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Testicular germ cell tumors (TGCTs) are thought to arise during early
embryogenesis due to the arrest of germ cell differentiation at primordial germ cells
(PGCs) or gonocytes. Oxidative stress (OS) is implicated in cancer development as a
factor leading to DNA damage. Reactive oxygen species (ROS) -induced instability
occurs as a series of progressive steps. The cell has several defense mechanisms against
the deleterious effect of ROS (e.g. antioxidants and DNA repair). When the defense
mechanisms are exhausted by increasing OS, DNA damage leads to genomic instability
with subsequent mutations that can be transmitted during cell division. On the other hand,
male infertility is a representation of testicular dysgenesis syndrome, which carries a risk
for TGCTs development. The mechanisms underlying both TGCTs and male infertility
are thought to be overlapping to some extent. The central hypothesis of this work is that
OS induces germ line genomic instability leading to testicular germ cell tumors. To test
this hypothesis, mouse germ cell lines were established and subjected to different doses
of OS in the form of H2O2. The mutation frequency was associated with the treatment
dose 2 uM at days 3, 6, and 9 (p<0.001, p<0.001, and p<0.0003, respectively). The

mBAT27 marker showed a mutation frequency fitting quadratic response surface
regression. The mutation frequencies pointed to the possible role of OS leading to
accumulation of DNA damage and initiating events that lead to TGCTs development that
may occur early in life, possibly during the prenatal period. In addition, different panels
of microsatellite markers from across the genome were analyzed to test for differential
instability in both somatic cells and germline cells. Blood and semen samples from 18
infertile patients and 7 ethnically matched controls were used. Microsatellite markers
were selected; 26 on the Y chromosome, 16 on the X chromosome, and 20 on different
autosomes. Microsatellite instability was detected in markers located near genes
responsible for testis development, spermatogenesis, cell differentiation, and proteins
involved in mismatch repair mechanisms. This supports the hypothesis that testicular
germ cell tumors may arise during early embryogenesis through acquiring multiple
mutations that accumulate over time.
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CHAPTER I
INTRODUCTION

Testicular malignancies are the most common solid tumor noted in males in the
age group 15-40 years. It can be broadly classified into seminoma and non-seminoma.
Several studies demonstrated that intratubular germ cell neoplasia undifferentiated
(ITGCU) arise very early due to failure of primordial germ cells (PGCs) or gonocytes to
differentiate and to arrest in the early stage of development. The overall incidence of
testicular cancer has increased over the past five decades worldwide. However, the
curability rate is increasing as well (Garner et al. 2005). The 5-year survival increased
from 63% to more than 95% over the last two decades of the 20th century. The 5-year
survival rate among the poor-prognosis group increased from 48% of patients treated
before 1989 to 71% of the patients treated after (Bridges and Hussain 2007). Besides its
increasing clinical importance, studying germ cell tumors provides insight into
developmental biology events and is a possible source for multipotent adult stem cells
with vast applications. Testicular cancer represents a model for curable cancer (Seandel
et al. 2007; Matos et al. 2010).
The origin of testicular germ cell tumors is widely believed to arise during early
testicular development. The precancerous lesion that precedes almost all types of
testicular germ cell tumors (TGCTs) is intratubular germ ITGCU, it is also called
carcinoma in situ (CIS) (McGlynn and Cook 2009).
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Genetic instability in some human tumors is characterized by the gain or loss of
microsatellite repeat units at multiple loci. Some microsatellite repeats are known to be
located in or near genes, regulatory regions, promoter regions of tumor suppressor genes
or in genes involved in DNA repair or apoptosis. These regions are particularly
vulnerable to reactive oxygen species (ROS) damage and their alteration can have
negative effects on cell functions (Beckman and Loeb 2005; Sallmyr et al. 2008).
Early in embryogenesis, exposure of developing germ cells to oxidative stress
may result in genomic instability leading to a progressive microsatellite instability (MSI)
phenotype that is similar to what is observed in mature sperm of infertile men (Turner
and Lysiak 2008; Agarwal et al. 2009). MSI is reported to occur in more than 20% of
TGCTs (Faulkner and Friedlander 2000). The same picture is seen in some cancer and
non-neoplastic tissues associated with chronic inflammation (Halford et al. 2002; Goel et
al. 2010). A study reported higher mutation rates in germline DNA compared to somatic
(blood) DNA of men with partial or complete meiotic arrest of spermatogenesis (Nudell
et al. 2000). ROS is known to cause DNA damage, such as single and double DNA strand
breaks (Sallmyr et al. 2008; Jena 2012). These deleterious effects may be attributable to
the inactivation of mismatch repair proteins (Peltomäki 2001; Velasco et al. 2004).
Accumulation of oxidative stress may lead to inefficient repair and failure to execute
apoptotic responses, thus leaving damaged cells. When elevated ROS overrides the DNA
repair mechanism, increased cell mutations have profound implications for fertility and
tumorigenesis. The requirements for DNA repair vary between somatic cells and germ
cells. Somatic cells tend to tolerate DNA damage much better than do germ cells.
Genomic DNA instability is observed in the majority of solid tumors, however the
2

pathway leading from a single mutation event to a clinically detectable tumor remains
unclear (Aitken et al. 2003; Valko et al. 2004; Mukherjee et al. 2010).
The current work hypothesizes that the progenitor mutations in the germline arise
early during germline cell development due to oxidative stress and may lead to mutator
phenotype. The progenitor mutation occurs when DNA strand breaks are not repaired and
contribute to the clonal spermatogonial lineage. MSI in the germ cell line is a result of
accumulated oxidative stress when the later exceeds the capacity of the antioxidant
system and DNA repair mechanisms.
To test this hypothesis, wildtype mouse germ cell lines were established.
Genomic instability in the form of microsatellite instability were measured through a
panel of mononucleotide repeats; mBAT59, mBAT64, mBAT66, mBAT27, mBAT26,
mBAT37. Cell proliferation was estimated with 4’,6-diamidino-2-phenylindole (DAPI)
immunofluorescence, while anti-histone H2A was used to estimate DNA damage and
anti-phosopho-histone H2B was used as a marker for apoptosis. In addition, different
panels of microsatellite markers from across the genome were tested for differential
instability in both somatic cells and germline cells in infertile men. The MSI was limited
to germline cells of infertile patients. X and Y chromosomes showed higher instability
than did the autosomes. A number of unstable markers were located near genes
responsible for testis development, spermatogenesis, cell differentiation, proliferation,
and genes for proteins involved in mismatch repair mechanisms. These genes near MSI
loci support the hypothesis that cancer may require multiple mutations that accumulate
over time.
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CHAPTER II
REVIEW OF THE LITERATURE

Testicular development overview
Sexual reproduction, with all its variant forms, represents a case of evolutionary
success (Xu 2004; De Visser and Elena 2007). In the center of this evolutionary success
is gonadal development, which involves unique and interesting biological processes. In
males, testes reach their full functional development at puberty, when they are able to
produce sperm. Testicular development starts early during embryogenesis. The functions
of the testes (e.g. androgen production) are not limited to spermatogenesis; however,
most other testicular functions serve as avenues towards this end.
Two main factors control mammalian sexual development: the genetic
constitution that controls sex determination and the hormonal niche that controls sex
differentiation. In addition, during embryogenesis, germ cells and somatic cells come in
contact and their cell-to-cell interaction contributes to further sexual development
(Biason-Lauber 2010). In general, mammalian sex determination can be separated into
three phases: The first phase is the initiation of undifferentiated bipotential gonads of the
embryo, which are the same in both female and male. The second phase begins sex
determination, in which the somatic cells of the gonads start on their pathway to either
ovary or testis. Once this second phase starts, the hormonal products of the differentiated
somatic gonadal cells drive the third phase, which distinguishes pathways for genitalia to
6

result in female or male (Adams and Mclaren 2002; Brennan and Capel 2004; BiasonLauber 2010; Geer et al. 2010; Rey and Grinspon 2011).
The first sign of gonadal development is the appearance of urogenital ridges on
the sides of the hind gut [4th week gestation in human and 12 days post-coitus (dpc) in the
mouse]. The urogenital ridges appear as thickening of the mesodermic mesonephros
covered by coelomic epithelium (Rey and Grinspon 2011). Germ cells are first detected
in allantois during 3rd week of gestation in human and 7.5-8 dpc in the mouse. The
urogenital ridges give rise to several structures, the most important of which are the
urinary ridges and the gonadal ridges. During the 4th week, the gonadal ridges will give
rise to the Wolffian duct, which is the precursor of the male genital duct system
(epididymis, seminal vesicles, and ejaculatory ducts). On the other hand, the Mullerian
duct, the precursor of fallopian tubes and uterus, starts its differentiation during the 5th
week of gestation in female embryo. Also during the 5th week, the primordial germ cells
(PGCs) migrate through the hindgut towards the genital ridges to populate them (in the
mice this occurs at 10.5 dpc).
The gonads remain indifferent until the 6th week, and then on the 7th week in
human (11.5-12.0 dpc in mouse), gonadal differentiation occurs. To prepare the testis for
its two main future functions, germ cells and somatic cells undergo rearrangements into
two compartments - testis cord and interstitial compartment. Sertoli cells surround the
germ cells to form one of the two testicular compartments, tubular testis cords. Within the
testis cords, Sertoli cells nourish the germ cells to mature into functional sperm. The
other compartment is the interstitial space that contains the Leydig cells and the
characteristic testicular vascular system. The main function of Leydig cells is the
7

production of androgens, which are distributed through the testicular vascular system
within the testes and to other organs. The interaction between Sertoli cells and peritubular
myoid cells forms the basal lamina that separates the testis cord from the interstitial
compartment (Brennan and Capel 2004).
Genetic control of testicular development
In vertebrates, sex determination and development are under the control of
different factors and contributions. Some species (e.g. amphibians) exhibit sequential
hermaphrodites under the influence of environmental conditions, others, such as coral
fish, show determination of individual sexes according to social ranking within the school
or colony (Byskov 1986). In mammals, sex determination is under strict genetic control
through well-characterized sex chromosomes (Waters et al. 2007; Dinapoli and Capel
2008). Many genetic, hormonal, and molecular factors are orchestrated to fulfill the goal
of mature functioning gonads. Interestingly, with all these variable sex determining
factors among different species, the morphological structure of the gonads seems to be
very similar in all vertebrates (Dinapoli and Capel 2008). The discovery of Sry as the
genetic switch to control testicular development, in most mammals, allowed for greater
understanding of sex determination and development (Brennan and Capel 2004) .
Genes that are involved in gonadal development exert their influence in two
different stages, the stage of bipotential gonads and the stage of testicular or ovarian
differentiation (Sekido and Lovell-Badge 2009).

8

Role of Sry, Sox9 and other genes in male gonadal development
Sry is expressed only in genital ridges, Sertoli cells (both fetal and adult), and
germ cells (Foresta et al. 2001). Sry is a transcriptional factor that exhibits a conserved
high-mobility group (HMG) DNA-binding domain (Sutton et al. 2011). SRY binds to
DNA and may result in alteration in chromatin structure (Dinapoli and Capel 2008). It
has been suggested that SRY works together with other factors (M33, a member of the
polycomb proteins and ATRX, a chromatin remodeling protein) to modify chromatin
structure in the testicular development pathway, either by activating testis-determining
genes or inhibiting ovarian pathway-promoting genes (Brennan and Capel 2004). Sry is
expressed only in genital ridges of XY individuals for a window of time during early
gonadal development. In the mouse, the first expression of Sry appears at 10.5 dpc, then
reaches its highest level at 11.5 dpc and ceases after 12.5 dpc (Biason-Lauber 2010). Sry
seems to be responsible for the beginning of testicular development, but is not required
for the developing testes to complete its differentiation (Sekido and Lovell-Badge 2009;
Biason-Lauber 2010; Rey and Grinspon 2011). The regulation of Sry expression is not
fully understood, however, several studies identified a number of factors that influence
Sry expression during the bipotential and the differentiated stages (Sekido and LovellBadge 2009).
In the human, Sry is up-regulated by expression of WT1 (+KTS), a DNA binding
variant of WT1 (Wilms’ tumor 1). This gene binds to Sf1 (steroidogenic factor 1)
promoter, a gene that is expressed in undifferentiated gonads and which enhances Sry
expression. Other variants of WT1, together with GATA4 and FOG2, can activate the Sry
promoter (Brennan and Capel 2004; Sekido and Lovell-Badge 2009). Sf1 may also play a
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synergistic role with Sry to enhance Sox9 (Sry-like HMG-box protein 9) expression. On
the other hand, several genes may interfere with Sry activity (Rey and Grinspon 2011).
During early ovarian development, Wnt4 enhances Dax1 expression. Dax1 interferes with
Sf1 activity and inhibits its steroidogenic effect (Biason-Lauber 2010).
Despite efforts to dissect the downstream effects of Sry, it seems that the only
identified Sry target is the Sox9 gene (Sekido and Lovell-Badge 2009; Sutton et al. 2011).
In the mouse, some results not only identified Sox9 as the critical Sry target in male sex
differentiation, but also suggested that Sox9 can replace Sry function in sex
differentiation when expressed sufficiently in the absence of Sry (Qin and Bishop 2005).
In addition to Sry, SF1 and Wt1 (+KTS) may play a role in positive enhancement of Sox9
expression. The SF1 role in Sox9 activation seems to be independent of Sry expression
(Biason-Lauber 2010). Sox9 expression is essential for Sertoli cell differentiation,
maintenance and function during both embryogenesis and adult life (Sekido and LovellBadge 2009; Biason-Lauber 2010). After cessation of Sry expression at 12.5 dpc, Sox9
expression is maintained through several routes. Sox9 can enhance its own expression
through its DNA binding motif, protein-protein interaction with SF1, and positive feedforward loop with Fgf9 (fibroblast growth factor 9) and Pgd2 (prostaglandin D2
synthase) (Brennan and Capel 2004; Sutton et al. 2011). The main function of Sox9 is
thought to be the proliferation and differentiation of Sertoli cells. Sertoli cells are the
defining cells of the testis. They surround the germ cells to form the testis cord and
determine the migration of mesonephros endothelial cells that later will form the
characteristic testicular vascular network (Sutton et al. 2011). Sertoli cells nourish germ
cells for growth and maturation throughout adult life (Brennan and Capel 2004). The
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duration of Sertoli cell proliferation and differentiation extends until puberty when they
stop dividing and maintain only the nursing function for germ cells. Sertoli cells provide
a milieu of growth factors and specialized micro-architecture to promote germ cell
differentiation and survival (e.g. adjacent Sertoli cells composed the blood-testicular
barrier) (Petersen and Sӧ der 2006).
Hormones during early male gonadal development
Sex determination, which is controlled by the presence or absence of the Y
chromosome, is followed by sex differentiation. Once sex differentiation starts under the
influence of the genetic control cascade, the hormonal products of the developing gonads
direct the various tissues towards the male pathway or the female pathway (Maclaughlin
and Donahoe 2004). In the male embryo, hormonal products have two main functions:
regression of the Mullerian duct and enhancement of the Wolffian duct, leading to
virilization of internal and external genitalia (Grinspon and Rey 2010). Testicular
descent, which is an essential process towards normal functional testes, is driven mainly
by hormonal products of the testes (Nef and Parada 2000).
Anti-Mullerian hormone
Anti-Mullerian hormone (AMH) is the testicular product that causes the Mullerian
duct regression, the analogos to uterus and fallopian tubes (Grinspon and Rey 2010).
Moreover, AMH contributes to proliferation of germ cells, and Leydig cells, which are
essential for normal testicular development and function (Sekido and Lovell-Badge
2009). AMH is a glycoprotein hormone (Rey and Grinspon 2011) and a member of
transforming growth factor beta (TGFβ-like) (Biason-Lauber 2010). AMH is secreted by
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fetal Sertoli cells independent of the pituitary-testicular axis (Grinspon and Rey 2010),
and in response to Sox9, Sf1, and Wt1 genes (Rey and Grinspon 2011). It is important to
note that AMH is a direct downstream target of Sox9 (Brennan and Capel 2004). Later,
during fetal life, fetal FSH takes over and controls Sertoli cell functions, including AMH
secretion (Grinspon and Rey 2010). AMH secretion maintains high levels of secretion
until puberty, then continues secretion at low levels (Rey and Grinspon 2011).
Androgens
Secretion of testosterone, along with other hormones like Insulin-like factor 3
(INSL3), is the main function of Leydig cells (Bay and Andersson 2011). Testosterone is
the virilizing hormone responsible for differentiation of the Wolffian duct with
subsequent development of epididymis, vasa efferentia (vas deferens), and seminal
vesicles during the first trimester (Maclaughlin and Donahoe 2004). Leydig cells show
two lines of development (fetal and adult) and pass through three stages of control of
their functions (Brennan and Capel 2004; Rey and Grinspon 2011). Fetal Leydig cells
appear in the testes at 12.5 dpc in mouse and during the 6th week of gestation in human.
They differentiate under the effects of paracrine factors from Sertoli cells and peritubular
myoid cells. Sf1 expression within Sertoli cells influences this paracrine effect. Later, Sf1
expression within Leydig cells increases with the onset of testosterone production. Until
mid-gestation, Leydig cells are under the control of placental hCG (human chorionic
gonadotrophins). Fetal LH starts to take over with the development of the hypothalamicpituitary-testicular axis (Nef and Parada 2000; Brennan and Capel 2004; Sekido and
Lovell-Badge 2009; Rey and Grinspon 2011).
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Germ cells within the male developing gonads
In both sexes, germ cells are derived from extra-embryonic primordial germ cells
(PGCs). They are first detected at 7.5 dpc in mouse (3rd gestation week in human) in the
proximal epiblast. PGCs migrate through the primitive streak to the base of the allantois
and then through the dorsal mesentery of the hindgut to reach the genital ridges where
they settle down. PGCs reach the genital ridges (the future gonads) at 10.5 dpc in mouse
and the 5th week of gestation in human. PGCs, once they have reached the
undifferentiated gonads but before they start their differentiation are called gonocytes
(Pringle and Page 1997; De Felici 2000; Brennan and Capel 2004; Maclaughlin and
Donahoe 2004; Molyneaux and Wylie 2004; Pereda et al. 2006). PGCs divide by mitosis
throughout their migratory journey. Once they reach genital ridges (the future gonads)
they continue to multiply and start to differentiate (Molyneaux and Wylie 2004; Pereda et
al. 2006). During their migration, PGCs express germ cell markers, such as tissue nonspecific alkaline phosphatase, which is used to detect the presence of germ cells in the
allantois in both human and mouse (De Felici 2000; Brennan and Capel 2004;
Maclaughlin and Donahoe 2004; Molyneaux and Wylie 2004). In female gonadal
development, germ cells are essential for follicular differentiation; while in male gonadal
development testis can still differentiate into the mature form without male germ cells.
This is evident by the presence of Sertoli-cell-only syndrome, in which the mature testis
is devoid of germ cells. However, there is evidence that somatic-germ cell signaling may
play a role in germ cell survival. In general, germ cells follow the sexual developmental
pathway of the gonads containing them (De Felici 2001; Brennan and Capel 2004; Oatley
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et al. 2011). Germ cells that fail to reach gonads undergo apoptosis, otherwise they can
lead to germ cell tumors later in life (Maclaughlin and Donahoe 2004).
As mentioned earlier, PGCs continue to divide mitotically during their migration
towards genital ridges. While within gonadal ridges, male PGCs enter a state of mitotic
arrest (quiescent phase of cell cycle), which is a step towards prospermatogonia. In
females, the PGCs enter prophase of meiosis (De Felici 2001). Shortly after birth, male
germ cells temporality undergo mitotic division then progress to meiotic divisions to
produce haploid spermatogonia that will constitute the stem cell for adult testis. At
puberty, and under the influence of the mature hypothalamic-pituitary-testicular axis,
spermatogonia differentiate to enter spermatogenesis (Adams and Mclaren 2002;
Maclaughlin and Donahoe 2004).
Testicular germ cell tumors
The origin of testicular germ cell tumor
Common etiological factors are thought to be the origin of abnormalities leading
to both testicular germ cell tumors and to male infertility (see Figure 2.1). Such
abnormalities may originate during embryogenesis or later during other stages of
development (causes of male infertility will be discussed later in this chapter). Arrest of
germ cell differentiation at an early stage (PGCs or gonocytes) is thought to be the
originating cause of testicular germ cell tumors whatever its age of onset. Intratubular
germ cell neoplasia unclassified (ITGCU), also known as carcinoma in situ, is the noninvasive precursor lesion of all types of testicular germ cell tumors (Bartkova et al. 2007).
Only two rare classes of testicular germ cell tumors can progress without prior carcinoma
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in situ lesions: infantile germ cell tumors and spermatocytic seminoma noted in elderly
(Kristensen et al. 2007).

Figure 2.1

A model for pathogenesis of testicular germ cell tumors

Adapted with modification from Sonne et al. 2007.
The fetal origin of this precancerous lesion is supported by different studies,
including epidemiological surveys, functional assays, and genetic identification. The
embryonic origin of testicular germ cell tumor is thought to result from the arrest of
gonocyte/PGCs differentiation within developmentally altered gonad coupled with high
rates of genomic instability and environmentally deleterious effects (Rajpert-De Meyts
2006).
KIT is a tyrosine-kinase plasma-membrane receptor for stem cell factor (located
at region 4q12) (Goddard et al. 2007; Keshava Prasad et al. 2009). Mouse studies showed
that it is mandatory for germ cell maintenance. KIT is highly expressed in PGCs early
during pregnancy, then its expression declines, but is still detected through infantile
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gonocytes. Normal adult testes show almost no KIT expression (Rajpert-De Meyts and
Hoei-Hansen 2007). On the other hand, bilateral testicular germ cell tumors showed high
KIT expression. In bilateral testicular germ cell tumors, both testes show similar patterns
of KIT mutations, which denotes alteration in germ cells development before they
colonize the developing gonads (Looijenga et al. 2003; Horwich et al. 2006). A PLAP
(placental-like alkaline phosphatase, unknown function) shows expression in PGCs and is
usually used as an identification marker for intratubular germ cell neoplasia
undifferentiated (ITGCU) (Rajpert-De Meyts 2006; Wohlfahrt-Veje et al. 2009). OCT3/4
is a transcription factor encoded by the POU5F1; a gene displaying pluripotent functions.
It is expressed in embryonic stem cells and in ITGCU as well as in developed testicular
germ cell tumors (Goddard et al. 2007; Sonne et al. 2007). NANOG is located at 12p13
and is essential for maintenance of pleuripotency of stem cells and to prevent cell
differentiation. It is expressed in PGCs and ITGCU, but not in differentiated teratomas
(Rajpert-De Meyts 2006; Clark et al. 2007; Goddard et al. 2007; Rajpert-De Meyts and
Hoei-Hansen 2007).
Epidemiology and classification of Testicular germ cell tumors
Testicular cancer is the most common solid organ tumor in males within the age
group 15 – 40, with a peak in the early 30s (between 30 and 34 years). Histological
classification divides testicular germ cell tumors into two types. The first type is nongerminal tumor of the testis, which account for 2-5% of testicular tumors in humans
(Browne et al. 2005). The more common type is known as testicular germ cell tumor (9598% of all testicular tumors).The highest incidence of testicular germ cell tumors
occurred in Western countries in comparison of men among the same age group
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(Skotheim and Lothe 2003; Rapley et al. 2009). This accounts for approximately 20% of
neoplasms in this age group (Browne et al. 2005). In 90-95% of testicular cancers, the
identified origin of the tumor of those tumors were germ cells (Bahrami et al. 2007;
Diamantopoulos and Kortsaris 2010).
Despite the varying classifications for human germ cell tumors, a relatively recent
proposed classification has been recognized by the World Health Organization (WHO)
and North American pathologists. This new classification used several factors to
categorize germ cell tumors: epidemiological features, anatomical site for diagnosis,
histological pattern, chromosomal constitution, and genomic imprinting. According to
this classification, germ cell tumors are grouped into Type I (teratomas and yolk sac),
Type II (seminomas and nonseminomas), Type III (spermatocytic seminoma of elderly),
Type IV (dermoid cyst – outside the testis) and Type V (hydatiform mole – outside the
testis) (Looijenga et al. 2007).
Male germ cell tumors constitute only about 2% of malignant tumors in the
general human population (Chaganti and Jane 2000). However, besides its extreme
clinical importance, studying germ cell tumors provides insight into developmental
biology events and a possible source for multipotent adult stem cells with vast
applications. It is also one of the possible curable types of cancer (Bahrami et al. 2007;
Seandel et al. 2007). The objective of testicular cancer therapy is not limited to curing it.
Preservation of fertility and sexual function represents important life quality
considerations (Lambert and Fisch 2007; Dohle 2010). Testicular neoplasm and male
infertility share multiple features that include common risk factors and therapeutic goals.
These risk factors include congenital abnormalities in testicular maturation (e.g.
17

cryptorchidism and gonadal dysgenesis), exposure to certain gonadal toxins (e.g.
pesticides, steroids and radiation), and testicular trauma. The most important feature that
links infertility with testicular tumors is the observation that impairment of
spermatogenesis is associated with more than a twenty-fold increased risk for testicular
tumor development (Raman et al. 2005). The presence of testicular tumors affects
spermatogenesis through various mechanisms: testicular tumors may affect
hypothalamic-pituitary-gonadal axis, can interfere with cell-to-cell signaling within the
testis, or alter testicular anatomy (Bridges and Hussain 2007). The correlation between
testicular tumors and spermatogenesis may point to a common cause or a shared pathway
of etiology.
Early in embryogenesis, exposure of developing germ cells to oxidative stress
may result in genomic instability leading to a progressive phenotype that is similar to
defective sperm in infertile men. The same picture is seen in some cancer and nonneoplastic tissues associated with chronic inflammation. Reactive oxygen species (ROS)
are known to cause DNA damage in the form of ssDNA (single strand breaks) and
dsDNA breaks (double strand break). These deleterious effects may be attributable to
inactive or defective DNA repair mechanisms (Sallmyr et al. 2008). Accumulation of
oxidative stress may lead to inefficient repair coupled with failure to execute apoptotic
responses, thus leaving damaged cells. When elevated ROS overrides the DNA repair
mechanism, increased cell mutations can profoundly impact fertility and tumorigenesis
(Zienolddiny et al. 2000; Appasamy 2005; Valko et al. 2006; Makker et al. 2009).
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Reactive oxygen species
Reactive oxygen species (ROS) and its biological role
One of the identified etiological factors for cancer is environmental exposure to
ROS-producing chemicals and radiation (Cooke et al. 2008). ROS can contribute to
genomic instability either at DNA base level (MSI) or chromosomal level (DNA breaks)
(Gillespie and Wilson 2007). ROS-induced DNA damage within the sperm has been
reported to result in varicocele (Saleh et al. 2003; Smith et al. 2006). A recent study
suggested a link between varicocele in infertile patients and imbalance between oxidative
stress and low antioxidant concentrations in seminal plasma (Mostafa et al. 2011).
Molecular and physiological features of ROS
Oxygen molecules are different from most other molecules; usually each
molecule has an even number of electrons, which occur in pairs in its outer shell
(Voeikov 2006). Not all oxygen molecules contain paired electrons. Unpaired electrons
contribute to the high reactivity of the oxygen molecule, hence the name reactive oxygen
species or free radicals (dioxygen) (Valko et al. 2004). Oxygen free-radicals are
molecules containing one or more unpaired electrons in the outer electron shell, a state
called the triplet state (Valko et al. 2004; Voeikov 2006).
Reactive oxygen species are normal products of cell metabolism. Three types of
ROS can be generated during normal cell metabolism: superoxide radical (O2●¯¯ ),
hydrogen peroxide radical (H2O2), and hydroxyl radical (●OH) (the oxygen molecule
acquired one, two, or third electron, respectively). Superoxide radical (O2●¯¯ ) has low
reactivity; it is produced either from the mitochondrial electron transport chain or through
some phagocytic cell enzymes. If not removed properly, it can lead to mitochondrial
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inhibition leading to apoptosis or alteration in mitochondrial functions that are implicated
in carcinogenesis (Kim et al. 2006; Karihtala and Soini 2007). Hydrogen peroxide has
low activity, but can diffuse through mitochondrial and cellular membranes where it can
accumulate damage, therefore it is closely linked to tumorigenesis (Karihtala and Soini
2007). The hydroxyl radical is the most potent ROS. It can react with all cell structures.
The hydroxyl radical can react with the deoxyribose backbone of DNA and DNA bases,
which lead to nicking of DNA. It can also alter tumor suppression and oncogenes (Lu et
al. 2001).
The essential physiological functions of ROS take place when their levels within
the tissue range from low to moderate (Valko et al. 2007). An important function of ROS
is to guard against infectious agents. For example, for phagocytes to perform their role in
immunity, their oxygen utilization increases tremendously with subsequent ROS release
(Voeikov 2006). Other functions of ROS include their necessity in signal transduction
and cell division. On the other hand, ROS can cause deleterious effects that include
oxidative stress.
Oxidative stress occurs when the balance between ROS production and antioxidant scavenging pathways are skewed, leading to ROS accumulation within the tissue
(Risom et al. 2005). This imbalance can occur either due to increased ROS production or
impaired scavenging pathways (Valko et al. 2004). It is important to note that other
sources of reactive oxygen species are the endogenous biological processes that take
place in different cells and tissues, such as tissue inflammation. The other source is
through exogenous environmental exposure to chemical or ionizing radiation
(Zienolddiny et al. 2000; Waris and Ahsan 2006). In general, oxidative stress is linked to
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a variety of pathological conditions. Examples include, diabetes mellitus, atherosclerosis,
malignancy, infections, cardiovascular diseases, hypertension, ischemic/perfusion
injuries, immuno-inflammatory conditions, male infertility and neurodegenerative
disorders (Waris and Ahsan 2006).
Although ROS are required for normal cell functions they must be scavenged
immediately for the cell to remain healthy. Therefore, ROS play a dual role as necessary
biological elements, and as possible hazardous products that need to be removed (Valko
et al. 2004).
Effect of oxidative stress on basic cell structures
At high concentrations, ROS can cause damage to cellular macromolecules
including DNA, lipids and proteins (Valko et al. 2007). ROS can affect DNA, leading to
damage of its deoxyribose backbone, as well as purine and pyrimidine bases. ROSinduced DNA damage includes DNA base modification, ssDNA breaks, dsDNA breaks
or cross links (Hasty et al. 2003; Chen et al. 2007; Valko et al. 2007). Moreover,
oxidative stress may affect mitochondrial DNA and lead to accumulation of deletions,
with subsequent impairment in mitochondrial function as a ROS-scavenging organelle
(Prithivirajsingh et al. 2004). Another route for ROS to affect DNA is by altering
mismatch repair (MMR) mechanisms. The cell with deficient MMR may escape the
apoptotic pathway and accumulate DNA damage over time. Consequently, this type of
cell with DNA defects could undergo malignant transformation (Skinner and Turker
2005).
It is of interest to note that ROS-induced DNA damage depends, essentially, on
the concentration level of ROS and the chronic exposure time during which the cell is
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exposed to such a hazard (Hasty et al. 2003). The resulting DNA damage may lead to
genomic instability through different mechanisms such as transcription alteration or
replication error (Valko et al. 2004).
Several endogenous and environmental factors are identified as causes leading to
ROS-mediated mutations. They include radiation, UV-exposure, localized chronic
inflammation, smoking, and industrial mutagens, each of which is considered a possible
cause of DNA damage and subsequent mutations.
Recently, oxidative stress induced by a direct effect of radiation proved to play a
role in producing mutations that persist and continue to multiply: an example of the
mutator phenotype (Dayal et al. 2008).
Defense mechanisms against noxious ROS effect
To avoid the deleterious effects of oxidative stress on various cells and tissues,
different protective mechanisms are utilized. Two of these mechanisms are important in
cancer development: antioxidants and DNA repair (Karihtala and Soini 2007).
Cell redox system (antioxidants)
Under normal physiological conditions, there is a balance between ROS
production and the antioxidant system. Antioxidants provide the first defense mechanism
against accumulation of ROS by removal of the free radicals. The imbalance between
ROS and antioxidants either due to excessive ROS, decreased antioxidant, or both will
lead to oxidative stress (Waris and Ahsan 2006). Antioxidant systems can be broadly
classified into two categories: enzymatic antioxidants and non-enzymatic antioxidants.
(Valko et al. 2007).
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Enzymatic antioxidant
Superoxide dismutase (SOD);
SOD is one of the most important antioxidant enzymes in almost all mammals. Its
main, or maybe the only, function is to dismutate two superoxide molecules into water
and oxygen (Naka et al. 2008). There is no overlap in function between SOD and other
antioxidant enzymes. SOD is implicated in prostatic carcinoma and breast cancer as
well. Three isoforms of SOD enzyme are found in human tissues: Cu-Zn-SOD (SOD1) in
the cytoplasm, Mn-SOD (SOD2) in the mitochondria, and extracellular elements (ECSOD or SOD3) in the extracellular compartment such as human plasma, lymph, ascites,
and cerebrospinal fluid. The three genes encoding these three enzymes have been
identified and sequenced. Sod1 is located on chromosome 21, Sod2 on chromosome 6,
and Sod3 on chromosome 4 (Zelko et al. 2002; Karihtala and Soini 2007).
Catalase;
Catalase is a heme enzyme that can react with phenols and alcohols. It is a very
potent scavenger of hydrogen peroxide, which it turns to H2O and O2. It is located mainly
within the peroxisomes, with a small portion located in the cytoplasm. Peroxisomes are
cellular organelles with a high level of oxygen utilization that produce H2O2 (Valko et al.
2006; Valko et al. 2007).
Glutathione peroxidases;
Glutathione peroxidase acts mainly on H2O2 or organic lipid hydroperoxide
converting it into H2O. There are two categories of glutathione peroxidase: selenium-
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independent and selenium-dependant. Mammalian tissue expresses four different types of
selenium-dependant type (GPX) (Valko et al. 2007).
Peroxiredoxins;
Peroxiredoxins are thiol-specific antioxidants that interact with H2O2 and organic
peroxide to produce H2O. Unlike catalase, which is mostly restricted to peroxisomes,
peroxiredoxins are present throughout most of the cell (Karihtala and Soini 2007).
Non-enzymatic antioxidant
Ceruloplamsin and transferrin proteins that have antioxidant activity through their
involvement in chelating iron and copper ions (Karihtala and Soini 2007). Vitamin C
(ascorbic acid) and vitamin E (α-tocopherol) are important antioxidants that work
synergistically and independently. Vitamin C is water soluble while vitamin E is lipid
soluble. Both work to protect the cellular membranes from oxidation along with
antioxidant enzymes. Daily intake of vitamin E and C has been reported to decrease the
incidence of some colorectal and stomach cancers (Valko et al. 2006).
Carotenoids and flavonoids are compounds occurring naturally in plants and,
hence, are integrated into the diets. They display antioxidant effects, both independently
and in conjunction with other antioxidant compounds. Selenium when coupled with
glutathione peroxidase tends to have antimutagenic effects (Valko et al. 2006).
Cell response to DNA damage
As a central concept in evolution, the survival of any species and its adaptation to
changing environmental conditions requires some genetic changes through mutation and
selection. However, the survival of an individual within a species requires genomic
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stability to maintain the performance of needed biological functions. In other words,
germ cell genomic stability is essential to maintain the species, while somatic cell
genomic stability, in multicellular organism, is essential for individual survival (Alberts
et al. 2002; Friedberg 2003; Zhao and Epstein 2008).
Unlike other biological molecules, DNA cannot be replaced by other molecules,
so it is subjected to repair (Eker et al. 2009). When the DNA is damaged, the cell
responds through several defensive pathways: DNA repair, cell cycle check-point arrest,
transcriptional modulation response and/or apoptosis (Sancar et al. 2004; Jeggo and
Löbrich 2006; Lindsey-Boltz and Sancar 2007).
DNA damage sensors
The cell recruits sensor mechanisms to detect and recognize the damaged DNA
and hence activate other defensive mechanisms. This surveillance process consists of
sensor proteins, such as ATM, ATR, and Rad17 complex, which activate a downstream
cascade to recruit various repair proteins and enzymes to the site of the damaged DNA:
ATR-Chk1 and ATM-Chk2 signaling (Gollin 2004; Sancar et al. 2004; Bartkova et al.
2007).
Cell cycle arrest in response to DNA damage
In response to DNA damage, the cell may stall cell cycle progression to allow
time for DNA repair to be completed. In E. coli, SOS response is a result of DNA
damage and blocks replication mainly through increased amounts of single stranded
DNA. The SOS response consists of about forty genes that work coordinately toward
DNA repair. One of the components of DNA-repair SOS response in E.coli is the sulA
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gene. The expression of this gene as a part of DNA damage response leads to blocking
cell division until the repair is completed (Alberts et al. 2002; Saint-Ruf et al. 2007). In
eukaryotes, DNA damage activates check points resulting in slowed or blocked cell-cycle
progression. (Sancar et al. 2004). ATM (ataxia telangiectasia mutated) protein, a member
of the protein kinase family, is signaled by dsDNA breaks and blocks a cell cycle
checkpoint preventing G1/S promotion leading to cell cycle arrest at G1(Ishikawa et al.
2006). In addition to its role in blocking the cell cycle, ATM participates in stimulating a
mechanism involved in dsDNA break repair, specifically Artemis-dependant dsDNA
breaks repair. Individuals with defective ATM genes suffer ataxia telangiectasia, a
neurodegenerative disorder with genomic instability predisposing them to malignancy
(Jeggo and Löbrich 2006).
DNA repair mechanisms
DNA repair mechanisms are cellular defense mechanisms, their defects may lead
to impairment of essential biological cellular functions, cancer development, or
apoptosis. Other defense mechanisms against cancer include the complement system,
phagocytic activity of neutrophils and macrophages, and antibodies against tumor cell
markers (Karihtala and Soini 2007). The efficiency of the DNA repair mechanism along
with an efficient replication ensures correct cellular processes continue. Universally, with
every DNA replication process there is about one nucleotide substitution / 109
nucleotides. In humans, according to the genome size, it is estimated there are about three
nucleotide substitution with every cell division. The capacity of the DNA repair
mechanism reaches a level of 1016-1018 repair process /cell/day (Alberts et al. 2002; Jena
2012). The type of DNA repair recruited depends on several factors that include the
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nature of the insult, type of the resulting damage, and phase of the cell cycle (see Figure
2.2) (Reddy and Vasquez 2005).

Figure 2.2

Different types of DNA damage and their specific DNA repair mechanisms

Adapted with modification from Reddy and Vasquez 2005.
Direct DNA repair;
Direct DNA repair uses a single protein to reverse the damage; there is no DNA
cleavage or base excision. Two types of direct repair have been identified. The first type
repairs UV-induced damage by DNA photolyase. Several species from each kingdom
(Bacteria, Archaea, and Eukaryota) show evidence of photoreactivation resulting from
photolyase activity in DNA repair. On the other hand, placental mammals show absence
of such photoreactivity. Two types of photolyases have been identified: cyclobutane
pyrimdine dimer repair and 6-4 photoproduct repair (Sancar et al. 2004; Eker et al. 2009).
27

The second type of direct DNA repair is the repair of alkylating damage by O6methylguanine-DNA-methyltransferase; this is a small protein that detects O6alkylguanine lesions by three-dimensional diffusion. When the protein encounters a
damaged site it attaches to the DNA backbone and flips out the altered base. This is
followed by transferring the O6-alkylguanine to the protein active site, cysteine, and then
the protein dissociates from the repaired DNA. Mice with defects in methyltransferase
are prone to tumor formation (Daniels and Tainer 2000; Sancar et al. 2004; Eker et al.
2009).
Base excision repair mechanism (BER);
In principle, the altered DNA base is removed followed by restoration of the
correct sequence while using the intact strand as the template. To accomplish base
excision repair, five different enzymes synchronize their actions. The cell first recruits
the DNA glycosylase. Several types of glycosylase enzymes have been identified, each
type can recognize specific damaged bases and remove them from the DNA sequence.
There are at least six types of glycosylase, the two that have been identified in mammals
are NTH1 (endonuclease III homolog) and OGG1 (8-oxoguanine DNA glycosylase)
(Hazra et al. 2007). Glycosylase scans the DNA helix. When an altered base is identified,
the glycosylase removes it and leaves an abasic site. Apurinic endonuclease (AP1) cuts
the phosodiester backbone leaving 3’ OH and 5’ phosphate ends, then the gap is filled
with the correct nucleotide by DNA polymerase β and the remaining nick is sealed with
DNA ligase III. Two distinct types of base excision repair (BER) have been identified as
short patch BER (single nucleotide BER) and long patch BER. The cell’s preference to
recruit short or long patch BER depends on the nature of the lesion. The DNA
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polymerase β inserts the missing base in short patch BER, but cannot react with modified
sugars. Long patch BER involves DNA synthesis and displacement away from the
affected site. This displacement creates a DNA flap of about 12 nucleotides necessitating
removal of the same length from the original damaged site (David et al. 2007)
Base excision repair identifies and repairs a variety of altered bases that include
deaminated cytosine, deaminated adenine, alkylated bases, oxidized bases, bases with
open rings, and bases with missed carbon bonds. In particular, NTH1 repairs a wide
range of oxidized pyrimidines, while OGG1 repairs oxidation products of guanine (David
et al. 2007; Hazra et al. 2007; Jena 2012; Wallace et al. 2012).
Nucleotide excision repair mechanism (NER);
Nucleotide excision repair (NER) deals with larger lesions, and can identity and
repair almost any lesions that alter the DNA double helix structure including pyrimidine
dimers and products of DNA’s reactions with hydrocarbons (e.g. benzopyrene, a
recognized carcinogen). In addition, repairs damage due to exposure to UV light (e.g.
cyclobutane thymine dimmers) (Hutsell and Sancar 2005). Defects in NER genes lead to
xeroderma pigmentosum, which is a cancer-prone syndrome in which the human skin
becomes oversensitive to sunlight (Sancar et al. 2004; Naegeli and Sugasawa 2011).
NER works through recruiting a large multi-enzyme complex (~30 distinct
proteins) that surveys DNA for any double helix distortion. Rather than identifying
specific base alteration, NER recognizes conformation deformities of the DNA helix
resulting from the lesion; such process is called indirect readout in contrast to direct
readout that recognizes specific DNA sequence. Once a bulky lesion is identified, the
excision nucleases complex cleaves the altered strand on both sides of the lesion,
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followed by removal of the defective portion as an oligonucleotide fragment (~12
nucleotide in prokaryotes, and ~30 nucleotide in eukaryotes). DNA polymerase then fills
the gap and nicks are sealed by DNA ligase (Friedberg 2003; Sancar et al. 2004; Gu et al.
2005; Hutsell and Sancar 2005) .
NER is thought to play a role in cell cycle as a check-point. ATR (ataxia
telangiectasia mutated and Rad3-related)-mediated checkpoint is activated in the G1
when a large lesion (about 30 nucleotide gap) is removed by NER (Lindsey-Boltz and
Sancar 2007). Some studies showed a possible role of NER in removing 8-oxodG lesions
(7,8-dihydro-8-oxoguanine). In addition, a specialized NER mechanism play a role in
transcription, transcription-coupled NER (TC-NER) is responsible for excision of lesions
on the transcribed DNA strand during active gene expression (Gu et al. 2005; Reddy and
Vasquez 2005).
Mismatch repair mechanism (MMR);
Mismatch repair (MMR) mechanism can detect and remove base-pair errors when
a single base is incorporated (e.g. guanine is attached to adenine). This type of error may
occur during DNA replication and recombination. MMR also deals with insertiondeletion loops that are caused by base deamination, oxidation, or methylation. MMR,
together with other DNA repair mechanisms, is essential to reduce the mutation
frequency and microsatellite instability (MSI). On the other hand, detection of elevated
MSI frequencies denotes defects in MMR activity (Baarends et al. 2001; Reddy and
Vasquez 2005; Goel et al. 2010).
The first step in MMR activation is the recognition of the lesion by damage
recognition complexes MutS (MSH2, MSH3, and MSH6). MSH2-MSH6 dimers can
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detect mis-paired bases and short insertion deletion loops; MSH2-MSH3 dimers can
detect long insertion-deletion loops. This is followed by interaction of the recognition
complex MSH with a MLH1-PMS2 heterodimer that facilitates binding to the lesion site.
This binding activates endonuclease-I that cleaves the DNA, creating a gap. DNA
synthesis fills the gap via DNA polymerase and then sealed by DNA ligase (Reddy and
Vasquez 2005; Skinner and Turker 2005).
Defects in MMR genes, with subsequent decrease in MMR efficiency, are
associated with several pathological and tumorigenesis conditions. The most extensively
studied consequence of MMR defects is human non-polyposis colorectal cancer. Several
MMR genes were identified as the cause for a mutator phenotype that led to
microsatellite instability and subsequent cancer. These genes included MSH2, MLH1, and
PMS2 (Maduro et al. 2003; Ogino and Goel 2008).
Microsatellite instability associated with MMR defects is implicated in other
pathological problems affecting male gonads. Maduro et al. (2003) identified MSI and
MMR defects in a subgroup of infertile patients and suggested that MMR is an etiological
possibility of their Sertoli cell-only syndrome.
Recombination repair mechanisms;
The double helix of the DNA carries a profound ability to be repaired, as it
consists of two copies of the genetic information. When one strand is altered, the intact
strand serves as the repair template. This property of DNA emphasizes the danger of
double strand DNA breaks (dsDNA breaks) since there is no template to repair from.
Double strand breaks can occur, temporarily, during normal cellular processes
such as recombination of immunoglobulin genes or movement of mobile elements across
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the genome. DNA strand break occurs routinely during meiotic recombination. On the
other hand, “unprogrammed” dsDNA breaks are serious, and if left unrepaired, can be
lethal to the cell or lead to major disturbance in genome integrity.
Insult to the cell that are exogenous (radiation or chemicals) or endogenous
(biologically generated ROS) can result in dsDNA breaks. In addition, normal DNA
replication can lead to chromosomal breakage resulting from arrest or collapse of the
replication fork (Duker 2002; Sancar et al. 2004; Reddy and Vasquez 2005).
Chromosomal instability and major aberrations are associated with various pathological
conditions and malignancies including ataxia telangiectasia, Nijmegen breakage
syndrome, Fanconi anemia, Bloom syndrome, and lymphomas (Duker 2002).
The two DNA repair pathways for dsDNA breaks are homologous end-joining
(HR) and nonhomologous end-joining (NHEJ). The cell recruitment of the appropriate
repair-mechanisms is mainly dependent on the stage of the cell cycle when the breaks
occur. HR is carried out from mid S-phase to G2-phase, where the DNA replication
involves sister chromatids, but the cell has not yet divided. NHEJ mainly occurs during
G1-phase when there is no sister chromatide available for repair (Delacote and Lopez
2008). In some instances the two mechanisms work coordinately to deal with a lesion;
this has been shown to occur when repairing interstrand corsslinks in yeast (Reddy and
Vasquez 2005).
Nonhomologous end-joining (NHEJ) repair
NHEJ, also called the emergency repair, is the primary dsDNA break repair
mechanism in mammals that inevitably results in loss of a number nucleotides at the site
of repair (Reddy and Vasquez 2005). Despite the resultant mutation at the site of
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breakage, the mammalian genome seems to adapt well, perhaps because its protein
coding sequence represents a small portion of its genome (Alberts et al. 2002).
When a break is encountered, a KU70-KU80 heterodimer binds to the two ends of
the double strand break, regardless of sequence homology. This complex recruits DNAPKs and ligase IV-XRCC4 complex along with the cofactor Cernunos/Xlf to join the
DNA ends together. Under normal conditions, this mechanism is used during the
generation of immunoglobulin subclasses (Delacote and Lopez 2008).
Homologous end-joining (HR) recombination repair
HR is characterized by its high fidelity since it uses the undamaged homologous
chromosome as a template for the repair. HR starts with attachment of the
Mre11/Rad50/NBS1 complex and Rad51 to the site of the break in the double strands.
Then three steps follow: strand invasion (invasion of single strand DNA into the double
strand helix), branch migration (the enlargement of the attachment region between two
strands from two different DNA molecules), and formation of a Holliday junction (two
homologous DNA helices attached together by reciprocal exchange of the four strands).
This is followed by resolution of the Holliday junction by the MUS81/MMS4 complex
into two pairs of double strands and is carried out by endonucleases. Several proteins are
associated with HR and include Rad52, Rad54, Rad55, Rad57, BRCA1, and BRCA2
(Sancar et al. 2004). Under normal conditions, this mechanism is used for recovery of a
collapsed replication fork and gene conversion associated with crossing over (Delacote
and Lopez 2008).
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Single strand annealing
A third pathway, single strand annealing, is sometimes used. It is distinct from
both HR and NHEJ and associated with loss of genetic coding sequences. Using
Mre11/Rad50/NBS1 complex and an exonuclase, the break sites of the double strands
undergo digestion to expose areas of homology on both sides of the break. This is
followed by DNA ligation (Sancar et al. 2004).
Genomic instability
The principle concept of genomic integrity is the ability of a parent cell to
faithfully transmit its genetic contents, or part of it, to daughter cells (Rapits and Bharati
2006). Hence, genomic integrity is the cornerstone of survival and reproduction of all
species. On the other hand, any change in this transmission may results in what is called
genomic instability (Rapits and Bharati 2006). So, it can be said that transmission of
genetic information is under the influence of two opposing factors: genetic stability and
continuous mutational events, a facilitator of evolution. The genome can be exposed to
endogenous or exogenous genotoxic events (e.g. factors that lead to production of free
radical damage during various biological processes or as a result of environmental
exposure). For the genome to maintain its stability, synchronized surveillance to detect
lesions and quick response to repair the detected lesions are essential (Duker 2002;
Beckman and Loeb 2005).
Classes of genomic instability
During the life cycle of the cell, DNA damage is a recurrent process which may
lead to mutations or apoptosis (Ishikawa et al. 2006). Any errors occurring during DNA
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replication and cell division must be repaired if the cell is to avoid cell death (apoptosis)
or chaotic cell division and tumorigenesis. Multiple mutation-specific mechanisms detect
errors in DNA replication and cell division and initiate repair; they are key to preventing
either cancer or cell death.
Genomic instability is manifested through three classes. First is the expansion or
contraction of a repeated DNA stretches in coding or non-coding regions that is called
microsatellite instability (MSI). MSI is also called replication error (RER) or mutator
phenotype (Faulkner and Friedlander 2000; Ogino and Goel 2008). Microsatellites are
short tandem repeats interspersed throughout the genome. A possible cause for increased
susceptibility for these repeats to undergo expansion or contraction is slippage of DNA
polymerase or DNA mismatch repair mutations (Ionov et al. 1993; Halford et al. 2002).
Several proteins, known as mismatch repair proteins, are responsible for identification
and repair of tandem repeat alterations (e.g. MLH1 and MSH2, MSH6, PMS1, and
PMS2) (Baker et al. 1995; Verma et al. 1999; Peltomäki 2001; Kohonen-Corish et al.
2002; Borgdorff et al. 2005). The deficient mismatch repair activity may result in either
chromosomal or MSI genomic instability (Bacher et al. 2005). Genomic instability may
not be the real factor behind cancer development, rather it is a consequence of the tumor
pathological process (Tomlinson et al. 2002). In either case, tandem repeats remain a
substrate for alteration that leads to instability due to lack of efficient repair mechanisms
(Laiho et al. 2002). When a gene contains such repeats, it is likely to be susceptible to
sequence alteration (Whitehall et al. 2001).
Second, is the numerical or structural alteration of the chromosomes called
chromosomal instability (CIN). CIN can contribute to tumorigenesis through alteration of
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tumor suppressor genes or oncogenes. (Ogino and Goel 2008) Third, is the alteration of
the methylation pattern of a gene promoter region that may lead to either gene hyperexpression or gene silencing (e.g. CpG methylator phenotype, CIMP) (Gollin 2004;
Rapits and Bharati 2006; Ogino and Goel 2008).
Epigenetic alteration of DNA repair genes leading to genomic instability has been
proposed as an adaptive evolutionary process during male gametogenesis with
malignancy as a side effect (Lind et al. 2007; Zhao and Epstein 2008). Genetic instability
is linked to cancer and can be classified according to level of instability, either instability
at the nucleotide level or at the chromosomal level. Nucleotide instability can result from
defects in base excision repair mechanisms; this has led to a subtype of colorectal cancer
named MUTYH-Associated Polyposis (MAP) (Poulsen and Bisgaard 2008). Defects in
nucleotide excision repair can result in Xeroderma pigmentosum (Naegeli and Sugasawa
2011). The alteration of microsatellite repeats is a result of defective mismatch repair
genes that has led to hereditary non-polyposis colorectal cancer (Laiho et al. 2002;
Öhrling et al. 2010). On the other hand, chromosomal instability is observed in almost all
malignant tumors. Chromosomal instability includes aneuploidy, translocation, and loss
or gain of a part of a chromosome through deletion, insertion or duplication. Another
feature of genomic instability is the loss or gain of one of the two parental alleles. This is
called loss of heterozygosity. Loss of heterozygosity can be a consequence as well as a
cause of chromosomal instability (Duker 2002; Gollin 2004; Gollin 2005; Rapits and
Bharati 2006; Krämer et al. 2011).
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Colorectal cancer as an example of genomic instability-induced tumor
For a long time it was thought that genomic instability is a result of tumors.
However, recent methods enabled researchers to identify genomic instability at earlier
stages of colorectal cancer. So the concern about the role of genomic instability in
initiating tumorigenesis began to take place (Anderson 2001). In 1993, Ionov et al.
identified Microsatellite instability (MSI) as a type of genomic instability that is
characterized by increases or decreases in the number of repetitive sequence. Loeb and
Loeb (2000) suggested that genomic instability in the process of tumor progression is
likely initiated long before the first appearance of pathology.
As mentioned before, during the life of a cell, DNA damage is a recurrent process
and may lead to mutations or apoptosis (Ishikawa et al. 2006). If a mutation cannot be
repaired, the cell enters the apoptosis pathway and is eliminated from the cell population.
If highly unstable cells fail to enter apoptosis and continue to divide unchecked,
tumorigenesis occurs (Ionov et al. 1993; Loeb and Loeb 2000).
Different types of DNA damage associated with tumors result from the imbalance
between the rate of DNA damage and the capacity of the cell machinery to repair the
damage. Chromosomal instability can occur at the whole chromosome level and arises
from inappropriate segregation and recombination. CIN may also involve chromosomespecific regions that can extend across several megabases to encompass multiple genetic
loci or even entire chromosome arms. If these mutations occur because of regulatory or
mismatch repair mutations, a normal wildtype is lost and this process, which is also a
hallmark of some somatic cell tumors, results in loss of heterozygosity (LOH). Generally,
MSI and CIN are mutually-exclusive events occurring in MMR deficient colon cancer
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tumors and in some tumors that arise from environmental mutagens that operate through
ROS DNA damage pathways (Basso et al. 2007).
The mechanisms that lead to genomic instability and tumorigenesis are not fully
understood, and mutations that occur across tumor types are heterogeneous (Loeb et al.
2003). Studies of genomic instability in sporadically developing colorectal cancer and
other somatic cell tumors demonstrate the three mechanisms that result in different gene
expression [ MSI, CIN and CpG island methylator phenotype (CIMP)] (Ogino and Goel
2008). In addition, colorectal cancer represents a model for MSI induced tumors. Fifteen
percent of colorectal cancers show MSI due to mismatch repair dysfunction (Rashid and
Issa 2004). CIN has been observed in about 50% of colorectal tumors and usually is
associated with aneuploidy and LOH. Loss of heterozygosity is thought to affect the
apoptotic pathway and inhibit tumor suppressor genes, leading to cancer (Traverso et al.
2003). Approximately 35% of colorectal tumors exhibit CIMP, which reflect epigenetic
modifications resulting in transcriptional silencing by faulty methylation (Jones and Laird
1999; Ogino and Goel 2008).
Genomic instability associated with ROS induced tumors can affect extra-nuclear
DNA as well. Although ROS are generated by the mitochondria, if ROS are not
immediately scavenged from the cell, the mitochondrial genome is highly vulnerable to
mutations (in the form DNA nicks) that can lead to mitochondrial deletions and loss of
mitochondrial function. Mitochondrial mutations often occur in parallel with genomic
instability detected in the nuclear genome in somatic cell tumors (Anderson 2001).
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Male factor infertility and its association to carcinogenesis
Infertility is defined as the inability of a couple to conceive after one year of
regular unprotected sexual intercourse. It can be classified clinically as either primary or
secondary. Primary infertility (~70% of infertile couples) is the case in which no
pregnancy has been achieved, while secondary infertility (~30% of infertile couples) is
the inability to conceive after previous pregnancies (Nieschlag 1997; Poongothai et al.
2009).
Infertility is estimated to affect about 7% of all men and about 13-20% of all
couples trying to conceive a child in different racial and ethnic groups (Ventura et al.
2003; Krausz 2011). In about 40% of infertile couples, male factor is the primary
identified cause of infertility and in another 20%, it is assumed to be an important
contributing factor (Mclachlan 2004). Several etiological factors of male infertility have
been identified. Recently, it is becoming clearer that a proportion of these factors is
associated with genetic background. Moreover, idiopathic male infertility that may
account for 40-50% of all male infertility is postulated to have a genetic basis (Gottlieb et
al. 2005; Krausz 2011). Although it is difficult to precisely determine the extent of the
genetic contribution to male infertility, 15-30% of male infertility cases can be identified
with a specific genetic cause (Ferlin et al. 2007; O'flynn O'brien et al. 2010; Krausz
2011). Despite comprehensive investigations, identification of definite etiology in many
male infertility cases remains obscure; about 50% remain idiopathic (Hargreave 2000;
Fox and Reijo Pera 2001; El-Toukhy and Braude 2002; Krausz 2011).
Male infertility can be classified according to its etiology into two broad
categories: congenital (genetic) or acquired (non-genetic causes) (Krausz 2011). Male
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fertility requires a functional hypothalamic-pituitary-gonadal axis for proper
spermatogenesis as well as a intact transportation pathways and successful sperm
deposition. It is obvious that infertility may result from a defect at any of these levels,
whether it is congenital or acquired. Table 2.1 illustrate various etiological categories of
male infertility (Nieschlag et al. 1997; Loy and Yong 2001; Mclachlan 2004; Krausz
2011).
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Table 2.1

Pre-testicular level

Testicular level

Post-testicular level

Etiological factors of male infertility at various levels: pre-testicular,
testicular, and post testicular

-

Idiopathic hypogonadotrophic hypogonadism
Karyotype abnormalities e.g. Klinfelter syndrome, 46,XX male syndrome
Kallmann’s syndrome
Prader-Willi syndrome
Cerebellar ataxia
Hyperprolactinemia
Congenital adrenal hypoplasia
Constitutional delay of puberty
2ry GnRH deficiency
Hypopituitrism
Isolated FSH deficiency
Gonadotrophin secreting tumors
Partial or minimal androgen insensitivity syndrome
Androgen abuse
Drugs that affect hormonal balance
Environmental or occupational toxins
Systemic illness such as liver cirrhosis, renal failure, neurological disorders,
endocrinal disorders, infectious diseases
Alteration in genes involved in hypothalamic-pituitary-gonadal axis

-

Anorchia (complete absence of testicular tissue either congenital or acquired)
Cryptorchidism (undescended testis)
Testicular torsion
Testicular trauma
Varicocele
Orchitis
Sertoli cell only syndrome
Spermatogenic arrest
Structural sperm abnormalities
Leydig cells hypoplasia
Testicular tumors
Y chromosome microdeletions
Occupational heat
Irradiation
Accidental surgical trauma to testicular vasculature

-

Bilateral congenital absence of vas deferens
Epididymitis
Seminal vesiculitis
Obstruction of seminal ducts
Cystic fibrosis
Immunosuppression (sperm antibodies)
Anatomical penile deformities (congenital or acquired)
Erectile dysfunctions (neurological, vascular, or psychosocial)
Ejaculatory dysfunctions (premature ejaculation, retrograde ejaculation, and
anejaculation)
Vasectomy
Accidental surgical injury to sperm transport ducts

-

-

The table shows the possible etiological factors of male infertility at three clinical levels;
pre-testicular, testicular, and post-testicular. At each level, the etiology may be genetic,
environmental, congenital or acquired.
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Spermatogenesis is s step-wise process
The seminiferous epithelium cycle is whereby spermatogenesis progresses
through different seminiferous tubules. Spermatogenesis can be divided into three phases:
spermatocytogenesis, meiosis, and spermiogenesis. These three phases do not occur
simultaneously in all semineferous tubules within the testis, but they occur in a wave-like
pattern (Caires et al. 2010). This means that the steps of spermatogenesis are not the same
in every seminiferous tubule, each tubule has its own pace. However, in some species,
tubular cross sections show only one stage of spermatogenesis, this is called longitudinal
arrangement, in contrast to the mixed arrangements seen in human (Ehmcke et al. 2006).
As mentioned above, spermatogenesis occurs in a step-wise manner consisting of
mitosis of stem cells followed by meiosis to produce haploid gametes and then postmeiosis, which are the morphological change of sperm to complete their maturation (Lin
et al. 2006; Govin et al. 2007). Each stage has its own regulatory mechanism through
various regulatory factors. Gene expression occurring in spermatogenesis is specific and
developmentally regulated (Okabe et al. 1998; Holdcraft and Braun 2004).
Some testis genes are germ-cell-specific homologues of differentially expressed
or alternatively spliced genes in the somatic cells. A subset of mismatch repair genes is
expressed in germ cells as well as somatic cells as well. Although their role in the
somatic cell is relatively clear, their role in the germ line and their contribution to the
failing testis are of key importance to assisted reproduction and male health (Velasco et
al. 2004; Krausz and Sassone-Corsi 2005; Honecker et al. 2009).
Primordial germ cells are the precursors of sperm cells and give rise to
spermatogonia. Spermatogonia are diploid germ cells located at the basement membrane
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of the somniferous epithelium. They consist of type A spermatogonia, which are
mitotically active (beginning at puberty) and give rise either to more cells of the same
type (to maintain the supply) or to type B spermatogonia. Type B spermatogonia
undergo rounds of mitoses and give rise to primary spermatocytes. Primary
spermatocytes are large diploid cells that undergo the first meiotic division (reduction
division) to form secondary spermatocytes. Secondary spermatocytes are diploid cells
that quickly undergo the second meiotic division (equatorial division), without an
intervening S phase, to form spermatids (Hargreave 2000; El-Toukhy and Braude 2002;
Fox and Reijo Pera 2002; Caires et al. 2010).
Genes expressed in spermatogenesis encode proteins needed for general cell
functions and for germ-cell-specific functions. Not all of these proteins are expressed at
the same time. A group of these proteins are needed during germ cell development, while
others are needed only during spermatogenesis after puberty (Chaganti and German
1979; Luetjens et al. 2004). Some genes have homologues that are differentially
expressed in the somatic cells, others are unique and express proteins needed only by the
differentiating germ cells (Son et al. 1999). In mammals, transcription continues during
the mitotic spermatogonial proliferation, through early meiosis, and ends early in
spermatogenesis at the immature spermatid stage. Chromosome condensation in
spermatids is initiated by transition proteins (TNPs) and is completed by protamines.
During elongated spermatids stage transcription is inactive, hence the necessity of
protamines genes to be transcribed and stored in spermatocytes and round spermatids to
be translated later. Disturbances in mRNA or proteins levels as well as incomplete
protamination may lead to increase vulnerability of the DNA of developing sperm to
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exogenous or endogenous hazardous effects (ROS or nucleases, respectively) (Oliva
2006).
Y chromosome as a key player in male fertility
The Y-chromosome harbors genes required for testis determination as well as
testis differentiation (e.g. Sry). In addition, the Y chromosome carries many genes that
are essential for spermatogenesis and normal male fertility. Several studies comparing
samples from fertile and infertile men indicated at least three regions on the Y
chromosome were essential for normal spermatogenesis to take place. These three
regions are AZFa, AZFb, and AZFc. Several genes within these regions have been
identified to play roles in spermatogenesis in humans as well as other species (e.g. RBM
genes and DAZ genes). RBM genes form a family of about 20 to 50 genes and
pseudogenes located on the Y chromosome; at least some of these code for proteins with
RNA motifs. Several reports showed that RBM1 and RBM2 are essential for normal
spermatogenesis since they were absent in men with azoospermia. (Fox and Reijo Pera
2001; Ali and Hasnain 2003; Mclachlan 2004; Bianchi et al. 2006). Deletion of another
region of the Y chromosome named gr/gr region was shown to be associated with
spermatogenesis. Deletion of the gr/gr region resulted in removal of a sizable portion of
the AZFc region, with subsequent alteration to its genetic content that let to
oligozoospermia in a specific Y chromosome haplotypes (Krausz 2011)
Significantly, the Y chromosome also contains many repetitive elements,
including repeated genes, palindromes and interspersed STRs, which contributes to
chromosome instability (Budowle et al. 2005; Ge et al. 2009). Further, this chromosome
only pairs with the X telomeric pseudoautosomal regions (PARs), so it lacks a
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homologous pairing partner. The rest of the Y chromosome is called non-recombining
portion of the Y chromosome (NRY). Therefore, some of the mechanisms necessary for
mismatch repair, which are normally functional for other chromosomes with homologues,
are not functional for the non-recombining region of the Y chromosome (Ali and Hasnain
2003; Rozen et al. 2003). After the discovery of many recombination events between
parts on NRY, it was suggested to name it the male-specific region (MSY) (Skaletsky et
al. 2003), however the name has not taken hold in literature yet.
A study measured Y chromosome instability in azoospermic infertile men through
detecting microdeletions of STS, particularly within genes required for spermatogenesis.
This study concluded that Y chromosome instability may play a role in initiating events
that may subsequently lead to infertility or tumorigenesis (Bianchi et al. 2002). On the
other hand, defects in DNA repair mechanisms may result in partial spermatogenic arrest.
Infertile men with partial spermatogenic arrest are the most suitable candidates for the
assisted reproduction techniques, with the possibility of passing such defect to their
offspring (Nudell et al. 2000; El-Toukhy and Braude 2002; Terribas et al. 2010).
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CHAPTER III
MICROSATELLITE INSTABILITY IN GERM CELLS OF INFERTILE
AND FERTILE MEN

Abstract
Male infertility is both a social and a medical problem. The increase in the
incidence of testicular germ cell tumors (TGCTs) during the last five or six decades,
coupled with the estimated decline in semen parameters (sperm count, motility, and
morphology) over the world may point to possible common etiological factors. The
genetic dysgenesis syndrome predisposes males to both infertility and TGCTs.
Environmental risk factors such as chemical hazards and ionizing radiation may lead to
male infertility or TGCTs. The detection of genomic instability in the germ line of
infertile men may point to a possible genetic factor that predisposes males to TGCTs,
especially when these mutations (microsatellite instability; MSI) are implicated in
carcinogenesis. To test this hypothesis, different panels of microsatellite markers from
across the genome were tested for differential instability in both somatic cells and germ
cells. Blood and semen samples from 18 infertile patients and 7 ethnically matched
controls were used. For each sample, a single genome equivalent of DNA was used in a
PCR reaction for MSI. Microsatellite markers from across the genome were selected; 26
markers on the Y chromosome, 16 markers on the X chromosome, and 22 markers on
different autosomes. DNA from both somatic and germ cells of the control group showed
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no evidence of MSI. DNA from semen samples of infertile patients showed MSI across
the genome, but not in their respective blood samples. The MSI was limited to germ cells
of infertile patients. DNA in the gonosomes (X and Y) showed higher instability than did
the rest of autosomes. Some of the unstable markers were located near genes that are
responsible for testis development, spermatogenesis, cell differentiation, cell
proliferation, and proteins involved in mismatch repair mechanisms. The possibility of all
these genes being affected by the nearby MSI in the selected markers supports the
hypothesis that cancer may requires multiple mutations that accumulate over time.
Introduction
The association between male infertility and testicular cancers is not limited to the
affected organ, the testis. This association also involves risk factors, and epidemiological,
etiological, and clinical considerations (Agarwal et al. 2010). Infertility is both a social
and a medical problem. It affects about 13-20% of couples seeking pregnancy. It is also
estimated that about 7% of men in the general population are infertile (Ventura et al.
2003; Krausz 2011). While primary infertility is evident from puberty, secondary
infertility can occur at any age due to various etiological factors (see Table 2.1).
Testicular cancer is the most common solid organ tumor in men aged 15 to 40
years old, the age group of highest sexual activity and reproductive potential (Garner et
al. 2005). Over the past fifty years, there has been a steady increase in the incidence of
testicular germ cell cancer in industrialized countries. In the United States (US), the
incidence of TGCTs increased from 3.8/100,000 to 6.8/100,000 (0.0038% to 0.0068%) (
(Walsh et al. 2009), while in the Netherlands, there has been 6% increase in TGCT
prevalence among the general population over the past twenty years (Dohle 2010). The
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European consensus on diagnosis and treatment of germ cell cancer estimated a 100%
increase in the incidence of TGCTs every 20 years (Schmoll et al. 2004); a 50% higher
incidence rate was observed in Canada over the last two decades of the 20th century
compared to earlier studies (Garner et al. 2005). A Danish study reported infertile men
are 1.6 times more prone than are fertile men to develop testicular cancer (Jacobsen et al.
2000). Another study analyzed data extracted from a cancer registry of 22 European
countries and found a 6 fold increase in TGCTs. They speculated that the escalation will
continue (Bray et al. 2006). In a US study, infertile men had a 20 fold higher risk of
developing testicular cancer in comparison to the general population (Raman et al. 2005).
In another US study conducted on more than 50,000 infertile couples, infertile men were
found to have a three-fold increased risk for developing testicular cancer compared to
normal men; the study concluded that there are possible common etiological factors of
male infertility and testicular cancer (Walsh et al. 2009). There is a lack of such
information from other parts of the world. However, there are scattered reports about the
incidence of testicular cancer in infertile patients that note similar incidences around the
world (Huyghe et al. 2003; Pasqualotto et al. 2003; Tal et al. 2004).
Several studies suggest a worldwide decline in semen quality (Carlsen et al.
1993). Other researchers have debated these findings. (Fisch 2008; Merzenich et al.
2010). Therefore, a possible link between possible declining semen quality and increased
testicular cancer incidence over the world should be carefully evaluated. It is of interest
to note that men with more children have a lower risk for developing testicular cancer
(Moller and Skakkebaek 1999; Raman et al. 2005).
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An overlap between male infertility and testicular cancer are the risk factors.
Cryptorchidism (maldescendent testis), is failure of the testis to descend from its original
anatomical location in the fetal abdominal cavity into the scrotum (Ferlin et al. 2005).
The cryptorchid testis lies above the external inguinal ring, in the inguinal canal or within
the abdomen (Garner et al. 2005). Patients with cryptorchidism show impairment of germ
cell development after the first year of life. The possibility to recover testicular
reproductive functions (spermatogenesis) declines with delayed orchiopexy. Orchiopexy
is the surgical correction and fixation of the testis into the scrotum (Virtanen et al. 2007;
Manecksha and Fitzpatrick 2009). Patients with cryptorchidism have a 4-8 fold higher
risk of developing testicular cancer.
Carcinoma in situ or intratubular germ cell neoplasia undifferentiated (ITGCU) is
the precancerous lesion that precedes almost all TGCTs. Diagnosed cases with testicular
biopsy, if untreated, develop testicular cancer within 3 to 5 years (40% and 50%
respectively) (Von Der Maase et al. 1986). ITGCU is detected in 2.2% of testicular
biopsies from infertile men compared to 0.45% in the general population (WohlfahrtVeje et al. 2009).
Genetic contributions to both male infertility and TGCTs show possible
commonality. The Y chromosome is the sex determining component of the human
genome. It carries a switch gene, SRY, that drives testis determination, differentiation of
PGC and the development of the male duct system together with external male genitalia
(Delbridge and Marshall Graves 1999). In addition to its role in sex determination, the Y
chromosome plays a major role in spermatogenesis (Foresta et al. 2001). The
azoospermia factor AZF region of the Y chromosome harbors genes that are essential for
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spermatogenesis and other functions needed for the cells involved in this process
(Kleiman et al. 2007). It is estimated that about 13-25% of infertile men have
microdeletions in the AZF region (Bianchi et al. 2006). Several genes such as Dead Box
Y gene (DDX3Y) that encodes RNA helicase, and USP9Y that encodes protease, have
been mapped to these regions; the Y chromosome also carries Y-specific genes (DAZ,
CDY, and TSPY), which are expressed only in the testis (Foresta et al. 2001; Kleiman et
al. 2007).
One study detected mosaic AZF loci deletions in samples from 13 patients with
testicular tumors. The detected deletions were observed in both tumor cells and normal
cells, with the deleted loci ranging from 1 to 8 (Bianchi et al. 2002). Another study
reported the possible association between TGCTs and partial deletion of the AZFc region
(Nathanson et al. 2005).
Defects in DNA repair mechanisms are associated with cancer and, in particular,
mismatch repair disorders are connected to the development of TGCTs (Kohonen-Corish
et al. 2002; Qin and Li 2003; Velasco et al. 2004; Jeggo and Löbrich 2006). Velasco et al.
(2004) identified subtypes of TGCTs with differential expression of MLH1 and MSH2
genes. These two genes are involved in the mismatch repair mechanism, and may be the
most commonly mutated genes in various types of cancers (Laiho et al. 2002; Borgdorff
et al. 2005). In addition, defective DNA repair mechanisms may play a role during
spermatogenesis leading to infertility [e.g. mismatch repair (MMR), base excision repair
(BER), and repair of dsDNA breaks) (Papachristou et al. 2008). Defects in the Mlh1 gene
in mouse lead to meiotic arrest and failure of spermatogenesis. A study examining blood
and semen samples identified MSI and defective MMR protein defects in a subset of
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infertile patients. MMR protein hMSH2 defects were identified in patients with
spermatogenic arrest (Maduro et al. 2003).
The main function of the p53 tumor suppressor gene is to arrest the cell cycle at
G1 phase, in response to DNA damage, to provide a chance for DNA repair to take place.
If p53 is altered, the DNA damage can be propagated as an established mutation (Sinha
Hikim and Swerdloff 2001; Bartkova et al. 2003; Sablina et al. 2005). If the DNA
damage is not repaired, p53 can stimulate the apoptotic pathway by activating the Fasreceptor complex and the Fas gene (Marmar 2001). In mouse, p53 stimulates apoptosis in
primordial germ cells (Royere et al. 2004).
Interestingly, a high expression level of p53 was detected in both ITGCN and
TGCTs in humans. While wild-type p53 is a tumor suppressor, TGCTs have been shown
to express an inactive form of it (Bartkova et al. 2003). Another study suggested the p53
expression in TGCTs could be a possible cause of the tumor curability, in contrast to
other solid tumors that show mutated p53 in more than 50% of them (Kerley-Hamilton et
al. 2005). In contrast to other cells, apoptosis is essential for germ cell homeostasis to
maintain developing germ cells within the nursing capacity of Sertoli cells in the testis
(Royere et al. 2004; Agarwal and Said 2005).
Unbalanced apoptosis was observed in men with hypospermatogenesis and
spermatogenic arrest (Marmar 2001). Apoptosis can result from increased oxidative
stress due to testicular pathological conditions, such as varicocele and cryptorchidism
(Turner and Lysiak 2008). It is postulated that germ cell tumors arise early during
testicular development as a cause of arrest of PGC differentiation (Lind et al. 2007).
Based on this, it is of importance to note that p53 knock-out mice show increasing
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numbers of undifferentiated spermatogonia, while over-expression of p53 may lead to
defective spermatogenesis, which is p53 dose-dependent (Royere et al. 2004). In
addition, p53 plays a role in up-regulation of glutathione peroxidase 1 (GPX1),
superoxide dismutase 2 (SOD2), and aldehyde dehydrogenase 4 family member 1
(ALDH4A1). These genes encode products with antioxidant functions that contribute to
the control of genetic instability and guard against malignancy (Sablina et al. 2005).
Microsatellites are repeats of DNA sequence scattered in the genome in both
coding and non-coding regions. These repeats can be in the form of mononucleotides
(BAT53; A53), dinucleotides (D2S123; CA9), trinucleotides (DXS74244; AAT17),
tetranucleotides (D3S1358; TCTA15), pentanucleotides (DYS438; TTTTC29), or
hexanucleotides (DYS448; AGAGAT18) (Verma et al. 1999; Faulkner and Friedlander
2000; Whitehall et al. 2001; Suraweera et al. 2002; Kabbarah et al. 2003; Zarrabeitia et
al. 2006). Microsatellite instability is the alteration of the length of these short nucleotide
repeats within the DNA and its establishment as a mutation, which can propagate
horizontally (during mitotic cell division) or vertically (during gametogenesis). Whether
MSI is an etiological factor or a result of carcinogenesis is an area of debate (Faulkner
and Friedlander 2000). However, if a gene contains such repeats, within its coding
sequence or its regulatory region, this gene becomes more susceptible to mutation in the
context of DNA repair defects (Tomlinson et al. 1996; Laiho et al. 2002; Tomlinson et al.
2002).
Infertile patients with impaired spermatogenesis are at increased risk for
developing testicular cancer. Microsatellite instability is associated with oxidative stress
and may indicate a defect in antioxidant systems or DNA repair mechanisms. If this is
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true, then the frequency of MSI will be different in infertile patients in comparison to
controls. Unlike other chromosomes, both X and Y chromosomes lack a homologous
pairing partner. In the male germ cells, Y pairs only with the X telomeric
pseudoautomsomal region (Kauppi et al. 2011). Therefore, X and Y chromosomes should
show a differential rate of instability increased in contrast to other chromosomes. To test
this hypothesis, microsatellite loci from across the genome, located on different
autosomes and the X and Y chromosomes, were evaluated for instability. MSI were
tested in both somatic and germ line DNA samples from infertile patients and ethnicallymatched controls (see Figure 4.1).
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Figure 3.1

Schematic representation of the proposed origin of testicular germ cell
tumors and its association with male infertility

Materials and Methods
Samples characteristics
Archived paired blood and semen samples that were derived from 18 infertile
males and 7 ethnically matched fertile controls were used in this study. These samples
were residual and from a previous study of the androgen receptor gene and infertility
(Badran et al. 2009). The infertile group consisted of 18 clinically selected patients who
were scheduled for intra cytoplasmic sperm injection (ICSI) at the Egyptian In Vitro
Fertilization and Embryo Transfer Center. The inclusion criteria for the patient group
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were primary infertility with sperm count less than 20 million/ml. Patients with a
diagnosed cause for infertility were excluded from the study. This included patients with
obstructive azoospermia, hormonal hypogonadism, urinary and genital tract
abnormalities or infection, and karyotype abnormalities. When an infertile couple was
diagnosed with female factor infertility, the male was excluded from this study.
Exclusion of patients with Y chromosome deletion, genital tract infection, obstructive
azoospermia, and/or female factor infertility ensured a homogenous and consistent
patient population for the study. The control group consisted of 7 fertile men with
normal semen analysis and proven fertility with a history of at least one offspring
achieved without previous or current infertility treatment.
Clinical evaluation
The initial clinical evaluation consisted of a detailed medical history and clinical
examination. Testicular volume was measured using an orchidometer (Holtain Ltd,
Crymych, United Kingdom). Laboratory work consisted of semen analysis following the
World Health Organization guidelines (Who 1999) for serum FSH, LH, testosterone and
prolactin levels.
DNA purification and amplification
DNA was purified from blood and semen samples with PureLinkTM genomic
DNA purification kit according to the manufacturer’s protocol (Invitrogen, Carlsbad,
CA). DNA from blood samples of patients and controls were screened for Ychromosome deletions to determine DNA integrity. This screening for Y deletions was
performed using nonpolymorphic sequence tag sites (STS) in azoospermia Factor (AZF)
70

regions (AZFa, AZFb, AZFc, and AZFd) (Table 4.1). Samples with Y chromosome
deletions were excluded from the study (Figures 4.2 and 4.3).
The purified DNA was quantified using a Nanodrop®ND-1000 spectrophotometer
according to the manufacturer’s protocols (Thermo Scientific, Wilmington, DE). DNA
serial dilutions were made to 0.1 ng/µL, 0.05 ng/uL, and 0.025 ng/µL. These dilutions
were used to calculate the genome equivalent of DNA in each sample. It is estimated that
0.5-2 genome equivalents can detect a mutation frequency that would be obscured by
progenitor fragment background in simple PCR, where the sample has ~100 genome
equivalents (Coolbaugh-Murphy et al 2004).
For each individual sample, wildtype alleles were determined in large pool
experiments (0.1 ng/µL DNA) on somatic and germline samples. Single cell equivalent
PCR was performed for detection of genomic instability using fluorescently labeled
microsatellite markers. These microsatellites with repeat motifs were selected from
across the genome; 26 markers on the Y chromosome, 22 markers on different
autosomes, and 16 markers on the X chromosome (Tables 4.2, 4.3, and 4.4).
Single genome equivalent PCR amplifications were performed with fluorescently
labeled primers in a total reaction volume of 10 µL containing 1 µL of buffer D 10X [800
mM Tris HCl, 200 mM (NH4)2SO4, 0.2% w/v Tween 20] (US DNA, Fort Worth, TX), 1
µL (25 mM) MgCl2 (US DNA, Fort Worth, TX), 1 µL of Solution L 1X (US DNA, Fort
Worth, TX), 0.25 µL Hot-MultiTaq DNA (5 U/µL ; US DNA, Fort Worth, TX), 4%
DMSO (Sigma Aldrich, Saint Louis, MO), 0.4 mg/mL albumin (Thermo Scientific,
Rockford, IL), 0.3 µL (10mM) dNTPs (Applied Biosystems, Foster City, CA), and 0.5
and 1.8 µM mixed primer (forward and reverse), respectively. Solution L 1X was used as
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an additive that facilitates amplification of difficult templates. PCR was performed on a
PE 9600 thermocycler using a ramping cycling protocol: 1 cycle of 95 ºC for 11 minutes;
1 cycle of 96 ºC for 1 minute; 10 cycles of [94 ºC for 30 seconds, ramp 68 seconds to 58
ºC (hold for 30 seconds), ramp 50 seconds to 70 ºC (hold for 60 seconds)]; 25 cycles of
[90 ºC for 30 seconds, ramp 60 seconds to 58 ºC (hold for 30 seconds), ramp 50 seconds
to 70 ºC (hold for 60 seconds)]; 1 cycle of 60ºC for 30 minutes for final extension; and
finally hold at 4 ºC. Negative controls and reaction mixtures were included in each PCR
to monitor for contamination.
Separation and evaluation of amplified fragments were performed on an ABI
PRISM1 3130XL Genetic Analyzer following the manufacturer’s protocol (Applied
Biosystems, Foster City, CA). Data were analyzed with the GeneMapper version 4.0
software package (Applied Biosystems, Foster City, CA) to identify the predominant
allele for each marker. Allele sizes were scored positive for genomic instability if one or
more novel alleles could be identified compared to the dominant allele for each marker.
At least 44 replicates for each sample were amplified and scored for both control and
patient samples.
Statistical analysis
To estimate oxidative stress-induced mutation frequency in microsatellite repeat
markers, one genome equivalent of DNA for each sample was amplified using PCR.
DNA concentration was titrated according to drop out rate, so as to obtain amplification
from 0.5-2 genome equivalent for single cell equivalent PCR. The average number of
amplifiable molecules (λ) in each PCR reaction was calculated using the Poisson
distribution: λ = -ln(K1/K), where K1 = the dropout rate (the total number of expected
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alleles minus the number of the observed alleles, and K = the total number of the
expected alleles (Coolbaugh-Murphy et al., 2004). For a mononucleotide mutant allele,
the cutoff level was determined by a repeat shift greater than or less than 3 repeats. For
dinucleotides, a shift greater than or less than 2 was considered a mutant. For
trinucleotides, tetratnucleotides and pentanucleotides a shift greater than one or less than
2 repeats was considered a mutant (Bacher et al. 2004; Bacher et al. 2005; Daley et al.
2008; Goel et al. 2010). Differences in the estimation of mutation frequencies were
calculated with a two tailed t-test using raw mutation frequencies. Linear regression was
used to detect the correlation between mutation frequencies and other clinical variables
(patients’ age and sperm count). Results were considered statistically significant when pvalue <0.05.
Results
The paired ejaculated sperm and blood samples from 18 infertile patients and 7
controls were investigated to detect microsatellite instability. Microsatellites from across
the genome were selected: 26 markers on the Y chromosome, 22 markers on different
autosomes, and sixteen markers on the X chromosome (Tables 4.2, 4.3, and 4.4). Normal
and mutant allele sizes were estimated using an internal size standard. A mutant allele
was indentified when it showed a difference from the size of the wildtype allele. The total
numbers of normal and mutated alleles were counted. Mutation frequency for each
marker was calculated by SPPCR software version 1.0 (Anderson Cancer Center,
Houston, TX).
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Clinical findings
The current work investigated 18 infertile patients who were scheduled for
assisted reproductive technology (ART), particularly intra-cytoplasmic sperm injection
(ICSI). The patients in the study showed various degrees of spermatogenesis. There were
10 patients with sperm counts less than 5 million/mL (severe oligozoospermia) and 8
patients with sperm counts in the range of 5-<20 million/mL (oligozoospermia). The
seminograms of the eighteen patients showed varying degrees of
astheno/teratozoospermia. The control group included 7 males with proven fertility
(fathered at least one child) with sperm count range of 20-100 million/mL (mean
41.4±15.5 million/mL).
The sperm concentration range in the infertile group was 0.1-19 million/mL
(mean 5.59±5.81 million/mL). The bi-testicular volume range in the infertile group was
8-30 ml (mean 15.1±6.6 ml), while in the control group, bi-testicular volume range was
17-30 ml (mean 24.7±3.7 ml) indicating a significant difference (p<0.05). The sperm
count of infertile patient was correlated with bi-testicular volume (p<0.01)
The hormonal profile of the infertile patients showed high serum follicular
stimulating hormone (FSH) in three patients, high serum luteinizing hormone (LH) in
four patients and low serum testosterone in two patients. The medical history of the
infertile patients revealed five patients with previous bilateral or left varicocelectomy,
and parental consanguinity in three patients. A summary of clinical data and medical
history for patients and control are shown in appendix B.
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Molecular findings
Detection of Y chromosome deletions in infertile and control samples
DNA purified from blood samples of patients and controls were screened for Y
chromosome deletions to determine DNA integrity. Initially, 35 patient samples were
screened for Y chromosome deletions. All samples with Y chromosome deletions in any
locus were excluded from the study. There were no Y chromosome deletions in any
sample from the control group.
Detection of MSI in autosomes
The incidence of MSI in sperm DNA samples was evaluated by analyzing STR
markers in twelve autosomes (chromosome 2, 3, 4, 7, 8, 10, 11, 12, 14, 16, 18, and 21)
(Table 4.5). DNA samples from 18 patients and 7 controls were analyzed to detect MSI
in these specific markers. Infertile samples showed significantly higher MSI in ten
markers out of 22 markers from different autosomes compared to control samples.
When the markers on the autosomes were compared to each other, three markers
(NR21, PentaC, and D2S123) showed significantly higher MSI in contrast to the rest of
the markers for each marker individually (p <0.05). DNA samples from sperm of 7
controls showed no MSI across the 22 autosomal markers.
Detection of MSI in autosomes
The incidence of MSI in sperm DNA samples was evaluated by analyzing STR
markers in twelve autosomes (chromosome 2, 3, 4, 7, 8, 10, 11, 12, 14, 16, 18, and 21)
(Table 4.5). DNA samples from 18 patients and 7 controls were analyzed to detect MSI
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in these specific markers. Infertile samples showed significantly higher MSI in ten
markers out of 22 markers from different autosomes compared to control samples.
When the markers on the autosomes were compared to each other, three markers
(NR21, PentaC, and D2S123) showed significantly higher MSI in contrast to the rest of
the markers for each marker individually (p <0.05). DNA samples from sperm of 7
controls showed no MSI across the 22 autosomal markers.
Detection of MSI in gonosomes (X and Y chromosomes)
DNA from sperm samples of 18 infertile individuals and 7 controls were
evaluated for MSI in the X and Y chromosomes. To determine genomic instability in X
and Y chromosomes, infertile and control samples were evaluated for MSI in 26 markers
on the Y chromosome and 16 markers on the X chromosome. MSI was not detected in
any DNA blood sample from infertile or control. DNA extracted from infertile sperm
samples of infertile patients showed higher total MSI compared to samples from control
(p<0.05) for markers on X and Y chromosomes. Infertile samples showed higher MSI for
each individual marker (except one; DXS6804) compared to control samples.
Different markers showed varying degree of instability
Twenty six out of the tested 64 markers showed significantly higher MSI in
patients compared to controls in pair-wise comparisons (p<0.05). Of these markers, five
were located on the X chromosome, eleven on the Y chromosome and ten on different
autosomes (Figure 4.9 shows an insignificant higher incidence of MSI on Y chromosome
compared to X chromosome).
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Two markers on the Y chromosome showed significantly higher MSI than the rest
of the markers on the same chromosome (DYS437 and DYS447). On the X chromosome,
two markers showed significantly higher MSI compared to the rest of the markers on the
same chromosome (DXS6800 and DXS6789). DYS427 marker on the Y chromosome
showed the highest MSI across all markers followed by the DXS6800 marker on the X
chromosome (Table 4.6 and Figures 4.6, 4.7, and 4.8).
Discussion
The Y chromosome contains genes required for testis determination and
differentiation (Sutton et al. 2011). The Y chromosome also contains many repetitive
elements including repeated genes, palindromes and interspersed STR (short tandem
repeats) which render this chromosomes unstable (Ge et al. 2009). Further, this
chromosome only pairs with the X telomeric pseudoautosomal region (PAR) so that it
lacks a homologous pairing partner (Kauppi et al. 2011). Thus, the microsatellites derived
from the non-recombining region of the Y and X chromosomes cannot utilize the same
DNA repair pathways of autosomes with homologous pairing partners. The present study
demonstrates the prevalence of ROS sensitive DNA repeats linked to the Y chromosome.
Since the Y chromosome lacks recombination repair, ROS accumulation may lead to
increased MSI on this chromosome. Different studies showed that microsatellites linked
to the Y chromosome have highly significant instability in infertile men when compared
to fertile controls (Budowle et al. 2005; Sánchez-Diz et al. 2008). This finding suggests a
possible role of MSI in male infertility. On the other hand, the higher incidence of
testicular germ cell cancer in infertile patients suggests a possible common factor or
factors (Raman et al. 2005). In order to test this hypothesis, the current study evaluated
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different microsatellite loci (in selected autosomes and sex chromosomes, X and Y) in
human sperm and blood samples from infertile male factor infertility patients and
normally fertile ethnically matched men (control). The current study showed significantly
higher MSI in sperm from infertile subjects than sperm from fertile control. Twenty six
markers of the tested 64 showed significantly different MSI between patients and control
in pair wise comparison (p<0.05).
In the infertile group, the incidence of total microsatellite instability of all markers
was positively correlated with patient age (r=0.64, p<0.05) (Figure 4.4). The higher
incidence of MSI was detected on the Y chromosome, followed by MSI noted on the X
chromosome. The MSI detected on autosomes was generally lower than that on Y and X
chromosomes.
A previous study demonstrated that mutation frequency in Y-linked microsatellite
increase with severity of spermatogenic failure (Megid et al. 2007). However, in the
present study, there was no correlation between microsatellite mutation frequency and the
sperm count in infertile patients (Figure 4.5). The difference in the findings between this
study and the previous one may be due to the fact that the previous study used various
categories of infertile patients ranging from patients with complete azoospermia to
infertile patients with normal sperm count, while the present study did not contain
azoospermic patients. We hypothesized that ROS-induced genomic instability occurs as a
series of progressive steps. If this is true, it should be rational to expect patients with
oligozoospermia to have a microsatellite mutation frequency rate less than that for those
with azoospermia.
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The present study showed a linear correlation between total microsatellite
mutation frequency and patient age (Figure 4.4). Several studies showed that
microsatellite instability increases in proportion to age in normal somatic cells
(Coolbaugh-Murphy et al. 2005; Slebos et al. 2008). This finding supports the hypothesis
that germ cell genomic instability can be initiated early during embryonic development
under the effect of ROS. Later in life, microsatellite instability can increase as a result of
accumulated oxidative stress that overwhelms the capacity of the antioxidant system and
DNA repair mechanisms (Mukherjee et al. 2010).
The marker that showed the highest MSI frequency (DYS437) was located 0.4
Mb upstream of the USP9Y gene. This gene was located in the AZFa region. The AZFa
region was found to be deleted in 4.9% of infertile men, particularly in azoospermic
patients (Foresta et al. 2001). The specific function of the encoded protein in germ cell
development has not yet been determined. However, one study suggested that USP9Y has
a protease activity specific to ubiquitin, hence it can act to stabilize target proteins that
are essential for germ cell development (Lee et al. 2003). DYS437 is also related to the
testis-specific transcript TTTY15, which is located 0.3 Mb downstream from the marker.
It is a non-coding RNA that is testis specific with unknown function.
The DYS447 marker showed the second highest MSI on the Y chromosome. This
marker was located 0.08 Mb upstream of UTY gene (Yq 11.21), which is one of the genes
within AZFa region (Foresta et al. 2001). The UTY gene encodes a protein containing
tetra-tri-copeptide repeats and is thought to play a role in protein-protein interaction
(Foresta et al. 2001). A previous study characterized UTY as the gene coding for the
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HLA-B60 antigen (Vogt et al. 2000). This antigen is thought to be responsible for
rejection of male stem cell grafts.
The DXS6789 marker on the X chromosome is located 0.25 Mb downstream
from the 5S ribosomal RNA. DXS6800 is located 0.7 Kb upstream of the ITM2A gene
and 0.3 Mb upstream of the GPR174 gene. ITM2A is involved in chondrogenic and
osteogenic differentiation. The GPR174 gene encodes a G-protein-coupled receptor that
acts in signal transduction to the heterotrimeric G-protein complex. DXS6807 is located
within intron 2 of COL4A6, which encodes collagen type IV alpha-6 protein, which is a
major structure component of the basement membrane. Deletion in this gene results in
Alport syndrome, a hereditary glomerulonepheritis (Srinivasan et al. 2009).
There were three markers on different autosomes that showed high MSI (NR21 on
chromosome 14, PentaC on chromosome 7, and D2S123 on chromosome 2). NR21 is
upstream of the HOMEZ homeobox and upstream of leucine zipper encoding. A D2S123
marker is located within intron 5 of the NRXN1 gene, which encodes neurexin, which
works as a cell receptor in the nervous system. Two other genes, which are involved in
DNA mismatch repair, are located upstream of this marker. Msh6 gene is located 3.3 Mb
upstream of the marker, while Msh2 is located 3.5 Mb of the marker.
A correlation of varicocele with ROS level has been suggested by many authors
(Hauser et al. 2001). Many clinicians and researchers are debating the effect of
varicocelectomy on reproduction recovery (Kantartzi et al. 2007; Richardson et al. 2008).
Still, varicocele is blamed for ROS-induced damage within the testes in infertile men
(Agarwal et al. 2008; Sakamoto et al. 2008; Turner and Lysiak 2008). The current
microsatellite instability data showed a trend of correlation between varicocele and
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microsatellite instability, although it was statistically insignificant. The lack of significant
correlation may stem from different factors. Varicocelectomy is thought to reduce the
potential capability of sperm to accumulate ROS (Zini et al. 1999). This may also be
explained by the observation that varicocele is overdiagnosed in infertility treatment
settings (Hussein 2006).
The results presented demonstrate the higher incidence of MSI in sperm from
infertile patients. Gonosomes (X and Y) showed higher instability than autosomes.
However, the MSI was widely spread across the whole genome. MSI markers were near
genes that are responsible for a variety of biological functions. Some of these genes on
the Y chromosome are responsible for testis development and spermatogenesis. Genes on
the X chromosome are responsible for cell differentiation and proliferation. Identified
genes on autosomes near the unstable markers are related to protein-protein interactions,
nervous system development and the, more importantly, to the mismatch repair
mechanism. The possibility of numerous genes being affected by nearby MSI supports
the hypothesis that cancer may require multiple mutations that accumulate over time
rather than random mutation and selective clonal expansion of the mutant cell (Imai and
Yamamoto 2008; Loeb et al. 2008).
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Table 3.1

Y chromosome Sequence Tagged Sites (STS) multiplexes for Ymicrodeletions screening

STS
Multiplex A
SY254
SY157
SY81
SY130
SY182
Multiplex B
SYPR 3
SY 127
SY 242
SY 208
CONTROL
Multiplex C
SY 84
SY 128
SY 121
SY 145
SY 255
Multiplex D
SY 14
SY 133
SY 152
SY 124

Locus

Size of the product (bp)

DAZ
DYS 240
DYS 271
DYS 221
KAL-Y

380
290
209
173
125

SMCY
DYS 218
DAZ
DAZ
SMCX

362
274
233
140
126

DYS 273
DYS 219
DYS 212
DYS 5151
DAZ

326
228
190
143
124

SRY
DYS 223
DYS 236
DYS 215

210
177
125
109

Screening for Y-deletion was performed using nonpolymorphic sequence tagged sites
(STS) in azoospermia factor (AZF) regions (AZFa, AZFb, AZFc, and AZFd). The table
shows the constitution of each multiplex with its specific locus and the size of the PCR
product for each marker.
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Table 3.2

Microsatellite markers for Y chromosome

MARKER

CHROMO.

REPEAT MOTIF

PRIMER SEQUENCE

DYS459

Y

(TAAA)9

5’-CAGGTGAACTGGGGTAAATAATA-3’
5’-TTGAGCAACAGAGCAAGACTTA-3’

GATA C4

Y

[(TCTA)2(TGTA)2 ]23

DYE

FAM

5’-AGTGTCTCACTTCAAGCACCAAGCAC-3’
5’-GCAGCAAAATTCACAGTTGGAAAAATGT-3’ FAM

DYS393

Y

(AGAT)14

5’-GTGGTCTTCTACTTGTGTCAATAC AG-3’
5’-GAACTCAAGTCCAAAAATGA GG -3’

DYS455

Y

(AAAT)11

5’-GGGGTGGAAACGAGTGT-3’
5’-CAGAGCCGAGAGAATGATA-3’

DYS447

DYS385

Y

Y

(TAATA)7 (TAAAA)1
(TAATA)9

(GAAA)14

5’-GGTCACAGCATGGCTTGGTT-3’
5’-GGGCTTGCTTTGCGTTATCTCT-3’
5’-ATTAGCATGGGTGACAGAGCT A-3’
5’-ATTAGCATGGGTGACAGAGCT A-3’

DYS448

Y

(AGAGAT)

5’-TGGGAGAGGCAAGGATCCAA-3’
5’-GTCATATTTCTGGCCGGTCTGG-3’

DYS426

Y

(TATG)11

5’-CTCAAAGTATGAAAGCATGACCA-3’
5’-GGTGACAAGACGAGACTTTGTG-3’

GATA H10

Y

(TCCA)2 (TATC)13

5’-CCTGCCATCTCTATTTATCTTGCATATA-3’

HEX

HEX

HEX

FAM

HEX

NED
NED

5’-ATAAATGGAGATAGTGGGTGGATT-3’
DYS454

Y

(AAAT)11

5’-GACATGTAGCTCTTCACTTCA-3’

NED

5’-GACTGACCTCACATTGTTGTTA-3’
DYS444

DYS460

Y

Y

(ATAG)13

(ATAG)10

5’-GTGTGAACCATTTGGCATGTTTA-3’
5’-TCTAAGGGATCCAAAGGCAGAA-3’

NED

5’-GAGGAATCTGACACCTCTGAC-3’

FAM

5’-GTCCATATCATCTATCCTCTGCCTA-3’
GATA H4

Y

(TAGA)12

5’-ATGCTGAGGAGAATTTCCAAA-3’

FAM

5’-GCTATTCATCCATCTAATCTATCCAT-3’
DYS437

Y

(TCTA)(TCTG)29

5’-ATTGACTATGGGCGTGAGTGCAT-3’
5’-AGACCCTGTCATTCACAGATGA -3’
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NED

Table 3.2 (Continued)
DYS439

Y

(GATA)29

5’-TCGAGTTGTTATGGTTTTAGGTCT-3’

FAM

5’-GTGGCTTGGAATTCTTTTACCC-3’
DYS438

Y

(TTTTC)29

5’-TGG GGA ATA GTTGAA CGGTA-3’

HEX

5’-ATT GCA ACA AGA GTG AAA CTC CAT T-3’
DYS458

Y

(GAAA)17

5’-CCACCACGCCCACCCTC-3’
5’-AGCAACAGGAATGAAACTCCAAT-3’

DYS462

Y

(TATG)11

5’-TGTGCTGTACCAGTTGCCTA-3’
5’-CCAGCCTGAGCAAGAGAGTA-3’

DYS390

Y

(TCTG)(TCTA)14

Y

FAM

5’-ATTTATATTTTACACATTTTTGGG CC -3’
5’-TGACAGTAAAATGAAAACATTGC-3’

DYS446

HEX

(TCTCT)13

HEX

5’-AAATGTATGGCCAACATAGCAAAACCA-3’ HEX
5’-TATTTTCAGTCTTGTCCTGTC-3’

DYS392

DYS463

Y

Y

(TAT)14

5’-ATTTAGAGGCAGTCATCGCA TG-3’

(AAAGG)7 (AAGGG)15
(AAGGA)2

5’-ACCTACCAATCCCATTCCTTA G-3’

HEX

5’-ATGAGGTTGTGTGACTTGACTG-3’

HEX

5’-AATTCTAGGTTTGAGCAAAGACA-3’
DYS461

Y

(TAGA)12

5’-AGGCAGAGGATAGATGATATGGAT-3’

NED

5’-TTCAGGTAAATCTGTCCAGTAGTGAGT-3’
DYS442

DYS456

Y

Y

(TATC)2 (TGTC)3
(TATC)11

(AGAT)15

5’-CCCCAAGTCCCCAAAGTGTGT-3’
5’-CCCCAAGTCCCCAAAGTGTGT-3’

NED

5’-GGACCTTGTGATAATGTA-3’

FAM

5’-CCCATCAACTCAGCCCAAAAC-3’
DYS19

Y

(TAGA)14

5’-ACTACTGAGTTTCTGTTATAGTGTTTT T-3’

NED

5’- GTCAATCTCTGCACCTGGAAAT-3’

The table shows each Y chromosome microsatellite marker. For each marker the
characteristic repeat motif is shown with the expected number of the repeats (wild type).
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Table 3.3

Microsatellite markers for autosomes

MARKER NAME CHROMO.

REPEAT MOTIF

PRIMER SEQUENCE

DYE

BAT26

(A)26

5’-TGACTACTTTTGACTTCAGCCAGT-3’

FAM

2

5’-AACCATTCAACATTTTTAACCCTT-3’
D7S3046

7

(GATA)16

5’-GAGGAGACAGCCAGGGATATA-3’

FAM

5’-ATTTCTCTATAACCTCTCTCCCTATCT-3’
D18S51

18

(AGAA)15

5’-TTCTTGAGCCCAGAAGGTTA-3’

FAM

5’-ATTCTACCAGCAACAACACAAATAAAC-3’
NR21

14

(A)21

5’-CGGAGTCGCTGGCACAGTTCTATT-3’

HEX

5’-TCGCGTTTACAAACAAGAAAAGTGT-3’
NR24

2

(A)24

5’-CCATTGCTGAATTTTACCTC-3’

HEX

5’-ATTGTGCCATTGCATTCCAA-3’
MONO27

2

(A)27

5’-TGTGAACCACCTATGAATTGCAGA-3’

HEX

5’-ATTGCTTGCAGTGAGCAGAGATCGTT-3’
PENTA D

21

(AAAAG)17

5’-GAAGGTCGAAGCTGAAGTG-3’

HEX

5’-ATTAGAATTCTTTAATCTGGACACAAG-3’
BAT59

16

(A)59

5’-CAGCCTAGGTAACAGAGCAAGACCTTTG-3’

FAM

5’-GTTTGCGTGATTTGCGTGGACTT-3’
D7S1808

7

(GATA)9

5’-GGAGGAAAAGTCTTAAACGTGAAT-3’

FAM

5’-ATTGGCCTTGATGTGTTTGTTACT-3’
AMELOGEN

X&Y

internal control

5’-CCCTGGGCTCTGTAAAGAA-3’

HEX

5’-ATCAGAGCTTAAACTGGGAAGCTG-3’
VWA

12

(TCTA)17

5’-GCCCTAGTGGATGATAAGAATAATCAGTATGTG3’
5’-GGACAGATGATAAATACATAGGATGGATGG-3’

D8S1179

8

(TCTA)13

5’-ATTGCAACTTATATGTATTTTTGTATTTCATG-3’
5’-ACCAAATTGTGTTCATGAGTATAGTTTC-3’

TPOX

FGA

2

4

(AATG)9

(TTCC)21

HEX

HEX

5’-GCACAGAACAGGCACTTAGG-3’
5’-CGCTCAAACGTGAGGTTG-3’

HEX

5’-GGCTGCAGGGCATAACATTA-3’

HEX

5’-ATTCTATGACTTTGCGCTTCAGGA-3’
D21S11

21

(ATCT)12

5’-ATATGTGAGTCAATTCCCCAAG-3’
5’-TGTATTAGTCAATGTTCTCCAGAGAC-3’

D3S1358

3

(TCTA)15

5’-ACTGCAGTCCAATCTGGGT-3’
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FAM

Table 3.3 (Continued)

D10S1426

10

(GATA)11

5’-ATGAAATCAACAGAGGCTTGC-3’

FAM

5’-GCCGATCCTGAAGCAATAGC-3’

FAM

5’-ATTCCCCTTGGTGGTGTCATCCT-3’
TH01

11

(AATG)9

5’-GTGATTCCCATTGGCCTGTTC-3’

FAM

5’-ATTCCTGTGGGCTGAAAAGCTC-3’
D2S123

7

(CA)9

5’-AAACAGGATGCCTGCCTTTA-3’

FAM

5’-GGACTTTCCACCTATGGGAC-3’
BAT53

3

(A)53

5’-TATCCTAGCTTGGCCTGTTTAAGACC-3’

HEX

5’-TGAGGCAGGAGAATGGCGTGAA-3’
PENTA E

15

(AAAGA)5

5’-ATTACCAACATGAAAGGGTACCAATA-3’
5’-TGGGTTATTAATTGAGAAAACTCCTTACAATTT3’

PENTA C

7

(AAAAG)15

5’-CATGGCATTGGGGACATGAACACA-3’

FAM
FAM
NEX

5’-CACTGAGCGCTTCTAGGGACTTCT-3’

The table shows each microsatellite marker and its harboring chromosome. For each
marker the characteristic repeat motif is shown with the expected number of the repeats
(wild type).
Table 3.4

Microsatellite markers for X chromosome

MARKER NAME

CHROMO.

DXS101

X

DXS981

X

DXS6797

X

DXS6807

X

DXS6789

X

DXS6801

X

REPEAT MOTIF

PRIMER SEQUENCE

(TTC)18

5’-GTTTTATCCCCGCTACAGGA-3’
5’-CTGCATATTCTGCGCATGT-3’

(ATCT)12

5’-TCAGAGGAAAAGAAGTAGACATACT -3’
5’-TTCTCTCCACTTTTCAGAGTCA-3’

(ATCT)12

5’-TTCCCTCTCTCCCTCTGTCT-3’
5’-ACACACACCCAAAACCAGAT-3’

(ATCT)8

5’-TCCATCTTTCTCTGAACCTTCC-3’
5’- ACACACACCCAAAACCAGAT-3’

(ATGT)9

5’-GTTGGTACTTAATAAACCCTCTTT-3’
5’-AAGAAGTTATTTGATGTCCTATTGT-3’

(ATCT)10

5’-CATTTCCTCTAACAAGTCTCC-3’
5’-CAGAGAGTCAGAATCAGTAG-3’
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DYE
FAM

FAM

HEX

FAM

HEX

FAM

Table 3.4 (Continued)
DXS8377

X

DXS9902

X

DXS6800

X

DXS7130

X

DXS6799

X

DXS6795

X

DXS7133

X

DXS6804

X

DXS7424

X

DXS7423

X

(AAG)29

5’-CACTTCATGGCTTACCACAG-3’
5’-GACCTTTGGAAAGCTAGTGT-3’

(AGAT)10

5’-TGGAGTCTCTGGGTGAAGAG-3’
5’-CAGGAGTATGGGATCACCAG-3’

(AGAT)14

5’-GTGGGACCTTGTGATTGTGTGAG-3’
5’-CTGGCTGACACTTAGGGAAA-3’

(ATCT)14

5’-TCCCCTCTCATCTATCTGACTG-3’
5’-CACTCCTGGTGCCAAACTCT-3’

(ATCT)15

5’-TGTCTGCTAATGAATGATTTGG-3’
5’-CCATCCCCTAAACCTCTCAT-3’

(ATAG)12

5’-AGCTTCCTTAGATGGCATTCA-3’
5’-GTTTTTAACGGTGTTCATGCTT-3’

(ATCT)13

5’-CCCAGATATTTTGACCACCA-3’
5’-GGCATGTGGTTGCTATAACC-3’

(AAT)17

FAM

FAM

HEX

5’-ATGAATTCAGAATTATCCTCATACC-3’
5’-GAACCAACCTGCTTTTCTGA-3’

(ATA)28

FAM

5’-AAAACAGGAAGACCCCATC-3’
5’-GGCTAAGAAGAATCCCGCACA-3’

(CCAT)11

5’-GTCTTCCTGTCATCTCCCAAC-3’

(CCAT)11

5’-GTCTTCCTGTCATCTCCCAAC-3’

F
AM
HEX

FAM

FAM

HEX

HEX

The table shows each Y chromosome microsatellite marker. For each marker the
characteristic repeat motif is shown with the expected number of the repeats (wild type).
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Table 3.5

Mutation frequency detected in individual markers

Y markers

MSI frequency X markers

MSI frequency

DYS437
DYS447
DYS455
DYS393
DYS438
DYS385
DYS19
DYS446
DYS448
DYS444
DYS462
DYS390
DYS463
DYS442
DYS461
DYS456
GATA H4
DYS460
GATA C4
DYS426
GATA H10
DYS392
DYS458
DYS439
DYS459
DYS454

0.035802
0.018813
0.010174
0.009963
0.008415
0.007946
0.007042
0.006658
0.006418
0.005865
0.005256
0.004132
0.003856
0.003807
0.002674
0.002587
0.002457
0.002289
0.001938
0.001615
0.001507
0.001497
0.001368
0.001348
0.001215
0.001076

0.021834
0.010363
0.009383
0.006951
0.006042
0.004558
0.004556
0.004517
0.00441
0.004231
0.003106
0.002051
0.001591
0.001228
0.001188
0

DXS 6800
DXS 6789
DXS 6807
DXS 981
DXS 7130
DXS 7424
DXS 101
DXS 6797
DXS 7133
DXS 6799
DXS 9902
DXS 8377
DXS 6801
DXS 7423
DXS 6795
DXS 6804

Autosomes
markers

MSI frequency

NR21
PENTA C
D2S123
D10S1426
D7S1808
D3S1358
PENTA E
TH01
BAT53
FGA
D21S11
D8S1179
MONO27
BAT26
BAT59
VWA
NR24
TPOX
D7S3046
D18S51
PENTA D
AMELOGEN

0.008464
0.007049
0.006645
0.00661
0.006554
0.006039
0.005911
0.005324
0.005217
0.004907
0.003543
0.003541
0.002845
0.002743
0.002178
0.001736
0.001366
0.000853
0
0
0
0

Microsatellite markers from Y, X and autosomes are shown with the detected mutation
frequency for each marker in infertile patients’ samples.
Table 3.6

Individual markers with highest frequency on Y and X chromosomes
Marker

Chromosome

DYS437

Y

DYS447
DXS6800
DXS6789

Y
X
X

Repeat motif
(TCTA)(TCTG)2
9
(TAATA)16
(AGAT)14
(ATGA)9

Mutation
frequency
0.036
0.019
0.022
0.01

Two microsatellite markers on the Y chromosome and two on the X chromosome were
the markers with the highest mutation frequencies among all the tested markers across the
genome.
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Figure 3.2

Screening for Y chromosome microdeletions

Lane 1 contains 50 bp DNA step ladder. Lanes 2 and 3 contain patient DNA with intact Y
chromosome for multiplex B. Lane 4 contains female DNA control.

Figure 3.3

Screening for individual markers of selected markers for Y-microdeletions

Locus SYPR3 (362bp) and locus DYS218 (274bp) show amplification in all patient
samples and control. Some longer repeats do not amplify in multiplex due to low DNA
quality; however their individual amplification was satisfactory. C; control DNA, -ve;
negative control.
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Figure 3.4

The correlation between MSI and patient’s age

The graph shows positive correlation between overall mutation frequency that was
detected in all markers and patient’s age (r=0.64, p<0.05).
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Figure 3.5

The relation between MSI and sperm count
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Figure 3.6

Detections of microsatellite instability

With single genome equivalents, the allele drop-rate was estimated to be ~50%. Across
the 4 lanes the three Y-chromosome markers (DYS391, DYS 388, and DYS19) each
show amplification of 2 alleles (black arrows) out of the possible 4. No mutations could
be detected in any of the four wells for these three markers.
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Figure 3.7

Electropherogram representation for MSI

The lower well shows the wildtype allele of the marker DYS459 (size 143bp). The upper
well shows a mutated allele (147bp) with extra 4 bp.
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Figure 3.8

Electropherogram representation for MSI

The lower well shows wildtype allele of DXS6800 marker in an infertile individual. The
upper well shows both wildtype allele (198bp) and mutated allele (218bp) with extra 20
bp.
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Figure 3.9

Microsatellite mutation frequency for Y, X and autosomes

Microsatellite frequency of all tested markers on the Y chromosome was higher than the
total mutation frequency of the tested markers on autosomes (p<0.005). There was higher
mutation frequency on the Y in comparison to X, but was not statistically significant.
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CHAPTER IV
GENOMIC INSTABILITY IN THE MOUSE GERM CELL LINE DUE TO
OXIDATIVE STRESS DURING EARLY GONADAL DEVELOPMENT

Abstract
The testicular germ cell tumors (TGCTs) are rare tumors and represent only about
5% of urological neoplasms. However, they represent the most common malignancy in
males among the age group 15-30 years. TGCTs have increased in incidence in past
decades, but have a high cure rate with the advent of new therapies. TGCTs are thought
to arise early during embryogenesis due to arrest in development of primordial germ cell
or gonocytes. Genomic instability is a hallmark of carcinogenesis and can be classified
broadly into chromosomal instability and microsatellite instability. Genomic instability
arises when oxidative stress exceeds the ability of the DNA repair mechanisms to
overcome such deleterious events. Such genomic instability is thought to occur early
during development of primordial germ cells (PGCs) within the developing gonads. To
test this hypothesis, mouse germ cell lines were established and subjected to different
doses of oxidative stress in the form of hydrogen peroxide (H2O2). Genomic instability as
evidenced by microsatellite instability was measured through a panel of mononucleotides
repeats; mBAT59, mBAT64, mBAT66, mBAT27, mBAT26, mBAT37. Cell proliferation
was estimated with DAPI immunofluorescence, while the anti-histone H2A antibody
(antibody to histone H2A) was used to estimate DNA damage and the anti-phosopho104

histone H2B (antibody to histone H2B) was used as a marker for apoptosis. According to
a response surface regression (RSREG) procedure, the greatest mutation frequencies
were associated with the treatment dose 2 µM for days 3, 6, and 9 (p<0.001, p<0.001, and
p<0.0003 respectively). The mBAT27 marker showed mutation frequencies that fit the
quadratic response surface regression. The mechanism by which developing primordial
germ cells deviated from their normal pathway and entered a pathogenic pathway toward
germ cell tumors is unclear. The mutation frequencies that were related to the H2O2 doses
pointed to the possible role of oxidative stress that led to accumulation of DNA damage
and the initiating events that lead to testicular tumor development may occur early in life,
possibly during the prenatal period.
Introduction
Testicular tumors are relatively uncommon neoplasms representing about 5% of
all urological neoplasms (Diamantopoulos and Kortsaris 2010). Despite their rare
occurrence in the general population, testicular germ cell tumors (TGCTs) represent the
most common malignancy in male among the age group from 15 to 30 years (Richardson
et al. 2012). In the 1980s – 1990s, the cure rate for TGCTs showed a remarkable increase
due to the introduction of new lines of therapy. The 5-year survival rate reached more
than 95% (Richardson et al. 2012).
It is not surprising that abnormalities affecting germ cell development can lead to
infertility. Such abnormalities may originate during embryogenesis or during later stages
of development after birth, at puberty, or even at older ages. However, arrest of germ cell
differentiation at an early stage of development is thought to be the originating cause of
TGCTs, regardless of its observed age of onset. Intratubular germ cell neoplasia
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unclassified (ITGCU), also known as carcinoma in situ, is the non-invasive precursor
lesion for all types of TGCTs (Bartkova et al. 2007). Only two rare classes of TGCTs can
progress without a prior carcinoma in situ lesion have been identifed; these are infantile
germ cell tumors and spermatocytic seminoma of the elderly (Kristensen et al. 2007).
The fetal origin of such precancerous lesions is supported by different studies,
including epidemiological surveys, functional assays, and genetic identifications. The
embryonic origin of TGCTs is thought to result from arrest of gonocyte/PGC
differentiation within developmentally altered gonad coupled with a high rate of
genomic instability and environmentally deleterious effects (Rajpert-De Meyts 2006).
Several epidemiological studies provide evidence for denoting fetal origin of
TGCTs. The incidence of TGCTs was found to be associated with year of birth rather
than year of diagnosis, which may indicate environmental influence during early
intrauterine life of the individual. There is a significant difference in geographical
distribution of the incidence of testicular germ cell tumors. Several studies showed that
the first generation of immigrants to Scandinavian regions showed the same incidence of
TGCTs relative to their country of origin, while the second generation showed the same
incidence as the region they resided in (Kristensen et al. 2007; Sonne et al. 2007).
Organic pollutants were found at higher levels in the serum of mothers of patients with
TGCTs compared to mothers of controls; this finding suggested environmental factors
were involved along with their effects on the developing fetuses (Rajpert-De Meyts and
Hoei-Hansen 2007; Wohlfahrt-Veje et al. 2009). These findings suggest that
environmental factors are involved in development of TGCTs (Horwich et al. 2006).
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In general, the incidence of cancer increases with age (Tanaka et al. 2002). This
increased incidence provides evidence that the mechanism for tumor formation and
progression involve multiple rate-limiting steps and these steps likely involve genetic as
well as epigenetic alterations (Nording 1953; Armitage and Doll 2004; Beckman and
Loeb 2005). For successful tumor formation, a mutated cell must first escape repair,
avoid apoptosis and become the progenitor cell of an abnormal clonal lineage that is
selectively expanded at any time during the life of the organism. Thus carcinogenesis is a
stepwise process that involves both genetic changes and selection (Beckman and Loeb
2005). Anything that has the ability to accelerate the rate of genetic change (a mutating
agent for example) leasing to genomic instability also has the potential to accelerate the
rate of tumorigenesis. Loeb (1991) suggested that unrepaired mutations act as substrates
for later genetic instability over times, this initial mutation is called the mutator
mutation. The cells that were derived from mutator mutation clones differed from other
cells in their ability to progress into tumors. They were named mutator phenotypes (Loeb
1991; Beckman and Loeb 2005). According to this model, several steps were essential for
tumors development and were dependent on environmental conditions; progression of the
tumor was dependent on its mutator. So, radiation-induced tumors would progress at a
different rate than hormonal induced tumor (Beckman and Loeb 2005).
Based on this assumption the potential for cancer to develop over the limited
human life time would require a progenitor mutation that increased the rate of tumor
development. Supporting this assumption, the low noted mutation frequency in somatic
cells along with the large number of cells limits the capability of tumor to develop in
timely manner (Nowak et al. 2004). Also, the “in-house” immune defense mechanisms
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reduce possibility of a mutation to escape repair and progress to full tumors. The mutator
phenotype seems to solve these dilemmas and provides a possible mechanism that can
allow these low mutation incidences to progress into tumors. On the other hand, selection
and clonal expansion have also been hypothesized as a possible mechanism for tumor
development without the need for a mutator phenotype (Tomlinson et al. 1996; Beckman
and Loeb 2005).
Factors that lead to genetic instability may affect DNA through overcoming or
avoiding different repair pathways, such as mismatch repair, nucleotide excision repair,
DNA-associated protein, cell cycle check-points, and apoptotic signal transduction.
Many types of cancer are linked to bypassing these mechanisms (Rangarajan et al. 2004).
The central hypothesis of the current work is that oxidative stress induces germ
line genomic instability leading to testicular germ cell tumors. Based on this hypothesis,
it is suggested that reactive oxygen species (ROS)-induced genomic instability, which
occurs as a series of progressive steps, is initiated early in the germ cells during
embryonic development. In other words, a progenitor mutation in the germ cells arises
early during embryogenesis due to oxidative stress. The progenitor mutation occurs when
the DNA strand breaks are not repaired and contributes to the clonal spermatogonial
lineage. Microsatellite instability (MSI) in the germ cell line results from accumulated
oxidative stress that exceeds the capacity of the cells’ antioxidant system and DNA repair
mechanisms.
To test this hypothesis, cultured male PGCs from wildtype mice were maintained
and exposed to different concentrations of H2O2 used as a source of reactive oxygen
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species. Cellular responses were measured by detection of instability in microsatellite loci
across the genome.
Materials and Methods
Embryonic germ cell (EG) line culture
Primordial germ cells were isolated from mouse C57BL6J embryo genital ridges
at 10.5-11.5 days post coitum (dpc); germinal cell lines were derived from these
primordial germinal cells (see Figure 3.1). The detailed method of primordial germ cell
isolation was previously reported by our lab (Moreno-Ortiz et al. 2009). Briefly; gonadal
ridges were dissected following mouse embryo laparotomy under a stereomicroscope.
The anatomical location and morphological features of the gonadal ridges were
distinguishable between males and females. Male gonadal ridges were located on either
sides of the bladder. Using a microscope the male gonadal ridges appeared striped, large
and oval in shape. The characteristic striped appearance of the male gonadal ridges is due
to the arrangement of germ cells into cords, in contrast to the dotted, or spotted,
appearance of the female gonadal ridges. On the other hand, female gonadal ridges were
firmly attached to the caudal lateral end of the kidneys. Under the microscope, they
appeared spotted, elongated, and smaller in comparison to male gonadal ridges.
Primordial germ cell lines were maintained in feeder-free laminin matrix (BD
Biosciences). The culture medium consisted of Dullbecco’s Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% Knockout Serum
Replacement (Invitrogen, Carlsbad, CA), 1% antibiotic-antimycotic (Invitrogen,
Carlsbad, CA), 100 µM β-mercaptoethanol (Sigma Aldrich Corporation, St. Louis, MO),
20 ng/ml bFGF (Invitrogen, Carlsbad, CA), 60 mg/µl SCF (PeproTech Inc., Rocky Hill,
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NJ), 1% non-essential amino acids (Invitrogen, Carlsbad, CA), 2 nM L-glutamine
(Invitrogen, Carlsbad, CA), and 20 ng/ml of LIF (Chemicon, Temecula, CA). These
germinal cell lines were kept in a humid atmosphere at 37°C in 5% CO2. Germinal cells
were characterized by staining for alkaline phosphatase (Chemicon, Temecula, CA)
following the manufacturer’s protocol.
Hydrogen peroxide (H2O2) treatment
Initial cell cultures were plated in triplicates in laminin coated petri dishes. The
media were removed five days post-passage and the cells were treated with 0, 2, and 4
µM hydrogen peroxide (Fisher Scientific, Houston, TX) in 1X PBS (GibcoBRI,
Gaithesburg, MD) for 20 minutes. Then, PBS and hydrogen peroxide were removed and
cells were washed twice with fresh 1X PBS. Then the culture were supplemented with
fresh media and kept at 37⁰C in a humidified atmosphere with 5% CO2 for 9 days. For
each H2O2 treatment at day 3, 6, and 9, MSI and immunofluorescence were measured in
triplicates. The results were recorded as the average of these triplicates.
Titration of hydrogen peroxide was achieved through previous experiment. Cell
treatment with 30, 20, and 10, µM hydrogen peroxide for 60 minutes resulted in
immediate detachment of the cells and less than 10% viability. The viability was tested in
the detached cells using trypan blue super-vital stain and subsequent cell count in
neubauer chamber. Reducing the hydrogen peroxide exposure time to 30 minutes gave
similar results. Cell treatment with 2 and 4 µM hydrogen peroxide for 20 minutes
resulted in preservation of the cell attachment.
Sex determination was confirmed using DNA purified from mouse embryo tails.
PCR amplification was carried out using 25 µL total volume containing 1X buffer D (US
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DNA, Forth Worth, TX), 2.5 mM MgCl (US DNA, Forth Worth, TX), 4 µL of 10 mM
dNTPs (Applied Biosystems, Foster City, CA), and 1.25 µL Hot Multitaq DNA
polymerase (5 U/µL; USA DNA, Forth Worth, TX). Two primers were used with the
following sequences. Zfy forward 5’-AAGATAAGCTTACATAATCACATGGA-3’ and
reverse 5’-CCTATGAAATCCTTTGCTGCACATGT3’, with the size of 600 base pairs.
m-DXNds3 forward 5’-GAGTGCCTCATCTATACTTACAG-3’ and reverse 5’TCTAGTTCATTGTTGATTAGTTGC-3’, with the size of 242 base pair. PCR was
performed on a PE 9600 thermocycler using the following cycling profile: 1 cycle of
95°C for 11 minutes, then 30 cycles of [94°C for 60 seconds, 60°C for 150 seconds, 72°C
for 150 seconds], then final of step 1 cycle of 72°C for 2 minutes and hold at 4°C. The
amplified products were analyzed on 4% nusieve agarose gesl (Clonetics, Lonza,
Walkersville, MD) by electrophoresis.
Immunohistochemistry
Germinal cell lines were fixed with paraformaldehyde (Sigma Aldrich
Corporation, St. Louis, MO) at 4% by incubation for 15 min at room temperature in the
laminin Petri dish. The colonies were washed twice with 500 µl of D-PBS (Invitrogen,
Carlsbad, CA) then with 0.5% Triton X (Sigma Aldrich Corporation, St. Louis, MO).
Then, 500 µl methanol were added at a concentration of 80%-90%-100% for 1 minute
each (Fisher Scientific, Houston, TX). The colonies were blocked with D-PBS with 10%
SFB (Invitrogen, Carlsbad, CA) and kept for 30 minutes at room temperature.
The primary antibodies used for immunofluorescence were Anti-phospho-Histone
H2A.X (Ser139) and Anti-phospho-Histone H2B (Ser14) (Millipore Corporation,
Burlington, MA). The secondary antibodies were anti-mouse FITC-Conjugate and Goat
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anti-rabbit IgG Rhodamine conjugated (Millipore Corporation, Burlington, MA). Cells
were incubated with the primary antibodies dilution of 1:200 (2 hours for H2A.X and 1
hour for H2B). After incubation, the cells were washed three times with 1X PBS
(Invitrogen, Carlsbad, CA). The secondary antibodies were diluted 1:200 and incubated
for 2 hours at room temperature. Then, the cells were washed twice with 1X PBS
(Invitrogen, Carlsbad, CA). The immuno-fluorescent technique was essentially the same
as in several previous studies with minor modifications (Cheung et al. 2003; FernandezCapetillo et al. 2003; Hsu et al. 2008; Kang et al. 2012; Llano et al. 2012). Fluorescence
was detected with DAPI contrast (Vysis-Abbot Laboratories, Downers Grove, IL) using a
Zeiss LSM 510 with an Inverted Zeiss Axiovert 200M light microscope. The cells were
scanned using a fluorescent FITC and rhodamine filter set and multi-track option.
Images were captured with a resolution of 512X512 pixels. Fluorescence intensities were
measured both using ImageJ software (National Institutes of Health, Bethesda, MD;
http://rsb.info.nih.gov/ij/index.html) using standard procedures. Accumulation was
calculated by averaging the fluorescence ratio between exposed and non-exposed areas in
the nuclei. For each time point of cell treatments (day 3, 6, and 9) fluorescence intensity
were measure in three different images, the results were recorded as the average.
DNA Isolation and quantification
Genomic DNA was extracted from 9 samples. DNA was obtained using a
PureLink genomic DNA kit (Invitrogen, Carlsbad, CA). The purified DNA was
quantified using the Picogreen DNA Quantitative Kit (Eugene, OR) and Nanodrop
(Thermo Scientific, Wilmington, DE) according to the manufacturer’s protocols. The
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amount of DNA in a sample was verified by ethidium bromide staining of DNA
following electrophoresis in a 1% agarose gel.
For single cell equivalent PCR, DNA was diluted to 1–2 genome equivalents per
reaction. The dilution was determined using Nanodrop (Thermo Scientific, Wilmington,
DE) following the manufacturer’s protocol and confirmed by serial dilution of DNA
until PCR failure rate reached 50%.
Single cell equivalent PCR
Amplification of mononucleotide repeats was performed with fluorescencelabeled primers (Table 3.1) in 10 µL PCR reaction containing: 0.35 µl Hot MultiTaq
DNA Polymerase (5 U/m; US DNA, Fort Worth, TX), 1 µl 10X PCR Buffer II (Applied
Biosystems, Foster City, CA), 0.1–1 mM primers per marker, and 1–2 ng DNA. PCR was
performed on a PE 9600 Thermal Cycler (Applied Biosystems, Foster City, CA) with the
following cycling profile: 1 cycle of 95ºC for 11 minutes; 1 cycle of 96ºC for 1 minute;
10 cycles of [94ºC for 30 seconds, ramp 68 seconds to 59ºC (hold for 30 seconds), ramp
50 seconds to 70ºC (hold for 60 seconds)]; 25 cycles of [90ºC for 30 seconds, ramp 60
seconds to 59ºC (hold for 30 seconds), ramp 50 seconds to 70ºC (hold for 60 seconds)]; 1
cycle of 60ºC for 30 minutes for final extension; and finally hold at 4ºC. Negative
controls and reaction mixtures were included in each PCR experiment to monitor for
contamination.
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Product size

59

6

189

FAM

5’-GGCTCACAACCATCCGTAACAAGA-3’
5’-GTAATCCCTTTATTCCATTTAGCA-

mBAT64

64

3

118

FAM

5’-CCCTGGTGTGGCAACTTTAAGC-3’
5’-GCCCACACTCCTGAAAACAGTCAT-3’

mBAT66

66

7

273

FAM

5’-CCTGAGCCCACTTCATGCGTAACA-3’
5’-CACAACCATCCGTAACGAGATCTGACTC-3’

mBAT27

27

19

82

FAM

5’-GGGAAGACTGCTTAGGGAAGA-3’
5’-ATTTGGCTTTCAAGCATCCATA-3’

mBAT26

26

11

128

HEX

5’-TCACCATCCATTGCACAGTT-3’
5’-CTGCGAGAAGGTACTCACCC-3’

mBAT37

37

10

120

FAM

5’-TCTGCCCAAACGTGCTTAAT-3’
5’-CCTGCCTGGGCTAAAATAGA-3

Primer sequence

Chromosome

mBAT59

Fluorescent label

Repeat length

Microsatellite markers (mononucleotide repeats) for detection of genomic
instability in mouse germ cell line

Marker

Table 4.1

Separation and detection of amplified fragments was performed on an ABI
PRISM1 3130XL Genetic Analyzer following the manufacturer’s protocol (Applied
Biosystems, Foster City, CA). Data were analyzed with GeneMapper version 4.0
software packages (Applied Biosystems, Foster City, CA) to identify the wildtype allele
for each marker. Different alleles were scored as positive for genomic instability if one or
more additional alleles could be identified that corresponded to the wildtype allele for
each marker.
DNA concentration was titrated via PCR 50% failure rate to obtain amplification
from 0.5-2 genome equivalents which corresponded to single cell equivalent PCR. The
average number of amplifiable molecules (λ) in each PCR reaction was calculated using
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the Poisson distribution: λ = -ln(K1/K), where K1 = the dropout rate (the total number of
expected alleles minus the number of the observed alleles, and K = the total number of
the expected alleles. This method was used as described by Coolbaugh-Murphy et al.
(2004).
Statistical analysis
Differences in the mutation frequencies were calculated with a two-tailed t tests
using raw mutation frequencies and their bootstrap standard deviation was derived using
the method described by Coolbaugh-Murphy et al (2004).
The response surface regression (RSREG) procedure was used as a quadratic
response surface regression model to test for the significance of culture duration and the
dose of H2O2 treatment in the development of genomic instability. It was also used to
predict new values of the response.
The likelihood-ratio-chi squared test was used to detect the association between
overall genomic instability across all markers, on one hand, and the effect of culture
duration or H2O2 dose on the other hand. P-value < 0.05 was considered significant.
Results
Immunohistochemistry
DAPI fluorescence was used to estimate the cell proliferation and size of the
PGCs (Figure 3.2A). Anti-histone H2A was used to detect DNA damage. Anti-phosphohistone H2B was used to identify the cells that underwent apoptosis (Figure 3.2B).
Primordial germ cells were isolated from mouse embryo genital ridges at 10.511.5 dpc. As expected, the survival of germ cells was low due to their isolation at this
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early stage (De Felici 2000). As shown in Figure 3.3, there was a gradual decline in cell
proliferation, detected by decreases in colony size across the various H2O2 treated cells.
The localization of the cell colonies was identified by the DAPI staining (Figure 3.3) and
the sizes of the colonies were determined using the Image-J software. Since DAPI binds
quantitatively to DNA, the measurement of the amount of DAPI fluorescence in a
population of cells would yield a good approximation of the amount of DNA and, hence,
the colony size. There was a gradual decrease in colony size with the culture duration
regardless of the ROS treatment. However, increased H2O2 dosage yielded decreased
colony size at end time point was inversely proportional to the colony size (Figure 3.3).
DNA damage and apoptosis
To determine whether the increased genomic instability in H2O2-treated germ
cells was accompanied by activation of a DNA damage response, we assessed Ser129
phosphorylation of H2AX to detect DNA double-strand breaks. In addition, H2B-Ser14
residue phosphorylation was also assessed as a marker for DNA double-strand breaks
(dsDNA breaks) and also apoptotic pathway signaling.
DNA double strand breaks (dsDNA breaks)
The sites of DNA damage can be visualized by immunofluorescence staining of
phosphorylated H2AX that corresponds to the incidence of dsDNA breaks. There was
variable expression of H2A phosphorylation in relation to H2O2 treatment dose and
culture duration. The untreated cells (PBS) showed a low incidence of H2A
phosphorylation that decreased gradually through 3, 6, and 9 days (Figure 3.4) and levels
correlated with the colony (shown in Figure 3.3).
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On the other hand, germ cells treated with 2 µM H2O2 showed a higher degree of
H2A phosphorylation at 3 days versus the control. The degree of phosphorylation
increased at 6 days despite the decrease in the colony size. At 9 days, in accordance with
decrease in colony size, the degree of H2A phosphorylation showed a sharp decrease
exceeding not reach the level of untreated germ cells.
The incidence of dsDNA breaks at 3 days was higher with cells treated with 4 µM
H2O2 compared to other treatments. However, the H2A phosphorylation declined steadily
at 6 and 9 days (Figure 3.4).
Apoptotic phosphorylation of histone H2B-s14
Figure 3.5 shows the apoptotic signaling as detected by H2B-Ser14 residue
phosphorylation. The untreated cells (PBS control) showed a gradual increase in
apoptotic signaling at 6 and 9 days. On the other hand, the 2 µM H2O2 treated germ cells
showed higher apoptotic signaling at 3 days which decrease over time. Again, as
expected, the 4 µM H2O2 treated cell, showed the highest incidence of apoptotic signaling
although colony size was the lowest at each time point (Figure 3.3). Interestingly, the 2
µM treated cells, despite showing increased of dsDNA breaks (Figure 3.4), a decreased
level of the apoptotic signaling pathway was noted at the same time point (Figure 3.5).
Microsatellite instability of mononucleotides in mouse germ cell lines
The main purpose of the present work was to determine the differential genomic
instability (GI) in mouse germ cells upon exposure to oxidative damage over time. To
carry out the analysis of microsatellite mutations in mouse germ cells, six
mononucleotide–polyadenine tracts were selected to test for the genomic instability
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before and after in vitro ROS (H2O2) exposure. Microsatellite mutations were observed as
either an increase (3 repeats) or a decrease (3 repeats) in allele size. The frequency of
genomic instability (microsatellite instability) for individual markers is shown in Table 3.
The average number of amplifiable molecules (λ) in each PCR reaction was calculated
using the Poisson distribution: λ = -ln(K1/K), where K1 = the dropout rate (the total
number of expected alleles minus the number of the observed alleles, and K = the total
number of the expected alleles. This method was used as described by CoolbaughMurphy et al. (2004). Allele sizes were scored positive for genomic instability if one or
more novel alleles could be identified compared to the dominant allele for each marker.
At least 44 replicates for each sample were amplified and scored. The cutoff level was
determined by a repeat shift greater than or less than 3 repeats.
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Table 4.2
Duration
(post exposure)

Day 3

Days 6

Microsatellite instability for individual markers
Treatment

bat27

bat37

bat64

bat59

bat66

bat26

PBS (control)

0

0

0

0

0

0

2 µM H2O2

0.022572

0.018453

0.013632

0.044382

0.012870

0.021795

4 µM H2O2

0

0.037601

0.045095

0

0.010864

0

PBS (control)

0

0

0

0

0

0

2 µM H2O2

0.051245

0

0.017875

0

0

0

4 µM H2O2

0.027039

0.017322

0.050754

0

0

0

0

0

0

0

0

0

2 µM H2O2

0.050346

0.052318

0.017875

0.023392

0.037601

0

4 µM H2O2

0.021015

0.019693

0

0

0

0

PBS (control)

Days 9

Note: Microsatellite mutations were observed as either an increase (3 repeats) or a
decrease (3 repeats) in allele size. Frequencies of MSI were calculated using number of
mutated alleles and number of estimated alleles.
The germ cells that were not subjected to ROS (control) showed no microsatellite
mutations regardless of culture duration. In H2O2 treated cells, each marker displayed
instability in at least one of the treatments (Table 3.2).
In the 2 µM H2O2, treatment, two of the shorter markers, (mBAT26 and
mBAT37) showed high initial mutation frequencies that declined at 6 days. The third
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shorter marker (mBAT27) showed a lower mutation frequency that increased at 6 days
after exposure.
Two of the longer markers (mBAT59 and mBAT66) showed a pattern similar to
the shorter markers in regard to displaying higher mutation frequencies at 3 days which
declined at 6 days; then like same shorter markers, they might show an increase at 9 days.
The third longer marker (mBAT64) showed a moderate mutation frequency at 3 days that
declined steadily through 6 and 9 days post-exposure.
To analyze the genomic instability, the mutation frequency of each individual
maker (RSREG) procedure was used. Out of the six markers only one (mBAT27) showed
a significant mutation frequency, this fit the quadratic response surface regression with
the critical value being treatment at 2.9 µM H2O2, and 12 days post-treatment. The
critical values for the duration was outside the experiment range.
Overall, the greatest mutation frequencies among the 6 markers were associated
with the treatment dose 2 µM for days 3, 6, and 9 (p<0.001, p<0.001, and p<0.0003
respectively). The mutation frequency was not significantly associated with duration after
exposure over the other two treatment doses. Figure 3.6 showed the average
microsatellite instability that was detected by the 6 markers collectively, in PBS, 2 µM,
and 4 µM treated cells.
The mBAT27 marker showed a mutation frequency that fit the quadratic
response surface regression. This marker is located 0.2 Mb upstream of the Eef1g gene
that encodes eukaryotic translation elongation factor 1 gamma. This protein is involved in
carrying aminoacyl tRNA to the ribosomes. It works with aminoacyl tRNA synthetase to
assemble multi-subunit complexes (Geer et al. 2010). It is also located 10 Kb upstream of
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the AHNAK gene that encodes(nucleoprotein. The mBAT27 also located 6 Kb upstream
from the Scgb1a1 gene that encodes a protein thought to be involved in antiinflammatory reactions.
The mBAT66 marker is located 1Kb downstream of the Ate1gene which encodes
arginyltransferase 1. Homozygous mutation of this gene results in developmental defects
of the heart and embryonic lethality between E13.5 and E15.5.
The mBAB37 marker is located 0.7 upstream of the Dapk3 gene which encodes
death-associated protein kinase 3 which is involved in apoptotic signaling (Kawai et al.
2003).
Discussion
The present study determined differential genomic instability in mouse germ cells
upon exposure to oxidative damage over time. A mouse embryonic germ cell line was
subjected to oxidative stress (H2O2 sub-lethal concentrations). There was a gradual
decrease in growth over time for all three cell treatments. In general, both DNA damage
and apoptotic responses were greatest in cells with the 4 µM H2O2 treatment (Figure 3.4
and 3.5). The overall mutation frequencies were highest among the H2O2 doses (Figure
3.6).
The present study used single-genome-equivalent PCR to detect genomic
instability in mouse germ cell line in response to ROS damage. Previous researchers
showed that, in general, the initial mutation event starts as minor DNA damage that takes
place within the germ cells. This damage would accumulate and lead to microsatellite
loci instability (Bridges 2003; Dubrova 2005). Despite many research efforts, the
mechanism leading to and resulting in DNA repetitive element instability remained
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unknown (Abdel-Rahman 2008; Imai and Yamamoto 2008). However, the detection of
mutations in DNA repeats is a method that can identify increases in germline mutations
following exposure to environmental hazards. Therefore, analysis of DNA repeats
constitutes a suitable method to detect low incidences of hereditary mutations in a lab
setting using animal models (Vilariño-Güell et al. 2003; Somers 2006; Somers and
Cooper 2009). DNA microsatellite repeats are more susceptible to undergo structural
defects such as hairpins and Z-DNA that may eventually lead to MSI in the form of
increased or decreased of wildtype allele size (Nakagama et al. 2006; Zhao et al. 2010).
The higher incidence of cancer with increased age may denote a progressive
multistep process for malignancy formation. The combination of genetics, epigenetics,
and environmental factors may play detrimental roles in limiting or enhancing cancer
development and progression. The effects of epigenetics and environmental factors on a
predisposed genetic back-ground seem to be essential for initiation of genetic changes
that lead to genomic instability and later tumorigenesis. The rate of cancer development
and acceleration is dependent on such interplay (Nording 1953; Tanaka et al. 2002;
Vilariño-Güell et al. 2003; Armitage and Doll 2004; Beckman and Loeb 2005)
Somers (2006) concluded that expanded mutations in simple tandem repeat are
not the direct target of mutagens, but they are usually located in areas away from the
initial damage affecting the genome. It was suggested that these untargeted mutations
occur as a result of either ionizing radiation or chemical mutagens (Vilariño-Güell et al.
2003; Somers 2006). The increases in overall mutation frequencies observed in the
present study supports this explanation and supports the hypothesis of a mutator
phenotype (Imai and Yamamoto 2008; Loeb et al. 2008).
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The germ line is at risk for damage that results from environmental changes
(either endogenous or exogenous). These changes may lead to mutations that extend to
mismatch repair defects, faulty recombination, ssDNA and dsDNA breaks, or chromatin
abnormalities. Errors resulting in mutational changes may occur due to failure to induce
apoptotic pathways, potentially resulting from oxidation (Wang et al. 2001; Reddy and
Vasquez 2005; Ishikawa et al. 2006). As determined in the present study, increases in
dsDNA breaks were associated with oxidative stress and in general apoptotic signaling.
The mechanism by which developing primordial germ cells deviate from their
normal pathway and enter a pathogenic pathway toward tumor production is poorly
understood. Two main factors play a major role in the development of tumors: genetic
predisposition and environmental factors. The contribution of each factor is a source of
ongoing debate among researchers. There is an increasing agreement that the process
starts early in life, primarily during embryogenesis (Reuter 2005). In the present study,
results indicate that genomic instability could arise early during embryogenesis; as a
result of ROS, induced genomic instability occurs and could accumulate. In the 2 µM
H2O2 treated cells, the rate of genomic instability increased over time, which indicates
possible accumulation (Figure 3.6, long hatched line). This in contrast to the 4 µM treated
cells where the rate of genomic instability started at a high level then decreased over time
(Figure 3.6, short hatched lines). Results from several studies that examined the rates of
simple tandem repeat mutations in male mouse germ cell support the present study
results. Using low radiation levels, the mutation induction rate was shown to be at doses
less than 1.0 Gy (Somers 2006; Somers and Cooper 2009). A different study showed that
induction of simple tandem repeat mutations in male germ cells reached a maximum at
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low does without showing a gradual increase (Somers et al. 2004). They concluded that
high radiation doses may lead to decreased mutation frequencies when the mutation had
already reached its maximum. Although the mutation stimulus is different in the present
study, we could expect a similar underlying mechanism that may explain the higher
accumulation of genomic instability with the 2 µM H2O2 dose (Figure 3.6). Several other
studies showed comparable tandem repeat mutations in mouse germ cells when exposed
experimentally to ionizing radiation or to chemical mutagens (Bridges 2003; Ryo et al.
2006)
Cell division is a critical step that needs to be highly controlled to allow both
proliferation and differentiation. Any disturbance of DNA replication and cell division
must be repaired if the cell is to avoid cell death (apoptosis) or chaotic cell division and
tumorigenesis. DNA repair mechanisms play a role in preventing either cancer or cell
death.
Germ cells undergo different developmental processes. A unique feature that
differentiates germ cells from other cells in the body is their ability to undergo both
mitotic and meiotic pathways; mitotic division takes place during embryogenesis, while
meiotic division occurs at puberty (De Felici 2000; Reuter 2005; Strome and Lehmann
2007).
Tandem DNA repeat sequences have been used to detect genomic instability in
response to genotoxic insults in mammalian cells (Noda et al. 2007). Exposure to
oxidative stress usually leads to DNA damage. However, the pathogenic role of genomic
instability in germ cell development and progression of germ cell tumor is not fully
understood. The present study examined the effects of reactive oxygen species (ROS) on
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a number of mononucleotide repeats during early germ cell development. Screening for
genomic instability in the control cell population (PBS treated cells) revealed no genomic
instability. In treated cells, genomic instability was variable and could be correlated with
duration of culture and dose of H2O2 exposure. As shown in Figure 3.6, the frequency of
genomic instability was relatively stable despite the fact that the colony size was steadily
decreasing. This may indicate increased instability for individual cells.
The tested markers showed variable degrees of MSI. Some were situated close to
some genes related to apoptotic signaling, translation elongation, RNA synthesis, and
embryo development.
In conclusion, DNA damage is a relatively common occurrence in the life of a
cell and may lead to mutations, cancer, and cellular/organism death. The measurement
and detection of spontaneous and induced mutations is extremely difficult. This is due to
the low frequency of these events in somatic cells and in germ cells as well. Because
tandem repeat DNA sequences show much higher rates of mutation than unique sequence
DNA, the present work hypothesized that these regions may be sensitive to mutagens and
permits the direct observation of induced mutations arising in the germ cells. In the
present study, mutations in simple tandem repeats in the mouse germ line were induced
after hydrogen peroxide exposure. When compared to controls, there was a higher overall
mutation frequency in the exposed germ cells. One of the used markers (mBAT27)
showed a significant mutation frequency that fit a quadratic response surface regression
with the critical values being 2.9 µM H2O2, 12 days in culture. These results pointed to
the possible role of oxidative stress leading to accumulation of DNA damage; hence,
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these may be initiating events that lead to testicular tumor development that occur early
in life, possibly during the prenatal period.

Figure 4.1

Summary of isolation of mouse primordial germ cells

A) Pregnant mouse laparotomy. B) Gonadal ridge dissection. C) Gonadal ridge digestion.
D) Embryonic germ cell in culture.
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Figure 4.2

Detection of double strand breaks and apoptotic signaling in primordial
mouse germ cells

DAPI fluorescence staining (blue) phosphorylated histone H2AX (green) and phosphorylated
histone H2B-Ser14P (red) in male germ cell culture. Scale bars = 50 µm. Fluorescence intensity
was measured as described in materials and methods. Panel (A) Shows 2 µM H2O2 treated cells at
day 6. DAPI; 16.7 pixel/µm, HA2; 9.6 pixel/µm, and H2B; 20 pixel/µm. Panel (B) shows 4 µM
H2O2 treated cells at day 3. DAPI; 22.1 pixel/µm, H2A; 13.8 pixel/µm, and H2B; 58.2 pixel/µm.

Figure 4.3

Cell proliferation in germ cell cultures in relation to the culture duration
and the concentrations of H2O2 treatment

The detected changes in cell proliferation over time are plotted against various H2O2 cell
treatment concentrations.
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Figure 4.4

ROS-induced dsDNA breaks in germ cell cultures

The levels of ROS-induced dsDNA break as estimated by the fluorescence of H2A.X (γH2AX) antibody. This was detected in triplicates for each cell treatment at the three
indicated time points. Pixel intensities were measured in percentage in comparison to the
areas with no fluorescence.
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Figure 4.5

Apoptotic signaling as measured by fluorescence of H2B antibody bound
to dsDNA breaks

The level of apoptotic signaling pathways in germ cell culture estimated by detecting the
levels of dsDNA breaks through H2B fluorescent antibody. This was detected in
triplicates for each cell treatment at the three indicated time points indicated. Pixel
intensities were measured in percentage in comparison to the areas with no fluorescence.

129

Figure 4.6

MSI frequencies in germ cell cultures in relation to culture duration and
H2O2 concentrations

Mutation frequencies were estimated (in triplicates) in various H2O2 treated cell culters
through the three time points indicated. The mutation frequencies were estimated by
detecting the numbers of mutated alleles in comparison to the expected wild-type allele
for each marker.
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CHAPTER V
SUMMARY

Many factors contribute to the successful medical care for cancer. Dissecting the
molecular pathways of tumor pathogenesis is a cornerstone for achieving this goal.
Growing knowledge about tumor pathogenesis allows for introducing appropriate
medical investigations, early detection of precancerous lesions, application of evidencebased therapy lines, and conducting suitable follow-up plans.
Testicular germ cell tumors are characterized by a number of special features such
as, epidemiological patterns (age, ethnicity, geographical prevalence, and changing
incidence over time), high possibility of early detection, high rate of curability, as well as
their implications both medically and socially. This renders testicular germ cell tumors an
interesting model to study.
The present study included different experiments, which their results may add to
the available knowledge about this disease and pave the road for further insightful work
towards comprehensive understanding of its pathogenesis.
The experiment that involved samples from both infertile patients and fertile
controls showed the incidence of microsatellite instability to be higher in infertile men
compared to fertile controls. The Y chromosome, which harbors genes essential for both
sexual development and fertility potentials, showed higher incidence of microsatellite
instability in comparison to X chromosome and other autosomes. Meanwhile, the
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incidence of microsatellite instability in the tested chromosome was higher in infertile
men compared to fertile controls. The detected instability was indentified in markers
close to genes that are responsible for testis development, spermatogenesis, cell
differentiation, cell proliferation, and proteins involved in mismatch repair mechanisms.
The experiment that was conducted using a mouse model showed ROS-induced
genomic instability in germ cell lines. The detected genomic instability was associated
with DNA double strand breaks. Defective DNA repair mechanisms are thought to be a
contributing factor for genomic instability. In addition, the detected genomic instability
was associated with concentration of H2O2 and post-exposure culture duration. This
association was determined by quadratic response surface regression statistical analysis,
which identified a H2O2 concentration, and post-exposure time that may lead to
progressive genomic instability.
In conclusion, the results of this study suggest a possible pathogenic pathway
towards testicular germ cell tumors. The possibility of the ROS-induced microsatellite
instability during early germ cell development may be linked to the origin of testicular
germ cell tumors. Testicular germ cell tumors are thought to arise early during intrauterine development of the embryo. Moreover, the detection of differential microsatellite
instability in infertile men suggests common etiological factors for both male infertility
and germ cell tumors. This can be emphasized in regard to the genes that are located near
microsatellite loci. On the other hand, the association of genomic instability to oxidative
stress and duration may indicate that the predisposing factors for testicular germ cell
tumors involve both genetic and environmental conditions.
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APPENDIX A
DNA ISOLATION FROM FROZEN HEPARINIZED BLOOD SAMPLE
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Introduction
Isolation of genomic DNA for various applications is an essential step in a variety
of scientific and applied fields. The polymerase chain reaction (PCR) is one of the most
widely used applications to analyze DNA from human blood. The successful and
accurate results of clinical and forensic applications require high molecular weight DNA
that is free of PCR inhibitors (Yokota et al. 1999). In molecular research, medical
analyses and forensic settings, stored frozen blood samples represent both a valuable
resource and a frustrating problem (Richardson et al. 2006). Archived blood that is
residual from earlier clinical testing represents a large portion of the available samples for
molecular, forensic, and/or medical analyses. One of the most convenient sources of
DNA in genetic research involves the use of large numbers of archived and frozen blood
samples. These samples pertain to patients who gave informed consent for their samples
to be used in research after their initial diagnostic tests. The use of anticoagulant during
blood sample collection is essential to preserve the integrity of the samples for
diagnostics and DNA purification at a later date (Vaught 2006). Unfortunately, there is a
wide range of variability among anticoagulants in terms of their effect on DNA quantity
and quality for PCR amplification (Lam et al. 2004; Vaught 2006).
The most commonly used anticoagulants are EDTA, citrate and heparin. DNA
derived from EDTA and citrate-stored blood usually provides an adequate template for
PCR, while heparin has not shown the same level of success (Yokota et al. 1999). A
number of reports provide evidence that heparin used as an anticoagulant may affect the
results of subsequent PCR, since it can bind to DNA in the final solution (Yokota et al.
1999; Lam et al. 2004). Moreover, long-term storage of whole blood results in variable
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decreases in DNA yields (Richardson et al. 2006). Heparin, as an anticoagulant, is widely
used, especially in medical and clinical cytogenetic laboratory settings, so stored
heparinized blood samples are a potential valuable source for research.
This study aims to compare and select the optimal method to isolate and purify
DNA from heparinized frozen blood samples that have been stored for over 4 years. The
purified DNA should be suitable for use in subsequent procedures such as PCR and
fragment analysis.
Materials and Methods
Seventeen blood samples from infertile male patients that were collected in
heparin tubes and then stored for 4+ years were used to compare DNA yield and purity
using the following isolation and purification techniques:
1. Standard proteinase K/phenol method for DNA isolation
2. ChargeSwitch forensic DNA purification Kit (Invitrogen, Carlsbad, CA)
3. Modified ChargeSwitch by pre-trypsinizing the sample before cell lysis
with 100 µl of 1X trypsin (0.25% (1X): 2.5 g trypsin (1:250) (Ahmad et al.
1995)
4. PureLink genomic DNA kit (Invitrogen, Carlsbad, CA)
5. Modified PureLink genomic DNA kit by pre-trypsinizing the sample
before cell lysis with 100 µl of 1X trypsin (0.25% (1X): 2.5 g trypsin
(1:250) (Ahmad et al. 1995).
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The protocol for using trypsin was as follows
1000 µl of the Heparin sample blood was added to a 15 ml tube
20 µl of Trypsin was added to the sample
trypsinized sample was incubated for 10 minutes at room temperature
wash with one sample volume of TE Buffer
centrifuge at 2500 g for 3 minutes and resuspend
being careful to not disturb the pellet at the bottom, the supernatant was
pipetted off and discarded
the sample was washed with 1 ml of TE Buffer
then centrifuged at 2500 g for 3 minutes
being careful not to disturb the pellet at the bottom, the supernatant was
pipetted off and discarded
the manufacturer protocols for PureLink or ChargeSwitch were followed
Phenol/Chloroform protocol
Tris HCL 10 mM, SDS (sodium dodecyl sulfate) 0.5%, and EDTA 0.1 M in 10
ML
Lysis buffer
-

10 mM tris HCL

-

0.1 M EDTA

-

Mix first then add 0.5% SDS

-

Complete with distilled deionized water to 10 ml

-

Ammonium Acetate 10 mM
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Procedure
I.

Lysis:
1. 10 ml PBS + 2 ml heparinized blood sample re-suspension, then centrifuge
5400 rpm for 10 minutes at room temp – discard supernatant
2. cells at the bottom + 1 ml lysis buffer, then transfer to 50 ml tube with 9ml
lysis buffer B
3. add 100 µl proteinase K – vortex, then incubate at 55°C for 45 minutes, vortex
each 15 minutes

II.

Remove protein and contaminant (organic extraction)
4. add 10 ml PCIA to the sample lysate and mix by repeated inversion of the
tube – incubate at room temp for 10 minutes, look for formation of two
layers– then centrifuge 6500 rpm for 10 minutes
5. transfer the upper phase (the viscous aqueous layer) to a new 50 ml –
centrifuge at 6500 rpm for 15 minutes at room temp
6. transfer the supernatant to a new tube – repeat step 4 through 6
7. transfer the supernatant to a new tube – add 10 ml of chloroform Isoamyl
(24:1) and mix by inversion – centrifuge at 6500 rpm for 10 minutes
8. recover the supernatant in a new tube – then add 0.2 volume Ammonium
Acetate (10 mM) and 2 volume Ethanol
9. mix by gentle and slow inversion until the DNA appears
10. store at -20°C for overnight
11. centrifuge tube at 6500 rpm for 10 minutes, discard supernatant and resuspend the pellet in 1 ml ethanol 70%
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PCR for microsatellite
PCR for microsatellite deletion was performed using the following protocol. The
total reaction volume was 10 μl containing 1μl GeneAmp 10X buffer (Applied
Biosystems, Carlsbad, CA), 0.25 μl AmpliTaq gold DNA polymerase (5 units/μl)
(Applied Biosystems, Carlsbad, CA) and 0.5 μM mixed primers. PCR was performed on
a PE 9600 Thermal Cycler (Applied Biosystems, Foster City, CA) using the following
cycling conditions: initial denaturation for 11 minutes at 95°C followed by 1 cycle of 1
minutes at 96°C, 10 cycles of (30 seconds at 94°C, ramp 68 seconds to 58°C, hold for 30
seconds, ramp 50 seconds to 70°C, hold for 60 seconds) 25 cycles of (30 seconds at
90°C, ramp 60 seconds to 58°C, hold for 30 seconds, ramp 50 seconds to 70°C, hold for
60 seconds) final extension of 30 minutes at 60°C and hold at 4°C.
PCR for Y-chromosome microdeletions
PCR amplification was performed using the following protocol. The total reaction
volume was 25 μl containing 10X Buffer (Applied Biosystems, Carlsbad, CA), 0.25 μl
AmpliTaq gold DNA polymerase (5 units/μl) (Applied Biosystems, Carlsbad, CA), and
0.5 μM mixed primers. PCR was performed on a PTC-200 DNA engine thermal cycler
(MJ research inc, MA, USA) using the following cycling conditions: initial denaturation
for 2 minutes at 94°C followed by 40 cycles of (1 minute at 94°C, 30 seconds at 57°C, 1
minute at 72°C), final extension of 5 minutes at 72°C and hold at 4°C.
Results
DNA was isolated from heparinized stored frozen blood using a standard
proteinase K/phenol method. However, the subsequent use of that DNA in a PCR
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reaction to detect Y-chromosome microdeletions was not successful (Fig.1). When using
both the ChargeSwitch and the PureLink kits with pre-trypsinized samples, the DNA
yield was much lower than when using the samples without trypsin (Figure A 2, A3 and
Table A1). PureLink without trypsin gave a measurably higher quantity and quality of
DNA compared with PureLink with pre-trypsinized samples. Following isolation with
PureLink, the DNA from these infertile patients was used in screening for Ychromosome microdeletions (Figure A4). Using previously designed multiplexes, only
partial amplification resulted with some higher molecular weight bands being absent (Fig.
4). However, these bands that were absent could be successfully amplified when loci
were amplified individually using the same DNA (Figure A5).
Purified DNA was successfully used to perform PCR using a panel of
microsatellites primers with repeat motifs ranging from short to long stretches of repeats
including pentanucleotide microsatellite repeats (Table A2). The microsatellites were
multiplexed into different microsatellite marker panels. The DNA isolated and purified
using PureLink kit showed successful amplification of the expected alleles of different
multiplexes (Figure A6).
Conclusion
Heparinized stored blood can be used to obtain DNA that is suitable for a variety
of genetic tests and procedures. Although multiplex PCR remains problematic due to
DNA degradation associated with long term freezing, the DNA yield using the PureLink
kit protocol was suitable to diagnose Y-chromosome microdeletions and microsatellite
instability profiles in infertile patients.
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Table A.1

DNA yield of different purification methods for two heparinized stored
blood samples

Sample ID number

Purification method

DNA yield concentration ng/ul

Sample 184

PureLink with trypsin

32.88

PureLink

51.88

ChargeSwitch with trypsin

9.27

ChargeSwitch

7.72

PureLink with trypsin

46.23

PureLink

65.48

ChargeSwitch with trypsin

3.86

ChargeSwitch

4.18

Sample 74

184 (infertile) and 74 (fertile) are internal sample identification numbers. In both
samples, the highest DNA yield resulted from using PureLink protocol without
modification. ChargeSwitch protocol even when the samples were treated with trypsin
yielded lower amount of DNA.
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Table A.2
MARKER
NAME
DYS459

List of microsatellite markers and primers
CHROMO.

REPEAT MOTIF

PRIMER SEQUENCE

Y

(TAAA)9

5’-CAGGTGAACTGGGGTAAATAATA-3’5’TTGAGCAACAGAGCAAGACTTA-3’

GATA C4

Y

[(TCTA)2(TGTA)2 ]23 5’-AGTGTCTCACTTCAAGCACCAAGCAC-3’5’GCAGCAAAATTCACAGTTGGAAAAATGT-3’

DYS452

Penta E

Y

15

(TATAC)11
(AAAGA)5

5’-GTGGTGTTCTGATGAGGATAATT-3’5’TTTATTATACTCAGCTAATTAATTGGTT-3’
5’-ATTACCAACATGAAAGGGTACCAATA-3’

DYE

FAM

FAM

FAM
HEX

5’-TGGGTTATTAATTGAGAAAACTCCTTACAATTT-3’
DYS458

Y

(GAAA)17

5’-CCACCACGCCCACCCTC-3’
5’-AGCAACAGGAATGAAACTCCAAT-3’

DYS462

Y

(TATG)11

5’-TGTGCTGTACCAGTTGCCTA-3’
5’-CCAGCCTGAGCAAGAGAGTA-3’

DYS390

DYS446

Y

Y

(TCTG)(TCTA)14

(TCTCT)13

HEX

HEX

5’-ATT TAT ATT TTA CAC ATT TTT GGG CC -3’
5’-TGA CAG TAA AAT GAA AAC ATT GC-3’

HEX

5’-AAATGTATGGCCAACATAGCAAAACCA-3’

HEX

5’-TATTTTCAGTCTTGTCCTGTC-3’

The mentioned markers were used to test the suitability of DNA purified with different
protocol to be used for lab work.
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Figure A.1

DNA extracted and purified with standard phenol/chloroform shown on 4%
nusieve agarose gel

No amplification products were detected. L= 50 bp DNA step ladder, C = control DNA
(purified from freshly obtained blood), -ve = negative control contains no DNA. The
numbers represents internal identification numbers for the heparinized stored blood
samples. Lane C1 shows the amplification of Y chromosome loci; ZFY (496 bp), SRY
(400 bp), DYS224 (300 bp), and SMCX (83 bp). Lane C2 shows the amplification of Y
chromosome loci; DAZ (380 bp), DYS240 (290 bp), DYS271 (209 bp), KAL-Y (125
bp), and SMCX (83 bp).

Figure A.2

DNA purified by different methods as shown on 1% agarose gel

Lane 1 shows genomic male DNA control (200 ng/µl). Lanes 2-10 show DNA purified
from heparinized stored blood; sample #184 and sample #74. Lane 2: DNA purified by
PureLink with trypsin (51ng/µl), lane 3: DNA purified by ChargeSwitch and trypsin (9
ng/µl), lane 4: DNA purified by PureLink (51 ng/µl), lane 5: DNA purified by
ChargeSwitch (7 ng/µl), lane 6: DNA purified by PureLink with trypsin (46 ng/µl), lane
7: DNA purified by ChargeSwitch with trypsin (4 ng/µl), lane 8: DNA purified with
PureLink (65 ng/µl), lane 9: DNA purified with ChargeSwitch (4 ng/µl), lane 10;
negative control (no DNA). The DNA concentrations were measured by Nanodrop
according to manufacturer protocol (Thermo Scientific, Wlimington, DE).
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Figure A.3

DNA yield of different purification methods for two heparinized stored
blood samples

184 (infertile) and 74 (fertile) are internal sample identification numbers. PureLink with
no trypsin treatment shows the higher DNA yield from heparinized stored blood samples.
The upper chart shows the DNA yield for samples obtained from infertile individual,
while the lower chart shows the DNA yield from fertile individual.
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Figure A.4

Y chromosome microdeletion detection

(L)50bp DNA step ladder, (C) male DNA control, the numbers represents the
identification number for heparinized stored samples from infertile individuals, (-ve)
negative control contains no DNA. Multiplex B contains primers that amplify loci:
SMCY (362 bp), DYS218 (274 bp), DAZ (233 bp), SY208 (140 bp), and SMCX (83 bp).
Multiplex C contains primers that amplify loci: DYS219 (228 bp), DYS212 (190 bp),
DYF51S1 (143 bp), SY255 (124 bp), and SMCX (83 bp). Control samples (C) shows
amplification of the expected 5 bands in each multiplex. Sample 219 shows amplification
of multiplex B five bands, other samples show different amplification pattern.
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Figure A.5

Amplification of individual Y chromosome markers

(L) 50bp DNA step ladder, (C) male DNA control, the numbers represents the
identification number for heparinized stored samples from infertile individuals, (-ve)
negative control contains no DNA. The two loci SMCY and DYS218 show successful
amplification with individual primers for each locus (compare to figure A4 where these
loci amplification were not detected in multiplex B).
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Figure A.6

Microsatellite amplification using DNA purified from heparinized stored
blood using PureLink

Panel A shows amplification of 4 microsatellite loci DYS549, DYS452, and GATA-C4
located on the Y chromosome (one allele amplification for each locus is detected). PentaE locus is located on chromosome 15 (15q26.2) (amplification of the two alleles at that
locus are detected). Panel B shows amplification of another microsatellite multiplex set,
all loci are located on Y chromosome.
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APPENDIX B
SUMMARY OF CLINICAL DATA AND MEIDICAL HISTORY
OF THE INFERTILE PATIENTS AND FERTILE CONTROLS
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control
control
control
control
control
control
control

2

3

4

5

6

7

Classification according to
semen parameters

2

1

5

2

1

4

1

Number of offspring

Summary of clinical data of fertile controls

1

Seria
l

Table B.1

153

37

29

53

34

32

32

34

Male age

foreman

clerk

farmer

worker

clerk

farmer

physician

Occupation

urban

urban

rural

urban

urban

rural

urban

Residency

Oligo
Oligo
S Oligo
Oligo
S Oligo
Oligo
Oligo
Oligo
S Oligo
Oligo
Oligo
S Oligo
S Oligo
Oligo
S Oligo
S Oligo
S Oligo
Oligo

Serial

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

1ry
1ry
1ry
1y
1ry
1ry
1ry
1ry
1ry
1ry
1ry
1ry
1ry
1ry
1ry
1ry
1ry
1ry

Duration of (infertility in
Yrs
5
6
6
4
2
5
7
3
2
4
7
7
12
19
3
14
8
20

Male age
43
39
47
50
34
35
38
28
32
43
38
39
31
49
33
43
47
40

Female age
38
37
27
30
18
29
25
23
22
32
31
29
32
44
30
34
34
36

Occupation
technician
clerk
farmer
clerk
farmer
clerk
engineer
officer
technician
clerk
dentist
clerk
farmer
farmer
engineer
clerk
clerk
worker

Residency
urban
urban
rural
urban
rural
urban
rural
rural
urban
urban
urban
urban
rural
rural
urban
urban
rural
urban

Smoking
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no

Alcohol
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

Drug abuse

1ry or 2ry infertility

Summary of the clinical data and medical history of the infertile patients

irrelevant
irrelevant
irrelevant
Vx bilat,
irrelevant
Vx Bilat
irrelevant
irrelevant
Vx bilat
Vx Lt
irrelevant
irrelevant
irrelevant
irrelevant
irrelevant
Vx bilat
irrelevant
irrelevant

Surgical history

Table B.2

Patient classification
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Urinary symptom
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

Sexual symptoms
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

infertile brother
irrelevant
irrelevant
irrelevant
irrelevant
irrelevant
irrelevant
irrelevant
irrelevant
irrelevant
irrelevant
irrelevant
parents consanguinity
irrelevant
irrelevant
irrelevant
irrelevant
parents consanguinity

Family history

Oligo
Oligo
S Oligo
Oligo
S Oligo
Oligo
Oligo
Oligo
S Oligo
Oligo
Oligo
S Oligo
S Oligo
Oligo
S Oligo
S Oligo
S Oligo
Oligo

Serial

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Sperm count (million/ml)

8
2
0.05
8
1.5
2.5
4
12
2
5
3
6
3
6
2.5
4
0.05
5.5

Motility
0-15%
60-70%
0%
5-10%
30-40%
0-30%
10-25%
10-40%
30-40%
20-30%
10-35%
40-80%
5-50%
40-50%
10-30%
40-50%
50%
40-50%

Abnormal forms
50-90%
70-85%
80-99%
60-90%
50-80%
50-70%
90-95%
80-95%
60-90%
50-90%
50-85%
50-90%
50-80%
80-90%
70-90%
60-90%
80-99%
50-90%

FSH (1.4-18.1)
10.9
13.2
14.9
17.9
28.23
11.2
17.9
17.3
5.1
5.7
3.9
14.87
12.28
12.3
22.1
23.9
15.2
4.4

(1.5-9.3)
LH
7.6
8.8
11.8
8.3
9.1
11.49
8.21
2.19
3.8
3.2
8.1
3.6
4.83
4.9
5.1
13.7
10.5
4.4

4.2
3.3
8.4
1.9
4.1
6.4
2.89
7.34
7
6.3
7.9
7
3.29
7.2
4.93
5.78
2.13
2.66

Prolactin (2.1-17.7)
7.9
17
14.2
10.9
9.22
7
9.9
4.9
15.1
16.07
15.2
3.59
13.84
8.3
11.5
10.2
8.7
8.2

46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY
46, XY

Karyotype

Testosterone (2.41-8.27)

Summary of the sperm count, hormonal profile, and testicular volume of the infertile patients

normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal

Secondary sexual characters

Table B.3

Patient classification
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16
17
12
19
8
Hydrocele
13
27
9
30
Hydrocele
9
14
20
9
14
8
18

16
16
12
14
8
17
15
27
8
30
20
9
12
20
18
7
3
18

Left testicular volume (ml)

Right testicular volume (ml)

