiple Leishmania donovani
clinical isolates provides insights into population structure and
mechanisms of drug resistance. Genome Research, 21(12), 2143-2156.
https://doi.org/10.1101/GR.123430.111

Drost, J., Van Jaarsveld, R. H., Ponsioen, B., Zimberlin, C., Van Boxtel, R.,
Buijs, A., Sachs, N., Overmeer, R. M., Offerhaus, G. J., Begthel, H.,
Korving, J., Van De Wetering, M., Schwank, G., Logtenberg, M.,
Cuppen, E., Snippert, H. J., Medema, J. P., Kops, G. J. P. L., & Clevers,
H. (2015). Sequential cancer mutations in cultured human intestinal stem
cells. Nature, 521(7550), 43—47. https://doi.org/10.1038/nature14415

Ducy, M., Sesma-Sanz, L., Guitton-Sert, L., Lashgari, A., Gao, Y., Brahiti, N.,
Rodrigue, A., Margaillan, G., Caron, M. C., C6té, J., Simard, J., &
Masson, J. Y. (2019). The Tumor Suppressor PALB2: Inside Out. Trends
in Biochemical Sciences, 44(3), 226—240.
https://doi.org/10.1016/j.tibs.2018.10.008

Duijf, P. H. G., Schultz, N., & Benezra, R. (2013). Cancer cells preferentially
lose small chromosomes. International Journal of Cancer, 132(10),
2316-2326. https://doi.org/10.1002/1JC.27924

Duncan, A. W., Hanlon Newell, A. E., Smith, L., Wilson, E. M., Olson, S. B.,
Thayer, M. J., Strom, S. C., & Grompe, M. (2012). Frequent Aneuploidy
Among Normal Human Hepatocytes. Gastroenterology, 142(1), 25-28.
https://doi.org/10.1053/J.GASTR0O.2011.10.029



161

Duong, V., Boulle, N., Daujat, S., Chauvet, J., Bonnet, S., Neel, H., &
Cavaillés, V. (2007). Differential regulation of estrogen receptor alpha
turnover and transactivation by Mdm2 and stress-inducing agents.
Cancer Research, 67(11), 5513-5521. https://doi.org/10.1158/0008-
5472.CAN-07-0967

Dupré, A., Boyer-Chatenet, L., & Gautier, J. (2006). Two-step activation of
ATM by DNA and the Mre11-Rad50-Nbs1 complex. Nature Structural &
Molecular Biology, 13(5), 451-457. https://doi.org/10.1038/NSMB1090

Dutta, A., Eckelmann, B., Adhikari, S., Ahmed, K. M., Sengupta, S., Pandey,
A., Hegde, P. M., Tsai, M. S., Tainer, J. A., Weinfeld, M., Hegde, M. L., &
Mitra, S. (2017). Microhomology-mediated end joining is activated in
irradiated human cells due to phosphorylation-dependent formation of
the XRCC1 repair complex. Nucleic Acids Research, 45(5), 2585-25909.
https://doi.org/10.1093/NAR/GKW 1262

Edwards, J. H., Harnden, D. G., Cameron, A. H., Crosse, V. M., & Wolf, O. H.
(1960). ANEW TRISOMIC SYNDROME. The Lancet, 275(7128), 787—
790. https://doi.org/10.1016/S0140-6736(60)90675-9

Elledge, S. J., & Amon, A. (2002). The BRCA1 suppressor hypothesis: An
explanation for the tissue-specific tumor development in BRCA1
patients. Cancer Cell, 1(2), 129-132. https://doi.org/10.1016/S1535-
6108(02)00041-7

Elledge, S. J., Zhou, Z., Allen, J. B., & Navas, T. A. (1993). DNA damage and
cell cycle regulation of ribonucleotide reductase. BioEssays, 15(5), 333—
339. https://doi.org/10.1002/BIES.950150507

Ellison, V., & Stillman, B. (2003). Biochemical Characterization of DNA
Damage Checkpoint Complexes: Clamp Loader and Clamp Complexes
with Specificity for 5' Recessed DNA. PLoS Biology, 1(2).
https://doi.org/10.1371/JOURNAL.PBIO.0000033

Escribano-Diaz, C., Orthwein, A., Fradet-Turcotte, A., Xing, M., Young, J. T.
F., Tkac, J., Cook, M. A., Rosebrock, A. P., Munro, M., Canny, M. D., Xu,
D., & Durocher, D. (2013). A cell cycle-dependent regulatory circuit



162

composed of 53BP1-RIF1 and BRCA1-CtIP controls DNA repair
pathway choice. Molecular Cell, 49(5), 872—-883.
https://doi.org/10.1016/J.MOLCEL.2013.01.001

Esteller, M., Silva, J. M., Dominguez, G., Bonilla, F., Matias-Guiu, X., Lerma,
E., Bussaglia, E., Prat, J., Harkes, I. C., Repasky, E. A., Gabrielson, E.,
Schutte, M., Baylin, S. B., & Herman, J. G. (2000). Promoter
hypermethylation and BRCA1 inactivation in sporadic breast and ovarian
tumors. Journal of the National Cancer Institute, 92(7), 564—569.
https://doi.org/10.1093/JNCI/92.7.564

Eun, M. K., & Burke, D. J. (2008). DNA damage activates the SAC in an
ATM/ATR-dependent manner, independently of the kinetochore. PLoS
Genetics, 4(2). https://doi.org/10.1371/JOURNAL.PGEN.1000015

Eykelenboom, J. K., Harte, E. C., Canavan, L., Pastor-Peidro, A., Calvo-
Asensio, |., Llorens-Agost, M., & Lowndes, N. F. (2013). ATR Activates
the S-M Checkpoint during Unperturbed Growth to Ensure Sufficient
Replication Prior to Mitotic Onset. Cell Reports, 5(4), 1095-1107.
https://doi.org/10.1016/j.celrep.2013.10.027

Fabbro, M., Savage, K., Hobson, K., Deans, A. J., Powell, S. N., McArthur, G.
A., & Khanna, H. K. (2004). BRCA1-BARD1 complexes are required for
p53Ser-15 phosphorylation and a G1/S arrest following ionizing
radiation-induced DNA damage. The Journal of Biological Chemistry,
279(30), 31251-31258. https://doi.org/10.1074/JBC.M405372200

Falck, J., Coates, J., & Jackson, S. P. (2005). Conserved modes of
recruitment of ATM, ATR and DNA-PKcs to sites of DNA damage.
Nature, 434(7033), 605—-611. https://doi.org/10.1038/nature03442

Falck, J., Mailand, N., Syljuasen, R. G., Bartek, J., & Lukas, J. (2001). The
ATM-Chk2-Cdc25A checkpoint pathway guards against radioresistant
DNA synthesis. Nature, 410(6830), 842—-847.
https://doi.org/10.1038/35071124

Fan, S., Twu, N.-F., Wang, J.-A., Yuan, R.-Q., Andres, J., Goldberg, I. D., &
Rosen, E. M. (1998). DOWN-REGULATION OF BRCA1 AND BRCAZ2 IN



163

HUMAN OVARIAN CANCER CELLS EXPOSED TO ADRIAMYCIN AND
ULTRAVIOLET RADIATION. Int. J. Cancer, 77, 600-609.
https://doi.org/10.1002/(SIC1)1097-0215(19980812)77:4

Feng, S., Zhao, Y., Xu, Y., Ning, S., Huo, W., Hou, M., Gao, G., Ji, J., Guo,
R., & Xu, D. (2016). Ewing tumor-associated antigen 1 interacts with
replication protein A to promote restart of stalled replication forks.
Journal of Biological Chemistry, 291(42), 21956—-21962.
https://doi.org/10.1074/jbc.C116.747758

Feng, Z., Zhang, C., Kang, H.-J., Sun, Y., Wang, H., Naqvi, A., Frank, A. K.,
Rosenwaks, Z., Murphy, M. E., Levine, A. J., & Hu, W. (2011).
Regulation of female reproduction by p53 and its family members. The
FASEB Journal, 25(7), 2245. https://doi.org/10.1096/FJ.10-180166

Feretzaki, M., Pospisilova, M., Valador Fernandes, R., Lunardi, T., Krejci, L.,
& Lingner, J. (2020). RAD51-dependent recruitment of TERRA IncRNA
to telomeres through R-loops. Nature, 587(7833), 303—308.
https://doi.org/10.1038/s41586-020-2815-6

Fernandez-Capetillo, O., Chen, H. T., Celeste, A., Ward, |., Romanienko, P.
J., Morales, J. C., Naka, K., Xia, Z., Camerini-Otero, R. D., Motoyama,
N., Carpenter, P. B., Bonner, W. M., Chen, J., & Nussenzweig, A. (2002).
DNA damage-induced G2-M checkpoint activation by histone H2AX and
53BP1. Nature Cell Biology, 4(12), 993-997.
https://doi.org/10.1038/NCB884

Fernet, M., Gribaa, M., Salih, M. A. M., Seidahmed, M. Z., Hall, J., & Koenig,
M. (2005). Identification and functional consequences of a novel MRE11
mutation affecting 10 Saudi Arabian patients with the ataxia
telangiectasia-like disorder. Human Molecular Genetics, 14(2), 307-318.
https://doi.org/10.1093/HMG/DDI027

Fischer-Holzhausen, S., & Rdblitz, S. (2022). Mathematical modelling of
follicular growth and ovarian stimulation. Current Opinion in Endocrine
and Metabolic Research, 26, 100385.
https://doi.org/10.1016/J.COEMR.2022.100385



164

Fishel, S., Gordon, A., Lynch, C., Dowell, K., Ndukwe, G., Kelada, E.,
Thornton, S., Jenner, L., Cater, E., Brown, A., & Garcia-Bernardo, J.
(2010). Live birth after polar body array comparative genomic
hybridization prediction of embryo ploidy—the future of IVF? Fertility and
Sterility, 93(3), 1006.e7-1006.e10.
https://doi.org/10.1016/J.FERTNSTERT.2009.09.055

Flygare, J., Armstrong, R. C., Wennborg, A., Orsan, S., & Hellgren, D. (1998).
Proteolytic cleavage of HsRad51 during apoptosis. FEBS Letters,
427(2), 247-251. https://doi.org/10.1016/S0014-5793(98)00433-5

Flynn, R. L., & Zou, L. (2011). ATR: a Master Conductor of Cellular
Responses to DNA Replication Stress. Trends in Biochemical Sciences,
36(3), 133. https://doi.org/10.1016/J.TIBS.2010.09.005

Forey, R., Barthe, A., Tittel-Elmer, M., Pasero, P., & Lengronne, A. (2021). A
Role for the Mre11-Rad50-Xrs2 Complex in Gene Expression and
Chromosome Organization. Molecular Cell, 81, 183—197.
https://doi.org/10.1016/j.molcel.2020.11.010

Fortin, C. S., Leader, A., Mahutte, N., Hamilton, S., Léveillé, M. C.,
Villeneuve, M., & Sirard, M. A. (2019). Gene expression analysis of
follicular cells revealed inflammation as a potential IVF failure cause.
Journal of Assisted Reproduction and Genetics, 36(6), 1195-1210.
https://doi.org/10.1007/S10815-019-01447-4/FIGURES/2

Fragouli, E., Spath, K., Alfarawati, S., Kaper, F., Craig, A., Michel, C. E.,
Kokocinski, F., Cohen, J., Munne, S., & Wells, D. (2015). Altered Levels
of Mitochondrial DNA Are Associated with Female Age, Aneuploidy, and
Provide an Independent Measure of Embryonic Implantation Potential.
PLOS Genetics, 11(6), e1005241.
https://doi.org/10.1371/JOURNAL.PGEN.1005241

Freeman, A. K., Dapic, V., & Monteiro, A. N. A. (2010). Negative regulation of
CHK2 activity by protein phosphatase 2A is modulated by DNA damage.
Cell Cycle (Georgetown, Tex.), 9(4), 736—747.
https://doi.org/10.4161/CC.9.4.10613



165

Freitas, R. M. de. (2019). The pathways of cell cycle regulation in
retinoblastoma. Revista Brasileira de Analises Clinicas, 51(1).
https://doi.org/10.21877/2448-3877.201900853

French, C. A., Masson, J. Y., Griffin, C. S., O'Regan, P.,, West, S. C., &
Thacker, J. (2002). Role of Mammalian RAD51L2 (RAD51C) in
Recombination and Genetic Stability. Journal of Biological Chemistry,
277(22), 19322-19330. https://doi.org/10.1074/JBC.M201402200

Freund, A., Orjalo, A. V., Desprez, P. Y., & Campisi, J. (2010). Inflammatory
networks during cellular senescence: causes and consequences. Trends
in Molecular Medicine, 16(5), 238—-246.
https://doi.org/10.1016/j.molmed.2010.03.003

Fridman, J. S., Hernando, E., Hemann, M. T., Stanchina, E. de, Cordon-
Cardo, C., & Lowe, S. W. (2003). Tumor Promotion by Mdm2 Splice
Variants Unable to Bind p53. Cancer Research, 63(18), 5703-5706.
https://aacrjournals.org/cancerres/article/63/18/5703/510364/Tumor-

Promotion-by-Mdm2-Splice-Variants-Unable-to

Fruman, D. A., Chiu, H., Hopkins, B. D., Bagrodia, S., Cantley, L. C., &
Abraham, R. T. (2017). The PI3K Pathway in Human Disease. In Cell
(Vol. 170, Issue 4, pp. 605-635). Cell Press.
https://doi.org/10.1016/j.cell.2017.07.029

Fu, X., Tan, W., Song, Q., Pei, H., & Li, J. (2022). BRCA1 and Breast Cancer:
Molecular Mechanisms and Therapeutic Strategies. Frontiers in Cell and
Developmental Biology, 10, 813457 .
https://doi.org/10.3389/FCELL.2022.813457/BIBTEX

Fujimoto, H., Onishi, N., Kato, N., Takekawa, M., Xu, X. Z., Kosugi, A.,
Kondo, T., Imamura, M., Oishi, I., Yoda, A., & Minami, Y. (2006).
Regulation of the antioncogenic Chk2 kinase by the oncogenic Wip1
phosphatase. Cell Death and Differentiation, 13(7), 1170-1180.
https://doi.org/10.1038/SJ.CDD.4401801

Fukasawa, K., Choi, T., Kuriyama, R., Rulong, S., & Vande Woude, G. F.
(1996). Abnormal Centrosome Amplification in the Absence of p53.



166

Science, 271(5256), 1744-1747.
https://doi.org/10.1126/SCIENCE.271.5256.1744

Gaillard, H., Garcia-Muse, T., & Aguilera, A. (2015). Replication stress and
cancer. Nature Reviews Cancer, 15(5), 276—-289.
https://doi.org/10.1038/nrc3916

Gaijjar, M., Candeias, M. M., Malbert-Colas, L., Mazars, A., Fuijita, J.,
Olivares-lllana, V., & Fa Hraeus, R. (2012). Cancer Cell The p53 mRNA-
Mdm2 Interaction Controls Mdm2 Nuclear Trafficking and Is Required for
p53 Activation following DNA Damage. Cancer Cell, 21, 25-35.
https://doi.org/10.1016/j.ccr.2011.11.016

Galanty, Y., Belotserkovskaya, R., Coates, J., Polo, S., Miller, K. M., &
Jackson, S. P. (2009). Mammalian SUMO E3-ligases PIAS1 and PIAS4
promote responses to DNA double-strand breaks. Nature, 462(7275),
935-939. https://doi.org/10.1038/nature08657

Ganem, N. J., & Pellman, D. (2012). Linking abnormal mitosis to the
acquisition of DNA damage. Journal of Cell Biology, 199(6), 871-881.
https://doi.org/10.1083/JCB.201210040

Ganem, N. J., Storchova, Z., & Pellman, D. (2007). Tetraploidy, aneuploidy
and cancer. Current Opinion in Genetics & Development, 17(2), 157—
162. https://doi.org/10.1016/J.GDE.2007.02.011

Garber, P. M., & Rine, J. (2002). Overlapping roles of the spindle assembly
and DNA damage checkpoints in the cell-cycle response to altered
chromosomes in Saccharomyces cerevisiae. Genetics, 161(2), 521-534.
https://doi.org/10.1093/GENETICS/161.2.521

Gardner, D. K., Meseguer, M., Rubio, C., & Treff, N. R. (2015). Diagnosis of
human preimplantation embryo viability. Human Reproduction Update,
21(6), 727-747. https://doi.org/10.1093/HUMUPD/DMU064

Gardner, D. K., & Schoolcraft, W. B. (1999). Culture and transfer of human
blastocysts. Current Opinion in Obstetrics and Gynecology, 11(3), 307—
311.



167

Garsed, D. W., Marshall, O. J., Corbin, V. D. A., Hsu, A., DiStefano, L.,
Schroéder, J., Li, J., Feng, Z. P.,, Kim, B. W., Kowarsky, M., Lansdell, B.,
Brookwell, R., Myklebost, O., Meza-Zepeda, L., Holloway, A. J.,
Pedeutour, F., Choo, K. H. A., Damore, M. A,, Deans, A. J., ... Thomas,
D. M. (2014). The architecture and evolution of cancer
neochromosomes. Cancer Cell, 26(5), 653—667.
https://doi.org/10.1016/J.CCELL.2014.09.010

Gasic, I., Boswell, S. A., & Mitchison, T. J. (2019). Tubulin mRNA stability is
sensitive to change in microtubule dynamics caused by multiple
physiological and toxic cues. PLOS Biology, 17(4), e3000225.
https://doi.org/10.1371/JOURNAL.PBI0.3000225

Gatei, M., Kijas, A. W., Biard, D., Dérk, T., & Lavin, M. F. (2014). RAD50
phosphorylation promotes ATR downstream signaling and DNA restart
following replication stress. Human Molecular Genetics, 23(16), 4232—
4248. https://doi.org/10.1093/HMG/DDU141

Geilmann, S., Solstad, R., Palmquist, R., Daboub, J. F., Botto, L. D., Grubb,
P. H., Bonkowsky, J. L., Longo, N., & Jenkins, S. M. (2023). A novel
RADS51 variant resulting in Fanconi anemia identified in an infant with
multiple congenital anomalies. Clinical Case Reports, 11(1), e6810.
https://doi.org/10.1002/CCR3.6810

Giam, M., & Rancati, G. (2015). Aneuploidy and chromosomal instability in
cancer: a jackpot to chaos. Cell Division, 10(1), 1-12.
https://doi.org/10.1186/S13008-015-0009-7

Giannattasio, M., Zwicky, K., Follonier, C., Foiani, M., Lopes, M., & Branzei,
D. (2014). Visualization of recombination-mediated damage bypass by
template switching. Nature Structural & Molecular Biology, 21(10), 884—
892. https://doi.org/10.1038/nsmb.2888

Gil Del Alcazar, C. R., Hardebeck, M. C., Mukherjee, B., Tomimatsu, N., Gao,
X., Yan, J., Xie, X. J., Bachoo, R., Li, L., Habib, A. A., & Burma, S.
(2014). Inhibition of DNA double-strand break repair by the dual
PI3BK/mTOR inhibitor NVP-BEZ235 as a strategy for radiosensitization of



168

glioblastoma. Clinical Cancer Research, 20(5), 1235-1248.
https://doi.org/10.1158/1078-0432.CCR-13-
1607/137033/AM/INHIBITION-OF-DNA-DOUBLE-STRAND-BREAK-
REPAIR-BY

Gnanavel, M., Murugesan, A., Mani, S. K., Kandhavelu, M., & Yli-Harja, O.
(2021). Identifying the miRNA Signature Association with Aging-Related
Senescence in Glioblastoma. International Journal of Molecular
Sciences, 22(2), 1-14. https://doi.org/10.3390/IJMS22020517

Godthelp, B. C., Wiegant, W. W., Van Duijn-Goedhart, A., Scharer, O. D., Van
Buul, P. P. W., Kanaar, R., & Zdzienicka, M. Z. (2002). Mammalian
Rad51C contributes to DNA cross-link resistance, sister chromatid
cohesion and genomic stability. Nucleic Acids Research, 30(10), 2172—-
2182. https://doi.org/10.1093/NAR/30.10.2172

Gompel, A., Somai, S., Chaouat, M., Kazem, A., Kloosterboer, H. J.,
Beusman, |., Forgez, P., Mimoun, M., & Rosténe, W. (2000). Hormonal
regulation of apoptosis in breast cells and tissues. Steroids, 65(10-11),
593-598. https://doi.org/10.1016/S0039-128X(00)00172-0

Goode, E. L., Dunning, A. M., Kuschel, B., Healey, C. S., Day, N. E., Ponder,
B. A. J., & Easton, D. F. (2002). Effect of Germ-Line Genetic Variation on
Breast Cancer Survival in a Population-based Study. Cancer Research,
62(11), 3052-3057.
https://aacrjournals.org/cancerres/article/62/11/3052/508813/Effect-of-

Germ-Line-Genetic-Variation-on-Breast

Gordon, D. J., Resio, B., & Pellman, D. (2012). Causes and consequences of
aneuploidy in cancer. Nature Reviews Genetics, 13(3), 189-203.
https://doi.org/10.1038/nrg3123

Gorski, J. J., Kennedy, R. D., Hosey, A. M., & Harkin, D. P. (2009). The
complex relationship between BRCA1 and ERa in hereditary breast
cancer. Clinical Cancer Research, 15(5), 1514-1518.
https://doi.org/10.1158/1078-0432.CCR-08-0640/346275/P/THE-
COMPLEX-RELATIONSHIP-BETWEEN-BRCA1-AND-ER-IN



169

Gorthi, A., Romero, J. C., Loranc, E., Cao, L., Lawrence, L. A., Goodale, E.,
Iniguez, A. B., Bernard, X., Masamsetti, V. P., Roston, S., Lawlor, E. R,,
Toretsky, J. A., Stegmaier, K., Lessnick, S. L., Chen, Y., & Bishop, A. J.
R. (2018). EWS—FLI1 increases transcription to cause R-loops and block
BRCAA1 repair in Ewing sarcoma. Nature 2018 555:7696, 5655(7696),
387-391. https://doi.org/10.1038/nature25748

Gottschalk, A. J., Timinszky, G., Kong, S. E., Jin, J., Cai, Y., Swanson, S. K.,
Washburn, M. P., Florens, L., Ladurner, A. G., Conaway, J. W., &
Conaway, R. C. (2009). Poly(ADP-ribosyl)ation directs recruitment and
activation of an ATP-dependent chromatin remodeler. Proceedings of the
National Academy of Sciences of the United States of America, 106(33),
13770-13774.
https://doi.org/10.1073/PNAS.0906920106/SUPPL_FILE/SM3.MOV

Gowen, L. C., Johnson, B. L., Latour, A. M., Sulik, K. K., & Koller, B. H.
(1996). Brca1 deficiency results in early embryonic lethality
characterized by neuroepithelial abnormalities. Nature Genetics, 12(2),
191-194. https://doi.org/10.1038/NG0296-191

Graf, M., Bonetti, D., Lockhart, A., Jolivet, P., Teixeira, M. T., &
Correspondence, B. L. (2017). Telomere Length Determines TERRA and
R-Loop Regulation through the Cell Cycle. Cell, 170, 72—-85.
https://doi.org/10.1016/j.cell.2017.06.006

Gregan, J., Polakova, S., Zhang, L., Toli¢-Ngrrelykke, I. M., & Cimini, D.
(2011). Merotelic kinetochore attachment: causes and effects. Trends in
Cell Biology, 21(6), 374—-381. https://doi.org/10.1016/J.TCB.2011.01.003

Gretarsdottir, S., Thorlacius, S., Valgardsdottir, R., Gudlaugsdottir, S.,
Sigurdsson, S., Steinarsdottir, M., Jonasson, J. G., Anamthawat-
Jonsson, K., & Eyfjord, J. E. (1998). BRCA2 and p53 Mutations in
Primary Breast Cancer in Relation to Genetic Instability. Cancer
Research, 58(5), 859-862.
https://aacrjournals.org/cancerres/article/58/5/859/504783/BRCA2-and-

p53-Mutations-in-Primary-Breast-Cancer



170

Griffin, W. C., McKinzey, D. R., Klinzing, K. N., Baratam, R., Eliyapura, A., &
Trakselis, M. A. (2022). A multi-functional role for the MCM8/9 helicase
complex in maintaining fork integrity during replication stress. Nature
Communications, 13(1), 1-13. https://doi.org/10.1038/s41467-022-
32583-8

Gudmundsdottir, K., & Ashworth, A. (2006). The roles of BRCA1 and BRCA2
and associated proteins in the maintenance of genomic stability.
Oncogene 2006 25:43, 25(43), 5864—-5874.
https://doi.org/10.1038/sj.onc.1209874

Guo, Q., Wang, S., Zhang, S., Xu, H., Li, X., Guan, Y., Yi, F., Zhou, T., Jiang,
B., Bai, N., Ma, M., Wang, Z., Feng, Y., Guo, W., Wu, X., Zhao, G., Fan,
G., Zhang, S., Wang, C,, ... Cao, L. (2020). ATM - CHK 2-Beclin 1 axis
promotes autophagy to maintain ROS homeostasis under oxidative
stress . The EMBO Journal, 39(10).
https://doi.org/10.15252/EMBJ.2019103111/SUPPL_FILE/EMBJ2019103
111-SUP-0010-SDATAEV.ZIP

Guo, Z., Kozlov, S., Lavin, M. F., Person, M. D., & Paull, T. T. (2010). ATM
activation by oxidative stress. Science (New York, N.Y.), 330(6003),
517-521. https://doi.org/10.1126/SCIENCE.1192912

Haahr, P., Hoffmann, S., Tollenaere, M. A. X., Ho, T., Toledo, L. I., Mann, M.,
Bekker-densen, S., Raschle, M., & Mailand, N. (2016). Activation of the
ATR kinase by the RPA-binding protein ETAA1. Nature Cell Biology,
18(11), 1196—-1207. https://doi.org/10.1038/ncb3422

Hafner, A., Bulyk, M. L., Jambhekar, A., & Lahav, G. (2019). The multiple
mechanisms that regulate p53 activity and cell fate. Nature Reviews
Molecular Cell Biology, 20(4), 199-210. https://doi.org/10.1038/s41580-
019-0110-x

Hakem, R., De la Pompa, J. L., Elia, A., Potter, J., & Mark, T. W. (1997).
Partial rescue of Brca1 (5-6) early embryonic lethality by p53 or p21 null
mutation. Nature Genetics, 16(3), 298-302.
https://doi.org/10.1038/NG0797-298



171

Hakem, R., De La Pompa, J. L., Sirard, C., Mo, R., Woo, M., Hakem, A.,
Wakeham, A., Potter, J., Reitmair, A., Billia, F., Firpo, E., Hui, C. C.,
Roberts, J., Rossant, J., & Mak, T. W. (1996). The tumor suppressor
gene Brca1 is required for embryonic cellular proliferation in the mouse.
Cell, 85(7), 1009-1023. https://doi.org/10.1016/S0092-8674(00)81302-1

Halazonetis, T. D., Gorgoulis, V. G., & Bartek, J. (2008). An oncogene-
induced DNA damage model for cancer development. Science,
319(5868), 1352—-1355. https://doi.org/10.1126/SCIENCE.1140735

Hall, J. M., Lee, M. K., Newman, B., Morrow, J. E., Anderson, L. A., Huey, B.,
& King, M.-C. (1990). Linkage of Early-Onset Familial Breast Cancer to
Chromosome 17q21. Science, 250(4988), 1684—1689.
https://doi.org/10.1126/SCIENCE.2270482

Han, J., Ruan, C., Huen, M. S. Y., Wang, J., Xie, A., Fu, C., Liu, T., & Huang,
J. (2017). BRCA2 antagonizes classical and alternative nonhomologous
end-joining to prevent gross genomic instability. Nature Communications
2017 8:1, 8(1), 1-16. https://doi.org/10.1038/s41467-017-01759-y

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of Cancer: The Next
Generation. Cell, 144(5), 646—674.
https://doi.org/10.1016/J.CELL.2011.02.013

Hanks, S., Coleman, K., Reid, S., Plaja, A., Firth, H., FitzPatrick, D., Kidd, A.,
Méhes, K., Nash, R., Robin, N., Shannon, N., Tolmie, J., Swansbury, J.,
Irrthum, A., Douglas, J., & Rahman, N. (2004). Constitutional aneuploidy
and cancer predisposition caused by biallelic mutations in BUB1B.
Nature Genetics, 36(11), 1159—-1161. https://doi.org/10.1038/NG 1449

Hare, L. M., Schwarz, Q., Wiszniak, S., Gurung, R., Montgomery, K. G.,
Mitchell, C. A., & Phillips, W. A. (2015). Heterozygous expression of the
oncogenic Pik3caH1047R mutation during murine development results
in fatal embryonic and extraembryonic defects. Developmental Biology,
404(1), 14—26. https://doi.org/10.1016/J.YDBIO.2015.04.022

Harvey, M., Sands, A. T., Weiss, R. S., Hegi, M. E., Wiseman, R. W.,
Pantazis, P., Giovanella, B. C., Tainsky, M. A., Bradley, A., & Donehower,



172

L. A. (1993). In vitro growth characteristics of embryo fibroblasts isolated
from p53-deficient mice. Oncogene, 8(9), 2457-2467 .
https://europepmc.org/article/med/8103211

Hashimoto, S., Amo, A., Hama, S., Ito, K., Nakaoka, Y., & Morimoto, Y.
(2013). Growth retardation in human blastocysts increases the incidence
of abnormal spindles and decreases implantation potential after
vitrification. Human Reproduction, 28(6), 1528—-1535.
https://doi.org/10.1093/HUMREP/DET059

Hassan, M. R., Al-Insaif, S., Hossain, M. |., & Kamruzzaman, J. (2020). A
machine learning approach for prediction of pregnancy outcome
following IVF treatment. Neural Computing and Applications, 32(7),
2283-2297. https://doi.org/10.1007/S00521-018-3693-9/TABLES/7

Hatchi, E., Skourti-Stathaki, K., Ventz, S., Pinello, L., Yen, A., Kamieniarz-
Gdula, K., Dimitrov, S., Pathania, S., McKinney, K. M., Eaton, M. L.,
Kellis, M., Hill, S. J., Parmigiani, G., Proudfoot, N. J., & Livingston, D. M.
(2015). BRCA1 Recruitment to Transcriptional Pause Sites Is Required
for R-Loop-Driven DNA Damage Repair. Molecular Cell, 57(4), 636—647.
https://doi.org/10.1016/J.MOLCEL.2015.01.011

Hauke, J., Horvath, J., GroB, E., Gehrig, A., Honisch, E., Hackmann, K.,
Schmidt, G., Arnold, N., Faust, U., Sutter, C., Hentschel, J., Wang-
Gohrke, S., Smogavec, M., Weber, B. H. F., Weber-Lassalle, N., Weber-
Lassalle, K., Borde, J., Ernst, C., Altmuller, J., ... Hahnen, E. (2018).
Gene panel testing of 5589 BRCA1/2-negative index patients with breast
cancer in a routine diagnostic setting: results of the German Consortium
for Hereditary Breast and Ovarian Cancer. Cancer Medicine, 7(4), 1349—
1358. https://doi.org/10.1002/CAM4.1376

He, J., Shi, L. Z., Truong, L. N, Lu, C. S., Razavian, N., Li, Y., Negrete, A.,
Shiloach, J., Berns, M. W., & Wu, X. (2012). Rad50 zinc hook is
important for the Mre11 complex to bind chromosomal DNA double-
stranded breaks and initiate various DNA damage responses. Journal of
Biological Chemistry, 287(38), 31747-31756.
https://doi.org/10.1074/jbc.M112.384750



173

He, Q., Au, B., Kulkarni, M., Shen, Y., Lim, K. J., Maimaiti, J., Wong, C. K,
Luijten, M. N. H., Chong, H. C., Lim, E. H., Rancati, G., Sinha, I., Fu, Z.,
Wang, X., Connolly, J. E., & Crasta, K. C. (2018). Chromosomal
instability-induced senescence potentiates cell non-autonomous
tumourigenic effects. Oncogenesis, 7(8), 1-18.
https://doi.org/10.1038/s41389-018-0072-4

Heeres, J. T., & Hergenrother, P. J. (2007). Poly(ADP-ribose) makes a date
with death. Current Opinion in Chemical Biology, 11(6), 644—653.
https://doi.org/10.1016/J.CBPA.2007.08.038

Her, J., & Bunting, S. F. (2018). How cells ensure correct repair of DNA
double-strand breaks. The Journal of Biological Chemistry, 293(27),
10502—-10511. https://doi.org/10.1074/JBC.TM118.000371

Hernandez Borrero, L. J., & El-Deiry, W. S. (2021). Tumor suppressor p53:
Biology, signaling pathways, and therapeutic targeting. Biochimica et
Biophysica Acta (BBA) - Reviews on Cancer, 1876(1), 188556.
https://doi.org/10.1016/J.BBCAN.2021.188556

Herold, S., Kalb, J., Buchel, G., Ade, C. P., Baluapuri, A., Xu, J., Koster, J.,
Solvie, D., Carstensen, A., Klotz, C., Rodewald, S., Schilein-Volk, C.,
Dobbelstein, M., Wolf, E., Molenaar, J., Versteeg, R., Walz, S., & Eilers,
M. (2019). Recruitment of BRCA1 limits MYCN-driven accumulation of
stalled RNA polymerase. Nature 2019 567:7749, 567(7749), 545-549.
https://doi.org/10.1038/s41586-019-1030-9

Hilton, B. A., Li, Z., Musich, P. R., Wang, H., Cartwright, B. M., Serrano, M.,
Zhou, X. Z., Lu, K. P., & Zou, Y. (2015). ATR Plays a Direct Antiapoptotic
Role at Mitochondria, which Is Regulated by Prolyl Isomerase Pin1.
Molecular Cell, 60(1), 35—-46.
https://doi.org/10.1016/J.MOLCEL.2015.08.008

Hinchcliffe, E. H., & Sluder, G. (2001). “It takes two to tango”: understanding
how centrosome duplication is regulated throughout the cell cycle.
Genes & Development, 15(10), 1167—1181.
https://doi.org/10.1101/GAD.894001



174

Hoencamp, C., & Rowland, B. D. (2023). Genome control by SMC
complexes. Nature Reviews Molecular Cell Biology, 24(9), 633—650.
https://doi.org/10.1038/s41580-023-00609-8

Honda, R., Tanaka, H., & Yasuda, H. (1997). Oncoprotein MDM2 is a
ubiquitin ligase E3 for tumor suppressor p53. FEBS Letters, 420(1), 25—
27. https://doi.org/10.1016/S0014-5793(97)01480-4

Hopfner, K. P., Karcher, A., Shin, D. S., Craig, L., Arthur, L. M., Carney, J. P.,
& Tainer, J. A. (2000). Structural biology of Rad50 ATPase: ATP-driven
conformational control in DNA double-strand break repair and the ABC-
ATPase superfamily. Cell, 101(7), 789-800.
https://doi.org/10.1016/S0092-8674(00)80890-9

Hossain, A., Phelps, J., Agarwal, A., Sanz, E., & Mahadevan, M. (2016). A
Review of The Society for Assisted Reproductive Technology Embryo
Grading System and Proposed Modification. International Journal of
Fertility & Sterility, 10(2), 141-147.
https://doi.org/10.22074/IJFS.2016.4956

Hsieh, R. H., Au, H. K,, Yeh, T. S., Chang, S. J., Cheng, Y. F.,, & Tzeng, C. R.
(2004). Decreased expression of mitochondrial genes in human
unfertilized oocytes and arrested embryos. Fertility and Sterility,
81(SUPPL. 1), 912-918.
https://doi.org/10.1016/J.FERTNSTERT.2003.11.013

Hsu, L. C., & White, R. L. (1998). BRCA1 is associated with the centrosome
during mitosis. Proceedings of the National Academy of Sciences of the
United States of America, 95(22), 12983.
https://doi.org/10.1073/PNAS.95.22.12983

Hu, P., Margolis, B., Skolnik, E. Y., Lammers, R., Ullrich, A., & Schlessinger,
J. (1992). Interaction of Phosphatidylinositol 3-Kinase-Associated p85
with Epidermal Growth Factor and Platelet-Derived Growth Factor
Receptors. Molecular and Cellular Biology, 12(3), 981-990.
https://doi.org/10.1128/MCB.12.3.981-990.1992



175

Hu, W. (2009). The Role of p53 Gene Family in Reproduction. Cold Spring
Harbor Perspectives in Biology, 1(6).
https://doi.org/10.1101/CSHPERSPECT.A001073

Hu, W., Feng, Z., Teresky, A. K., & Levine, A. J. (2007). p53 regulates
maternal reproduction through LIF. Nature 2007 450:7170, 450(7170),
721-724. https://doi.org/10.1038/nature05993

Hu, Y., Petit, S. A., Ficarro, S. B., Toomire, K. J., Xie, A., Lim, E., Cao, S. A,,
Park, E., Eck, M. J., Scully, R., Brown, M., Marto, J. A., & Livingston, D.
M. (2014). PARP1-driven poly-ADP-ribosylation regulates BRCA1
function in homologous recombination-mediated DNA repair. Cancer
Discovery, 4(12), 1430—-1447. https://doi.org/10.1158/2159-8290.CD-13-
0891

Hu, Y., Scully, R., Sobhian, B., Xie, A., Shestakova, E., & Livingston, D. M.
(2011). RAP80-directed tuning of BRCA1 homologous recombination
function at ionizing radiation-induced nuclear foci. Genes &
Development, 25(7), 685—700. https://doi.org/10.1101/GAD.2011011

Huang, R. X., & Zhou, P. K. (2020). DNA damage response signaling
pathways and targets for radiotherapy sensitization in cancer. Signal
Transduction and Targeted Therapy, 5(1), 1-27.
https://doi.org/10.1038/s41392-020-0150-x

Huang, T. T., Huang, D. H., Ahn, H. J., Arnett, C., & Huang, C. T. (2019).
Early blastocyst expansion in euploid and aneuploid human embryos:
evidence for a non-invasive and quantitative marker for embryo
selection. Reproductive BioMedicine Online, 39(1), 27-39.
https://doi.org/10.1016/J.RBMO.2019.01.010

Huang, T. T., Lampert, E. J., Coots, C., & Lee, J. M. (2020). Targeting the
PI3K pathway and DNA damage response as a therapeutic strategy in
ovarian cancer. Cancer Treatment Reviews, 86, 102021.
https://doi.org/10.1016/J.CTRV.2020.102021

Huang, X., Tran, T., Zhang, L., Hatcher, R., & Zhang, P. (2005). DNA

damage-induced mitotic catastrophe is mediated by the Chk1-dependent



176

mitotic exit DNA damage checkpoint. Proceedings of the National
Academy of Sciences of the United States of America, 102(4), 1065—
1070.
https://doi.org/10.1073/PNAS.0409130102/SUPPL_FILE/09130FIG8.JP
G

Huang, Y., Nakada, S., Ishiko, T., Utsugisawa, T., Datta, R., Kharbanda, S.,
Yoshida, K., Talanian, R. V., Weichselbaum, R., Kufe, D., & Yuan, Z.-M.
(1999). Role for Caspase-Mediated Cleavage of Rad51 in Induction of
Apoptosis by DNA Damage. Molecular and Cellular Biology, 19(4),
2986-2997. https://doi.org/10.1128/MCB.19.4.2986

Huen, M. S. Y., Grant, R., Manke, |., Minn, K., Yu, X., Yaffe, M. B., & Chen, J.
(2007). RNF8 Transduces the DNA-Damage Signal via Histone
Ubiquitylation and Checkpoint Protein Assembly. Cell, 131(5), 901-914.
https://doi.org/10.1016/j.cell.2007.09.041

Ibrahim, Y. H., Garcia-Garcia, C., Serra, V., He, L., Torres-Lockhart, K., Prat,
A., Anton, P., Cozar, P., Guzman, M., Grueso, J., Rodriguez, O., Calvo,
M. T., Aura, C., Diez, O., Rubio, I. T., Pérez, J., Rodon, J., Cortés, J.,
Ellisen, L. W., ... Baselga, J. (2012). PI3K inhibition impairs BRCA1/2
expression and sensitizes BRCA-proficient triple-negative breast cancer
to PARP inhibition. Cancer Discovery, 2(11), 1036—-1047.
https://doi.org/10.1158/2159-8290.CD-11-0348/42119/AM/PI3K-
INHIBITION-IMPAIRS-BRCA1-2-EXPRESSION-AND

lorio, M. V., Ferracin, M., Liu, C. G., Veronese, A., Spizzo, R., Sabbioni, S.,
Magri, E., Pedriali, M., Fabbri, M., Campiglio, M., Ménard, S., Palazzo, J.
P., Rosenberg, A., Musiani, P., Volinia, S., Nenci, I., Calin, G. A,
Querzoli, P., Negrini, M., & Croce, C. M. (2005). MicroRNA gene
expression deregulation in human breast cancer. Cancer Research,
65(16), 7065—7070. https://doi.org/10.1158/0008-5472.CAN-05-1783

lourov, I. Y., Vorsanova, S. G., Liehr, T., & Yuroy, Y. B. (2009). Aneuploidy in
the normal, Alzheimer’s disease and ataxia-telangiectasia brain:
Differential expression and pathological meaning. Neurobiology of
Disease, 34(2), 212-220. https://doi.org/10.1016/J.NBD.2009.01.003



177

lourov, I. Y., Vorsanova, S. G., & Yuroy, Y. B. (2010). Genomic Landscape of
the Alzheimer’s Disease Brain: Chromosome Instability — Aneuploidy, but
Not Tetraploidy — Mediates Neurodegeneration. Neurodegenerative
Diseases, 8(1-2), 35-37. https://doi.org/10.1159/000315398

Iwanaga, R., Komori, H., Ishida, S., Okamura, N., Nakayama, K., Nakayama,
K. 1., & Ohtani, K. (2006). Identification of novel E2F1 target genes
regulated in cell cycle-dependent and independent manners. Oncogene,
25(12), 1786—-1798. https://doi.org/10.1038/SJ.ONC.1209210

Jack, M. T., Woo, R. A,, Hirao, A., Cheung, A., Mak, T. W., & Lee, P. W. K.
(2002). Chk2 is dispensable for p53-mediated G1 arrest but is required
for a latent p53-mediated apoptotic response. Proceedings of the
National Academy of Sciences, 99(15), 9825-9829.
https://doi.org/10.1073/PNAS.152053599

Jackson, S. P., & Bartek, J. (2009). The DNA-damage response in human
biology and disease. Nature, 461(7267), 1071-1078.
https://doi.org/10.1038/nature08467

Jain, A. K., & Barton, M. C. (2018). P53: Emerging roles in stem cells,
development and beyond. Development (Cambridge), 145(8).
https://doi.org/10.1242/DEV.158360/19342

Jakubowska, A., Narod, S. A., Goldgar, D. E., Mierzejewski, M., Masojc, B.,
Nej, K., Huzarska, J., Byrski, T., Gorski, B., & Lubinski, J. (2003). Breast
Cancer Risk Reduction Associated with the RAD51 Polymorphism
among Carriers of the BRCA1 5382insC Mutation in Poland. Cancer
Epidemiology, Biomarkers & Prevention, 12(5), 457—459.
https://aacrjournals.org/cebp/article/12/5/457/167712/Breast-Cancer-

Risk-Reduction-Associated-with-the

Janbon, G., Sherman, F., & Rustchenko, E. (1998). Monosomy of a specific
chromosome determines |-sorbose utilization: A novel regulatory
mechanism in Candida albicans. Proceedings of the National Academy
of Sciences, 95(9), 5150-5155. https://doi.org/10.1073/PNAS.95.9.5150



178

Janny, L., & Menezo, Y. J. R. (1996). Maternal Age Effect on Early Human
Embryonic Development and Blastocyst Formation. MOLECULAR
REPRODUCTION AND DEVELOPMENT, 45, 31-37.
https://doi.org/10.1002/(SICI)1098-2795(199609)45:1

Janssen, A., Van Der Burg, M., Szuhai, K., Kops, G. J. P. L., & Medema, R.
H. (2011). Chromosome segregation errors as a cause of DNA damage
and structural chromosome aberrations. Science (New York, N.Y.),
333(6051), 1895—-1898. https://doi.org/10.1126/SCIENCE.1210214

Jazayeri, A., Falck, J., Lukas, C., Bartek, J., Smith, G. C. M., Lukas, J., &
Jackson, S. P. (2006). ATM- and cell cycle-dependent regulation of ATR
in response to DNA double-strand breaks. Nature Cell Biology, 8(1), 37—
45. https://doi.org/10.1038/NCB1337

Jin, J., Shirogane, T., Xu, L., Nalepa, G., Qin, J., Elledge, S. J., & Harper, J.
W. (2003). SCFB-TRCP links Chk1 signaling to degradation of the
Cdc25A protein phosphatase. Genes & Development, 17(24), 3062.
https://doi.org/10.1101/GAD.1157503

Jones, S. M., & Kazlauskas, A. (2001). Growth-factor-dependent mitogenesis
requires two distinct phases of signalling. Nature Cell Biology, 3(2), 165—
172. https://doi.org/10.1038/35055073

Jones, S. M., Klinghoffer, R., Prestwich, G. D., Toker, A., & Kazlauskas, A.
(1999). PDGF induces an early and a late wave of Pl 3-kinase activity,
and only the late wave is required for progression through G1. Current
Biology, 9, 512-521. http://biomednet.com/elecref/0960982200900512

Jones, S. N., Hancock, A. R., Vogel, H., Donehower, L. A., & Bradley, A.
(1998). Overexpression of Mdm2 in mice reveals a p53-independent role
for Mdm2 in tumorigenesis. Proceedings of the National Academy of
Sciences, 95(26), 15608—-15612.
https://doi.org/10.1073/PNAS.95.26.15608

Ju, J. Q,, Li, X. H., Pan, M. H., Xu, Y., Sun, M. H., Xu, Y., & Sun, S. C. (2020).
CHK1 monitors spindle assembly checkpoint and DNA damage repair



179

during the first cleavage of mouse early embryos. Cell Proliferation,
53(10). https://doi.org/10.1111/CPR.12895

Juvekar, A., Burga, L. N., Hu, H., Lunsford, E. P., Ibrahim, Y. H., Balmana, J.,
Rajendran, A., Papa, A., Spencer, K., Lyssiotis, C. A., Nardella, C.,
Pandolfi, P. P., Baselga, J., Scully, R., Asara, J. M., Cantley, L. C., &
Wulf, G. M. (2012). Combining a PI3K inhibitor with a PARP inhibitor
provides an effective therapy for BRCA1-related breast cancer. Cancer
Discovery, 2(11), 1048—-1063. https://doi.org/10.1158/2159-8290.CD-11-
0336/42092/AM/COMBINING-A-PI3K-INHIBITOR-WITH-A-PARP-
INHIBITOR

Kabeche, L., Nguyen, H. D., Buisson, R., & Zou, L. (2018). A mitosis-specific
and R loop-driven ATR pathway promotes faithful chromosome
segregation. Science, 359(6371), 108—-114.
https://doi.org/10.1126/SCIENCE.AAN6490/SUPPL_FILE/AAN6490_ KA
BECHE_SM.PDF

Kabir, M. A., Ahmad, A., Greenberg, J. R., Wang, Y. K., & Rustchenko, E.
(2005). Loss and gain of chromosome 5 controls growth of Candida
albicans on sorbose due to dispersed redundant negative regulators.
Proceedings of the National Academy of Sciences of the United States
of America, 102(34), 12147-12152.
https://doi.org/10.1073/PNAS.0505625102/SUPPL_FILE/05625FIG4.PD
F

Kalitsis, P., Earle, E., Fowler, K. J., & Choo, K. H. A. (2000). Bub3 gene
disruption in mice reveals essential mitotic spindle checkpoint function
during early embryogenesis. Genes & Development, 14(18), 2277-2282.
https://doi.org/10.1101/GAD.827500

Kanamoto, T., Hellman, U., Heldin, C. H., & Souchelnytskyi, S. (2002).
Functional proteomics of transforming growth factor-1-stimulated
Mv1Lu epithelial cells: Rad51 as a target of TGF1-dependent regulation
of DNA repair. The EMBO Journal, 21(5), 1219-1230.
https://doi.org/10.1093/EMB0OJ/21.5.1219



180

Kang, H. J., & Rosenwaks, Z. (2018). p53 and reproduction. Fertility and
Sterility, 109(1), 39—43. https://doi.org/10.1016/j.fertnstert.2017.11.026

Kang, J., Ferguson, D., Song, H., Bassing, C., Eckersdorff, M., Alt, F. W., &
Xu, Y. (2005). Functional interaction of H2AX, NBS1, and p53 in ATM-
dependent DNA damage responses and tumor suppression. Molecular
and Cellular Biology, 25(2), 661-670.
https://doi.org/10.1128/MCB.25.2.661-670.2005

Karimian, A., Mir, S. M., Parsian, H., Refieyan, S., Mirza-Aghazadeh-Attari,
M., Yousefi, B., & Majidinia, M. (2019). Crosstalk between
Phosphoinositide 3-kinase/Akt signaling pathway with DNA damage
response and oxidative stress in cancer. Journal of Cellular
Biochemistry, 120(6), 10248-10272. https://doi.org/10.1002/JCB.28309

Karni-Schmidt, O., Lokshin, M., & Prives, C. (2016). The Roles of MDM2 and
MDMX in Cancer. Annual Review of Pathology: Mechanisms of Disease,
11, 617—644. https://doi.org/10.1146/ANNUREV-PATHOL-012414-
040349

Kass, E. M., Helgadottir, H. R., Chen, C. C., Barbera, M., Wang, R.,
Westermark, U. K., Ludwig, T., Moynahan, M. E., & Jasin, M. (2013).
Double-strand break repair by homologous recombination in primary
mouse somatic cells requires BRCA1 but not the ATM kinase.
Proceedings of the National Academy of Sciences of the United States
of America, 110(14), 5564—-55609.
https://doi.org/10.1073/PNAS.1216824110

Kass, E. M., Poyurovsky, M. V., Zhu, Y., & Prives, C. (2009). Mdm2 and
PCAF increase Chk2 ubiquitination and degradation independently of
their intrinsic E3 ligase activities. Cell Cycle (Georgetown, Tex.), 8(3),
430-437. https://doi.org/10.4161/CC.8.3.7624

Kastenhuber, E. R., & Lowe, S. W. (2017). Putting p53 in Context. Cell,
170(6), 1062—1078. https://doi.org/10.1016/j.cell.2017.08.028

Kay, C., Jeyendran, R. S., & Coulam, C. B. (2006). p53 tumour suppressor

gene polymorphism is associated with recurrent implantation failure.



181

Reproductive BioMedicine Online, 13(4), 492—-496.
https://doi.org/10.1016/S1472-6483(10)60635-9

Kaya, A., Gerashchenko, M. V., Seim, |., Labarre, J., Toledano, M. B., &
Gladyshey, V. N. (2015). Adaptive aneuploidy protects against thiol
peroxidase deficiency by increasing respiration via key mitochondrial
proteins. Proceedings of the National Academy of Sciences of the United
States of America, 112(34), 10685-10690.
https://doi.org/10.1073/PNAS.1505315112/SUPPL_FILE/PNAS.1505315
112.SD01.XLS

Kaya, A., Mariotti, M., Tyshkovskiy, A., Zhou, X., Hulke, M. L., Ma, S.,
Gerashchenko, M. V., Koren, A., & Gladysheyv, V. N. (2020). Molecular
signatures of aneuploidy-driven adaptive evolution. Nature
Communications 2020 11:1, 11(1), 1-14. https://doi.org/10.1038/s41467-
019-13669-2

Kieffer, S. R., & Lowndes, N. F. (2022). Immediate-Early, Early, and Late
Responses to DNA Double Stranded Breaks. Frontiers in Genetics, 13.
https://doi.org/10.3389/FGENE.2022.793884

Kilani, S., & Chapman, M. G. (2014). Meiotic spindle normality predicts live
birth in patients with recurrent in&nbsp;vitro fertilization failure. Fertility
and Sterility, 101(2), 403-406.e1.
https://doi.org/10.1016/j.fertnstert.2013.10.045

Kim, H., Chen, J., & Yu, X. (2007). Ubiquitin-binding protein RAP80 mediates
BRCA1-dependent DNA damage response. Science, 316(5828), 1202—
1205.
https://doi.org/10.1126/SCIENCE.1139621/SUPPL_FILE/KIM.SOM.PDF

Kinoshita, E., Van Der Linden, E., Sanchez, H., & Wyman, C. (2009). RAD50,
an SMC family member with multiple roles in DNA break repair: how
does ATP affect function? Chromosome Research : An International
Journal on the Molecular, Supramolecular and Evolutionary Aspects of
Chromosome Biology, 17(2), 277. https://doi.org/10.1007/S10577-008-
9018-6



182

Kirkpatirck, D. P., & Radding, C. M. (1992). RecA protein promotes rapid
RNA-DNA hybridization in heterogeneous RNA mixtures. Nucleic Acids
Research, 20(16), 4347-4353. https://doi.org/10.1093/NAR/20.16.4347

Kirkpatirck, D. P., Rao, B. J., & Radding, C. M. (1992). RNA-DNA
hybridization promoted by E.coli RecA portein. Nucleic Acids Research,
20(16), 4339-4346. https://doi.org/10.1093/NAR/20.16.4339

Kirkpatrick, D. S., Bustos, D. J., Dogan, T., Chan, J., Phu, L., Young, A.,
Friedman, L. S., Belvin, M., Song, Q., Bakalarski, C. E., & Hoeflich, K. P.
(2013). Phosphoproteomic characterization of DNA damage response in
melanoma cells following MEK/PI3K dual inhibition. Proceedings of the
National Academy of Sciences of the United States of America, 110(48),
19426-19431.
https://doi.org/10.1073/PNAS.1309473110/SUPPL_FILE/SD03.PDF

Kirsch-Volders, M., Vanhauwaert, A., De Boeck, M., & Decordier, I. (2002).
Importance of detecting numerical versus structural chromosome
aberrations. Mutation Research - Fundamental and Molecular
Mechanisms of Mutagenesis, 504(1-2), 137—148.
https://doi.org/10.1016/S0027-5107(02)00087-8

Kissling, V. M., Reginato, G., Bianco, E., Kasaciunaite, K., Tilma, J.,
Cereghetti, G., Schindler, N., Lee, S. S., Guérois, R., Luke, B., Seidel,
R., Cejka, P., & Peter, M. (2022). Mre11-Rad50 oligomerization promotes
DNA double-strand break repair. Nature Communications, 13(1), 1-16.
https://doi.org/10.1038/s41467-022-29841-0

Kitagawa, R., Bakkenist, C. J., McKinnon, P. J., & Kastan, M. B. (2004).
Phosphorylation of SMC1 is a critical downstream event in the ATM-
NBS1-BRCA1 pathway. Genes & Development, 18(12), 1423-1438.
https://doi.org/10.1101/GAD.1200304

Klein, A. De, Muijtiens, M., Van Os, R., Verhoeven, Y., Smit, B., Carr, A. M.,
Lehmann, A. R., & Hoeijmakers, J. H. J. (2000). Targeted disruption of
the cell-cycle checkpoint gene ATR leads to early embryonic lethality in

mice. In Current Biology (Vol. 10). http://www.nbci.nlm.nih.gov/homology



183

Klippel, A., Escobedo, J. A., Fantl, W. J., & Williams, L. T. (1992). The C-
Terminal SH2 Domain of p85 Accounts for the High Affinity and
Specificity of the Binding of Phosphatidylinositol 3-Kinase to
Phosphorylated Platelet-Derived Growth Factor 3 Receptor. Molecular
and Cellular Biology, 12(4), 1451-1459.
https://doi.org/10.1128/MCB.12.4.1451-1459.1992

Klippel, A., Escobedo, M.-A., Wachowicz, M. S., Apell, G., Brown, T. W,,
Giedlin, M. A., Kavanaugh, W. M., & Williams, L. T. (1998). Activation of
Phosphatidylinositol 3-Kinase Is Sufficient for Cell Cycle Entry and
Promotes Cellular Changes Characteristic of Oncogenic Transformation.
Molecular and Cellular Biology, 18(10), 5699-5711.
https://doi.org/10.1128/MCB.18.10.5699

Knouse, K. A., Wu, J., Whittaker, C. A., & Amon, A. (2014). Single cell
sequencing reveals low levels of aneuploidy across mammalian tissues.
Proceedings of the National Academy of Sciences of the United States
of America, 111(37), 13409-13414.
https://doi.org/10.1073/PNAS.1415287111/SUPPL_FILE/PNAS.1415287
111.SFIG05.PDF

Kojima, K., Shimanuki, M., Shikami, M., Samudio, I. J., Ruvolo, V., Corn, P,,
Hanaoka, N., Konopleva, M., Andreeff, M., & Nakakuma, H. (2008). The
dual PI3 kinase/mTOR inhibitor PI-103 prevents p53 induction by Mdm2
inhibition but enhances p53-mediated mitochondrial apoptosis in p53
wild-type AML. Leukemia 2008 22:9, 22(9), 1728-1736.
https://doi.org/10.1038/leu.2008.158

Kolas, N. K., Chapman, J. R., Nakada, S., Ylanko, J., Chahwan, R.,
Sweeney, F. D., Panier, S., Mendez, M., Wildenhain, J., Thomson, T. M.,
Pelletier, L., Jackson, S. P., & Durocher, D. (2007). Orchestration of the
DNA-damage response by the RNF8 ubiquitin ligase. Science,
318(5856), 1637—-1640.
https://doi.org/10.1126/SCIENCE.1150034/SUPPL_FILE/KOLAS_SOM.
PDF



184

Konopleva, M., Martinelli, G., Daver, N., Papayannidis, C., Wei, A., Higgins,
B., Ott, M., Mascarenhas, J., & Andreeff, M. (2020). MDM2 inhibition: an
important step forward in cancer therapy. Leukemia 2020 34:11, 34(11),
2858-2874. https://doi.org/10.1038/s41375-020-0949-z

Kotsantis, P., Petermann, E., & Boulton, S. J. (2018). Mechanisms of
oncogene-induced replication stress: Jigsaw falling into place. Cancer
Discovery, 8(5), 537-555. https://doi.org/10.1158/2159-8290.CD-17-
1461/333699/P/MECHANISMS-OF-ONCOGENE-INDUCED-
REPLICATION-STRESS

Kozlov, S. V., Graham, M. E., Jakob, B., Tobias, F., Kijas, A. W., Tanuiji, M.,
Chen, P., Robinson, P. J., Taucher-Scholz, G., Suzuki, K., So, S., Chen,
D., & Lavin, M. F. (2011). Autophosphorylation and ATM activation:
Additional sites add to the complexity. Journal of Biological Chemistry,
286(11), 9107-9119.
https://doi.org/10.1074/JBC.M110.204065/ATTACHMENT/450A0FAB-
DA4B-4EA2-89AA-772BOE5AE806/MMC1.PDF

Krajewska, M., Dries, R., Grassetti, A. V., Dust, S., Gao, Y., Huang, H.,
Sharma, B., Day, D. S., Kwiatkowski, N., Pomaville, M., Dodd, O.,
Chipumuro, E., Zhang, T., Greenleaf, A. L., Yuan, G. C., Gray, N. S.,
Young, R. A., Geyer, M., Gerber, S. A., & George, R. E. (2019). CDK12
loss in cancer cells affects DNA damage response genes through
premature cleavage and polyadenylation. Nature Communications 2019
10:1, 10(1), 1-16. https://doi.org/10.1038/s41467-019-09703-y

Kramer, A., Mailand, N., Lukas, C., Syljuasen, R. G., Wilkinson, C. J., Nigg,
E. A., Bartek, J., & Lukas, J. (2004). Centrosome-associated Chk1
prevents premature activation of cyclin-B—Cdk1 kinase. Nature Cell
Biology 2004 6:9, 6(9), 884—891. https://doi.org/10.1038/ncb1165

Kroener, L. L., Ambartsumyan, G., Pisarska, M. D., Briton-Jones, C., Surrey,
M., & Hill, D. (2015). Increased blastomere number in cleavage-stage
embryos is associated with higher aneuploidy. Fertility and Sterility,
103(3), 694—698. https://doi.org/10.1016/J.FERTNSTERT.2014.12.090



185

Kromp, F., Balaban, B., Cottin, V., Saiz, |. C., Fancsovits, P., Fawzy, M.,
Findikli, N., Kovacic, B., Ljiljak, D., Rodero, I. M., Parmegiani, L., Shebl,
O., Wagner, R., Xie, M., & Ebner, T. (2022). O-285 Artificial intelligence
algorithms reach expert-level accuracy in automated grading of
blastocyst morphology assessment based on static embryo images and
Gardner criteria. Human Reproduction, 37(Supplement_1).
https://doi.org/10.1093/HUMREP/DEAC106.078

Krager, K., Geist, K., Stuhldreier, F., Schumacher, L., Blimel, L., Remke, M.,
Wesselborg, S., Stork, B., Klécker, N., Bormann, S., Roos, W. P.,
Honnen, S., & Fritz, G. (2018). Multiple DNA damage-dependent and
DNA damage-independent stress responses define the outcome of
ATR/Chk1 targeting in medulloblastoma cells. Cancer Letters, 430, 34—
46. https://doi.org/10.1016/J.CANLET.2018.05.011

Krystyniak, A., Garcia-Echeverria, C., Prigent, C., & Ferrari, S. (2005).
Inhibition of Aurora A in response to DNA damage. Oncogene 2006 25:3,
25(3), 338-348. https://doi.org/10.1038/sj.0nc.1209056

Kumagai, A., Lee, J., Yoo, H. Y., & Dunphy, W. G. (2006). TopBP1 activates
the ATR-ATRIP complex. Cell, 124(5), 943-955.
https://doi.org/10.1016/J.CELL.2005.12.041

Kumar, A., Fernadez-Capetillo, O., & Carrera, A. C. (2010). Nuclear
phosphoinositide 3-kinase 3 controls double-strand break DNA repair.
Proceedings of the National Academy of Sciences of the United States
of America, 107(16), 7491-7496.
https://doi.org/10.1073/PNAS.0914242107/SUPPL_FILE/SM07.MOV

Kunkel, T. A. (2004). DNA replication fidelity. The Journal of Biological
Chemistry, 279(17), 16895—-16898.
https://doi.org/10.1074/JBC.R400006200

Kunkel, T. A. (2009). Evolving views of DNA replication (in)fidelity. Cold
Spring Harbor Symposia on Quantitative Biology, 74, 91-101.
https://doi.org/10.1101/SQB.2009.74.027



186

Kushnir, V. A., Barad, D. H., Albertini, D. F., Darmon, S. K., & Gleicher, N.
(2017). Systematic review of worldwide trends in assisted reproductive
technology 2004-2013. Reproductive Biology and Endocrinology : RB&E,
15(1). https://doi.org/10.1186/S12958-016-0225-2

Lafrance-Vanasse, J., Williams, G. J., & Tainer, J. A. (2015). Envisioning the
dynamics and flexibility of Mre11-Rad50-Nbs1 complex to decipher its
roles in DNA replication and repair. Progress in Biophysics and
Molecular Biology, 117(2-3), 182—193.
https://doi.org/10.1016/J.PBIOMOLBIO.2014.12.004

Lagalla, C., Coticchio, G., Sciajno, R., Tarozzi, N., Zaca, C., & Borini, A.
(2020). Alternative patterns of partial embryo compaction: prevalence,
morphokinetic history and possible implications. Reproductive
Biomedicine Online, 40(3), 347-354.
https://doi.org/10.1016/J.RBM0.2019.11.011

Lambert, S., & Lopez, B. S. (2001). Role of RAD51 in sister-chromatid
exchanges in mammalian cells. Oncogene, 20(45), 6627—6631.
https://doi.org/10.1038/sj.onc.1204813

Lampson, M. A., & Cheeseman, I. M. (2011). Sensing centromere tension:
Aurora B and the regulation of kinetochore function. Trends in Cell
Biology, 21(3), 133—140. https://doi.org/10.1016/J.TCB.2010.10.007

Lane, D. P. (1992). p53, guardian of the genome. Nature, 358(6381), 15-16.
https://doi.org/10.1038/358015a0

Lane, T. F,, Deng, C., Elson, A,, Lyu, M. S., Kozak, C. A., & Leder, P. (1995).
Expression of Brca1 is associated with terminal differentiation of
ectodermally and mesodermally derived tissues in mice. Genes &
Development, 9(21), 2712-2722. https://doi.org/10.1101/GAD.9.21.2712

Larson, J. S., Tonkinson, J. L., & Lai, M. T. (1997). ABRCA1 Mutant Alters
G2-M Cell Cycle Control in Human Mammary Epithelial Cells. Cancer
Research, 57, 3351-3355. http://aacrjournals.org/cancerres/article-
pdf/57/16/3351/2464696/cr0570163351.pdf



187

Lavin, M. F. (2008). Ataxia-telangiectasia: from a rare disorder to a paradigm
for cell signalling and cancer. Nature Reviews. Molecular Cell Biology,
9(10), 759-769. https://doi.org/10.1038/NRM2514

Leclercq, G., Lacroix, M., Laios, I., & Laurent, G. (2006). Estrogen Receptor
Alpha: Impact of Ligands on Intracellular Shuttling and Turnover Rate in
Breast Cancer Cells. Current Cancer Drug Targets, 6(1), 39—-64.
https://doi.org/10.2174/156800906775471716

Lee, J., & Dunphy, W. G. (2010). Rad17 Plays a Central Role in
Establishment of the Interaction between TopBP1 and the Rad9-Hus1-
Rad1 Complex at Stalled Replication Forks. Molecular Biology of the
Cell, 21(6), 935. https://doi.org/10.1091/MBC.E09-11-0958

Lee, J., & Dunphy, W. G. (2013). The Mre11-Rad50-Nbs1 (MRN) complex
has a specific role in the activation of Chk1 in response to stalled
replication forks. Molecular Biology of the Cell, 24(9), 1343-1353.
https://doi.org/10.1091/MBC.E13-01-
0025/ASSET/IMAGES/LARGE/1343FIG5.JPEG

Lee, J. H., Goodarzi, A. A., Jeggo, P. A., & Paull, T. T. (2010). 53BP1
promotes ATM activity through direct interactions with the MRN complex.
The EMBO Journal, 29(3), 574-585.
https://doi.org/10.1038/EMB0J.2009.372

Lee, J. H., & Paull, T. T. (2004). Direct activation of the ATM protein kinase by
the Mre11/Rad50/Nbs1 complex. Science (New York, N.Y.), 304(5667),
93-96. https://doi.org/10.1126/SCIENCE.1091496

Lee, J. H., & Paull, T. T. (2005). ATM activation by DNA double-strand breaks
through the Mre11-Rad50-Nbs1 complex. Science (New York, N.Y.),
308(5721), 551-554. https://doi.org/10.1126/SCIENCE.1108297

Lee, Y.-C., Zhou, Q., Chen, J., & Yuan, J. (2016). RPA-Binding Protein
ETAA1 Is an ATR Activator Involved in DNA Replication Stress
Response Article RPA-Binding Protein ETAA1 Is an ATR Activator
Involved in DNA Replication Stress Response. Current Biology, 26,
3257-3268. https://doi.org/10.1016/j.cub.2016.10.030



188

Lens, S. M. A., & Medema, R. H. (2018). Cytokinesis defects and cancer.
Nature Reviews Cancer, 19(1), 32—45. https://doi.org/10.1038/s41568-
018-0084-6

Levine, A. J., Hu, W., & Feng, Z. (2006). The P53 pathway: what questions
remain to be explored? Cell Death & Differentiation 2006 13:6, 13(6),
1027-1036. https://doi.org/10.1038/sj.cdd.4401910

Li, M., Fang, X., Baker, D. J., Guo, L., Gao, X., Wei, Z., Han, S., Van
Deursen, J. M., & Zhang, P. (2010). The ATM-p53 pathway suppresses
aneuploidy-induced tumorigenesis. Proceedings of the National
Academy of Sciences of the United States of America, 107(32), 14188—
14193.
https://doi.org/10.1073/PNAS.1005960107/SUPPL_FILE/PNAS.2010059
60SI|.PDF

Li, R., & Zhu, J. (2022). Effects of aneuploidy on cell behaviour and function.
Nature Reviews Molecular Cell Biology 2022 23:4, 23(4), 250—265.
https://doi.org/10.1038/s41580-021-00436-9

Li, X., & Heyer, W. D. (2008). Homologous recombination in DNA repair and
DNA damage tolerance. Cell Research, 18(1), 99-113.
https://doi.org/10.1038/CR.2008.1

Li, Y., Schwab, C., Ryan, S. L., Papaemmanuil, E., Robinson, H. M., Jacobs,
P., Moorman, A. V., Dyer, S., Borrow, J., Griffiths, M., Heerema, N. A,,
Carroll, A. J., Talley, P., Bown, N., Telford, N., Ross, F. M., Gaunt, L.,
McNally, R. J. Q., Young, B. D., ... Harrison, C. J. (2014). Constitutional
and somatic rearrangement of chromosome 21 in acute lymphoblastic
leukaemia. Nature, 508(7494), 98—102.
https://doi.org/10.1038/NATURE 13115

Li, Z., Li, J., Kong, Y., Yan, S., Ahmad, N., & Liu, X. (2017). PIk1
phosphorylation of Mre11 antagonizes the DNA damage response.
Cancer Research, 77(12), 3169-3180. https://doi.org/10.1158/0008-
5472.CAN-16-2787/652788/AM/PLK1-PHOSPHORYLATION-OF-
MRE11-ANTAGONIZES-THE-DNA



189

Lim, D. C., Joukov, V., Rettenmaier, T. J., Kumagai, A., Dunphy, W. G., Wells,
J. A, & Yaffe, M. B. (2020). Redox priming promotes Aurora A activation
during mitosis. Science Signaling, 13(641), 6707.
https://doi.org/10.1126/SCISIGNAL.ABB6707/SUPPL_FILE/ABB6707_S
M.PDF

Lin, J. C., Jeong, S., Liang, G., Takai, D., Fatemi, M., Tsai, Y. C., Egger, G.,
Gal-Yam, E. N., & Jones, P. A. (2007). Role of Nucleosomal Occupancy
in the Epigenetic Silencing of the MLH1 CpG Island. Cancer Cell, 12(5),
432. https://doi.org/10.1016/J.CCR.2007.10.014

Lin, W.-C., Lin, F.-T., & Nevins, J. R. (2001). Selective induction of E2F1 in
response to DNA damage, mediated by ATM-dependent
phosphorylation. www.genesdev.org

Lingle, W. L., Barrett, S. L., Negron, V. C., D’Assoro, A. B., Boeneman, K.,
Liu, W., Whitehead, C. M., Reynolds, C., & Salisbury, J. L. (2002).
Centrosome amplification drives chromosomal instability in breast tumor
development. Proceedings of the National Academy of Sciences of the
United States of America, 99(4), 1978-1983.
https://doi.org/10.1073/PNAS.032479999

Lisby, M., Mortensen, U. H., & Rothstein, R. (2003). Colocalization of multiple
DNA double-strand breaks at a single Rad52 repair centre. Nature Cell
Biology 2003 5:6, 5(6), 572-577. https://doi.org/10.1038/ncb997

Liu, C., Srihari, S., Cao, K. A. L., Chenevix-Trench, G., Simpson, P. T.,
Ragan, M. A., & Khanna, K. K. (2014). A fine-scale dissection of the DNA
double-strand break repair machinery and its implications for breast
cancer therapy. Nucleic Acids Research, 42(10), 6106—6127.
https://doi.org/10.1093/NAR/GKU284

Liu, C. Y., Flesken-Nikitin, A., Li, S., Zeng, Y., & Lee, W. H. (1996).
Inactivation of the mouse Brca1 gene leads to failure in the
morphogenesis of the egg cylinder in early postimplantation
development. Genes & Development, 10(14), 1835—1843.
https://doi.org/10.1101/GAD.10.14.1835



190

Liu, G., Yun, M., Yong, J., Choi, H., Pavelka, N., & Correspondence, G. R.
(2015). Gene Essentiality Is a Quantitative Property Linked to Cellular
Evolvability. CELL, 163, 1388—-1399.
https://doi.org/10.1016/j.cell.2015.10.069

Liu, S., Shiotani, B., Lahiri, M., Maréchal, A., Tse, A., Leung, C. C. Y., Glover,
J.N. M., Yang, X. H., & Zou, L. (2011). ATR Autophosphorylation as a
Molecular Switch for Checkpoint Activation. Molecular Cell, 43(2), 192.
https://doi.org/10.1016/J.MOLCEL.2011.06.019

Liu, X., Hammel, M., He, Y., Tainer, J. A, Jeng, U. S., Zhang, L., Wang, S., &
Wang, X. (2013). Structural insights into the interaction of IL-33 with its
receptors. Proceedings of the National Academy of Sciences of the
United States of America, 110(37), 14918-14923.
https://doi.org/10.1073/PNAS.1308651110/SUPPL_FILE/PNAS.2013086
51S1.PDF

Liu, X., Wu, H., Loring, J., Hormuzdi, S., Disteche, C. M., Bornstein, P., &
Jaenisch, R. (1997). Trisomy Eight in ES Cells Is a Common Potential
Problem in Gene Targeting and Interferes With Germ Line Transmission.
Dev. Dyn, 209, 85-91. https://doi.org/10.1002/(SICI)1097-
0177(199705)209:1

Liu, Y., Borel, C., Li, L., Mdller, T., Williams, E. G., Germain, P. L., Buljan, M.,
Sajic, T., Boersema, P. J., Shao, W., Faini, M., Testa, G., Beyer, A.,
Antonarakis, S. E., & Aebersold, R. (2017). Systematic proteome and
proteostasis profiling in human Trisomy 21 fibroblast cells. Nature
Communications, 8(1), 1-15. https://doi.org/10.1038/s41467-017-01422-
6

Liu, Y., Sung, S., Kim, Y., Li, F., Gwon, G., Jo, A., Kim, A., Kim, T., Song, O.,
Lee, S. E., & Cho, Y. (2016). ATP -dependent DNA binding, unwinding,
and resection by the Mre11/Rad50 complex . The EMBO Journal, 35(7),
743-758.
https://doi.org/10.15252/EMBJ.201592462/SUPPL_FILE/EMBJ2015924
62-SUP-0006-TABLEEV1.DOCX



191

Liu, Y., Vaithiyalingam, S., Shi, Q., Chazin, W. J., & Zinkel, S. S. (2011). BID
Binds to Replication Protein A and Stimulates ATR Function following
Replicative Stress. Molecular and Cellular Biology, 31(21), 4298.
https://doi.org/10.1128/MCB.05737-11

Logsdon, D. M., Churchwell, A., Schoolcraft, W. B., Krisher, R. L., & Yuan, Y.
(2023). Estrogen signaling encourages blastocyst development and
implantation potential. Journal of Assisted Reproduction and Genetics,
40(5), 1003. https://doi.org/10.1007/S10815-023-02783-2

Long, D. T., Joukov, V., Budzowska, M., & Walter, J. C. (2014). BRCA1
promotes unloading of the CMG helicase from a stalled DNA replication
fork. Molecular Cell, 56(1), 174—185.
https://doi.org/10.1016/J.MOLCEL.2014.08.012

Lopes, M., Foiani, M., & Sogo, J. M. (2006). Multiple Mechanisms Control
Chromosome Integrity after Replication Fork Uncoupling and Restart at
Irreparable UV Lesions. Molecular Cell, 21, 15-27.
https://doi.org/10.1016/j.molcel.2005.11.015

Lopez-Girona, A., Furnari, B., Mondesert, O., & Russell, P. (1999). Nuclear
localization of Cdc25 is regulated by DNA damage and a 14-3-3 protein.
Nature, 397(6715), 172—175. https://doi.org/10.1038/16488

Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G.
(2013). The Hallmarks of Aging. Cell, 153(6), 1194-1217.
https://doi.org/10.1016/J.CELL.2013.05.039

Loughran, O., & Thangue, N. B. La. (2000). Apoptotic and Growth-Promoting
Activity of E2F Modulated by MDM2. Molecular and Cellular Biology,
20(6), 2186-2197. https://doi.org/10.1128/MCB.20.6.2186-2197.2000

Loveday, C., Turnbull, C., Ramsay, E., Hughes, D., Ruark, E., Frankum, J.
R., Bowden, G., Kalmyrzaeyv, B., Warren-Perry, M., Snape, K., Adlard, J.
W., Barwell, J., Berg, J., Brady, A. F., Brewer, C., Brice, G., Chapman,
C., Cook, J., Davidson, R., ... Rahman, N. (2011). Germline mutations in
RAD51D confer susceptibility to ovarian cancer. Nature Genetics 2011
43:9, 43(9), 879-882. https://doi.org/10.1038/ng.893



192

Loveday, C., Turnbull, C., Ruark, E., Xicola, R. M. M., Ramsay, E., Hughes,
D., Warren-Perry, M., Snape, K., Eccles, D., Evans, D. G., Gore, M.,
Renwick, A., Seal, S., Antoniou, A. C., & Rahman, N. (2012). Germline
RADS51C mutations confer susceptibility to ovarian cancer. Nature
Genetics 2012 44:5, 44(5), 475-476. https://doi.org/10.1038/ng.2224

Ludwig, T., Chapman, D. L., Papaioannou, V. E., & Efstratiadis, A. (1997).
Targeted mutations of breast cancer susceptibility gene homologs in
mice: lethal phenotypes of Brca1, Brca2, Brca1/Brca2, Brca1/p53, and
Brca2/p53 nullizygous embryos. Genes & Development, 11(10), 1226—
1241. https://doi.org/10.1101/GAD.11.10.1226

Lukas, C., Savic, V., Bekker-Jensen, S., Doil, C., Neumann, B., Pedersen, R.
S., Grghfte, M., Chan, K. L., Hickson, I. D., Bartek, J., & Lukas, J.
(2011). 53BP1 nuclear bodies form around DNA lesions generated by
mitotic transmission of chromosomes under replication stress. Nature
Cell Biology, 13(3), 243-253. https://doi.org/10.1038/ncb2201

Lukas, J., Lukas, C., & Bartek, J. (2011). More than just a focus: The
chromatin response to DNA damage and its role in genome integrity
maintenance. Nature Cell Biology, 13(10), 1161-1169.
https://doi.org/10.1038/ncb2344

Lukow, D. A., Sausville, E. L., Suri, P., Chunduri, N. K., Wieland, A., Leu, J.,
Smith, J. C., Girish, V., Kumar, A. A, Kendall, J., Wang, Z., Storchova,
Z., & Sheltzer, J. M. (2021). Chromosomal instability accelerates the
evolution of resistance to anti-cancer therapies. Developmental Cell,
56(17), 2427-2439.e4. https://doi.org/10.1016/j.devcel.2021.07.009

Lundgren, K., Montes De Oca Luna, R., McNeill, Y. B., Emerick, E. P,,
Spencer, B., Barfield, C. R., Lozano, G., Rosenberg, M. P., & Finlay, C.
A. (1997). Targeted expression of MDM2 uncouples S phase from
mitosis and inhibits mammary gland development independent of p53.
Genes & Development, 11(6), 714—725.
https://doi.org/10.1101/GAD.11.6.714



193

Luo, G., Yao, M. S., Bender, C. F., Mills, M., Bladl, A. R., Bradley, A., &
Petrini, J. H. J. (1999). Disruption of mRad50 causes embryonic stem
cell lethality, abnormal embryonic development, and sensitivity to
ionizing radiation. Proceedings of the National Academy of Sciences,
96(13), 7376—7381. https://doi.org/10.1073/PNAS.96.13.7376

Luo, W., Guo, T., Li, G, Liu, R., Zhao, S., Song, M., Zhang, L., Wang, S.,
Chen, Z. J., & Qin, Y. (2020). Variants in Homologous Recombination
Genes EXO1 and RAD51 Related with Premature Ovarian Insufficiency.
The Journal of Clinical Endocrinology & Metabolism, 105(10), e3566—
e3574. https://doi.org/10.1210/CLINEM/DGAA505

Luoto, K. R., Meng, A. X., Wasylishen, A. R., Zhao, H., Coackley, C. L., Penn,
L. Z., & Bristow, R. G. (2010). Tumor cell kill by c-MYC depletion: Role of
MY C-regulated genes that control DNA double-strand break repair.
Cancer Research, 70(21), 8748—-8759. https://doi.org/10.1158/0008-
5472.CAN-10-0944/656358/P/ TUMOR-CELL-KILL-BY-C-MYC-
DEPLETION-ROLE-OF-MYC

Ma, C. X,, Cai, S, Li, S., Ryan, C. E., Guo, Z., Schaiff, W. T, Lin, L., Hoog,
J., Goiffon, R. J., Prat, A., Aft, R. L., Ellis, M. J., & Piwnica-Worms, H.
(2012). Targeting Chk1 in p53-deficient triple-negative breast cancer is
therapeutically beneficial in human-in-mouse tumor models. The Journal
of Clinical Investigation, 122(4), 1541-1552.
https://doi.org/10.1172/JCI58765

Maacke, H., Jost, K., Opitz, S., Miska, S., Yuan, Y., Hasselbach, L., Littges,
J., Kalthoff, H., & Stirzbecher, H. W. (2000). DNA repair and
recombination factor Rad51 is over-expressed in human pancreatic
adenocarcinoma. Oncogene, 19(23), 2791-2795.
https://doi.org/10.1038/SJ.ONC.1203578

Maacke, H., Opitz, S., Jost, K., Hamdorf, W., Henning, W., Kruger, S. K.,
Feller, A. C., Lopens, A., Diedrich, K., Schwinger, E., &
St'urzbecherst urzbecher, H.-W. (2000). OVER-EXPRESSION OF
WILD-TYPE RAD51 CORRELATES WITH HISTOLOGICAL GRADING



194

OF INVASIVE DUCTAL BREAST CANCER.
https://doi.org/10.1002/1097-0215(20001215)88:6

Maciejewska, Z., Polanski, Z., Kisiel, K., Kubiak, J. Z., & Ciemerych, M. A.
(2009). Spindle assembly checkpoint-related failure perturbs early
embryonic divisions and reduces reproductive performance of LT/Sv
mice. Reproduction, 137(6), 931-942. https://doi.org/10.1530/REP-09-
0011

Mackay, D. R., & Ullman, K. S. (2015). ATR and a Chk1-Aurora B pathway
coordinate postmitotic genome surveillance with cytokinetic abscission.
Molecular Biology of the Cell, 26(12), 2217.
https://doi.org/10.1091/MBC.E14-11-1563

MacLachlan, T. K., Dash, B. C., Dicker, D. T., & El-Deiry, W. S. (2000).
Repression of BRCA1 through a feedback loop involving p53. The
Journal of Biological Chemistry, 275(41), 31869-31875.
https://doi.org/10.1074/JBC.M003338200

Macleod, K. F., Hu, Y., & Jacks, T. (1996). Loss of Rb activates both p53-
dependent and independent cell death pathways in the developing
mouse nervous system. The EMBO Journal, 15(22), 6178.
https://doi.org/10.1002/j.1460-2075.1996.tb01006.x

Mahaney, B. L., Meek, K., & Lees-Miller, S. P. (2009). Repair of ionizing
radiation-induced DNA double-strand breaks by non-homologous end-
joining. Biochemical Journal, 417(3), 639-650.
https://doi.org/10.1042/BJ20080413

Mailand, N., Bekker-densen, S., Bartek, J., & Lukas, J. (2006). Destruction of
Claspin by SCFBTrCP Restrains Chk1 Activation and Facilitates
Recovery from Genotoxic Stress. Molecular Cell, 23(3), 307-318.
https://doi.org/10.1016/j.molcel.2006.06.016

Mailand, N., Bekker-densen, S., Faustrup, H., Melander, F., Bartek, J., Lukas,
C., & Lukas, J. (2007). RNF8 Ubiquitylates Histones at DNA Double-
Strand Breaks and Promotes Assembly of Repair Proteins. Cell, 131(5),
887-900. https://doi.org/10.1016/j.cell.2007.09.040



195

Makinwa, Y., Cartwright, B. M., Musich, P. R., Li, Z., Biswas, H., & Zou, Y.
(2020). PP2A Regulates Phosphorylation-Dependent Isomerization of
Cytoplasmic and Mitochondrial-Associated ATR by Pin1 in DNA Damage
Responses. Frontiers in Cell and Developmental Biology, 8, 527538.
https://doi.org/10.3389/FCELL.2020.00813/BIBTEX

Manic, G., Obrist, F., Sistigu, A., & Vitale, I. (2015). Trial Watch: Targeting
ATM-CHK2 and ATR-CHK1 pathways for anticancer therapy. Molecular
& Cellular Oncology, 2(4).
https://doi.org/10.1080/23723556.2015.1012976

Manickavinayaham, S., Dennehey, B. K., Johnson, D. G., Pentimalli, F., &
Giordano, A. (2021). Direct Regulation of DNA Repair by E2F and RB in
Mammals and Plants: Core Function or Convergent Evolution? Cancers
2021, Vol. 13, Page 934, 13(5), 934.
https://doi.org/10.3390/CANCERS 13050934

Manna, C., Nanni, L., Lumini, A., & Pappalardo, S. (2013). Artificial
intelligence techniques for embryo and oocyte classification.
Reproductive BioMedicine Online, 26(1), 42—49.
https://doi.org/10.1016/J.RBMO.2012.09.015

Manzo, G. (2019). Similarities Between Embryo Development and Cancer
Process Suggest New Strategies for Research and Therapy of Tumors:
A New Point of View. Frontiers in Cell and Developmental Biology,
7(MAR). https://doi.org/10.3389/FCELL.2019.00020

Marabitti, V., Lillo, G., Malacaria, E., Palermo, V., Pichierri, P., & Franchitto, A.
(2020). Checkpoint Defects Elicit a WRNIP1-Mediated Response to
Counteract R-Loop-Associated Genomic Instability. Cancers 2020, Vol.
12, Page 389, 12(2), 389. https://doi.org/10.3390/CANCERS12020389

Marcand, S. (2014). How do telomeres and NHEJ coexist? Molecular &
Cellular Oncology, 1(3). https://doi.org/10.4161/23723548.2014.963438

Marchal, C., Sima, J., & Gilbert, D. M. (2019). Control of DNA replication
timing in the 3D genome. Nature Reviews Molecular Cell Biology,
20(12), 721-737. https://doi.org/10.1038/s41580-019-0162-y



196

Marchenko, N. D., Wolff, S., Erster, S., Becker, K., & Moll, U. M. (2007).
Monoubiquitylation promotes mitochondrial p53 translocation. EMBO
Journal, 26(4), 923-934.
https://doi.org/10.1038/SJ.EMBOJ.7601560/SUPPL_FILE/EMBJ760156
0-SUP-0003.DOC

Mardin, B. R., Drainas, A. P., Waszak, S. M., Weischenfeldt, J., Isokane, M.,
Stitz, A. M., Raeder, B., Efthymiopoulos, T., Buccitelli, C., Segura-Wang,
M., Northcott, P., Pfister, S. M., Lichter, P., Ellenberg, J., & Korbel, J. O.
(2015). A cell-based model system links chromothripsis with hyperploidy.
Molecular Systems Biology, 11(9).
https://doi.org/10.15252/MSB.20156505

Maréchal, A., & Zou, L. (2013). DNA Damage Sensing by the ATM and ATR
Kinases. Cold Spring Harbor Perspectives in Biology, 5(9).
https://doi.org/10.1101/CSHPERSPECT.A012716

Margolis, R. L., Lohez, O. D., & Andreassen, P. R. (2003). G1 tetraploidy
checkpoint and the suppression of tumorigenesis. Journal of Cellular
Biochemistry, 88(4), 673—683. https://doi.org/10.1002/JCB.10411

Mari, P. O., Florea, B. |., Persengiev, S. P., Verkaik, N. S., Briggenwirth, H.
T., Modesti, M., Giglia-Mari, G., Bezstarosti, K., Demmers, J. A. A,,
Luider, T. M., Houtsmuller, A. B., & Van Gent, D. C. (2006). Dynamic
assembly of end-joining complexes requires interaction between
Ku70/80 and XRCCA4. Proceedings of the National Academy of Sciences
of the United States of America, 103(49), 18597-18602.
https://doi.org/10.1073/PNAS.0609061103/SUPPL_FILE/IMAGE530.GIF

Marqués, M., Kumar, A., Cortés, |., Gonzalez-Garcia, A., Hernandez, C.,
Moreno-Ortiz, M. C., & Carrera, A. C. (2008). Phosphoinositide 3-
Kinases p110a and p110B Regulate Cell Cycle Entry, Exhibiting Distinct
Activation Kinetics in G1 Phase. Molecular and Cellular Biology, 28(8),
2803-2814. https://doi.org/10.1128/MCB.01786-07

Marquis, S. T., Rajan, J. V., Wynshaw-Boris, A., Xu, J., Yin, G. Y., Abel, K. J.,
Weber, B. L., & Chodosh, L. A. (1995). The developmental pattern of



197

Brca1 expression implies a role in differentiation of the breast and other
tissues. Nature Genetics, 11(1), 17-26. https://doi.org/10.1038/NG0995-
17

Maser, R. S., Monsen, K. J., Nelms, B. E., & Petrini, J. H. J. (1997). hMre11
and hRad50 Nuclear Foci Are Induced During the Normal Cellular
Response to DNA Double-Strand Breaks 1. Molecular and Cellular
Biology, 17(10), 6087—-6096. https://doi.org/10.1128/MCB.17.10.6087

Maslov, A. Y., & Vijg, J. (2009). Genome instability, cancer and aging.
Biochimica et Biophysica Acta (BBA) - General Subjects, 1790(10), 963—
969. https://doi.org/10.1016/J.BBAGEN.2009.03.020

Mason, J. M., Chan, Y. L., Weichselbaum, R. W., & Bishop, D. K. (2019).
Non-enzymatic roles of human RADS1 at stalled replication forks. Nature
Communications 2019 10:1, 10(1), 1-11. https://doi.org/10.1038/s41467-
019-12297-0

Masson, J. Y., Tarsounas, M. C., Stasiak, A. Z., Stasiak, A., Shah, R.,
Mcllwraith, M. J., Benson, F. E., & West, S. C. (2001). Identification and
purification of two distinct complexes containing the five RAD51
paralogs. Genes & Development, 15(24), 3296-3307.
https://doi.org/10.1101/GAD.947001

Matsumoto, Y., Miyamoto, T., Sakamoto, H., lzumi, H., Nakazawa, Y., Ogi, T.,
Tahara, H., Oku, S., Hiramoto, A., Shiiki, T., Fujisawa, Y., Ohashi, H.,
Sakemi, Y., & Matsuura, S. (2011). Two unrelated patients with MRE11A
mutations and Nijmegen breakage syndrome-like severe microcephaly.
DNA Repair, 10(3), 314-321.
https://doi.org/10.1016/J.DNAREP.2010.12.002

Matsuoka, S., Ballif, B. A., Smogorzewska, A., McDonald, E. R., Hurov, K. E.,
Luo, J., Bakalarski, C. E., Zhao, Z., Solimini, N., Lerenthal, Y., Shiloh, Y.,
Gyqi, S. P., & Elledge, S. J. (2007). ATM and ATR substrate analysis
reveals extensive protein networks responsive to DNA damage. Science,
316(5828), 1160-1166. https://doi.org/10.1126/SCIENCE.1140321



198

Matsuoka, S., Huang, M., & Elledge, S. J. (1998). Linkage of ATM to cell
cycle regulation by the Chk2 protein kinase. Science, 282(5395), 1893—
1897. https://doi.org/10.1126/SCIENCE.282.5395.1893

Matsuoka, S., Rotman, G., Ogawa, A., Shiloh, Y., Tamai, K., & Elledge, S. J.
(2000). Ataxia telangiectasia-mutated phosphorylates Chk2 in vivo and
in vitro. Proceedings of the National Academy of Sciences, 97(19),
10389-10394. https://doi.org/10.1073/PNAS.190030497

Maya-Mendoza, A., Moudry, P., Merchut-Maya, J. M., Lee, M., Strauss, R., &
Bartek, J. (2018). High speed of fork progression induces DNA
replication stress and genomic instability. Nature, 559(7713), 279-284.
https://doi.org/10.1038/s41586-018-0261-5

May-Panloup, P., Chrétien, M. F., Jacques, C., Vasseur, C., Malthiery, Y., &
Reynier, P. (2005). Low oocyte mitochondrial DNA content in ovarian
insufficiency. Human Reproduction, 20(3), 593-597.
https://doi.org/10.1093/HUMREP/DEH667

Mazia, D. (1987). The chromosome cycle and the centrosome cycle in the
mitotic cycle. International Review of Cytology, 100(C), 49-92.
https://doi.org/10.1016/S0074-7696(08)61698-8

McBride, K. A., Ballinger, M. L., Killick, E., Kirk, J., Tattersall, M. H. N., Eeles,
R. A., Thomas, D. M., & Mitchell, G. (2014). Li-Fraumeni syndrome:
cancer risk assessment and clinical management. Nature Reviews.
Clinical Oncology, 11(5), 260-271.
https://doi.org/10.1038/NRCLINONC.2014.41

McClure, M. B., Kogure, Y., Ansari-Pour, N., Saito, Y., Chao, H.-H., Shepherd,
J., Tabata, M., Olopade, O. |., Wedge, D. C., Hoadley, K. A., Perou, C.
M., & Kataoka, K. (2023). Landscape of Genetic Alterations Underlying
Hallmark Signature Changes in Cancer Reveals TP53 Aneuploidy-driven
Metabolic Reprogramming. Cancer Research Communications, 3(2),
281-296. https://doi.org/10.1158/2767-9764.CRC-22-0073

Mcconnell, A. M., Yao, C., Yeckes, A. R., Tang, J., Kirsch, D. G., Stripp
Correspondence, B. R., Wang, Y., Selvaggio, A. S., & Stripp, B. R.



199

(2016). p53 Regulates Progenitor Cell Quiescence and Differentiation in
the Airway Accession Numbers GSE78045 Cell Reports Report p53
Regulates Progenitor Cell Quiescence and Differentiation in the Airway.
CellReports, 17, 2173—-2182. https://doi.org/10.1016/j.celrep.2016.11.007

McConnell, M. J., Lindberg, M. R., Brennand, K. J., Piper, J. C., Voet, T.,
Cowing-Zitron, C., Shumilina, S., Lasken, R. S., Vermeesch, J. R., Hall,
I. M., & Gage, F. H. (2013). Mosaic copy number variation in human
neurons. Science, 342(6158), 632—-637.
https://doi.org/10.1126/SCIENCE.1243472/SUPPL_FILE/1243472_TABL
ES3.XLSX

McCulley, J. L., & Petes, T. D. (2010). Chromosome rearrangements and
aneuploidy in yeast strains lacking both Tel1p and Mec1p reflect
deficiencies in two different mechanisms. Proceedings of the National
Academy of Sciences of the United States of America, 107(25), 11465—
11470. https://doi.org/10.1073/PNAS.1006281107/-
/IDCSUPPLEMENTAL/PNAS.201006281S1.PDF

McLendon, R., Friedman, A., Bigner, D., Van Meir, E. G., Brat, D. J.,
Mastrogianakis, G. M., Olson, J. J., Mikkelsen, T., Lehman, N., Aldape,
K., Yung, W. K. A,, Bogler, O., Weinstein, J. N., VandenBerg, S., Berger,
M., Prados, M., Muzny, D., Morgan, M., Scherer, S., ... Thomson, E.
(2008). Comprehensive genomic characterization defines human
glioblastoma genes and core pathways. Nature, 455(7216), 1061-1068.
https://doi.org/10.1038/nature07385

McNees, C. J., Tejera, A. M., Martinez, P., Murga, M., Mulero, F., Fernandez-
Capetillo, O., & Blasco, M. A. (2010). ATR suppresses telomere fragility
and recombination but is dispensable for elongation of short telomeres
by telomerase. Journal of Cell Biology, 188(5), 639-652.
https://doi.org/10.1083/JCB.200908136

Meerang, M., Ritz, D., Paliwal, S., Garajova, Z., Bosshard, M., Mailand, N.,
Janscak, P., Hibscher, U., Meyer, H., & Ramadan, K. (2011). The

ubiquitin-selective segregase VCP/p97 orchestrates the response to



200

DNA double-strand breaks. Nature Cell Biology, 13(11), 1376—-1382.
https://doi.org/10.1038/ncb2367

Meier, A., Fiegler, H., Mloz, P., Ellis, P., Rigler, D., Langford, C., Blasco, M.
A., Carter, N., & Jackson, S. P. (2007). Spreading of mammalian DNA-
damage response factors studied by ChlP-chip at damaged telomeres.
EMBO Journal, 26(11), 2707-2718.
https://doi.org/10.1038/SJ.EMB0OJ.7601719/SUPPL_FILE/EMBJ760171
9-SUP-0004.DOC

Meijers-Heijboer, H., Van den Ouweland, A., Klijn, J., Wasielewski, M., De
Shoo, A., Oldenburg, R., Hollestelle, A., Houben, M., Crepin, E., Van
Veghel-Plandsoen, M., Elstrodt, F., Van Duijn, C., Barrels, C., Meijerstte,
C., Schutte, M., McGuffog, L., Thompson, D., Easton, D. F., Sodha, N.,
... Stratton, M. R. (2002). Low-penetrance susceptibility to breast cancer
due to CHEK2*1100delC in noncarriers of BRCA1 or BRCA2 mutations.
Nature Genetics 2002 31:1, 31(1), 55-59. https://doi.org/10.1038/ng879

Melixetian, M., Klein, D. K., Sgrensen, C. S., & Helin, K. (2009). NEK11
regulates CDC25A degradation and the IR-induced G2/M checkpoint.
Nature Cell Biology, 11(10), 1247-1253. https://doi.org/10.1038/ncb1969

Mello, S. S., & Attardi, L. D. (2018). Deciphering p53 signaling in tumor
suppression. Current Opinion in Cell Biology, 51, 65-72.
https://doi.org/10.1016/J.CEB.2017.11.005

Melnick, A. P., Setton, R., Murphy, E. M., Rosenwaks, Z., & Spandorfer, S. D.
(2015). Elevated estradiol levels post-trigger are associated with
increased aneuploidy rates. Fertility and Sterility, 104(3), e119.
https://doi.org/10.1016/j.fertnstert.2015.07.366

Mendiratta, G., Ke, E., Aziz, M., Liarakos, D., Tong, M., & Stites, E. C. (2021).
Cancer gene mutation frequencies for the U.S. population. Nature
Communications, 12(1), 1-11. https://doi.org/10.1038/s41467-021-
26213-y



201

Menolfi, D., & Zha, S. (2020). ATM, ATR and DNA-PKcs kinases—the
lessons from the mouse models: inhibition # deletion. Cell & Bioscience,
10(1), 1-15. https://doi.org/10.1186/S13578-020-0376-X

Mertzanidou, A., Wilton, L., Cheng, J., Spits, C., Vanneste, E., Moreau, Y.,
Vermeesch, J. R., & Sermon, K. (2013). Microarray analysis reveals
abnormal chromosomal complements in over 70% of 14 normally
developing human embryos. Human Reproduction (Oxford, England),
28(1), 256—264. https://doi.org/10.1093/HUMREP/DES362

Mihalas, B. P., De luliis, G. N., Redgrove, K. A., McLaughlin, E. A., & Nixon,
B. (2017). The lipid peroxidation product 4-hydroxynonenal contributes
to oxidative stress-mediated deterioration of the ageing oocyte. Scientific
Reports, 7(1), 1-18. https://doi.org/10.1038/s41598-017-06372-z

Mijic, S., Zellweger, R., Chappidi, N., Berti, M., Jacobs, K., Mutreja, K.,
Ursich, S., Ray Chaudhuri, A., Nussenzweig, A., Janscak, P., & Lopes,
M. (2017). Replication fork reversal triggers fork degradation in BRCA2-
defective cells. Nature Communications, 8(1), 1-11.
https://doi.org/10.1038/s41467-017-01164-5

Mijit, M., Caracciolo, V., Melillo, A., Amicarelli, F., & Giordano, A. (2020). Role
of p53 in the Regulation of Cellular Senescence. Biomolecules, 10(3),
420. https://doi.org/10.3390/BIOM10030420

Millis, S. Z., Ikeda, S., Reddy, S., Gatalica, Z., & Kurzrock, R. (2016).
Landscape of Phosphatidylinositol-3-Kinase Pathway Alterations Across
19 784 Diverse Solid Tumors. JAMA Oncology, 2(12), 1565-1573.
https://doi.org/10.1001/JAMAONCOL.2016.0891

Mimitou, E. P., & Symington, L. S. (2010). Ku prevents Exo1 and Sgs1-
dependent resection of DNA ends in the absence of a functional MRX
complex or Sae2. EMBO Journal, 29(19), 3358-3369.
https://doi.org/10.1038/EMB0J.2010.193/SUPPL_FILE/EMBJ2010193.R
EVIEWER_COMMENTS.PDF

Miyamoto, R., Morino, H., Yoshizawa, A., Miyazaki, Y., Maruyama, H.,

Murakami, N., Fukada, K., lzumi, Y., Matsuura, S., Kaji, R., & Kawakami,



202

H. (2014). Exome sequencing reveals a novel MRE11 mutation in a
patient with progressive myoclonic ataxia. Journal of the Neurological
Sciences, 337(1-2), 219-223.
https://doi.org/10.1016/J.JNS.2013.11.032

Miyara, F., Aubriot, F. X., Glissant, A., Nathan, C., Douard, S., Stanovici, A.,
Herve, F., Dumont-Hassan, M., LeMeur, A., Cohen-Bacrie, P., & Debey,
P. (2003). Multiparameter analysis of human oocytes at metaphase Il
stage after IVF failure in non-male infertility. Human Reproduction, 18(7),
1494-1503. https://doi.org/10.1093/HUMREP/DEG272

Mohammadzadeh, M., Ghorbian, S., & Nouri, M. (2019). Evaluation of clinical
utility of P53 gene variations in repeated implantation failure. Molecular
Biology Reports, 46(3), 2885—-2891. https://doi.org/10.1007/S11033-019-
04748-0/TABLES/6

Molina, O., Abad, M. A., Solé, F., & Menéndez, P. (2021). Aneuploidy in
Cancer: Lessons from Acute Lymphoblastic Leukemia. Trends in Cancer,
7(1), 37-47. https://doi.org/10.1016/j.trecan.2020.08.008

Momand, J., Zambetti, G. P., Olson, D. C., George, D., & Levine, A. J. (1992).
The mdm-2 oncogene product forms a complex with the p53 protein and
inhibits p53-mediated transactivation. Cell, 69(7), 1237-1245.
https://doi.org/10.1016/0092-8674(92)90644-R

Mora, A., Komander, D., Van Aalten, D. M. F., & Alessi, D. R. (2004). PDK1,
the master regulator of AGC kinase signal transduction. Seminars in Cell
& Developmental Biology, 15(2), 161-170.
https://doi.org/10.1016/J.SEMCDB.2003.12.022

Mordes, D. A., & Cortez, D. (2008). Activation of ATR and related PIKKs. Cell
Cycle, 7(18), 2812. https://doi.org/10.4161/CC.7.18.6689

Mordes, D. A., Glick, G. G., Zhao, R., & Cortez, D. (2008). TopBP1 activates
ATR through ATRIP and a PIKK regulatory domain. Genes &
Development, 22(11), 1478. https://doi.org/10.1101/GAD.1666208

Morgenbesser, S. D., Williams, B. O., Jacks, T., & Depinho, R. A. (1994).
p53-dependent apoptosis produced by Rb-deficiency in the developing



203

mouse lens. Nature, 371(6492), 72-74.
https://doi.org/10.1038/371072A0

Morris, J. R., Boutell, C., Keppler, M., Densham, R., Weekes, D., Alamshah,
A., Butler, L., Galanty, Y., Pangon, L., Kiuchi, T., Ng, T., & Solomon, E.
(2009). The SUMO maodification pathway is involved in the BRCA1
response to genotoxic stress. Nature, 462(7275), 886—890.
https://doi.org/10.1038/nature08593

Morris, J. R., & Solomon, E. (2004). BRCA1 : BARD1 induces the formation
of conjugated ubiquitin structures, dependent on K6 of ubiquitin, in cells
during DNA replication and repair. Human Molecular Genetics, 13(8),
807-817. https://doi.org/10.1093/HMG/DDH095

Murga, M., Bunting, S., Montaa, M. F., Soria, R., Mulero, F., Caamero, M.,
Lee, Y., McKinnon, P. J., Nussenzweig, A., & Fernandez-Capetillo, O.
(2009). A mouse model of ATR-Seckel shows embryonic replicative
stress and accelerated aging. Nature Genetics, 41(8), 891-898.
https://doi.org/10.1038/ng.420

Musacchio, A. (2015). The Molecular Biology of Spindle Assembly
Checkpoint Signaling Dynamics. Current Biology, 25(20), R1002—R1018.
https://doi.org/10.1016/J.CUB.2015.08.051

Musacchio, A., & Salmon, E. D. (2007). The spindle-assembly checkpoint in
space and time. Nature Reviews Molecular Cell Biology 2007 8:5, 8(5),
379-393. https://doi.org/10.1038/nrm2163

Musich, P. R., Li, Z., & Zou, Y. (2017). Xeroderma Pigmentosa Group A
(XPA), Nucleotide Excision Repair and Regulation by ATR in Response
to Ultraviolet Irradiation. Advances in Experimental Medicine and
Biology, 996, 41-54. https://doi.org/10.1007/978-3-319-56017-5_4

Myers, J. S., & Cortez, D. (2006). Rapid Activation of ATR by lonizing
Radiation Requires ATM and Mre11. The Journal of Biological
Chemistry, 281(14), 9346. https://doi.org/10.1074/JBC.M513265200



204

Myung, K., Chen, C., & Kolodner, R. D. (2001). Multiple pathways cooperate
in the suppression of genome instability in Saccharomyces cerevisiae.
Nature, 411(6841), 1073-1076. https://doi.org/10.1038/35082608

Myung, K., Datta, A., & Kolodner, R. D. (2001). Suppression of spontaneous
chromosomal rearrangements by S phase checkpoint functions in
Saccharomyces cerevisiae. Cell, 104(3), 397—408.
https://doi.org/10.1016/S0092-8674(01)00227-6

Myung, K., Pennaneach, V., Kats, E. S., & Kolodner, R. D. (2003).
Saccharomyces cerevisiae chromatin-assembly factors that act during
DNA replication function in the maintenance of genome stability.
Proceedings of the National Academy of Sciences of the United States
of America, 100(11), 6640—6645.
https://doi.org/10.1073/PNAS.1232239100

Myung, K., Smith, S., & Kolodner, R. D. (2004). Mitotic checkpoint function in
the formation of gross chromosomal rearrangements in Saccharomyces
cerevisiae. Proceedings of the National Academy of Sciences of the
United States of America, 101(45), 15980-15985.
https://doi.org/10.1073/PNAS.0407010101

Najnin, R. A., Al Mahmud, M. R., Rahman, M. M., Takeda, S., Sasanuma, H.,
Tanaka, H., Murakawa, Y., Shimizu, N., Akter, S., Takagi, M., Sunada, T.,
Akamatsu, S., He, G., ltou, J., Toi, M., Miyaji, M., Tsutsui, K. M., Keeney,
S., & Yamada, S. (2023). ATM suppresses c-Myc overexpression in the
mammary epithelium in response to estrogen. Cell Reports, 42(1),
111909. https://doi.org/10.1016/J.CELREP.2022.111909

Nam, E. A., Zhao, R., Glick, G. G., Bansbach, C. E., Friedman, D. B., &
Cortez, D. (2011). Thr-1989 Phosphorylation Is a Marker of Active Ataxia
Telangiectasia-mutated and Rad3-related (ATR) Kinase. The Journal of
Biological Chemistry, 286(33), 28707 .
https://doi.org/10.1074/JBC.M111.248914

Nam, H. J., Chae, S., Jang, S. H., Cho, H., & Lee, J. H. (2010). The PI3K-

Akt mediates oncogenic Met-induced centrosome amplification and



205

chromosome instability. Carcinogenesis, 31(9), 1531-1540.
https://doi.org/10.1093/CARCIN/BGQ133

Namiki, Y., & Zou, L. (2006). ATRIP associates with replication protein A-
coated ssDNA through multiple interactions. Proceedings of the National
Academy of Sciences, 103(3), 580-585.
https://doi.org/10.1073/PNAS.0510223103

Narkar, A., Johnson, B. A., Bharne, P., Zhu, J., Padmanaban, V., Biswas, D.,
Fraser, A., Iglesias, P. A., Ewald, A. J., & Li, R. (2021). On the role of p53
in the cellular response to aneuploidy. Cell Reports, 34(12).
https://doi.org/10.1016/j.celrep.2021.108892

Narod, S. A., & Foulkes, W. D. (2004). BRCA1 and BRCA2: 1994 and
beyond. Nature Reviews Cancer 2004 4:9, 4(9), 665-676.
https://doi.org/10.1038/nrc1431

Neizer-Ashun, F., & Bhattacharya, R. (2021). Reality CHEK: Understanding
the biology and clinical potential of CHK1. Cancer Letters, 497, 202-211.
https://doi.org/10.1016/J.CANLET.2020.09.016

Nigg, E. A. (2007). Centrosome duplication: of rules and licenses. Trends in
Cell Biology, 17(5), 215-221. https://doi.org/10.1016/J.TCB.2007.03.003

Niida, H., Murata, K., Shimada, M., Ogawa, K., Ohta, K., Suzuki, K., Fujigaki,
H., Khaw, A. K., Banerjee, B., Hande, M. P., Miyamoto, T., Miyoshi, I.,
Shirai, T., Motoyama, N., Delhase, M., Appella, E., & Nakanishi, M.
(2010). Cooperative functions of Chk1 and Chk2 reduce tumour
susceptibility in vivo. The EMBO Journal, 29(20), 3558-3570.
https://doi.org/10.1038/EMBOJ.2010.218

Niikura, Y., Ohta, S., Vandenbeldt, K. J., Abdulle, R., McEwen, B. F., &
Kitagawa, K. (2006). 17-AAG, an Hsp90 inhibitor, causes kinetochore
defects: a novel mechanism by which 17-AAG inhibits cell proliferation.
Oncogene, 25(30), 4133-4146. https://doi.org/10.1038/sj.onc.1209461

Niinimaki, M., Veleva, Z., & Martikainen, H. (2015). Embryo quality is the
main factor affecting cumulative live birth rate after elective single

embryo transfer in fresh stimulation cycles. European Journal of



206

Obstetrics, Gynecology, and Reproductive Biology, 194, 131-135.
https://doi.org/10.1016/J.EJOGRB.2015.08.031

Oda, K., Stokoe, D., Taketani, Y., & McCormick, F. (2005). High Frequency of
Coexistent Mutations of PIK3CA and PTEN Genes in Endometrial
Carcinoma. Cancer Research, 65(23), 10669-10673.
https://doi.org/10.1158/0008-5472.CAN-05-2620

Oliva-Trastoy, M., Berthonaud, V., Chevalier, A., Ducrot, C., Marsolier-
Kergoat, M. C., Mann, C., & Leteurtre, F. (2007). The Wip1 phosphatase
(PPM1D) antagonizes activation of the Chk2 tumour suppressor kinase.
Oncogene, 26(10), 1449-1458. https://doi.org/10.1038/SJ.ONC.1209927

Oltmann, J., Heselmeyer-Haddad, K., Hernandez, L. S., Meyer, R., Torres, I.,
Hu, Y., Doberstein, N., Killian, J. K., Petersen, D., Zhu, Y. J., Edelman, D.
C., Meltzer, P. S., Schwartz, R., Gertz, E. M., Schéaffer, A. A., Auer, G.,
Habermann, J. K., & Ried, T. (2018). Aneuploidy, TP53 mutation, and
amplification of MYC correlate with increased intratumor heterogeneity
and poor prognosis of breast cancer patients. Genes, Chromosomes
and Cancer, 57(4), 165—-175. https://doi.org/10.1002/GCC.22515

Onishi, K., Higuchi, M., Asakura, T., Masuyama, N., & Gotoh, Y. (2007). The
PI3K-Akt pathway promotes microtubule stabilization in migrating
fibroblasts. Genes to Cells, 12(4), 535-546.
https://doi.org/10.1111/J.1365-2443.2007.01071.X

O’'Regan, P., Wilson, C., Townsend, S., & Thacker, J. (2001). XRCC2 Is a
Nuclear RAD51-like Protein Required for Damage-dependent RAD51
Focus Formation without the Need for ATP Binding. Journal of Biological
Chemistry, 276(25), 22148—-22153.
https://doi.org/10.1074/JBC.M102396200

Orhan, E., Velazquez, C., Tabet, I., Sardet, C., & Theillet, C. (2021).
Regulation of rad51 at the transcriptional and functional levels: What
prospects for cancer therapy? Cancers, 13(12), 2930.
https://doi.org/10.3390/CANCERS13122930/S1



207

Origanti, S., Cai, S. R., Munir, A. Z., White, L. S., & Piwnica-Worms, H.
(2012). Synthetic lethality of Chk1 inhibition combined with p53 and/or
p21 loss during a DNA damage response in normal and tumor cells.
Oncogene, 32(5), 577-588. https://doi.org/10.1038/onc.2012.84

Oromendia, A. B., & Amon, A. (2014). Aneuploidy: implications for protein
homeostasis and disease. Disease Models & Mechanisms, 7(1), 15-20.
https://doi.org/10.1242/DMM.013391

Orr, B., Godek, K. M., & Compton, D. (2015). Aneuploidy. Current Biology,
25(13), R538—R542. https://doi.org/10.1016/J.CUB.2015.05.010

Orr, N,, Lemnrau, A., Cooke, R., Fletcher, O., Tomczyk, K., Jones, M.,
Johnson, N., Lord, C. J., Mitsopoulos, C., Zvelebil, M., McDade, S. S.,
Buck, G., Blancher, C., Trainer, A. H., James, P. A., Bojesen, S. E.,
Bokmand, S., Nevanlinna, H., Mattson, J., ... Swerdlow, A. J. (2012).
Genome-wide association study identifies a common variant in RAD51B
associated with male breast cancer risk. Nature Genetics 2012 44:11,
44(11), 1182—-1184. https://doi.org/10.1038/ng.2417

Orth, J. D., Loewer, A., Lahav, G., & Mitchison, T. J. (2012). Prolonged mitotic
arrest triggers partial activation of apoptosis, resulting in DNA damage
and p53 induction. Molecular Biology of the Cell, 23(4), 567-576.
https://doi.org/10.1091/MBC.E11-09-
0781/ASSET/IMAGES/LARGE/567F1G6.JPEG

Pagliardini, L., Vigano, P., Alteri, A., Corti, L., Somigliana, E., & Papaleo, E.
(2020). Shooting STAR: reinterpreting the data from the “Single Embryo
TrAnsfeR of Euploid Embryo” randomized clinical trial. Reproductive
Biomedicine Online, 40(4), 475-478.
https://doi.org/10.1016/J.RBM0.2020.01.015

Palomares, A. R., Castillo-Dominguez, A. A., Ruiz-Galdon, M., Rodriguez-
Wallberg, K. A., & Reyes-Engel, A. (2021). Genetic variants in the p53
pathway influence implantation and pregnancy maintenance in IVF

treatments using donor oocytes. Journal of Assisted Reproduction and



208

Genetics, 38(12), 3267-3275. https://doi.org/10.1007/S10815-021-
02324-9/TABLES/5

Pan, Y., Ren, K. H., He, H. W., & Shao, R. G. (2009). Knockdown of Chk1
sensitizes human colon carcinoma HCT116 cells in a p53-dependent
manner to lidamycin through abrogation of a G2/M checkpoint and
induction of apoptosis. Cancer Biology & Therapy, 8(16).
https://doi.org/10.4161/CBT.8.16.8955

Panagaki, T., Randi, E. B., Augsburger, F., & Szabo, C. (2019).
Overproduction of H2S, generated by CBS, inhibits mitochondrial
Complex IV and suppresses oxidative phosphorylation in Down
syndrome. Proceedings of the National Academy of Sciences, 116(38),
18769-18771. https://doi.org/10.1073/PNAS.1911895116

Pang, D., Yoo, S., Dynan, W. S., Jung, M., & Dritschilo, A. (1997). Ku
Proteins Join DNA Fragments as Shown by Atomic Force Microscopy.
Cancer Research, 57(8), 1412-1415.
https://aacrjournals.org/cancerres/article/57/8/1412/504062/Ku-Proteins-
Join-DNA-Fragments-as-Shown-by-Atomic

Paplomata, E., & O’regan, R. (2014). The PI3K/AKT/mTOR pathway in
breast cancer: Targets, trials and biomarkers. Therapeutic Advances in
Medical Oncology, 6(4), 154—166.
https://doi.org/10.1177/1758834014530023/ASSET/IMAGES/LARGE/10.
1177_1758834014530023-FIG1.JPEG

Paranjpe, S. S., & Veenstra, G. J. C. (2015). Establishing pluripotency in
early development. Biochimica et Biophysica Acta (BBA) - Gene
Regulatory Mechanisms, 1849(6), 626—636.
https://doi.org/10.1016/J.BBAGRM.2015.03.006

Pardo, B., Crabbé, L., & Pasero, P. (2017). Signaling pathways of replication
stress in yeast. FEMS Yeast Research, 17(2), 101.
https://doi.org/10.1093/FEMSYR/FOW101

Park, D. S., Kim, J. W., Chang, E. M., Lee, W. S., Yoon, T. K., & Lyu, S. W.
(2020). Obstetric, Neonatal, and Clinical Outcomes of Day 6 vs. Day 5



209

Vitrified-Warmed Blastocyst Transfers: Retrospective Cohort Study With
Propensity Score Matching. Frontiers in Endocrinology, 11, 545616.
https://doi.org/10.3389/FENDO.2020.00499/BIBTEX

Pasternak, M., Thompson, M., Rosenwaks, Z., & Spandorfer, S. (2018).
Embryo morphology on day 3 of embryogenesis is predictive of
aneuploidy in genetically tested embryos. Fertility and Sterility, 110(4),
e348. https://doi.org/10.1016/j.fertnstert.2018.07.971

Patau, K., Smith, D. W., Therman, E., Inhorn, S. L., & Wagner, H. P. (1960).
MULTIPLE CONGENITAL ANOMALY CAUSED BY AN EXTRA
AUTOSOME. The Lancet, 275(7128), 790-793.
https://doi.org/10.1016/S0140-6736(60)90676-0

Paull, T. T. (2015). Mechanisms of ATM Activation. Annual Review of
Biochemistry, 84, 711-738. https://doi.org/10.1146/ANNUREV-
BIOCHEM-060614-034335

Paulson, R. J. (2017). Preimplantation genetic screening: what is the clinical
efficiency? Fertility and Sterility, 108(2), 228-230.
https://doi.org/10.1016/J.FERTNSTERT.2017.06.023

Paulsson, K., & Johansson, B. (2007). Trisomy 8 as the sole chromosomal
aberration in acute myeloid leukemia and myelodysplastic syndromes.
Pathologie Biologie, 55(1), 37—48.
https://doi.org/10.1016/J.PATBIO.2006.04.007

Pavelka, N., Rancati, G., Zhu, J., Bradford, W. D., Saraf, A., Florens, L.,
Sanderson, B. W., Hattem, G. L., & Li, R. (2010). Aneuploidy confers
quantitative proteome changes and phenotypic variation in budding
yeast. Nature, 468(7321), 321-325. https://doi.org/10.1038/nature09529

Pawlikowski, J. S., Adams, P. D., & Nelson, D. M. (2013). Senescence at a
glance. Journal of Cell Science, 126(18), 4061-4067.
https://doi.org/10.1242/JCS.109728/263127/AM/SENESCENCE-AT-A-
GLANCE

Peng, C. Y, Graves, P. R,, Thoma, R. S., Wu, Z., Shaw, A. S., & Piwnica-
Worms, H. (1997). Mitotic and G2 Checkpoint Control: Regulation of 14-



210

3-3 Protein Binding by Phosphorylation of Cdc25C on Serine-216.
Science, 277(5331), 1501-1505.
https://doi.org/10.1126/SCIENCE.277.5331.1501

Peng, G., Dai, H., Zhang, W., Hsieh, H. J., Pan, M. R,, Park, Y. Y., Tsai, R. Y.
L., Bedrosian, I., Lee, J. S., Ira, G., & Lin, S. Y. (2012). Human
Nuclease/helicase DNA2 Alleviates Replication Stress by Promoting
DNA End Resection. Cancer Research, 72(11), 2802.
https://doi.org/10.1158/0008-5472.CAN-11-3152

Penzias, A. S. (2012). Recurrent IVF failure: other factors. Fertility and
Sterility, 97(5), 1033—1038.
https://doi.org/10.1016/J.FERTNSTERT.2012.03.017

Perkins, A. T., Das, T. M., Panzera, L. C., & Bickel, S. E. (2016). Oxidative
stress in oocytes during midprophase induces premature loss of
cohesion and chromosome segregation errors. Proceedings of the
National Academy of Sciences of the United States of America, 113(44),
E6823—E6830.
https://doi.org/10.1073/PNAS.1612047113/SUPPL_FILE/PNAS.1612047
113.SAPP.PDF

Peschiaroli, A., Dorrello, N. V., Guardavaccaro, D., Venere, M., Halazonetis,
T., Sherman, N. E., & Pagano, M. (2006). SCFBTrCP-Mediated
Degradation of Claspin Regulates Recovery from the DNA Replication
Checkpoint Response. Molecular Cell, 23(3), 319-329.
https://doi.org/10.1016/j.molcel.2006.06.013

Petermann, E., Woodcock, M., & Helleday, T. (2010). Chk1 promotes
replication fork progression by controlling replication initiation.
Proceedings of the National Academy of Sciences of the United States
of America, 107(37), 16090-16095.
https://doi.org/10.1073/PNAS.1005031107/SUPPL_FILE/PNAS.1005031
107_SI.PDF



211

Piemonte, K. M., Anstine, L. J., & Keri, R. A. (2021). Centrosome Aberrations
as Drivers of Chromosomal Instability in Breast Cancer. Endocrinology,
162(12), 1-14. https://doi.org/10.1210/ENDOCR/BQAB208

Pierce, A. J., Johnson, R. D., Thompson, L. H., & Jasin, M. (1999). XRCC3
promotes homology-directed repair of DNA damage in mammalian cells.
Genes & Development, 13, 2633-2638.
https://genesdev.cshlp.org/content/13/20/2633

Pihan, G. A., Purohit, A., Wallace, J., Malhotra, R., Liotta, L., & Doxsey, S. J.
(2001). Centrosome Defects Can Account for Cellular and Genetic
Changes That Characterize Prostate Cancer Progression. Cancer
Research, 61(5), 2212-2219.
https://aacrjournals.org/cancerres/article/61/5/2212/508408/Centrosome-

Defects-Can-Account-for-Cellular-and

Pihan, G. A., Wallace, J., Zhou, Y., & Doxsey, S. J. (2003). Centrosome
Abnormalities and Chromosome Instability Occur Together in Pre-
invasive Carcinomas1 | Cancer Research | American Association for
Cancer Research. Cancer Research, 63(6), 1398-1404.
https://aacrjournals.org/cancerres/article/63/6/1398/511092/Centrosome-

Abnormalities-and-Chromosome

Polo, S. E., & Jackson, S. P. (2011). Dynamics of DNA damage response
proteins at DNA breaks: a focus on protein modifications. Genes &
Development, 25(5), 409—-433. https://doi.org/10.1101/GAD.2021311

Pons, M. C., Carrasco, B., Parriego, M., Boada, M., Gonzalez-Foruria, .,
Garcia, S., Coroleu, B., Barri, P. N., & Veiga, A. (2019). Deconstructing
the myth of poor prognosis for fast-cleaving embryos on day 3. Is it time
to change the consensus? Journal of Assisted Reproduction and
Genetics, 36(11), 2299-2305. https://doi.org/10.1007/S10815-019-
01574-Y

Portman, N., Milioli, H. H., Alexandrou, S., Coulson, R., Yong, A., Fernandez,
K. J., Chia, K. M., Halilovic, E., Segara, D., Parker, A., Haupt, S., Haupt,
Y., Tilley, W. D., Swarbrick, A., Caldon, C. E., & Lim, E. (2020). MDM2



212

inhibition in combination with endocrine therapy and CDK4/6 inhibition
for the treatment of ER-positive breast cancer. Breast Cancer Research :
BCR, 22(1). https://doi.org/10.1186/S13058-020-01318-2

Potter, H., Chial, H. J., Caneus, J., Elos, M., Elder, N., Borysoy, S., & Granic,
A. (2019). Chromosome Instability and Mosaic Aneuploidy in
Neurodegenerative and Neurodevelopmental Disorders. Frontiers in
Genetics, 10, 497717.
https://doi.org/10.3389/FGENE.2019.01092/BIBTEX

Prado, F. (2021). Non-Recombinogenic Functions of Rad51, BRCA2, and
Rad52 in DNA Damage Tolerance. Genes 2021, Vol. 12, Page 1550,
12(10), 1550. https://doi.org/10.3390/GENES 12101550

Prosser, S. L., Straatman, K. R., & Fry, A. M. (2009). Molecular Dissection of
the Centrosome Overduplication Pathway in S-Phase-Arrested Cells.
Molecular and Cellular Biology, 29(7), 1760.
https://doi.org/10.1128/MCB.01124-08

Puscheck, E. E., & Jeyendran, R. S. (2007). The impact of male factor on
recurrent pregnancy loss. Current Opinion in Obstetrics and Gynecology,
19(3), 222—-228. https://doi.org/10.1097/GCO.0B013E32813E3FFO0

Qian, W., Choi, S., Gibson, G. A., Watkins, S. C., Bakkenist, C. J., & Van
Houten, B. (2012). Mitochondrial hyperfusion induced by loss of the
fission protein Drp1 causes ATM-dependent G2/M arrest and aneuploidy
through DNA replication stress. Journal of Cell Science, 125(23), 5745—
5757. https://doi.org/10.1242/JCS.109769/VIDEO-6

Qiao, J., Wang, Z.-B., Feng, H.-L., Miao, Y.-L., Wang, Q., Yu, Y., Wei, Y.-C.,
Yan, J., Wang, W.-H., Shen, W., Sun, S.-C., Schatten, H., & Sun, Q.-Y.
(2014). The root of reduced fertility in aged women and possible
therapentic options: Current status and future perspects. Molecular
Aspects of Medicine, 38, 54—85.
https://doi.org/10.1016/j.mam.2013.06.001

Qiu, Z., Oleinick, N. L., & Zhang, J. (2018). ATR/CHK1 inhibitors and cancer
therapy. Radiotherapy and Oncology : Journal of the European Society



213

for Therapeutic Radiology and Oncology, 126(3), 450—464.
https://doi.org/10.1016/J.RADONC.2017.09.043

Raderschall, E., Bazarov, A., Cao, J., Lurz, R., Smith, A., Mann, W., Ropers,

H. H., Sedivy, J. M., Golub, E. I., Fritz, E., & Haaf, T. (2002). Formation
of higher-order nuclear Rad51 structures is functionally linked to p21
expression and protection from DNA damage-induced apoptosis. Journal
of Cell Science, 115(1), 153—164. https://doi.org/10.1242/JCS.115.1.153

Raderschall, E., Stout, K., Freier, S., Suckow, V., Schweiger, S., & Haaf, T.

(2002). Elevated Levels of Rad51 Recombination Protein in Tumor Cells.
Cancer Research, 62(1), 219-225.
https://aacrjournals.org/cancerres/article/62/1/219/508720/Elevated-
Levels-of-Rad51-Recombination-Protein-in

Ragamin, A., Yigit, G., Bousset, K., Beleggia, F., Verheijen, F. W., de Wit, M.

C.Y., Strom, T. M., Dork, T., Wollnik, B., & Mancini, G. M. S. (2020).
Human RADSO0 deficiency: Confirmation of a distinctive phenotype.
American Journal of Medical Genetics. Part a, 182(6), 1378.
https://doi.org/10.1002/AJMG.A.61570

Rajagopalan, H., Nowak, M. A., Vogelstein, B., & Lengauer, C. (2003). The

significance of unstable chromosomes in colorectal cancer. Nature
Reviews Cancer, 3(9), 695-701. https://doi.org/10.1038/NRC1165

Rancati, G., Pavelka, N., Fleharty, B., Noll, A., Trimble, R., Walton, K.,

Perera, A., Staehling-Hampton, K., Seidel, C. W., & Li, R. (2008).
Aneuploidy Underlies Rapid Adaptive Evolution of Yeast Cells Deprived
of a Conserved Cytokinesis Motor. Cell, 135(5), 879-893.
https://doi.org/10.1016/j.cell.2008.09.039

Rasti, A. R., Guimaraes-Young, A., Datko, F., Borges, V. F., Aisner, D. L., &

Shagisultanova, E. (2022). PIK3CA Mutations Drive Therapeutic
Resistance in Human Epidermal Growth Factor Receptor 2—Positive
Breast Cancer . JCO Precision Oncology, 6.
https://doi.org/10.1200/P0.21.00370/ASSET/IMAGES/LARGE/P0.21.00
370F2.JPEG



214

Reczek, C. R., Szabolcs, M., Stark, J. M., Ludwig, T., & Baer, R. (2013). The
interaction between CtIP and BRCA1 is not essential for resection-

mediated DNA repair or tumor suppression. The Journal of Cell Biology,
201(5), 693-707. https://doi.org/10.1083/JCB.201302145

Regin, M., Lei, Y., Deckersberg, E. C. De, Janssens, C., Huyghebaert, A.,
Guns, Y., Verdyck, P., Verheyen, G., Velde, H. Van de, Sermon, K., &
Spits, C. (2024). Complex aneuploidy triggers autophagy and p53-
mediated apoptosis and impairs the second lineage segregation in
human preimplantation embryos. ELife, 12, RP88916.
https://doi.org/10.7554/ELIFE.88916

Reginato, G., & Cejka, P. (2020). The MRE11 complex: A versatile toolkit for
the repair of broken DNA. DNA Repair, 91-92, 102869.
https://doi.org/10.1016/J.DNAREP.2020.102869

Reinhardt, H. C., & Schumacher, B. (2012). The p53 network: cellular and
systemic DNA damage responses in aging and cancer. Trends in
Genetics, 28(3), 128-136. https://doi.org/10.1016/J.T1G.2011.12.002

Richard, P., & Manley, J. L. (2017). R Loops and Links to Human Disease.
Journal of Molecular Biology, 429(21), 3168-3180.
https://doi.org/10.1016/J.JMB.2016.08.031

Richardson, C. (2005). RAD51, genomic stability, and tumorigenesis. Cancer
Letters, 218(2), 127-139. https://doi.org/10.1016/J.CANLET.2004.08.009

Richardson, C., Stark, J. M., Ommundsen, M., & Jasin, M. (2004). Rad51
overexpression promotes alternative double-strand break repair
pathways and genome instability. Oncogene 2004 23:2, 23(2), 546-553.
https://doi.org/10.1038/sj.onc.1207098

Rodrigue, A., Coulombe, Y., Jacquet, K., Gagné, J. P., Roques, C. line,
Gobeil, S., Poirier, G., & Masson, J. Y. (2013). The RAD51 paralogs
ensure cellular protection against mitotic defects and aneuploidy. Journal
of Cell Science, 126(1), 348-359.
https://doi.org/10.1242/JCS.114595/263402/AM/THE-RAD51-
PARALOGS-ENSURE-CELLULAR-PROTECTION



215

Rogakou, E. P., Pilch, D. R., Orr, A. H., lvanova, V. S., & Bonner, W. M.
(1998). DNA double-stranded breaks induce histone H2AX
phosphorylation on serine 139. Journal of Biological Chemistry, 273(10),
5858-5868. https://doi.org/10.1074/jbc.273.10.5858

Roset, R., Inagaki, A., Hohl, M., Brenet, F., Lafrance-Vanasse, J., Lange, J.,
Scandura, J. M., Tainer, J. A., Keeney, S., & Petrini, J. H. J. (2014). The
Rad50 hook domain regulates DNA damage signaling and
tumorigenesis. Genes & Development, 28(5), 451-462.
https://doi.org/10.1101/GAD.236745.113

Roth, S., Rottach, A., Lotz-Havla, A. S., Laux, V., Muschaweckh, A., Gersting,
S. W,, Muntau, A. C., Hopfner, K. P,, Jin, L., Vanness, K., Petrini, J. H. J.,
Drexler, ., Leonhardt, H., & Ruland, J. (2014). Rad50-CARD9
interactions link cytosolic DNA sensing to IL-1B production. Nature
Immunology, 15(6), 538-545. https://doi.org/10.1038/ni.2888

Rothkamm, K., Kruger, |., Thompson, L. H., & Lubrich, M. (2003). Pathways
of DNA Double-Strand Break Repair during the Mammalian Cell Cycle.
Molecular and Cellular Biology, 23(16), 5706-5715.
https://doi.org/10.1128/MCB.23.16.5706-5715.2003

Roy, R., Chun, J., & Powell, S. N. (2011). BRCA1 and BRCAZ2: different roles
in a common pathway of genome protection. Nature Reviews Cancer
2012 12:1, 12(1), 68—78. https://doi.org/10.1038/nrc3181

Ruan, W., Lim, H. H., & Surana, U. (2019). Mapping Mitotic Death: Functional
Integration of Mitochondria, Spindle Assembly Checkpoint and
Apoptosis. Frontiers in Cell and Developmental Biology, 6, 418821.
https://doi.org/10.3389/FCELL.2018.00177/BIBTEX

Ruffner, H., & Verma, I. M. (1997). BRCA1 is a cell cycle-regulated nuclear
phosphoprotein. Proceedings of the National Academy of Sciences of
the United States of America, 94(14), 7138-7143.
https://doi.org/10.1073/PNAS.94.14.7138

Russo, A., Pacchierotti, F., Cimini, D., Ganem, N. J., Genesca, A., Natarajan,
A. T, Pavanello, S., Valle, G., & Degrassi, F. (2015). Genomic instability:



216

Crossing pathways at the origin of structural and numerical chromosome
changes. Environmental and Molecular Mutagenesis, 56(7), 563-580.
https://doi.org/10.1002/EM.21945

Rutledge, S. D., Douglas, T. A., Nicholson, J. M., Vila-Casadesus, M.,
Kantzler, C. L., Wangsa, D., Barroso-Vilares, M., Kale, S. D., Logarinho,
E., & Cimini, D. (2016). Selective advantage of trisomic human cells
cultured in non-standard conditions. Scientific Reports 2016 6:1, 6(1), 1—
12. https://doi.org/10.1038/srep22828

Ryu, H.Y,, Lopez-Giraldez, F., Knight, J., Hwang, S. S., Renner, C., Kreft, S.
G., & Hochstrasser, M. (2018). Distinct adaptive mechanisms drive
recovery from aneuploidy caused by loss of the Ulp2 SUMO protease.
Nature Communications, 9(1), 1-15. https://doi.org/10.1038/s41467-018-
07836-0

Ryu, H. Y., Wilson, N. R., Mehta, S., Hwang, S. S., & Hochstrasser, M.
(2016). Loss of the SUMO protease Ulp2 triggers a specific
multichromosome aneuploidy. Genes & Development, 30(16), 1881—
1894. https://doi.org/10.1101/GAD.282194.116

Saayman, X., Graham, E., Nathan, W. J., Nussenzweig, A., & Esashi, F.
(2023). Centromeres as universal hotspots of DNA breakage, driving
RAD51-mediated recombination during quiescence. Molecular Cell,
83(4), 523-538.e7. https://doi.org/10.1016/j.molcel.2023.01.004

Sack, L. M., Davoli, T., Li, M. Z., Westbrook, T. F., Wong, K.-K., &
Correspondence, S. J. E. (2018). Profound Tissue Specificity in
Proliferation Control Underlies Cancer Drivers and Aneuploidy Patterns.
Cell, 173, 499-514. https://doi.org/10.1016/j.cell.2018.02.037

Sadeghi, F., Asgari, M., Matloubi, M., Ranjbar, M., Karkhaneh Yousefi, N.,
Azari, T., & Zaki-Dizaji, M. (2020). Molecular contribution of BRCA1 and
BRCAZ2 to genome instability in breast cancer patients: Review of
radiosensitivity assays. Biological Procedures Online, 22(1), 1-28.
https://doi.org/10.1186/S12575-020-00133-5/TABLES/6



217

Sadeghi, M. R. (2018). The 40th Anniversary of IVF: Has ART’s Success
Reached Its Peak? Journal of Reproduction & Infertility, 19(2), 67.
/pmc/articles/PMC6010825/

Saintigny, Y., Dumay, A., Lambert, S., & Lopez, B. S. (2001). A novel role for
the Bcl-2 protein family: specific suppression of the RAD51
recombination pathway. The EMBO Journal, 20(10), 2596—-2607.
https://doi.org/10.1093/EMB0J/20.10.2596

Salame, A. A., Dahdouh, E. M., Aljafari, R., Samuel, D. A., Koodathingal, B.
P., Bajpai, A., Kainoth, S., & Fakih, M. (2024). Predictive factors of
aneuploidy in infertile patients undergoing IVF: a retrospective analysis
in a private IVF practice. Middle East Fertility Society Journal, 29(1), 1—
10. https://doi.org/10.1186/S43043-024-00172-Y/TABLES/5

San Filippo, J., Sung, P., & Klein, H. (2008). Mechanism of eukaryotic
homologous recombination. Annual Review of Biochemistry, 77, 229—
257. https://doi.org/10.1146/ANNUREV.BIOCHEM.77.061306.125255

Sanchez, Y., Wong, C., Thoma, R. S., Richman, R., Wu, Z., Piwnica-Wormes,
H., & Elledge, S. J. (1997). Conservation of the Chk1 checkpoint
pathway in mammals: linkage of DNA damage to Cdk regulation through
Cdc25. Science, 277(5331), 1497-1501.
https://doi.org/10.1126/SCIENCE.277.5331.1497

Santaguida, S., & Amon, A. (2015). Short- and long-term effects of
chromosome mis-segregation and aneuploidy. Nature Reviews
Molecular Cell Biology, 16(8), 473—-485. https://doi.org/10.1038/nrm4025

Santocanale, C., & Diffley, J. F. X. (1998). A Mec1- and Rad53-dependent
checkpoint controls late-firing origins of DNA replication. Nature,
395(6702), 615-618. https://doi.org/10.1038/27001

Santos, M. A., Teklenburg, G., MacKlon, N. S., Van Opstal, D., Schuring-
Blom, G. H., Krijtenburg, P. J., De Vreeden-Elbertse, J., Fauser, B. C., &
Baart, E. B. (2010). The fate of the mosaic embryo: chromosomal

constitution and development of Day 4, 5 and 8 human embryos. Human



218

Reproduction (Oxford, England), 25(8), 1916—1926.
https://doi.org/10.1093/HUMREP/DEQ139

Sartori, A. A., Lukas, C., Coates, J., Mistrik, M., Fu, S., Bartek, J., Baer, R.,

Lukas, J., & Jackson, S. P. (2007). Human CtIP promotes DNA end
resection. Nature, 450(7169), 509.
https://doi.org/10.1038/NATURE06337

Sarwar, R., Sheikh, A. K., Mahjabeen, |., Bashir, K., Saeed, S., & Kayani, M.

A. (2017). Upregulation of RADS1 expression is associated with
progression of thyroid carcinoma. Experimental and Molecular
Pathology, 102(3), 446—454.
https://doi.org/10.1016/J.YEXMP.2017.05.001

Saunders, W. S., Shuster, M., Huang, X., Gharaibeh, B., Enyenihi, A. H.,

Petersen, I., & Gollin, S. M. (2000). Chromosomal instability and
cytoskeletal defects in oral cancer cells. Proceedings of the National
Academy of Sciences of the United States of America, 97(1), 308.
https://doi.org/10.1073/PNAS.97.1.303

Savic, V., Yin, B., Maas, N. L., Bredemeyer, A. L., Carpenter, A. C., Helmink,

B. A., Yang-lott, K. S., Sleckman, B. P., & Bassing, C. H. (2009).
Formation of Dynamic y-H2AX Domains along Broken DNA Strands Is
Distinctly Regulated by ATM and MDC1 and Dependent upon H2AX
Densities in Chromatin. Molecular Cell, 34(3), 298-310.
https://doi.org/10.1016/j.molcel.2009.04.012

Schiller, C. B., Lammens, K., Guerini, |., Coordes, B., Feldmann, H.,

Schlauderer, F., Mdckel, C., Schele, A., Strasser, K., Jackson, S. P, &
Hopfner, K. P. (2012). Structure of Mre11—Nbs1 complex yields insights
into ataxia-telangiectasia—like disease mutations and DNA damage
signaling. Nature Structural & Molecular Biology 2012 19:7, 19(7), 693—
700. https://doi.org/10.1038/nsmb.2323

SCHJQGLBERG, A. R., Clausen, O. P. F., Burum-Auensen, E., & De Angelis,

P. M. (2009). Aneuploidy Is Associated with TP53 Expression but not
with BRCA1 or TERT Expression in Sporadic Colorectal Cancer.



219

Anticancer Research, 29(11), 4381-4388.
https://ar.iiarjournals.org/content/29/11/4381

Schlacher, K., Wu, H., & Jasin, M. (2012). A distinct replication fork protection
pathway connects Fanconi anemia tumor suppressors to RAD51-
BRCA1/2. Cancer Cell, 22(1), 106—-116.
https://doi.org/10.1016/J.CCR.2012.05.015

Schmitt, E., Boutros, R., Froment, C., Monsarrat, B., Ducommun, B., &
Dozier, C. (2006). CHK1 phosphorylates CDC25B during the cell cycle in
the absence of DNA damage. Journal of Cell Science, 119(20), 4269—
4275. https://doi.org/10.1242/JCS.03200

Schneider, K., Zelley, K., Nichols, K. E., & Garber, J. (2019). Li-Fraumeni
Syndrome. GeneReviews(®).
https://www.ncbi.nlm.nih.gov/books/NBK1311/

Schoenmakers, E. F. P. M., Huysmans, C., & Van de Ven, W. J. M. (1999).
Allelic Knockout of Novel Splice Variants of Human Recombination
Repair Gene RAD51B in t(12;14) Uterine Leiomyomas. Cancer
Research, 59(1), 19-23.
https://aacrjournals.org/cancerres/article/59/1/19/505074/Allelic-

Knockout-of-Novel-Splice-Variants-of-Human

Schukken, K. M., & Foijer, F. (2018). CIN and Aneuploidy: Different Concepts,
Different Consequences. BioEssays, 40(1), 1700147.
https://doi.org/10.1002/BIES.201700147

Schuler, F., Afreen, S., Manzl, C., Hacker, G., Erlacher, M., & Villunger, A.
(2019). Checkpoint kinase 1 is essential for fetal and adult
hematopoiesis. EMBO Reports, 20(8).
https://doi.org/10.15252/EMBR.201847026/SUPPL_FILE/EMBR2018470
26-SUP-0003-TABLEEV1.XLSX

Schvartzman, J. M., Sotillo, R., & Benezra, R. (2010). Mitotic chromosomal
instability and cancer: mouse modelling of the human disease. Nature
Reviews Cancer, 10(2), 102—115. https://doi.org/10.1038/nrc2781



220

Schwarz, J. K., Lovly, C. M., & Piwnica-Worms, H. (2003). Regulation of the
Chk2 Protein Kinase by Oligomerization-Mediated cis-and trans-
Phosphorylation. http://aacrjournals.org/mcr/article-
pdf/1/8/598/3132342/598-609.pdf

Sciot, R. (2021). MDM2 Amplified Sarcomas: A Literature Review.
Diagnostics 2021, Vol. 11, Page 496, 11(3), 496.
https://doi.org/10.3390/DIAGNOSTICS 11030496

Scully, R., & Livingston, D. M. (2000). In search of the tumour-suppressor
functions of BRCA1 and BRCA2. Nature, 408(6811), 432.
https://doi.org/10.1038/35044000

Seedhouse, C., Faulkner, R., Ashraf, N., Das-Gupta, E., & Russell, N. (2004).
Polymorphisms in Genes Involved in Homologous Recombination Repair
Interact to Increase the Risk of Developing Acute Myeloid Leukemia.
Clinical Cancer Research, 10(8), 2675-2680.
https://doi.org/10.1158/1078-0432.CCR-03-0372

Seery, L. T., Knowlden, J. M., Gee, J. M. W., Robertson, J. F. R., Kenny, F. S,
Ellis, I. O., & Nicholson, R. I. (1999). BRCA1 expression levels predict
distant metastasis of sporadic breast cancers . International Journal of
Cancer. https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-
0215(19990621)84:3%3C258::AID-1JC10%3E3.0.CO;2-H

Selmecki, A., Forche, A., & Berman, J. (2006). Aneuploidy and
isochromosome formation in drug-resistant Candida albicans. Science,
313(5785), 367-370.
https://doi.org/10.1126/SCIENCE.1128242/SUPPL_FILE/SELMECKI.SO
M.PDF

Selmecki, A., Gerami-Nejad, M., Paulson, C., Forche, A., & Berman, J.
(2008). An isochromosome confers drug resistance in vivo by
amplification of two genes, ERG11 and TAC1. Molecular Microbiology,
68(3), 624—641. https://doi.org/10.1111/J.1365-2958.2008.06176.X

Selmecki, A. M., Dulmage, K., Cowen, L. E., Anderson, J. B., & Berman, J.

(2009). Acquisition of Aneuploidy Provides Increased Fitness during the



221

Evolution of Antifungal Drug Resistance. PLOS Genetics, 5(10),
€1000705. https://doi.org/10.1371/JOURNAL.PGEN.1000705

Sfeir, A., & Symington, L. S. (2015). Microhomology-Mediated End Joining: A
Back-up Survival Mechanism or Dedicated Pathway? Trends in
Biochemical Sciences, 40(11), 701-714.
https://doi.org/10.1016/j.tibs.2015.08.006

Shaltiel, I. A., Krenning, L., Bruinsma, W., & Medema, R. H. (2015). The
same, only different - DNA damage checkpoints and their reversal
throughout the cell cycle. Journal of Cell Science, 128(4), 607—-620.
https://doi.org/10.1242/JCS.163766

Shang, Z., Yu, L., Lin, Y. F., Matsunaga, S., Shen, C. Y., & Chen, B. P. C.
(2014). DNA-PKcs activates the Chk2—Brca1 pathway during mitosis to
ensure chromosomal stability. Oncogenesis 2014 3:2, 3(2), e85-e85.
https://doi.org/10.1038/oncsis.2013.49

Shangary, S., & Wang, S. (2009). Small-Molecule Inhibitors of the MDM2-p53
Protein-Protein Interaction to Reactivate p53 Function: A Novel Approach
for Cancer Therapy. Annual Review of Pharmacology and Toxicology,
49, 223-241.
https://doi.org/10.1146/ANNUREV.PHARMTOX.48.113006.094723

Sharma, S., Javadekar, S. M., Pandey, M., Srivastava, M., Kumari, R., &
Raghavan, S. C. (2015). Homology and enzymatic requirements of
microhomology-dependent alternative end joining. Cell Death & Disease
2015 6:3, 6(3), e1697—e1697. https://doi.org/10.1038/cddis.2015.58

Shen, S. X., Weaver, Z., Xu, X., Li, C., Weinstein, M., Chen, L., Guan, X. Y.,
Ried, T., & Deng, C. X. (1998). A targeted disruption of the murine Brca1
gene causes gamma-irradiation hypersensitivity and genetic instability.
Oncogene, 17(24), 3115-3124. https://doi.org/10.1038/SJ.ONC.1202243

Shen, Z. (2011). Genomic instability and cancer: an introduction. Journal of
Molecular Cell Biology, 3(1), 1-3. https://doi.org/10.1093/JMCB/MJQ057



222

Shi, Q., & King, R. W. (2005). Chromosome nondisjunction yields tetraploid
rather than aneuploid cells in human cell lines. Nature, 437(7061), 1038—
1042. https://doi.org/10.1038/nature03958

Shigechi, T., Tomida, J., Sato, K., Kobayashi, M., Eykelenboom, J. K.,
Pessina, F., Zhang, Y., Uchida, E., Ishiai, M., Lowndes, N. F., Yamamoto,
K., Kurumizaka, H., Maehara, Y., & Takata, M. (2012). ATR-ATRIP kinase
complex triggers activation of the fanconi anemia DNA repair pathway.
Cancer Research, 72(5), 1149-1156. https://doi.org/10.1158/0008-
5472.CAN-11-2904/650086/AM/ATR-ATRIP-KINASE-COMPLEX-
TRIGGERS-ACTIVATION-OF

Shiloh, Y. (2003). ATM and related protein kinases: safeguarding genome
integrity. Nature Reviews. Cancer, 3(3), 155—168.
https://doi.org/10.1038/NRC1011

Shinohara, A., Ogawa, H., & Ogawa, T. (1992). Rad51 protein involved in
repair and recombination in S. cerevisiae is a RecA-like protein. Cell,
69(3), 457-470. https://doi.org/10.1016/0092-8674(92)90447-K

Shiotani, B., & Zou, L. (2009). Single-stranded DNA orchestrates an ATM-to-
ATR switch at DNA breaks. Molecular Cell, 33(5), 547-558.
https://doi.org/10.1016/J.MOLCEL.2009.01.024

Shiovitz, S., & Korde, L. A. (2015). Genetics of breast cancer: a topic in
evolution. Annals of Oncology, 26(7), 1291.
https://doi.org/10.1093/ANNONC/MDV022

Shirahige, K., Hori, Y., Shiraishi, K., Yamashita, M., Takahashi, K., Obuse, C.,
Tsurimoto, T., & Yoshikawa, H. (1998). Regulation of DNA-replication
origins during cell-cycle progression. Nature, 395(6702), 618—621.
https://doi.org/10.1038/27007

Shorrocks, J., Tobi, S. E., Latham, H., Peacock, J. H., Eeles, R., Eccles, D.,
& McMillan, T. J. (2004). Primary fibroblasts from BRCA1 heterozygotes
display an abnormal G 1/S cell cycle checkpoint following UVA irradiation
but show normal levels of micronuclei following oxidative stress or

mitomycin C treatment. International Journal of Radiation Oncology



223

Biology Physics, 58(2), 470—478.
https://doi.org/10.1016/j.ijrobp.2003.09.042

Shortt, J., Martin, B. P., Newbold, A., Hannan, K. M., Devlin, J. R., Baker, A.
J., Ralli, R., Cullinane, C., Schmitt, C. A., Reimann, M., Hall, M. N., Wall,
M., Hannan, R. D., Pearson, R. B., McArthur, G. A., & Johnstone, R. W.
(2013). Combined inhibition of PI3K-related DNA damage response
kinases and mTORC1 induces apoptosis in MYC-driven B-cell
lymphomas. Blood, 121(15), 2964—-2974.
https://doi.org/10.1182/BLOOD-2012-08-446096

Shtivelman, E., Sussman, J., & Stokoe, D. (2002). A role for Pl 3-kinase and
PKB activity in the G2/M phase of the cell cycle. Current Biology, 12(11),
919-924. https://doi.org/10.1016/S0960-9822(02)00843-6

Shu, Z., Smith, S., Wang, L., Rice, M. C., & Kmiec, E. B. (1999). Disruption of
muREC2/RAD51L1 in Mice Results in Early Embryonic Lethality Which
Can Be Partially Rescued in a p53—-/- Background. Molecular and
Cellular Biology, 19(12), 8686. https://doi.org/10.1128/MCB.19.12.8686

Siegel, J. J., & Amon, A. (2012). New Insights into the Troubles of
Aneuploidy. Annual Review of Cell and Developmental Biology, 28, 189.
https://doi.org/10.1146/ANNUREV-CELLBIO-101011-155807

Sigalas, |., Calvert, A. H., Anderson, J. J., Neal, D. E., & Lunec, J. (1996).
Alternatively spliced mdm2 transcripts with loss of p53 binding domain
sequences: Transforming ability and frequent detection in human cancer.
Nature Medicine 1996 2:8, 2(8), 912-917.
https://doi.org/10.1038/nm0896-912

Sigurdsson, S., Van Komen, S., Bussen, W., Schild, D., Albala, J. S., & Sung,
P. (2001). Mediator function of the human Rad51B—Rad51C complex in
Rad51/RPA-catalyzed DNA strand exchange. Genes & Development,
15(24), 3308-3318. https://doi.org/10.1101/GAD.935501

Silié, V., Redondo-Mufioz, J., & Carrera, A. C. (2012). Phosphoinositide 3-
kinase [3 regulates chromosome segregation in mitosis. Molecular
Biology of the Cell, 23(23), 4526—4542.



224

https://doi.org/10.1091/MBC.E12-05-
0371/ASSET/IMAGES/LARGE/4526FIG10.JPEG

Simon, J. E., Bakker, B., & Foijer, F. (2015). CINcere Modelling: What Have
Mouse Models for Chromosome Instability Taught Us? Recent Results in
Cancer Research. Fortschritte Der Krebsforschung. Progres Dans Les
Recherches Sur Le Cancer, 200, 39-60. https://doi.org/10.1007/978-3-
319-20291-4_2

Simoneau, A., & Zou, L. (2021). An extending ATR—CHK1 circuitry: the
replication stress response and beyond. Current Opinion in Genetics &
Development, 71, 92-98. https://doi.org/10.1016/J.GDE.2021.07.003

Simonetti, G., Padella, A., Manfrini, M., do Valle, I. F., Papayannidis, C.,
Fontana, M. C., Guadagnuolo, V., Baldazzi, C., Ferrari, A., Bruno, S.,
Ferrarini, A., Bernardi, S., Garonzi, M., Astolfi, A., Marconi, G., Zuffa, E.,
Franchini, E., Ottaviani, E., Laginestra, A., ... Martinelli, G. (2016).
Aggressive Aneuploid Acute Myeloid Leukemia Is Dependent on
Alterations of P53, Gain of APC and PLK1 and Loss of RADS0. Blood,
128(22), 1702. https://doi.org/10.1182/BLOOD.V128.22.1702.1702

Simopoulou, M., Sfakianoudis, K., Antoniou, N., Maziotis, E., Rapani, A.,
Bakas, P., Anifandis, G., Kalampokas, T., Bolaris, S., Pantou, A., Pantos,
K., & Koutsilieris, M. (2018). Making IVF more effective through the
evolution of prediction models: is prognosis the missing piece of the
puzzle? Systems Biology in Reproductive Medicine, 64(5), 305-323.
https://doi.org/10.1080/19396368.2018.1504347

Simopoulou, M., Sfakianoudis, K., Maziotis, E., Antoniou, N., Rapani, A.,
Anifandis, G., Bakas, P., Bolaris, S., Pantou, A., Pantos, K., &
Koutsilieris, M. (2018). Are computational applications the “crystal ball” in
the IVF laboratory? The evolution from mathematics to artificial
intelligence. Journal of Assisted Reproduction and Genetics, 35(9),
1545-1557. https://doi.org/10.1007/S10815-018-1266-6/FIGURES/2

Sionov, E., Lee, H., Chang, Y. C., & Kwon-Chung, K. J. (2010). Cryptococcus
neoformans Overcomes Stress of Azole Drugs by Formation of Disomy



225

in Specific Multiple Chromosomes. PLOS Pathogens, 6(4), e1000848.
https://doi.org/10.1371/JOURNAL.PPAT.1000848

Skourti-Stathaki, K., & Proudfoot, N. J. (2014). A double-edged sword: R
loops as threats to genome integrity and powerful regulators of gene
expression. Genes & Development, 28(13), 1384—1396.
https://doi.org/10.1101/GAD.242990.114

Slupianek, A., Schmutte, C., Tombline, G., Nieborowska-Skorska, M., Hoser,
G., Nowicki, M. O., Pierce, A. J., Fishel, R., & Skorski, T. (2001).
BCR/ABL regulates mammalian RecA homologs, resulting in drug
resistance. Molecular Cell, 8(4), 795-806. https://doi.org/10.1016/S1097-
2765(01)00357-4

Snape, K., Hanks, S., Ruark, E., Barros-Nufez, P., Elliott, A., Murray, A.,
Lane, A. H., Shannon, N., Callier, P., Chitayat, D., Clayton-Smith, J.,
Fitzpatrick, D. R., Gisselsson, D., Jacquemont, S., Asakura-Hay, K.,
Micale, M. A., Tolmie, J., Turnpenny, P. D., Wright, M., ... Rahman, N.
(2011). Mutations in CEP57 cause mosaic variegated aneuploidy
syndrome. Nature Genetics, 43(6), 527-529.
https://doi.org/10.1038/NG.822

So, A., Dardillac, E., Muhammad, A., Chailleux, C., Sesma-Sanz, L., Ragu,
S., Le Cam, E., Canitrot, Y., Masson, J. Y., Dupaigne, P., Lopez, B. S., &
Guirouilh-Barbat, J. D. S. (2022). RADS1 protects against
nonconservative DNA double-strand break repair through a
nonenzymatic function. Nucleic Acids Research, 50(5), 2651-2666.
https://doi.org/10.1093/NAR/GKACO073

So, S., Davis, A. J., & Chen, D. J. (2009). Autophosphorylation at serine 1981
stabilizes ATM at DNA damage sites. The Journal of Cell Biology,
187(7), 977. https://doi.org/10.1083/JCB.200906064

Sobhian, B., Shao, G., Lilli, D. R., Culhane, A. C., Moreau, L. A., Xia, B.,
Livingston, D. M., & Greenberg, R. A. (2007). RAP80 targets BRCA1 to
specific ubiquitin structures at DNA damage sites. Science, 316(5828),
1198-1202.



226

https://doi.org/10.1126/SCIENCE.1139516/SUPPL_FILE/SOBHIAN.SO
M.PDF

Somasundaram, K., Zhang, H., Zeng, Y. X., Mouvras, Y., Peng, Y., Zhang, H.,
Wu, G. S., Licht, J. D., Weber, B. L., & El-Deiry, W. S. (1997). Arrest of
the cell cycle by the tumour-suppressor BRCA1 requires the CDK-
inhibitor p21WAF1/CiP1. Nature, 389(6647), 187—190.
https://doi.org/10.1038/38291

Sonoda, E., Sasaki, M. S., Buerstedde, J. M., Bezzubova, O., Shinohara, A,
Ogawa, H., Takata, M., Yamaguchi-lwai, Y., & Takeda, S. (1998). Rad51-
deficient vertebrate cells accumulate chromosomal breaks prior to cell
death. The EMBO Journal, 17(2), 598-608.
https://doi.org/10.1093/EMBOJ/17.2.598

Sarensen, C. S., Hansen, L. T., Dziegielewski, J., Syljuasen, R. G., Lundin,
C., Bartek, J., & Helleday, T. (2005). The cell-cycle checkpoint kinase
Chk1 is required for mammalian homologous recombination repair.
Nature Cell Biology, 7(2), 195-201. https://doi.org/10.1038/NCB1212

Satillo, R., Hernando, E., Diaz-Rodriguez, E., Teruya-Feldstein, J., Cordén-
Cardo, C., Lowe, S. W., & Benezra, R. (2007). Mad2 Overexpression
Promotes Aneuploidy and Tumorigenesis in Mice. Cancer Cell, 11(1), 9—
23. https://doi.org/10.1016/j.ccr.2006.10.019

Soutoglou, E., Dorn, J. F., Sengupta, K., Jasin, M., Nussenzweig, A., Ried, T.,
Danuser, G., & Misteli, T. (2007). Positional stability of single double-
strand breaks in mammalian cells. Nature Cell Biology, 9(6), 675—682.
https://doi.org/10.1038/ncb1591

Spike, B. T., & Wahl, G. M. (2011). p53, Stem Cells, and Reprogramming:
Tumor Suppression beyond Guarding the Genome. Genes & Cancer,
2(4), 404—419. https://doi.org/10.1177/1947601911410224

St, K. A., & Hall, E. (2020). The role of MDM2-NBS1 protein interaction in

DNA repair in bladder cancer.

Steigemann, P., Wurzenberger, C., Schmitz, M. H. A., Held, M., Guizetti, J.,
Maar, S., & Gerlich, D. W. (2009). Aurora B-Mediated Abscission



227

Checkpoint Protects against Tetraploidization. Cell, 136(3), 473—484.
https://doi.org/10.1016/J.CELL.2008.12.020

Stevens, C., Smith, L., & La Thangue, N. B. (2003). Chk2 activates E2F-1 in
response to DNA damage. Nature Cell Biology 2003 5:5, 5(5), 401—409.
https://doi.org/10.1038/ncb974

Stewart, G. S. (2009). Solving the RIDDLE of 53BP1 recruitment to sites of
damage. Cell Cycle, 8(10), 1532—-1538.
https://doi.org/10.4161/CC.8.10.8351

Stewart, G. S., Maser, R. S., Stankovic, T., Bressan, D. A., Kaplan, M. |.,
Jaspers, N. G. J., Raams, A., Byrd, P. J., Petrini, J. H. J., & Taylor, A. M.
R. (1999). The DNA double-strand break repair gene hMRE11 is
mutated in individuals with an ataxia-telangiectasia-like disorder. Cell,
99(6), 577-587. https://doi.org/10.1016/S0092-8674(00)81547-0

Stiff, T., Tena, T. C., O'Driscoll, M., Jeggo, P. A., & Philipp, M. (2016). ATR
promotes cilia signalling: links to developmental impacts. Human
Molecular Genetics, 25(8), 1574—1587.
https://doi.org/10.1093/HMG/DDW034

Stirling, P. C., Bloom, M. S., Solanki-Patil, T., Smith, S., Sipahimalani, P., Li,
Z., Kofoed, M., Ben-Aroya, S., Myung, K., & Hieter, P. (2011). The
complete spectrum of yeast chromosome instability genes identifies
candidate CIN cancer genes and functional roles for ASTRA complex
components. PLoS Genetics, 7(4).
https://doi.org/10.1371/JOURNAL.PGEN.1002057

Stolarova, L., Kleiblova, P., Janatova, M., Soukupova, J., Zemankova, P.,
Macurek, L., & Kleibl, Z. (2020). CHEK2 Germline Variants in Cancer
Predisposition: Stalemate Rather than Checkmate. Cells 2020, Vol. 9,
Page 2675, 9(12), 2675. https://doi.org/10.3390/CELLS9122675

Stone, C., McCabe, N., & Ashworth, A. (2003). X-chromosome inactivation: X
marks the spot for BRCA1. Current Biology : CB, 13(2).
https://doi.org/10.1016/S0960-9822(02)01430-6



228

Stone, N. R. H., Rhodes, J., Fisher, M. C., Mfinanga, S., Kivuyo, S.,
Rugemalila, J., Segal, E. S., Needleman, L., Molloy, S. F., Kwon-Chung,
J., Harrison, T. S., Hope, W., Berman, J., & Bicanic, T. (2019). Dynamic
ploidy changes drive fluconazole resistance in human cryptococcal
meningitis. The Journal of Clinical Investigation, 129(3), 999-1014.
https://doi.org/10.1172/JCI124516

Stracker, T. H., & Petrini, J. H. J. (2011). The MRE11 complex: starting from
the ends. Nature Reviews Molecular Cell Biology, 12(2), 90-103.
https://doi.org/10.1038/nrm3047

Stlrzbecher, H. W., Donzelmann, B., Henning, W., Knippschild, U., &
Buchhop, S. (1996). p53 is linked directly to homologous recombination
processes via RAD51/RecA protein interaction. The EMBO Journal,
15(8), 1992-2002. https://doi.org/10.1002/J.1460-2075.1996.TB00550.X

Su, X. A, Ma, D., Parsons, J. V., Replogle, J. M., Amatruda, J. F., Whittaker,
C. A, Stegmaier, K., & Amon, A. (2021). RAD21 is a driver of
chromosome 8 gain in Ewing sarcoma to mitigate replication stress.
Genes & Development, 35(7-8), 556-572.
https://doi.org/10.1101/GAD.345454.120

Sugimoto, |., Murakami, H., Tonami, Y., Moriyama, A., & Nakanishi, M.
(2004). DNA replication checkpoint control mediated by the spindle
checkpoint protein Mad2p in fission yeast. The Journal of Biological
Chemistry, 279(45), 47372—-47378.
https://doi.org/10.1074/JBC.M403231200

Sun, Y., Xu, Y., Roy, K., & Price, B. D. (2007). DNA damage-induced
acetylation of lysine 3016 of ATM activates ATM kinase activity.
Molecular and Cellular Biology, 27(24), 8502—8509.
https://doi.org/10.1128/MCB.01382-07

Sung, S., Li, F.,, Park, Y. B, Kim, J. S., Kim, A., Song, O., Kim, J., Che, J.,
Lee, S. E., & Cho, Y. (2014). DNA end recognition by the Mre11
nuclease dimer: insights into resection and repair of damaged DNA . The
EMBO Journal, 33(20), 2422-2435.



229

https://doi.org/10.15252/EMBJ.201488299/SUPPL_FILE/EMBJ2014882
99.REVIEWER_COMMENTS.PDF

Sunkara, S. K., Siozos, A., Bolton, V. N., Khalaf, Y., Braude, P. R., & El-

Toukhy, T. (2010). The influence of delayed blastocyst formation on the
outcome of frozen-thawed blastocyst transfer: a systematic review and
meta-analysis. Human Reproduction, 25(8), 1906—1915.
https://doi.org/10.1093/HUMREP/DEQ143

Sy, S. M. H., Huen, M. S. Y., & Chen, J. (2009). PALB2 is an integral

component of the BRCA complex required for homologous
recombination repair. Proceedings of the National Academy of Sciences
of the United States of America, 106(17), 7155-7160.
https://doi.org/10.1073/PNAS.0811159106/SUPPL_FILE/0811159106SI.
PDF

Syed, A., & Tainer, J. A. (2018). The MRE11-RAD50-NBS1 Complex

Conducts the Orchestration of Damage Signaling and Outcomes to
Stress in DNA Replication and Repair. Annual Review of Biochemistry,
87, 263—-294. https://doi.org/10.1146/ANNUREV-BIOCHEM-062917-
012415

Syljuasen, R. G., Sgrensen, C. S., Hansen, L. T., Fugger, K., Lundin, C.,

Johansson, F., Helleday, T., Sehested, M., Lukas, J., & Bartek, J. (2005).
Inhibition of Human Chk1 Causes Increased Initiation of DNA
Replication, Phosphorylation of ATR Targets, and DNA Breakage.
Molecular and Cellular Biology, 25(9), 3553—3562.
https://doi.org/10.1128/MCB.25.9.3553-3562.2005

Takai, H., Naka, K., Okada, Y., Watanabe, M., Harada, N., Saito, S.,

Anderson, C. W., Appella, E., Nakanishi, M., Suzuki, H., Nagashima, K.,
Sawa, H., Ikeda, K., & Motoyama, N. (2002). Chk2-deficient mice exhibit
radioresistance and defective p53-mediated transcription. The EMBO
Journal, 21(19), 5195-5205. https://doi.org/10.1093/EMBOJ/CDF506

Takai, H., Tominaga, K., Motoyama, N., Minamishima, Y. A., Nagahama, H.,

Tsukiyama, T., lkeda, K., Nakayama, K., Nakanishi, M., & Nakayama, K.



230

I. (2000). Aberrant cell cycle checkpoint function and early embryonic
death in Chk1 —/- mice. Genes & Development, 14(12), 1439-1447.
https://doi.org/10.1101/GAD.14.12.1439

Takata, M., Sasaki, M. S., Tachiiri, S., Fukushima, T., Sonoda, E., Schild, D.,
Thompson, L. H., & Takeda, S. (2001). Chromosome Instability and
Defective Recombinational Repair in Knockout Mutants of the Five
Rad51 Paralogs. Molecular and Cellular Biology, 21(8), 2858—2866.
https://doi.org/10.1128/MCB.21.8.2858-2866.2001

Takenaka, S., Kuroda, Y., Ohta, S., Mizuno, Y., Hiwatari, M., Miyatake, S.,
Matsumoto, N., & Oka, A. (2019). A Japanese patient with RAD51-
associated Fanconi anemia. American Journal of Medical Genetics Part
A, 179(6), 900-902. https://doi.org/10.1002/AJMG.A.61130

Tan, J., Duan, M., Yaday, T., Phoon, L., Wang, X., Zhang, J. M., Zou, L., &
Lan, L. (2020). An R-loop-initiated CSB-RAD52-POLD3 pathway
suppresses ROS-induced telomeric DNA breaks. Nucleic Acids
Research, 48(3), 1285-1300. https://doi.org/10.1093/NAR/GKZ1114

Tang, J., Erikson, R. L., & Liu, X. (2006). Checkpoint kinase 1 (Chk1) is
required for mitotic progression through negative regulation of polo-like 1
(Plk1). Proceedings of the National Academy of Sciences of the United
States of America, 103(32), 11964—-119609.
https://doi.org/10.1073/PNAS.0604987103/SUPPL_FILE/04987FIG9.PD
F

Taouis, K., Vacher, S., Guirouilh-Barbat, J., Camonis, J., Formstecher, E.,
Popova, T., Hamy, A. S., Petitalot, A., Lidereau, R., Caputo, S. M., Zinn-
Justin, S., Biéche, I., Driouch, K., & Lallemand, F. (2023). WWOX binds
MERIT40 and modulates its function in homologous recombination,
implications in breast cancer. Cancer Gene Therapy 2023 30:8, 30(8),
1144—1155. https://doi.org/10.1038/s41417-023-00626-x

Tavtigian, S. V., Simard, J., Rommens, J., Couch, F., Shattuck-Eidens, D.,
Neuhausen, S., Merajver, S., Thorlacius, S., Offit, K., Stoppa-Lyonnet,
D., Belanger, C., Bell, R., Berry, S., Bogden, R., Chen, Q., Davis, T.,



231

Dumont, M., Frye, C., Hattier, T., ... Goldgar, D. E. (1996). The complete
BRCAZ2 gene and mutations in chromosome 13qg-linked kindreds. Nature
Genetics, 12(3), 333-337. https://doi.org/10.1038/NG0396-333

Taylor, A. M., Shih, J., Ha, G., Gao, G. F., Zhang, X., Berger, A. C.,
Schumacher, S. E., Wang, C., Hu, H., Liu, J., Lazar, A. J., Caesar-
Johnson, S. J., Demchok, J. A., Felau, ., Kasapi, M., Ferguson, M. L.,
Hutter, C. M., Sofia, H. J., Tarnuzzer, R., ... Meyerson, M. (2018).
Genomic and Functional Approaches to Understanding Cancer
Aneuploidy. Cancer Cell, 33(4), 676-689.e3.
https://doi.org/10.1016/j.ccell.2018.03.007

Taylor, T. H., Patrick, J. L., Gitlin, S. A., Wilson, J. M., Crain, J. L., & Griffin, D.
K. (2014). Comparison of aneuploidy, pregnancy and live birth rates
between day 5 and day 6 blastocysts. Reproductive BioMedicine Online,
29(3), 305-310. https://doi.org/10.1016/J.RBM0.2014.06.001

Técher, H., Koundrioukoff, S., Nicolas, A., & Debatisse, M. (2017). The
impact of replication stress on replication dynamics and DNA damage in
vertebrate cells. Nature Reviews Genetics, 18(9), 535-550.
https://doi.org/10.1038/nrg.2017.46

Teng, Y., Yaday, T., Duan, M., Tan, J., Xiang, Y., Gao, B., Xu, J., Liang, Z.,
Liu, Y., Nakajima, S., Shi, Y., Levine, A. S., Zou, L., & Lan, L. (2018).
ROS-induced R loops trigger a transcription-coupled but BRCA1/2-
independent homologous recombination pathway through CSB. Nature
Communications, 9(1), 1-12. https://doi.org/10.1038/s41467-018-06586-
3

Terao, C., Suzuki, A., Momozawa, Y., Akiyama, M., Ishigaki, K., Yamamoto,
K., Matsuda, K., Murakami, Y., McCarroll, S. A., Kubo, M., Loh, P. R., &
Kamatani, Y. (2020). Chromosomal alterations among age-related
haematopoietic clones in Japan. Nature, 584(7819), 130-135.
https://doi.org/10.1038/s41586-020-2426-2

Thang, L. D., Thuy, N. M., Dung, T. C., Anh, P. T. T., Quy, P. N., Ngoc, V. T.,
Linh, H. M., Thuy, N. Le, Anh, C. T,, Thuy, T. T., Huong, N. T. L., Hoang,



232

L., & Hugues, J. N. (2024). The Impact of Embryo Quality on Pregnancy
Outcomes in Single Day 5 versus Day 6 Euploid Blastocyst Transfer: A
Retrospective Cohort Study. International Journal of Fertility & Sterility,
18(3), 228. https://doi.org/10.22074/1JFS.2023.2006100.1488

Thomas, M., Dubacq, C., Rabut, E., Lopez, B. S., & Guirouilh-Barbat, J.
(2023). Noncanonical Roles of RAD51. Cells 2023, Vol. 12, Page 1169,
12(8), 1169. https://doi.org/10.3390/CELLS12081169

Thomas, P., & Fenech, M. (2008). Chromosome 17 and 21 aneuploidy in
buccal cells is increased with ageing and in Alzheimer’s disease.
Mutagenesis, 23(1), 57-65. https://doi.org/10.1093/MUTAGE/GEMO044

Thompson, C. (2016). IVF global histories, USA: between Rock and a
marketplace. Reproductive Biomedicine & Society Online, 2, 128-135.
https://doi.org/10.1016/J.RBMS.2016.09.003

Thompson, D. J., Genovese, G., Halvardson, J., Ulirsch, J. C., Wright, D. J.,
Terao, C., Davidsson, O. B., Day, F. R., Sulem, P., Jiang, Y., Danielsson,
M., Davies, H., Dennis, J., Dunlop, M. G., Easton, D. F., Fisher, V. A.,
Zink, F., Houlston, R. S., Ingelsson, M., ... Perry, J. R. B. (2019). Genetic
predisposition to mosaic Y chromosome loss in blood. Nature 2019
575:7784, 575(7784), 652—657. https://doi.org/10.1038/s41586-019-
1765-3

Thompson, S. L., & Compton, D. A. (2010). Proliferation of aneuploid human
cells is limited by a p53-dependent mechanism. Journal of Cell Biology,
188(3), 369-381. https://doi.org/10.1083/JCB.200905057

Thorpe, L. M., Yuzugullu, H., & Zhao, J. J. (2014). PI3K in cancer: divergent
roles of isoforms, modes of activation and therapeutic targeting. Nature
Reviews Cancer, 15(1), 7-24. https://doi.org/10.1038/nrc3860

Tiegs, A. W,, Sun, L., Patounakis, G., & Scott, R. T. (2019). Worth the wait?
Day 7 blastocysts have lower euploidy rates but similar sustained
implantation rates as Day 5 and Day 6 blastocysts. Human
Reproduction, 34(9), 1632—-16309.
https://doi.org/10.1093/HUMREP/DEZ138



233

Tilia, L., Chapman, M., Kilani, S., Cooke, S., & Venetis, C. (2020). Oocyte
meiotic spindle morphology is a predictive marker of blastocyst ploidy-a
prospective cohort study. Fertility and Sterility, 113(1), 105-113e.1.
https://doi.org/10.1016/j.fertnstert.2019.08.070

Tirkkonen, M., Johannsson, O., Agnarsson, B. A., Olsson, H., Ingvarsson, S.,
Karhu, R., Tanner, M., Isola, J., Barkardottir, R. B., Borg, A., &
Kallioniemi, O. P. (1997). Distinct somatic genetic changes associated
with tumor progression in carriers of BRCA1 and BRCA2 germ-line
mutations. Proceedings of the American Society for Cancer Research,
38(7), 510. https://iris.rais.is/en/publications/distinct-somatic-genetic-

changes-associated-with-tumor-progressio-2

Toledo, L. I., Murga, M., Gutierrez-Martinez, P., Soria, R., & Fernandez-
Capetillo, O. (2008). ATR signaling can drive cells into senescence in the
absence of DNA breaks. Genes & Development, 22(3), 297-302.
https://doi.org/10.1101/GAD.452308

Tomimatsu, N., Mukherjee, B., Deland, K., Kurimasa, A., Bolderson, E.,
Khanna, K. K., & Burma, S. (2012). Exo1 plays a major role in DNA end
resection in humans and influences double-strand break repair and
damage signaling decisions. DNA Repair, 11(4), 441.
https://doi.org/10.1016/J.DNAREP.2012.01.006

Tominaga, K., Morisaki, H., Kaneko, Y., Fujimoto, A., Tanaka, T., Ohtsubo, M.,
Hirai, M., Okayama, H., lkeda, K., & Nakanishi, M. (1999). Role of
human Cds1 (Chk2) kinase in DNA damage checkpoint and its
regulation by p53. Journal of Biological Chemistry, 274(44), 31463—
31467. https://doi.org/10.1074/jbc.274.44.31463

Tomizawa, S. |., Kobayashi, H., Watanabe, T., Andrews, S., Hata, K., Kelsey,
G., & Sasaki, H. (2011). Dynamic stage-specific changes in imprinted
differentially methylated regions during early mammalian development
and prevalence of non-CpG methylation in oocytes. Development,
138(5), 811-820. https://doi.org/10.1242/DEV.061416



234

Tong, J., Niu, Y., Wan, A., & Zhang, T. (2022). Effect of parental origin and
predictors for obtaining a euploid embryo in balanced translocation
carriers. Reproductive Biomedicine Online, 44(1), 72—79.
https://doi.org/10.1016/J.RBM0.2021.09.007

Toulany, M., Kehlbach, R., Florczak, U., Sak, A., Wang, S., Chen, J., Lobrich,
M., & Rodemann, H. P. (2008). Targeting of AKT1 enhances radiation
toxicity of human tumor cells by inhibiting DNA-PKcs-dependent DNA
double-strand break repair. Molecular Cancer Therapeutics, 7(7), 1772—
1781. https://doi.org/10.1158/1535-7163.MCT-07-2200

Tsou, M. F. B., & Stearns, T. (2006). Controlling centrosome number: licenses
and blocks. Current Opinion in Cell Biology, 18(1), 74—78.
https://doi.org/10.1016/J.CEB.2005.12.008

Tsutsui, T., Suzuki, N., Fukuda, S., Sato, M., Maizumi, H., Mclachlan, J. A., &
Barrett, J. C. (1987). 17 B -Estradiol-induced cell transformation and
aneuploidy of Syrian hamster embryo cells in culture. Carcinogenesis,
8(11), 1715-1719. https://doi.org/10.1093/CARCIN/8.11.1715

Tulay, P., Doshi, A., Serhal, P., & Sengupta, S. B. (2016). Differential
expression of parental alleles of BRCA1 in human preimplantation
embryos. European Journal of Human Genetics 2017 25:1, 25(1), 37—
42. https://doi.org/10.1038/ejhg.2016.121

Tutt, A., Gabriel, A., Bertwistle, D., Connor, F., Paterson, H., Peacock, J.,
Ross, G., & Ashworth, A. (1999). Absence of Brca2 causes genome
instability by chromosome breakage and loss associated with
centrosome amplification. Current Biology, 9(19), 1107-S1.
https://doi.org/10.1016/S0960-9822(99)80479-5

Uchisaka, N., Takahashi, N., Sato, M., Kikuchi, A., Mochizuki, S., Imai, K.,
Nonoyama, S., Ohara, O., Watanabe, F., Mizutani, S., Hanada, R., &
Morio, T. (2009). Two Brothers with Ataxia-Telangiectasia-like Disorder
with Lung Adenocarcinoma. The Journal of Pediatrics, 155(3), 435—-438.
https://doi.org/10.1016/J.JPEDS.2009.02.037



235

Umbreit, N. T., Zhang, C. Z., Lynch, L. D., Blaine, L. J., Cheng, A. M.,
Tourdot, R., Sun, L., Aimubarak, H. F., Judge, K., Mitchell, T. J., Spektor,
A., & Pellman, D. (2020). Mechanisms generating cancer genome
complexity from a single cell division error. Science, 368(6488).
https://doi.org/10.1126/SCIENCE.ABA0712/SUPPL_FILE/ABA0712S8.M
ov

Utermark, T., Rao, T., Cheng, H., Wang, Q., Lee, S. H., Wang, Z. C., Dirk
Iglehart, J., Roberts, T. M., Muller, W. J., & Zhao, J. J. (2012). The p110a
and p110p isoforms of PI3K play divergent roles in mammary gland
development and tumorigenesis. Genes & Development, 26(14), 1573—
1586. https://doi.org/10.1101/GAD.191973.112

Uyar, A., Torrealday, S., & Seli, E. (2013). Cumulus and granulosa cell
markers of oocyte and embryo quality. Fertility and Sterility, 99(4), 979—
997. https://doi.org/10.1016/J.FERTNSTERT.2013.01.129

Valenti, D., Manente, G. A., Moro, L., Marra, E., & Vacca, R. A. (2011). Deficit
of complex | activity in human skin fibroblasts with chromosome 21
trisomy and overproduction of reactive oxygen species by mitochondria:
involvement of the cAMP/PKA signalling pathway. Biochemical Journal,
435(3), 679-688. https://doi.org/10.1042/BJ20101908

van den Bos, H., Spierings, D. C. J., Taudt, A. S., Bakker, B., Porubsky, D.,
Falconer, E., Novoa, C., Halsema, N., Kazemier, H. G., Hoekstra-
Wakker, K., Guryeyv, V., den Dunnen, W. F. A., Foijer, F., Tatché, M. C.,
Boddeke, H. W. G. M., & Lansdorp, P. M. (2016). Single-cell whole
genome sequencing reveals no evidence for common aneuploidy in
normal and Alzheimer’s disease neurons. Genome Biology, 17(1), 1-9.
https://doi.org/10.1186/S13059-016-0976-2/FIGURES/4

van Leeuwen, J., Pons, C., Tan, G., Wang, J. Z., Hou, J., Weile, J., Gebbia,
M., Liang, W., Shuteriqi, E., Li, Z., Lopes, M., U3aj, M., Dos Santos
Lopes, A., van Lieshout, N., Myers, C. L., Roth, F. P., Aloy, P., Andrews,
B. J., & Boone, C. (2020). Systematic analysis of bypass suppression of
essential genes. Molecular Systems Biology, 16(9), 9828.



236

https://doi.org/10.15252/MSB.20209828/SUPPL_FILE/MSB209828-
SUP-0015-DATASETEV14.XLSX

Vanhaesebroeck, B., Bilanges, B., Madsen, R. R., Dale, K. L., Lau, E., &
Vladimirou, E. (2019). Perspective: Potential Impact and Therapeutic
Implications of Oncogenic PI3K Activation on Chromosomal Instability.
Biomolecules, 9(8). https://doi.org/10.3390/BIOM9080331

Vassiley, L. T. (2007). MDM2 inhibitors for cancer therapy. Trends in
Molecular Medicine, 13(1), 23-31.
https://doi.org/10.1016/j.molmed.2006.11.002

Vasudevan, A., Schukken, K. M., Sausville, E. L., Girish, V., Adebambo, O.
A., & Sheltzer, J. M. (2021). Aneuploidy as a promoter and suppressor of
malignant growth. Nature Reviews Cancer 2021 21:2, 21(2), 89-103.
https://doi.org/10.1038/s41568-020-00321-1

Vaughn, J. P., Davis, P. L., Jarboe, M. D., Huper, G., Craig Evans, A.,
Wiseman, R. W., Berchuck, A., Iglehart, J. D., Futreal, P. A., & Marks, J.
R. (1996). BRCA1 expression is induced before DNA synthesis in both
normal and tumor-derived breast cells. Cell Growth and Differentiation,
7(6), 711-715.
https://mdanderson.elsevierpure.com/en/publications/brca1-expression-

is-induced-before-dna-synthesis-in-both-normal-a

Verlinden, L., Bempt, I. Vanden, Eelen, G., Drijkoningen, M., Verlinden, I.,
Marchal, K., De Wolf-Peeters, C., Christiaens, M. R., Michiels, L.,
Bouillon, R., & Verstuyf, A. (2007). The E2F-regulated gene Chk1 is
highly expressed in triple-negative estrogen receptor /progesterone
receptor /[HER-2 breast carcinomas. Cancer Research, 67(14), 6574—
6581. https://doi.org/10.1158/0008-5472.CAN-06-3545

Verret, B., Cortes, J., Bachelot, T., Andre, F., & Arnedos, M. (2019). Efficacy
of PI3K inhibitors in advanced breast cancer. Annals of Oncology,
30(10), x12—x20. https://doi.org/10.1093/ANNONC/MDZ381

Viotti, M., Victor, A. R., Zouves, C. G., & Barnes, F. L. (2017). Is mitochondrial

DNA quantitation in blastocyst trophectoderm cells predictive of



237

developmental competence and outcome in clinical IVF? Journal of
Assisted Reproduction and Genetics, 34(12), 1581-1585.
https://doi.org/10.1007/S10815-017-1072-6/FIGURES/1

Vitre, B. D., & Cleveland, D. W. (2012). Centrosomes, chromosome instability
(CIN) and aneuploidy. Current Opinion in Cell Biology, 24(6), 809-815.
https://doi.org/10.1016/J.CEB.2012.10.006

Vodicka, P., Kroupa, M., Vodickova, L., & Kumar, R. (2023). Editorial: Current
understanding of genomic and chromosomal instabilities in solid
malignancies. Frontiers in Oncology, 13, 1245087 .
https://doi.org/10.3389/FONC.2023.1245087/BIBTEX

Vohhodina, J., Toomire, K. J., Petit, S. A., Micevic, G., Kumairi, G.,
Botchkarev, V. V., Li, Z., Livingston, D. M., & Hu, Y. (2020). RAP80 and
BRCA1 PARsylation protect chromosome integrity by preventing
retention of BRCA1-B/C complexes in DNA repair foci. Proceedings of
the National Academy of Sciences of the United States of America,
117(4), 2084—-2091. https://doi.org/10.1073/PNAS.1908003117

Wahba, L., Gore, S. K., & Koshland, D. (2013). The homologous
recombination machinery modulates the formation of RNA-DNA hybrids
and associated chromosome instability. ELife, 2013(2).
https://doi.org/10.7554/ELIFE.00505

Wai, T., Ao, A., Zhang, X., Cyr, D., Dufort, D., & Shoubridge, E. A. (2010). The
Role of Mitochondrial DNA Copy Number in Mammalian Fertility. Biology
of Reproduction, 83(1), 52—-62.
https://doi.org/10.1095/BIOLREPROD.109.080887

Wang, A., Schneider-Broussard, R., Kumar, A. P, MacLeod, M. C., &
Johnson, D. G. (2000). Regulation of BRCA1 expression by the Rb-E2F
pathway. Journal of Biological Chemistry, 275(6), 4532—4536.
https://doi.org/10.1074/jbc.275.6.4532

Wang, A. T., Kim, T., Wagner, J. E., Conti, B. A, Lach, F. P., Huang, A. L.,
Molina, H., Sanborn, E. M., Zierhut, H., Cornes, B. K., Abhyankar, A.,
Sougnez, C., Gabriel, S. B., Auerbach, A. D., Kowalczykowski, S. C., &



238

Smogorzewska, A. (2015). A Dominant Mutation in Human RAD51
Reveals Its Function in DNA Interstrand Crosslink Repair Independent of
Homologous Recombination. Molecular Cell, 59(3), 478-490.
https://doi.org/10.1016/j.molcel.2015.07.009

Wang, B. (2012). BRCA1 tumor suppressor network: focusing on its tail. Cell
& Bioscience 2012 2:1, 2(1), 1-10. https://doi.org/10.1186/2045-3701-2-
6

Wang, B., & Elledge, S. J. (2007). Ubc13/Rnf8 ubiquitin ligases control foci
formation of the Rap80/Abraxas/Brca1/Brcc36 complex in response to
DNA damage. Proceedings of the National Academy of Sciences of the
United States of America, 104(52), 20759-20763.
https://doi.org/10.1073/PNAS.0710061104/SUPPL_FILE/10061FIG6.JP
G

Wang, B., Matsuoka, S., Ballif, B. A., Zhang, D., Smogorzewska, A., Gygi, S.
P., & Elledge, S. J. (2007). Abraxas and RAP80 form a BRCA1 protein
complex required for the DNA damage response. Science, 316(5828),
1194-1198.
https://doi.org/10.1126/SCIENCE.1139476/SUPPL_FILE/WANG.SOM.P
DF

Wang, B., Matsuoka, S., Carpenter, P. B., & Elledge, S. J. (2002). 53BP1, a
mediator of the DNA damage checkpoint. Science (New York, N.Y.),
298(5597), 1435-1438. https://doi.org/10.1126/SCIENCE.1076182

Wang, G. F., Dong, Q., Bai, Y., Yuan, J., Xu, Q., Cao, C., & Liu, X. (2017).
Oxidative stress induces mitotic arrest by inhibiting Aurora A-involved
mitotic spindle formation. Free Radical Biology and Medicine, 103, 177—
187. https://doi.org/10.1016/J.FREERADBIOMED.2016.12.031

Wang, H., Wang, H., Powell, S. N, lliakis, G., & Wang, Y. (2004). ATR
affecting cell radiosensitivity is dependent on homologous recombination
repair but independent of nonhomologous end joining. Cancer Research,
64(19), 7139-7143. https://doi.org/10.1158/0008-5472.CAN-04-1289



239

Wang, J., Diao, Z., Fang, J., Zhu, L., Xu, Z., Lin, F.,, Zhang, N., & Chen, L.
(2022). The influence of day 3 embryo cell number on the clinical
pregnancy and live birth rates of day 5 single blastocyst transfer from
frozen embryo transfer cycles. BMC Pregnancy and Childbirth, 22(1),
980. https://doi.org/10.1186/S12884-022-05337-Z

Wang, J. L., Wang, X., Wang, H., lliakis, G., & Wang, Y. (2002). CHK1-
Regulated S-phase Checkpoint Response Reduces Camptothecin
Cytotoxity. Cell Cycle, 1(4), 267-272. https://doi.org/10.4161/CC.1.4.137

Wang, P., Lushnikova, T., Odvody, J., Greiner, T. C., Jones, S. N., & Eischen,
C. M. (2007). Elevated Mdm2 expression induces chromosomal
instability and confers a survival and growth advantage to B cells.
Oncogene 2008 27:11, 27(11), 1590-1598.
https://doi.org/10.1038/sj.onc.1210788

Wang, Q., Liu, P., Spangle, J. M., Von, T., Roberts, T. M., Lin, N. U., Krop, |.
E., Winer, E. P.,, & Zhao, J. J. (2015). PI3K-p110a mediates resistance to
HER2-targeted therapy in HER2+, PTEN-deficient breast cancers.
Oncogene, 35(27), 3607—-3612. https://doi.org/10.1038/onc.2015.406

Wang, Q. T., Piotrowska, K., Ciemerych, M. A., Milenkovic, L., Scott, M. P.,
Davis, R. W., & Zernicka-Goetz, M. (2004). A genome-wide study of
gene activity reveals developmental signaling pathways in the
preimplantation mouse embryo. Developmental Cell, 6(1), 133—144.
https://doi.org/10.1016/S1534-5807(03)00404-0

Wang, R. H., Yu, H., & Deng, C. X. (2004). A requirement for breast-cancer-
associated gene 1 (BRCA1) in the spindle checkpoint. Proceedings of
the National Academy of Sciences of the United States of America,
101(49), 17108. https://doi.org/10.1073/PNAS.0407585101

Wang, W. W., Spurdle, A. B., Kolachana, P., Bove, B., Modan, B., Ebbers, S.
M., Suthers, G., Tucker, M. A., Kaufman, D. J., Doody, M. M., Tarone, R.
E., Daly, M., Levavi, H., Pierce, H., Chetrit, A., Yechezkel, G. H.,
Chenvix-Trench, G., Offit, K., Godwin, A. K., & Struewing, J. P. (2001). A
Single Nucleotide Polymorphism in the 5’ Untranslated Region of RAD51



240

and Risk of Cancer among BRCA1/2 Mutation Carriers. Cancer
Epidemiology, Biomarkers & Prevention, 10(9), 955-960.
https://aacrjournals.org/cebp/article/10/9/955/164692/A-Single-

Nucleotide-Polymorphism-in-the-5

Wang, Y., Cortez, D., Yazdi, P., Neff, N., Elledge, S. J., & Qin, J. (2000).
BASC, a super complex of BRCA1-associated proteins involved in the
recognition and repair of aberrant DNA structures. Genes &
Development, 14(8), 927-939. https://doi.org/10.1101/GAD.14.8.927

Wang, Y., Gudikote, J., Giri, U., Yan, J., Deng, W., Ye, R., Jiang, W., Li, N.,
Hobbs, B. P., Wang, J., Swisher, S. G., Fujimoto, J., Wistuba, I. I.,
Komaki, R., Heymach, J. V., & Lin, S. H. (2018). RAD50 expression is
associated with poor clinical outcomes after radiotherapy for resected
non-small cell lung cancer. Clinical Cancer Research, 24(2), 341-350.
https://doi.org/10.1158/1078-0432.CCR-17-1455/73676/AM/RAD50-
EXPRESSION-IS-ASSOCIATED-WITH-POOR-CLINICAL

Weaver, B. A. A,, Silk, A. D., Montagna, C., Verdier-Pinard, P., & Cleveland,
D. W. (2007). Article Aneuploidy Acts Both Oncogenically and as a
Tumor Suppressor. Cancer Cell, 11(1), 25-36.
https://doi.org/10.1016/j.ccr.2006.12.003

Weaver, B. A., & Cleveland, D. W. (2006). Does aneuploidy cause cancer?
Current Opinion in Cell Biology, 18(6), 658—667.
https://doi.org/10.1016/J.CEB.2006.10.002

Wei, M., Grushko, T. A., Dignam, J., Hagos, F., Nanda, R., Sveen, L., Xu, J.,
Fackenthal, J., Tretiakova, M., Das, S., & Olopade, O. |. (2005). BRCA1
promoter methylation in sporadic breast cancer is associated with
reduced BRCA1 copy number and chromosome 17 aneusomy. Cancer
Research, 65(23), 10692—10699. https://doi.org/10.1158/0008-
5472.CAN-05-1277

Wei, Y., Multi, S., Yang, C. R., Ma, J., Zhang, Q. H., Wang, Z. B., Li, M., Wei,
L., Ge, Z. J., Zhang, C. H., Ouyang, Y. C., Hou, Y., Schatten, H., & Sun,
Q. Y. (2011). Spindle assembly checkpoint regulates mitotic cell cycle



241

progression during preimplantation embryo development. PloS One,
6(6). https://doi.org/10.1371/JOURNAL.PONE.0021557

Weischer, M., Bojesen, S. E., Tybjeerg-Hansen, A., Axelsson, C. K., &
Nordestgaard, B. G. (2007). Increased risk of breast cancer associated
with CHEK2*1100delC. Journal of Clinical Oncology : Official Journal of
the American Society of Clinical Oncology, 25(1), 57—-63.
https://doi.org/10.1200/JC0.2005.05.5160

Wells, D. (2010). Embryo aneuploidy and the role of morphological and
genetic screening. Reproductive BioMedicine Online, 21(3), 274-277.
https://doi.org/10.1016/j.rbomo.2010.06.035

Wessels, L. F. A., van Welsem, T., Hart, A. A. M., van’t Veer, L., Reinders, M.
J. T., & Nederlof, P. M. (2002). Molecular Classification of Breast
Carcinomas by Comparative Genomic Hybridization: a Specific Somatic
Genetic Profile for BRCA1 Tumors 1. Cancer Research, 62(23), 7110-
7117. http://aacrjournals.org/cancerres/article-
pdf/62/23/7110/2499982/ch2302007110.pdf

Wick, W., Petersen, |., Schmutzler, R. K., Wolfarth, B., Lenartz, D., Bierhoff,
E., Himmerich, J., Mdller, D. J., Stangl, A. P., Schramm, J., Wiestler, O.
D., & Von Deimling, A. (1996). Evidence for a novel tumor suppressor
gene on chromosome 15 associated with progression to a metastatic
stage in breast cancer. Oncogene, 12(5), 973-978.
https://europepmc.org/article/med/8649814

Wilhelm, T., Olziersky, A. M., Harry, D., De Sousa, F., Vassal, H., Eskat, A., &
Meraldi, P. (2019). Mild replication stress causes chromosome mis-

segregation via premature centriole disengagement. Nature
Communications, 10(1). https://doi.org/10.1038/S41467-019-11584-0

Wilhelm, T., Ragu, S., Magdalou, I., Machon, C., Dardillac, E., Técher, H.,
Guitton, J., Debatisse, M., & Lopez, B. S. (2016). Slow Replication Fork
Velocity of Homologous Recombination-Defective Cells Results from
Endogenous Oxidative Stress. PLOS Genetics, 12(5), e1006007.
https://doi.org/10.1371/JOURNAL.PGEN.1006007



242

Williams, B. R., Prabhu, V. R., Hunter, K. E., Glazier, C. M., Whittaker, C. A.,
Housman, D. E., & Amon, A. (2008). Aneuploidy affects proliferation and
spontaneous immortalization in mammalian cells. Science (New York,
N.Y.), 322(5902), 703—709. https://doi.org/10.1126/SCIENCE.1160058

Williams, G. J., Lees-Miller, S. P., & Tainer, J. A. (2010). Mre11—Rad50-Nbs1
conformations and the control of sensing, signaling, and effector
responses at DNA double-strand breaks. DNA Repair, 9(12), 1299—
1306. https://doi.org/10.1016/J.DNAREP.2010.10.001

Williams, G. J., Williams, R. S., Williams, J. S., Moncalian, G., Arvai, A. S.,
Limbo, O., Guenther, G., Sildas, S., Hammel, M., Russell, P., & Tainer, J.
A. (2011). ABC ATPase signature helices in Rad50 link nucleotide state
to Mre11 interface for DNA repair. Nature Structural & Molecular Biology,
18(4), 423-431. https://doi.org/10.1038/nsmb.2038

Wilsker, D., Petermann, E., Helleday, T., & Bunz, F. (2008). Essential function
of Chk1 can be uncoupled from DNA damage checkpoint and replication
control. Proceedings of the National Academy of Sciences of the United
States of America, 105(52), 20752—-20757.
https://doi.org/10.1073/PNAS.0806917106/SUPPL_FILE/0806917106SlI.
PDF

Wong, K. M., Mastenbroek, S., & Repping, S. (2014). Cryopreservation of
human embryos and its contribution to in vitro fertilization success rates.
Fertility and Sterility, 102(1), 19-26.
https://doi.org/10.1016/J.FERTNSTERT.2014.05.027

Woo, R. A, & Poon, R. Y. C. (2004). Activated oncogenes promote and
cooperate with chromosomal instability for neoplastic transformation.
Genes & Development, 18(11), 1317-1330.
https://doi.org/10.1101/GAD.1165204

Wood, J. R., Dumesic, D. A., Abbott, D. H., & Strauss, J. F. (2007). Molecular
Abnormalities in Oocytes from Women with Polycystic Ovary Syndrome
Revealed by Microarray Analysis. The Journal of Clinical Endocrinology
& Metabolism, 92(2), 705—-713. https://doi.org/10.1210/JC.2006-2123



243

Wooster, R., Bignell, G., Lancaster, J., Swift, S., Seal, S., Mangion, J.,
Collins, N., Gregory, S., Gumbs, C., Micklem, G., Barfoot, R., Hamoudi,
R., Patel, S., Rices, C., Biggs, P., Hashim, Y., Smith, A., Connor, F.,
Arason, A., ... Stratton, M. R. (1995). Identification of the breast cancer
susceptibility gene BRCA2. Nature 1995 378:6559, 378(6559), 789-792.
https://doi.org/10.1038/378789a0

World Health Organisation. (2023). Infertility prevalence estimates, 1990-
2021. World Health Organisation.

World Health Organization. (2021). World Health Organization. WHO
laboratory manual for the examination and processing of human semen.
6th ed. WHO Press, 276.
https://www.who.int/publications/i/item/9789240030787

Wu, J., Springett, A., & Morris, J. K. (2013). Survival of trisomy 18 (Edwards
syndrome) and trisomy 13 (Patau Syndrome) in England and Wales:
2004-2011. American Journal of Medical Genetics Part A, 161(10),
2512-2518. https://doi.org/10.1002/AJMG.A.36127

Wu, X., Bayle, J. H., Olson, D., & Levine, A. J. (1993). The p53-mdm-2
autoregulatory feedback loop. Genes & Development, 7(7a), 1126—1132.
https://doi.org/10.1101/GAD.7.7A.1126

Xia, S. J., Shammas, M. A,, & Reis, R. J. S. (1997). Elevated Recombination
in Immortal Human Cells Is Mediated by HsSRAD51 Recombinase.
Molecular and Cellular Biology, 17(12), 7151-7158.
https://doi.org/10.1128/MCB.17.12.7151

Xiao, Y., & Weaver, D. T. (1997). Conditional gene targeted deletion by Cre
recombinase demonstrates the requirement for the double-strand break
repair Mre11 protein in murine embryonic stem cells. Nucleic Acids
Research, 25(15), 2985-2991. https://doi.org/10.1093/NAR/25.15.2985

Xiao, Z. X., Chen, J., Levine, A. J., Modjtahedi, N., Xing, J., Sellers, W. R., &
Livingston, D. M. (1995). Interaction between the retinoblastoma protein
and the oncoprotein MDM2. Nature , 375(6533), 694—698.
https://doi.org/10.1038/375694a0



244

Xu, B., Kim, S., & Kastan, M. B. (2001). Involvement of Brca1 in S-phase and
G(2)-phase checkpoints after ionizing irradiation. Molecular and Cellular
Biology, 21(10), 3445-3450. https://doi.org/10.1128/MCB.21.10.3445-
3450.2001

Xu, J., Huo, D., Chen, Y., Nwachukwu, C., Collins, C., Rowell, J., Slamon, D.
J., & Olopade, O. 1. (2009). CpG island methylation affects accessibility
of the proximal BRCA1 promoter to transcription factors. Breast Cancer
Research and Treatment, 120(3), 593. https://doi.org/10.1007/S10549-
009-0422-1

Xu, X., Weaver, Z., Linke, S. P, Li, C., Gotay, J., Wang, X. W., Harris, C. C.,
Ried, T., & Deng, C. X. (1999). Centrosome amplification and a defective
G2-M cell cycle checkpoint induce genetic instability in BRCA1 exon 11
isoform-deficient cells. Molecular Cell, 3(3), 389-395.
https://doi.org/10.1016/S1097-2765(00)80466-9

Xu, Y., Ning, S., Wei, Z., Xu, R., Xu, X., Xing, M., Guo, R., & Xu, D. (2017).
53BP1 and BRCA1 control pathway choice for stalled replication restart.
ElLife, 6. https://doi.org/10.7554/ELIFE.30523

Yan, J., Qin, Y., Zhao, H., Sun, Y., Gong, F., Li, R., Sun, X,, Ling, X, Li, H.,
Hao, C., Tan, J., Yang, J., Zhu, Y., Liu, F., Chen, D., Wei, D., Lu, J., Ni,
T., Zhou, W, ... Chen, Z.-J. (2021). Live Birth with or without
Preimplantation Genetic Testing for Aneuploidy. The New England
Journal of Medicine, 385(22), 2047-2058.
https://doi.org/10.1056/NEJMOA2103613

Yap, T. A, Kristeleit, R., Michalarea, V., Pettitt, S. J., Lim, J. S. J., Carreira,
S., Roda, D., Miller, R., Riisnaes, R., Miranda, S., Figueiredo, I.,
Rodrigues, D. N., Ward, S., Matthews, R., Parmar, M., Turner, A,
Tunariu, N., Chopra, N., Gevensleben, H., ... de Bono, J. S. (2020).
Phase i trial of the parp inhibitor olaparib and akt inhibitor capivasertib in
patients with brca1/2-and non—brca1/2-mutant cancers. Cancer
Discovery, 10(10), 1528-1543. https://doi.org/10.1158/2159-8290.CD-
20-0163/333483/AM/PHASE-I-TRIAL-OF-THE-POLY-ADP-RIBOSE-
POLYMERASE



245

Yenkie, K. M., Diwekar, U. M., & Bhalerao, V. (2013). Modeling the
superovulation stage in in vitro fertilization. I[EEE Transactions on
Biomedical Engineering, 60(11), 3003—-3008.
https://doi.org/10.1109/TBME.2012.2227742

Yilmaz, D., Furst, A., Meaburn, K., Lezaja, A., Wen, Y., Altmeyer, M., Reina-
San-Martin, B., & Soutoglou, E. (2021). Activation of homologous
recombination in G1 preserves centromeric integrity. Nature 2021
600:7890, 600(7890), 748—753. https://doi.org/10.1038/s41586-021-
04200-z

Yona, A. H., Manor, Y. S., Herbst, R. H., Romano, G. H., Mitchell, A., Kupiec,
M., Pilpel, Y., & Dahan, O. (2012). Chromosomal duplication is a
transient evolutionary solution to stress. Proceedings of the National
Academy of Sciences of the United States of America, 109(51), 21010—
21015.
https://doi.org/10.1073/PNAS.1211150109/SUPPL_FILE/PNAS.2012111
50SI.PDF

Yoo, H. Y., Kumagai, A., Shevchenko, A., Shevchenko, A., & Dunphy, W. G.
(2009). The Mre11-Rad50-Nbs1 Complex Mediates Activation of TopBP1
by ATM. Molecular Biology of the Cell, 20(9), 2351.
https://doi.org/10.1091/MBC.E08-12-1190

Yoon, D., Wang, Y., Stapleford, K., Wiesmdller, L., & Chen, J. (2004). p53
Inhibits Strand Exchange and Replication Fork Regression Promoted by
Human Rad51. Journal of Molecular Biology, 336(3), 639—-654.
https://doi.org/10.1016/J.JMB.2003.12.050

Yoshikawa, K., Ogawa, T., Baer, R., Hemmi, H., Honda, K., Yamauchi, A.,
Inamoto, T., Ko, K., Yazumi, S., Motoda, H., Kodama, H., Noguchi, S.,
Gazdar, A. F., Yamaoka, Y., & Takahashi, R. (2000). ABNORMAL
EXPRESSION OF BRCA1 AND BRCA1-INTERACTIVE DNA-REPAIR
PROTEINS IN BREAST CARCINOMAS. J. Cancer, 88, 28-36.
https://doi.org/10.1002/1097-0215



246

Yost, S., De Wolf, B., Hanks, S., Zachariou, A., Marcozzi, C., Clarke, M., De
Voer, R. M., Etemad, B., Uijttewaal, E., Ramsay, E., Wylie, H., Elliott, A.,
Picton, S., Smith, A., Smithson, S., Seal, S., Ruark, E., Houge, G.,
Pines, J., ... Rahman, N. (2017). Biallelic TRIP13 mutations predispose
to Wilms tumor and chromosome missegregation. Nature Genetics,
49(7), 1148-1151. https://doi.org/10.1038/NG.3883

Yu, X., & Chen, J. (2004). DNA damage-induced cell cycle checkpoint control
requires CtIP, a phosphorylation-dependent binding partner of BRCA1 C-
terminal domains. Molecular and Cellular Biology, 24(21), 9478-9486.
https://doi.org/10.1128/MCB.24.21.9478-9486.2004

Yu, X., Fu, S., Lai, M., Baer, R., & Chen, J. (2006). BRCA1 ubiquitinates its
phosphorylation-dependent binding partner CtIP. Genes & Development,
20(13), 1721-1726. https://doi.org/10.1101/GAD.1431006

Zabolotnaya, E., Mela, |., Henderson, R. M., & Robinson, N. P. (2020).
Turning the Mre11/Rad50 DNA repair complex on its head: lessons from
SMC protein hinges, dynamic coiled-coil movements and DNA loop-
extrusion? Biochemical Society Transactions, 48(6), 2359-2376.
https://doi.org/10.1042/BST20170168

Zachos, G., Black, E. J., Walker, M., Scott, M. T., Vagnarelli, P., Earnshaw, W.
C., & Gillespie, D. A. F. (2007). Chk1 is required for spindle checkpoint
function. Developmental Cell, 12(2), 247-260.
https://doi.org/10.1016/J.DEVCEL.2007.01.003

Zafar, A., Khan, M. J., & Naeem, A. (2023). MDM2- an indispensable player
in tumorigenesis. Molecular Biology Reports, 50(8), 6871-6883.
https://doi.org/10.1007/S11033-023-08512-3/FIGURES/4

Zaitsev, E. N., & Kowalczykowski, S. C. (2000). A novel pairing process
promoted by Escherichia coli RecA protein: inverse DNA and RNA strand
exchange. Genes & Development, 14(6), 740—749.
https://doi.org/10.1101/GAD.14.6.740

Zakaria, M., Al-lbraheemi, A., Louanijli, N., Zarqaoui, M., Ennaji, M., Wassym,
S. R., Santwani, R. S., En-Naciri, N., Tarik, H., & Boutiche, R. (2021).



247

Pre-implementation Genetics for Aneuploidy Interpretation in PGT-A
Goals Indications and Improve Infertility Outcomes, ART, and How to
Perform PGT-A. Acta Scientific Women’s Health, 3(1), 08—14.

Zakaria, M., Steven, M. F., Louanjli, N., Senhaiji, W. R., Natiq, A., & Zargaoui,
M. (2021). Increased Clinical Pregnancy Outcomes; of Vitrified
Blastocyst on Different Days of Embryo Development: Day 5 Compared
to Day 6 Transfer. Open Access Library Journal, 8, e7322.
https://doi.org/10.4236/0alib.1107322

Zegerman, P., & Diffley, J. F. X. (2010). Checkpoint-dependent inhibition of
DNA replication initiation by SId3 and Dbf4 phosphorylation. Nature,
467(7314), 474—-478. https://doi.org/10.1038/NATURE09373

Zegers-Hochschild, F., Adamson, G. D., Dyer, S., Racowsky, C., de Mouzon,
J., Sokol, R., Rienzi, L., Sunde, A., Schmidt, L., Cooke, I. D., Simpson, J.
L., & van der Poel, S. (2017). The International Glossary on Infertility and
Fertility Care, 2017. Fertility and Sterility, 108(3), 393—-406.
https://doi.org/10.1016/J.FERTNSTERT.2017.06.005

Zellweger, R., Dalcher, D., Mutreja, K., Berti, M., Schmid, J. A., Herrador, R.,
Vindigni, A., & Lopes, M. (2015). Rad51-mediated replication fork
reversal is a global response to genotoxic treatments in human cells.
Journal of Cell Biology, 208(5), 563-579.
https://doi.org/10.1083/JCB.201406099

Zeman, M. K., & Cimprich, K. A. (2014). Causes and consequences of
replication stress. Nature Cell Biology, 16(1), 2-9.
https://doi.org/10.1038/NCB2897

Zerbib, J., Ippolito, M. R., Eliezer, Y., Feudis, G. De, Reuveni, E., Kadmon, A.
S., Martin, S., Vigano, S., Leor, G., Berstler, J., Laue, K., Cohen-Sharir,
Y., Scorzoni, S., Vazquez, F., Ben-David, U., & Santaguida, S. (2023).
Human aneuploid cells depend on the RAF/MEK/ERK pathway for
overcoming increased DNA damage. BioRxiv, 2023.01.27.525822.
https://doi.org/10.1101/2023.01.27.525822



248

Zha, S., Guo, C., Boboila, C., Oksenych, V., Cheng, H. L., Zhang, Y.,
Wesemann, D. R., Yuen, G., Patel, H., Goff, P. H., Dubois, R. L., & Alt, F.
W. (2011). ATM damage response and XLF repair factor are functionally
redundant in joining DNA breaks. Nature, 469(7329), 250-254.
https://doi.org/10.1038/NATURE09604

Zhan, Q., Sierra, E. T., Malmsten, J., Ye, Z., Rosenwaks, Z., & Zaninovic, N.
(2020). Blastocyst score, a blastocyst quality ranking tool, is a predictor
of blastocyst ploidy and implantation potential. F&S Reports, 1(2), 133—
141. https://doi.org/10.1016/J.XFRE.2020.05.004

Zhang, J., Willers, H., Feng, Z., Ghosh, J. C., Kim, S., Weaver, D. T., Chung,
J. H., Powell, S. N., & Xia, F. (2004). Chk2 phosphorylation of BRCA1
regulates DNA double-strand break repair. Molecular and Cellular
Biology, 24(2), 708—718. https://doi.org/10.1128/MCB.24.2.708-718.2004

Zhang, T., Cronshaw, J., Kanu, N., Snijders, A. P., & Behrens, A. (2014).
UBRS5-mediated ubiquitination of ATMIN is required for ionizing radiation-
induced ATM signaling and function. Proceedings of the National
Academy of Sciences of the United States of America, 111(33), 12091—
12096.
https://doi.org/10.1073/PNAS.1400230111/SUPPL_FILE/PNAS.2014002
30SI.PDF

Zhang, T., Penicud, K., Bruhn, C., Loizou, J. |., Kanu, N., Wang, Z.-Q., &
Behrens, A. (2012). Competition between NBS1 and ATMIN Controls
ATM Signaling Pathway Choice. CellReports, 2, 1498-1504.
https://doi.org/10.1016/j.celrep.2012.11.002

Zhang, X., Ma, N., Yao, W, Li, S., & Ren, Z. (2019). RAD51 is a potential
marker for prognosis and regulates cell proliferation in pancreatic cancer.
Cancer Cell International, 19(1), 1-11. https://doi.org/10.1186/S12935-
019-1077-6/FIGURES/7

Zhao, H., Watkins, J. L., & Piwnica-Worms, H. (2002). Disruption of the
checkpoint kinase 1 / cell division cycle 25A pathway abrogates ionizing

radiation-induced S and G2 checkpoints. Proceedings of the National



249

Academy of Sciences of the United States of America, 99(23), 14795~
14800.
https://doi.org/10.1073/PNAS.182557299/SUPPL_FILE/5572FIG9.JPG

Zhao, M. T., Rivera, R. M., & Prather, R. S. (2013). Locus-specific DNA
methylation reprogramming during early porcine embryogenesis. Biology
of Reproduction, 88(2).
https://doi.org/10.1095/BIOLREPROD.112.104471/2513926

Zhong, Q., Chen, C. F, Li, S., Chen, Y., Wang, C. C., Xiao, J., Chen, P. L.,
Sharp, Z. D., & Lee, W. H. (1999). Association of BRCA1 with the
hRad50-hMre11-p95 complex and the DNA damage response. Science,
285(5428), 747-750. https://doi.org/10.1126/SCIENCE.285.5428.747

Zhou, B., Yang, Y., Pang, X., Shi, J., Jiang, T., & Zheng, X. (2023). Quercetin
inhibits DNA damage responses to induce apoptosis via
SIRT5/PI3K/AKT pathway in non-small cell lung cancer. Biomedicine &
Pharmacotherapy, 165, 115071.
https://doi.org/10.1016/J.BIOPHA.2023.115071

Zhou, H., Kuang, J., Zhong, L., Kuo, W. L., Gray, J. W., Sahin, A., Brinkley, B.
R., & Sen, S. (1998). Tumour amplified kinase STK15/BTAK induces
centrosome amplification, aneuploidy and transformation. Nature
Genetics, 20(2), 189—193. https://doi.org/10.1038/2496

Zhou, W., & Doetsch, P. W. (1993). Effects of abasic sites and DNA single-
strand breaks on prokaryotic RNA polymerases. Proceedings of the
National Academy of Sciences, 90(14), 6601-6605.
https://doi.org/10.1073/PNAS.90.14.6601

Zhou, Y., Nakajima, R., Shirasawa, M., Fikriyanti, M., Zhao, L., Iwanaga, R.,
Bradford, A. P., Kurayoshi, K., Araki, K., & Ohtani, K. (2023). Expanding
Roles of the E2F-RB-p53 Pathway in Tumor Suppression. Biology 2023,
Vol. 12, Page 1511, 12(12), 1511.
https://doi.org/10.3390/BIOLOGY 12121511

Zhu, J., Petersen, S., Tessarollo, L., & Nussenzweig, A. (2001). Targeted

disruption of the Nijmegen breakage syndrome gene NBS1 leads to



250

early embryonic lethality in mice To further investigate the nature of the

lethality, we ex. Current Biology, 11, 105—109.

Zhu, X. D., Kuster, B., Mann, M., Petrini, J. H. J., & De Lange, T. (2000). Cell-
cycle-regulated association of RAD50/MRE11/NBS1 with TRF2 and
human telomeres. Nature Genetics, 25(3), 347-352.
https://doi.org/10.1038/77139

Zoppoli, G., Solier, S., Reinhold, W. C., Liu, H., Connelly, J. W., Monks, A.,
Shoemaker, R. H., Abaan, O. D., Davis, S. R., Meltzer, P. S., Doroshow,
J. H., & Pommier, Y. (2012). CHEK2 genomic and proteomic analyses
reveal genetic inactivation or endogenous activation across the 60 cell
lines of the US National Cancer Institute. Oncogene, 31(4), 403—418.
https://doi.org/10.1038/ONC.2011.283

Zou, L., & Elledge, S. J. (2003). Sensing DNA damage through ATRIP
recognition of RPA-ssDNA complexes. Science, 300(5625), 1542—1548.
https://doi.org/10.1126/SCIENCE.1083430/SUPPL_FILE/ZOU.SOM.PDF

Zou, L., Liu, D., & Elledge, S. J. (2003). Replication protein A-mediated
recruitment and activation of Rad17 complexes. Proceedings of the
National Academy of Sciences of the United States of America, 100(24),
13827. https://doi.org/10.1073/PNAS.2336100100

Zuelke, K. A., Jones, D. P, & Perreault, S. D. (1997). Glutathione Oxidation is
Associated with Altered Microtubule Function and Disrupted Fertilization
in Mature Hamster Oocytes. Biology of Reproduction, 57(6), 1413—1419.
https://doi.org/10.1095/BIOLREPROD57.6.1413



251

APPENDICES
Appendix 1. Board of Ethics Approvals




252




Appendix 2. Similarity Report

Hakan Aytacoglu PhD Thesis

ORIGINALITY REPORT

9.

3% 8% %

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Hakan Aytacoglu, David Amilo, Bilgen 4%
Kaymakamzade, Evren Hincal, Onder Coban,

Pinar Tulay. "Influence of oocyte and sperm
parameters on the morphological quality and

the aneuploidy status of the ICSI embryos: a
mathematical modelling approach", Zygote,

2025

Publication

theses.hal.science 1 o
0

Internet Source

"Targeting the DNA Damage Response for <1 %
Anti-Cancer Therapy", Springer Science and ’
Business Media LLC, 2018

Publication

"DNA Replication”, Springer Science and <1 o
Business Media LLC, 2017 ’

Publication

Ebru Emekli-Alturfan. "Zebrafish Models of <1 o
Neurodegenerative Disorders", CRC Press, °
2025

Publication

253



rex.libraries.wsu.edu
B Internet Source <1 %
Dimitris J. Panagopoulos. "Electromagnetic <1 o
Fields of Wireless Communications: Biological °
and Health Effects", CRC Press, 2022
Publication
E lwakun, Oluwasegun Abraham. "Investigating <1 o
the Role of NEIL3 in Colorectal Cancer °
Resistance to Oxaliplatin”, University of
Salford (United Kingdom), 2022
Publication
n Sajal Chakraborti. "Handbook of Proteases in <1 o
Cancer - Cellular and Molecular Aspects", CRC ’
Press, 2024
Publication
"Overcoming Breast Cancer Therapy <1
. . . . %
Resistance", Springer Science and Business
Media LLC, 2024
Publication
repository.upenn.edu
InteE]et Sourcey p <1 %
Sajal Chakraborti. "Handbook of Proteases in <1 %

Cancer - Therapeutic Aspects”, CRC Press,
2024

Publication

254



Yongtai Bai, Weibin Wang, Jiadong Wang. <1 %
"Targeting DNA repair pathways: mechanisms
and potential applications in cancer therapy",
Genome Instability & Disease, 2020
Publication
Rosalva Mora-Escobedo, Gloria Davila-Ortiz, <1 o
Gustavo F. Gutiérrez Lopez, José J. Berrios. °
"Health-Promoting Food Ingredients during
Processing"”, Routledge, 2024
Publication
"Cell Signaling Pathways and Their <1 o
Therapeutic Implication in Cancers", Springer ’
Science and Business Media LLC, 2025
Publication
studenttheses.uu.nl
Internet Source <1 %
Plasencia, Jessel Ayra. "Study of the Cellular <1 o
Response, Signaling, and Repair Pathways to ’
Confront DNA Double-strand Breaks in
Telophase”, Universidad de La Laguna
(Canary Islands, Spain), 2022
Publication
hal.science
18 Internet Source <1 %
James E. Maddux, Barbara A. Winstead. <1 o
0

"Psychopathology - Foundations for a

255



Contemporary Understanding”, Routledge,
2024

Publication

Haroon Khan, Muhammad Ajmal Shah, Tarun <1 o
Belwal, Eduardo Sobarzo-Sanchez. °
"Phytonutrients in the Treatment of Breast
Cancer - Molecular Aspects and Therapeutic
Potential", CRC Press, 2025
Publication
www.utupub.fi

IntemetSourcep <1 %

Chang, Ya-Chu. "Understanding Replisome <1 %
Dynamics by Proteomics and Functional
Genomics", University of Minnesota, 2025
Publication

Kim, HaEun. "Investigating the Role of mTor in <1 %
Histone Methylation", McGill University
(Canada), 2024
Publication

Abraham Fainsod, Sally A. Moody. "Xenopus - <1 %
From Basic Biology to Disease Models in the
Genomic Era", CRC Press, 2022
Publication

Alexander Stanton, Selcan Aydin, Daniel A. <1 %

Skelly, Dylan Stavish et al. "Chromosome X
Dosage Modulates Development of
Aneuploidy in Genetically Diverse Mouse

256



Embryonic Stem Cells", Cold Spring Harbor
Laboratory, 2024

Publication

Knoblochova Lucie, Duricek Tomas, <1 %
Vaskovicova Michaela, Zorzompokou
Chrysoula et al. "CHK1-CDC25A-CDK1 regulate
cell cycle progression in early mouse embryos
to protect genome integrity", Cold Spring
Harbor Laboratory, 2022
Publication

Fu, Richgrd ‘Z.. ”Ipvestigating Oscillatgry nge <1 %
Expression in Glioblastoma.", The University
of Manchester (United Kingdom)
Publication

Michels, David C. R.. "Endothelial Cell-Specific <1 o
Loss of Breast Cancer Susceptibility Gene 2 °
Exacerbates Atherosclerosis”, The University
of Western Ontario (Canada), 2022
Publication

Fonseca, Irina Suheila Martins Leal. <1 %
"Understanding PLK4's Role in Cancer”,
Universidade NOVA de Lisboa (Portugal), 2024
Publication

Suélen Santos Alves. "A relacdo bidirecional <1 %

entre doenca de Alzheimer e epilepsia:
mecanismos compartilhados e efeitos da
modulacdo central da via de sinalizacdo da

257



insulina”, Universidade de Sdo Paulo. Agéncia
de Bibliotecas e Colec¢des Digitais, 2025

Publication

Ana Filipa Ferreira, Maria Soares, Teresa <1 y
Almeida-Santos, Jodo Ramalho-Santos, Ana °
Paula Sousa. "Aging and oocyte competence:

A molecular cell perspective", WIREs
Mechanisms of Disease, 2023
Publication

Vaz, ‘Sgr.a Marisa .Du.art.e. "Age-Dependent <1 %
Sensitivity to Antimitotics: The Role of FOXM1
and its Therapeutic Potential", Universidade
do Porto (Portugal), 2022
Publication

Aftab Ahmad, Na‘yla Munawar, Baohong <1 %
Zhang. "Gene-Edited Crops - The CRISPR
Solution for Global Food Security", CRC Press,

2025
Publication

Dias, Kerith-Rae. "The Genomics of <1 %
Intellectual Disability.", University of New
South Wales (Australia)

Publication
Troike, Katie. "Metabolic Regulation in <1 %

Glioblastoma and Its Association with Sex-
Specific Survival", Case Western Reserve
University, 2023

Publication

258



"Evolutionary Systems Biology", Springer <1 %
Science and Business Media LLC, 2021
Publication

Amy Wenzel. "The Routledge International <1 %
Handbook of Perinatal Mental Health
Disorders", Routledge, 2024
Publication

Misra, Deblina. "Immune Responses to <1 %
Microbial Products and Schistosoma mansoni
Parasites in Biomphalaria glabrata Cells Using
Proteomics and Gene Expression Analyses”,
New Mexico State University
Publication

Shasha Yin, Liu Liu, Wenjian Gan. "PRMT1 and <1

%

PRMTS5: on the road of homologous
recombination and non-homologous end
joining", Genome Instability & Disease, 2022
Publication

Ade‘suwa, Iseghohi‘menJ.. ”Overcomi‘ng Drug <1 %
Resistance: Targeting the BCL-2 Family and
the Long Non-Coding RNA HCP5 in
Medulloblastoma and Colorectal Cancer”,
University of Salford (United Kingdom), 2024
Publication

Colin Stok, Nathalie van den Tempel, Marieke <1 %

Everts, Elles Wierenga et al. "The FIGNL1-
interacting protein C1orf112 is synthetic

259



260

lethal with PICH and mediates RAD51
retention on chromatin.", Cold Spring Harbor
Laboratory, 2022

Publication

Fabian-Kolpanowicz, Kim Jadwiga. "Reversal of <1 "
Centrosome Amplification to Reduce
Oncogenicity of Metastatic Uveal Melanoma",
Lancaster University (United Kingdom), 2025

Publication
orcid.org <1
Internet Source %
westminsterresearch.westminster.ac.uk
Internet Source < %
Exclude quotes Off Exclude matches < 5words

Exclude bibliography ~ On



Appendix 3. Curriculum Vitae

261

CURRICULUM VITAE
1. Name Surname : Hakan Aytacgoglu
2. Date of Birth : 09 August 1994
3. Title : MSc.
4. Educational Background :
University
Degree Field Year
Bachelor’s Genetics (Hons) University of Manchester 2016
Cancer Research
Master’s and Molecular University of Manchester 2017
Biomedicine
PhD. Medical Genetics Near East University 2019-Current

5. Certificates Received:

6. Institutions Worked

INSTITUTION
MISSION TITLE YEAR
MERSIN UNIVERSITY, PLANT
INTERN PHYSIOLOGY LABORATORY AUGUST 2014
MIDDLE EAST TECHNICAL UNIVERSITY,
INTERN INSTITUTE OF MARINE SCIENCES, JULY-AUGUST 2015
GENETICS LABORATORY
NEAR EAST UNIVERSITY, MEDICAL
FULL TIME GENETICS DEPARTMENT, SARS-COV2 JULY 2021 -
EMPLOYEE DIAGNOSIS LABORATORY FEBRUARY 2022
NEAR EAST UNIVERSITY, FACULTY OF
RESEARCH MEDICINE, DEPARTMENT OF MEDICAL SEPTEMBER 2021 -
ASSOCIATE GENETICS CURRENT




9.

262

Academic Titles
Assistant Professorship Date
Associate Professorship Date

Professorship Date

Supervised Master’s and Doctoral Theses

8.1. Master’s Theses

8.2. Doctoral Theses

Publications

9.1. Articles published in journals covered by SCI, SCI-EXP, SSCI, AHCI

Hakan Aytacoglu; David Amilo; Bilgen Kaymakamzade; Evren

Hincal; Onder Coban; Pinar Tulay (2025). Influence of oocyte and sperm
parameters on the morphological quality and the aneuploidy status of the
ICSI embryos: a mathematical modelling approach. Zygote, Volume 33,
Issue 3, June 2025, pp. 163 — 178.

DOI: https://doi.org/10.1017/S0967199425100099.

Benedict Marshall; Hakan Aytacoglu; Onder Coban; Pinar Tulay (2024).
Assessment of the expression levels of two long non-coding RNAs, Inc-
CYP11A1-1 and RP11573D15.8, in human aneuploid and euploid
embryos. Zygote , Volume 33, Issue 1, February 2025 , pp. 19 — 22.
DOI: https://doi.org/10.1017/S0967199424000492

M. Aktan, H. Aytacoglu, B. Ozbakir & P. Tulay (2023). Regulation of
CYP11A1 Gene by IncRNAs in Human Oocytes Obtained from Patients
with Polycystic Ovaries. Russian Journal of Genetics Volume 59, pages
106—109. DOI: https://doi.org/10.1134/S102279542313001X

Ahmed, M.; Aytacoglu, H.; Coban, O.; Tulay, P. (2023). Investigation
of BAK, BAX and MADZ2L1 gene expression in human aneuploid



https://doi.org/10.1017/S0967199425100099
https://doi.org/10.1017/S0967199424000492
https://doi.org/10.1134/S102279542313001X

263

blastocysts. Zygote , Volume 31 , Issue 6 , December 2023 , pp. 605 —
611. DOI: https://doi.org/10.1017/S0967199423000539

9.2. Articles published in journals covered by at least one international

index

ABDULMOHSIN, D., AYTACOGLU, H., KOCAMAZ, G., KUKNER, A.,
& TULAY, P. (2025). Does taking L-Carnitine and Cadmium have an
impact on gene expression of the liver tissues from rat

models?. Bangladesh Journal of Medical Science, 24(2), 614-620. DOI:
https://doi.org/10.3329/bjms.v24i2.81728

Rai, W., Aytacoglu, H., Ozbakir, B., Ozverel, C. S., Kandemis, E., &
Tulay, P. (2024). LncRNA regulation in human oocytes obtained from

patients with polycystic ovaries. Academic Journal of Health
Sciences, 39(4), 149-153. DOI: 10.3306/AJHS.2024.39.04.149

9.3. Papers Presented at International Scientific Conferences and

Published in Proceedings

Mihad Ahmed, Hakan Aytacoglu, Ozgur Coban, Pinar Tulay. ‘Investigation

of BAK, BAX, and MAD2L1 gene expression in human aneuploid
blastocysts’. European Biotechnology Congress 2022, Prague-Czechia,
October 5-7, 2022 — Presentation.

Duaa Abdulmohsin, Hakan Aytacoglu, Gamze Kocamaz, Aysel Kukner,

Pinar Tulay. ‘Investigation Of L-Carnitine and Cadmium Impact on mTOR
Pathway-Related Genes Obtained From Rats Liver’. European
Biotechnology Congress 2022, Prague-Czechia, October 5-7, 2022 —
Presentation.

Yussuf M. Abdi, Hakan Aytacoglu, Onder Coban, Emine Kandemis, C.

Serhan Ozverel, Pinar Tulay. ‘Role of LncRNAs in Human Aneuploid
Blastocysts’. European Biotechnology Congress 2022, Prague-Czechia,
October 5-7, 2022 — Presentation.


https://doi.org/10.1017/S0967199423000539
https://doi.org/10.3329/bjms.v24i2.81728
https://doi.org/10.3306/ajhs.2024.39.04.149

264

o Aytacoglu, H., Ozbakir, B., Tulay, P. ‘Effects of Cigarette Smoking on

Sperm Quality and Quantity’ European Biotechnology Congress 2021,
Hybrid Conference, September 23-25, 2021 — Online Presentation

9.4. International Books or Book Chapters

9.5. Articles published in national peer-review journals

e AYTACOGLU, H., OZGE, A., KOSTEKCI, i., TASDELEN, B., OKSUZ, N., &
TOROS, F. Research Article The Effects of Daily Variables on Primary
Headache Disorders in High-School Children; A Proposal For A Cut-off Value
For Study/Leisure Time Regarding Headache Types. headache, 10(20), 38.

9.6. Papers Presented at National Scientific Conferences and Published

in Proceedings

e Warda Rai, Hakan Aytacoglu, Mehmet Aktan, Burcu Ozbakir, Pinar Tulay.

‘Polikistik Over Tanisi Konulan Hastalarin Oositlerinde INcCRNA
Regulasyonu’. 7. Erciyes Tip Tibbi Genetik Kongresi, Kayseri — Turkiye,
Mayis 26-28, 2022 — Sunum

e Ciftgi, Ozan; Karahan, Arzu; Tutar, Ozge; Aytacoglu, Hakan; Kideys,

Ahmet ErkanKuzeydogdu Akdeniz'deki iki kiyi bitki tirinin (Posidonia
Oceanica ve Pancratium Maritimum) DNA barkod ve genetik ¢esitlilik
analizleri. I. Ulusal Denizlerde izleme ve Degerlendirme Sempozyumu
(2016)

9.7. Other Publications

e Mehmet Aktan, Hakan Aytacoqlu, Burcu Ozbakir, Pinar Tulay,

‘Investigating INcCRNA expression patterns in human oocytes from patients
with polycystic overies (PCO)’. European Human Genetics Conference,
Glasgow- UK June 10-13, 2023 — Online Poster

10. Projects



265

11. Administrative Duties
e Turkish Cypriot Association of Human Genetics Executive
Committee..........cooeviiiiiiinnn. 2022-2025

e Near East University, Cancer and Genetics Research Centre Executive

Committee.................. 2025-Currently

11. Memberships in Scientific and Professional Associations
e Turkish Cypriot Association of Human Genetics........................ 2022-
2025

e Near East University, Cancer and Genetics Research Centre...... 2025-

Current
12. Awards
13. Undergraduate and Graduate Courses Taught in the Last Three
Years
Weekly Hours
Number
Academic of
Year Semester Course Name students
Theo. Prac.
TBG403-
Prenatal
2022-2023 FALL Gelisimde 3 0 6
Teratoloji ve
Danisma
MBG403-
Teratology in
2022-2023 FALL Prenatal 3 0 9
Development
and Counselling
MBG208-
2022-2023 SPRING Embryology, 3 0 16




266

Developmental
Genetics and

Teratology

2023-2024

SPRING

MBG312-
Embryology and

Reproduction

2024-2025

SPRING

MBG312-
Embryology and

Reproduction

19

2024-2025

SPRING

TMG312-
Embryoloji ve

Ureme




	987b41f0e0e221f2e38fae37a92bd17dede2031fbabc14557cfb55257b8dde87.pdf
	SKM_C751i25121008040
	987b41f0e0e221f2e38fae37a92bd17dede2031fbabc14557cfb55257b8dde87.pdf

