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ABSTRACT

Exposure to ionizing radiation and other environmental agents can affect the
genomic integrity of germ cells and induce adverse health effects in theyproge
Efficient DNA repair during gametogenesis and the early embryoniescwgfter
fertilization is critical for preventing transmission of DNA damage tgptiogeny and
relies on maternal factors stored in the egg before fertilization. Tty albithe
maternal repair machinery to repair DNA damage in both parental genorhes in t
fertilizing egg is especially crucial for the fertilizing malengee that has not
experienced a DNA repair-competent cellular environment for severibweer to
fertilization. During the DNA repair-deficient period of spermatogen&NA lesions
may accumulate in sperm and be carried into the egg where, if not propengdepa
could result in the formation of heritable chromosomal aberrations or mutations and
associated birth defects. Studies with female mice deficient in spBbificrepair
genes have shown that: (i) cell cycle checkpoints are activated in theddrébg by
DNA damage carried by the sperm; and (ii) the maternal genotype plagjsrarate in
determining the efficiency of repairing genomic lesions in the farigi sperm and
directly affect the risk for abnormal reproductive outcomes. Thersasgabwing
evidence that implicates DNA damage carried by the fertilizing taasea mediator of
postfertilization processes that contribute to genomic instability in subsequent
generationsTransgenerational genomic instability most likely involves epigenetic
mechanisms or error-prone DNA repair processes in the early embryonMated
embryonic DNA repair processes during the early phases of mammalayogic
development can have far reaching consequences for the genomic integritgléimd he
of subsequent generations.



INTRODUCTION

Living organisms have developed complex DNA repair mechanisms to maintain
genomic integrity and limit the introduction of mutations into the genetic pool
(Friedberg et al., 2005). The importance of efficient DNA repair is demadedtby the
many human diseases, such as Xeroderma Pigmentosum and Fanconi Anemia, that are
associated with defects in specific DNA repair proteins and that confer gxquis
sensitivity to carcinogenesis (Friedberg et al., 2005). Efficient DNA repair
particularly important during gametogenesis and the early phases of mammal
development to prevent the transmissiondeihovo mutations that can affect the health
of the offspring. Genetic defects transmitted through male and femaidiges are
associated with a variety of abnormal reproductive outcomes (McFaddendsngrie
1997; Marchetti & Wyrobek, 2005; Wyrobek et al., 2006) and diseases in the offspring
including cancer (Hassold et al., 1996; McFadden & Friedman, 1997; Hassold & Hunt,
2001). Although, we still lack conclusive proof of environmentally-induced heritable
damage in humans, decades of work in rodents have shown that numerous
environmental, occupational and medical agents, such as ionizing radiation, are capable
of affecting the genomic integrity of germ cells and have detrimeffedts on the
health of the offspring (Marchetti & Wyrobek, 2005). Embryonic lethality il
1971), heritable chromosomal tranlsocations (Searle et al., 1974), heritable gene
mutations (Russell et al., 1998), genomic instability (Dubrova et al., 1993) and cancer i
the offspring (Nomura, 1982; Nomura et al., 2004) are some of the abnormal
reproductive outcomes that have been associated with parental exposure to ionizing
radiation. There is also suggestive evidence for increased mutation réte®ffspring
of parents exposed to the radioactive fallout following the Chernobyl accideno{laubr
et al., 1996).

The perifertilization period, or perigametic interval, encompassing the
postmeiotic phase of spermatogenesis (spermiogenesis) and the dady€yc
embryonic development, is a key period for the prevention of inherited DNA damage
(Russell, 1999; Marchetti & Wyrobek, 2005). Two unique features of this period are
that: (a) the latter part of spermiogenesis is DNA repair-deficrahganetic lesions
induced during this period may accumulate unrepaired in the maturing sperm and
persist until fertilization; and (b) fertilized eggs (zygotes) are wauong cells
because all cellular functions between fertilization and transcriptamtiaiation of the
embryonic genome rely on stored maternal products. Both these featurespmaant
roles in determining how much DNA damage is transmitted by the sperm to the zygote
and how much of the transmitted damage is convertedi@rovo mutations after
fertilization (Figure 1).

In this chapter, we review the available data on the DNA repair capacitgduri
gametogenesis and early stages of mammalian development and the consdfaence
improper repair of DNA damage during this critical window of development may ha
for the genomic integrity and health of the offspring.

DNA REPAIR IN MALE GERM CELLS

The ability to repair DNA damage changes during spermatogenesiseas mal
germ cells differentiates to form mature sperm (Olsen et al., 2005). DNA capaicity
declines dramatically during the postmeiotic phase of spermatogensgés (979;



Sotomayor & Sega, 2000) as spermatids undergo major nuclear chromatin
reorganization (Meistrich, 1989; Wouters-Tyrou et al., 1998) and epigenetic
reprogramming (Hazzouri et al., 2000). During chromatin reorganization, histenes ar
replaced (~14 days before ejaculation in the mouse; ~21 days in human) first with basic
transition proteins, and then with protamines (Meistrich, 1989), which are argicine-ri
proteins that condense the chromatin and cause DNA to become transcriptionally
inactive (Kierszenbaum & Tres, 1978). Sperm are then released into the lumen of the
seminiferous tubules and pass through the rete testis and the epididymishskere
acquire motility and the biochemical ability to fertilize the egg (i&atal., 2004). The
reduced DNA repair capacity of late-step spermatids and sperm (®5@a Sega,

1979; Sotomayor & Sega 2000; Baarends et al., 2001; Olsen et al., 2005) is thought to
be responsible for the high sensitivity of postmeiotic male germ cells to mitage
exposures (Marchetti & Wyrobek ,2005).

DNA double strand breaks (DSBs) are one of the most cytotoxic lesions induced
by ionizing radiation. An early step of the cellular response after exposa@zimng
radiation is the phosphorylation @gi2AX and its localization at sites of DSBs
(Rogakou et al., 1998). In somatic cejld2AX foci have been extensively used to
investigate the induction of DSBs after exposure to ionizing radiation (Burata et
2001; Ward & Chen, 2001; Fernandez-Capetillo et al., 2002; Kobayashi et al., 2002;
Taneja et al., 2004). The numberybf2AX foci per nucleus increases linearly with
dose (Rogakou et al., 1998; Burma et al., 2001; Ward & Chen, 2001; Stiff et al., 2004)
and it is generally accepted that the appearance and disappeargtizaXffoci are
indicative of recognition and repair of DSBs (Redon et al., 2002). Irradiation of the
testis rapidly elicityH2AX foci formation in spermatogonia, spermatocytes and round
spermatids (Hamer et al., 2003; Ahmed et al., 2007), but not in late spermatids and
sperm. This pattern is shared by other DNA repair proteins, such as Rad51, 53Bp1l and
Mdcl (Ahmed et al., 2007) suggesting that the ability to detect and repair DSBs is
progressively lost during the final stages of sperm maturation. The declineAin DN
repair capacity in late spermatids and sperm is not restricted to [PSiB end
involves all other major DNA repair pathways (van Loon et al., 1993; Hamer et al.,
2003; Olsen et al., 2005; Xu et al., 2005).

Genomic damage induced in late spermatids and sperm may accumulate and
persist unrepaired in the fertilizing sperm and be transmitted to the embryed,|mce
recently showed that the different abilities of postmeiotic germ cetkspiair DNA
lesions has a significant impact on the amount of heritable genetic damaige that
transmitted to the zygote (Marchetti & Wyrobek, 2008). This inability ofrager
repair DNA lesions as they occur may make them particularly susceptitdpdated
exposures that take place because of occupational (radiation workerssudifee.g.
tobacco smoking) reasons.

DNA REPAIR IN FEMALE GERM CELLS

In contrast to the differentiation of male germ cells, the mammalian oacyte |
capable of repairing DNA damage throughout oogenesis (Brandriff & $adel981;
Ashwood & Edwards, 1996). Evidence from a number of in vivo and in vitro systems
indicates that the mammalian oocyte is capable of repairing a varietyAdtdamage
(Ashwood & Edwards, 1996). Indirect evidence that DNA repair pathways are



functional in the egg come from microarray studies of oocytes and early embryonic
stages which showed that oocytes and zygotes have significantly higklerdev

MRNAs for DNA repair genes than later embryonic stages and that tpasdorigenes

of all major DNA repair pathways are present in the egg (Hamatani et al., 2003 gt

al., 2004). Zeng et al. (2004) suggested that the overrepresentation of DNA dathage a
DNA repair genes in oocyte and zygotes may reflect the oocyte’s resdpmeective
pressure to insure genomic integrity. This is because the egg provides the gens product
that are responsible for repairing DNA damage carried by both parental gemiomes
fertilization. These maternal gene products persist to sustain the zygotesggiome

is fully activated, which occurs at the 2-cell stage in the mouse (Schultz &tlyor

1995; Schultz, 2002; Hamatani et al., 2004; Zeng et al., 2004) and even later in the
human embryo (Braude et al., 1988). As discussed in the next section, this has
important implications for the prevention of inherited DNA damage.

DNA REPAIR DURING THE FIRST CELL CYCLE AFTER FERTILIZATION

The mammalian first cell cycle after fertilization is dramatjcelfferent from
any other somatic cell. Specifically: (i) the fertilizing spermleus undergoes major
chromatin alterations as it decondenses and protamines are removed and replaced by
histones (Garagna & Redi, 1988; Nonchev & Tsanev, 1990; Perreault ,1992); (ii) all
cellular events that take place during the first cell cycles of developamcluding
DNA repair and synthesis, occurs in the absence of transcription (Schultz, 2002); and
(i) male and female pronuclei proceed through G1, S-phase and G2 to mitosis as
separate pronuclei (McGaughey & Chang, 1969). Progression of the two parental
pronuclei through the first cell cycle occurs in a coordinated fashion and if ting tiin
these critical events is disrupted in one pronucleus, the development of the other
pronucleus will also be affected (Perreault, 1992). The apparent necessity for the
parental pronuclei to undergo development in a coordinated fashion is thought to be one
mechanism to prevent zygotes containing one pronucleus with unrepaired DNA damage
from reaching the metaphase stage and progressing further into development.

The G1 phase of the first cell cycle also represents the first opportointtef
repair of DNA lesions that were induced in the sperm during the DNA-réefidient
window of spermatogenesis. In order to carry out the repair of these lesions the egg
must: (i) be capable of recognizing the presence of DNA damage in theifegtil
sperm; (ii) transmit the information to the female pronucleus to maintain the
coordinated development of the two pronuclei, and (iii) activate the necessary DNA
repair pathways. The following sections describe the available data shtwairige
egg is capable of carrying out these three functions.

Detection of DNA damagein thefertilized egg

Recent research is showing that the egg is very efficient in sensing thecprese
of damaged DNA in the sperm and that its repair occurs immediately following
fertilization. In a careful and detailed study, Derijck et al. (2006) showagid and
efficientyH2AX signaling during sperm chromatin remodeling in G1 after fertibpa
Exposure of sperm to ionizing radiation prior to fertilization indud¢2/AX foci that
were detected during the first couple of hours after fertilization aspiren head
underwent transformation into the male pronucleus. The detected foci could be divided



in two groups based on appearance: small foci that did not show a dose-response
following irradiation of sperm and large foci that showed dose-related incréises
yYH2AX foci were detected over the unirradiated maternal pronucleus. Treatment of
zygotes with etoposide, an efficient inducer of DSB breaks (Marchetti et al., 2001)
induced strongH2AX signaling in both parental pronuclei. These results show that the
egg’s response to DNA damage is rapid and occurs during the first few hours afte
fertilization. This may help to keep the broken DNA ends in close proximity and
allowing their repair before they are spatially separated duringghdéicant nuclear
enlargement that is associated with pronuclear formation and before DNAssynthe
takes place to reduce the risk of misrejoning and the generation of chromosomal
rearrangements, and/or the formation of acentric fragments.

Activation of cell cycle checkpointsin thefertilized egg

Tp53 is a central player in the response to DNA damage in somatic cellsn(Kasta
et al., 1991; Enoch & Norbury ,1995; Siliciano et al., 1997; MacCallum et al., 2001,
Wahl & Carr, 2001). Tp53 phosphorylation in one of the earliest events after the
induction of DNA damage and triggers a series of cellular responses thateactll
cycle checkpoints to allow cells to repair DNA damage (Siliciano et al., B38n et
al., 1998; Canman et al., 1998; Saito et al., 2002). Tp53 is also a key player in the
zygotic response to DNA damage. Fertilization with irradiated mouse sm#ivated a
Tp53-dependent damage S-phase checkpoint that delayed DNA synthesis in both
pronuclei in the zygote (Shimura et al., 2002). Two unique features of this checkpoint
were that: (i) it was not dependent on p21, as the checkpoint was activated even when
p21 null females were used; and (ii) it also suppressed DNA synthesis in the materna
pronucleus, which was never exposed to ionizing radiation indicating that DNA damage
carried by the sperm activated pronuclear cross talk between the parentelg.
Although the identity of the signaling protein(s) is yet to the discovered, peanucl
cross-talking has also been demonstrated after paternal exposure to cyiapiide
in the rat (Barton et al., 2005). Continuous communication between the two parental
pronuclei appears to be a mechanism for the coordinated progression through the first
cell cycle.

Repair of DNA damagein thefertilized egg

Because DNA repair in the zygote is carried out by maternal factors stdhed
egg before fertilization, differences in DNA repair capacity ameggs may affect the
efficiency by which DNA lesions are repaired in the two parental pronudiei. T
importance of the maternal genotype in modulating the repair of DNA damage in the
zygote was first demonstrated by Generoso et al. (1979) who reported |laagi@nsri
in the yields of chromosomal aberrations at zygotic metaphase and emleyoaiity
after implantation following mating of mutagen-exposed males with fenadiearious
genetic strains. These results indicated that strains of femalegdliifietheir ability to
repair the DNA lesions induced by the paternal mutagenic exposure.

Subsequent studies have suggested that several types of DNA lesions could be
repaired in the zygote. Brandriff & Pedersen (1981) demonstrated that DNA damage
was being repaired in the fertilized egg by measuring radionucleotithecgrants over
pronuclei. UV irradiation of mouse zygotes induced unscheduled DNA synthesis (UDS)



in both parental pronuclei, however, when the sperm only was irradiated before
fertilization, UDS was detected just in the paternal pronucleus. The autterpseted
these results as the egg’s attempt to repair the DNA damage induced by Uidnddia
the sperm DNA. In the late 80’s, Matsuda and colleagues performed a series of
experiments with DNA repair inhibitors during the first cycle of developnmemtouse
zygotes and showed that interference with DNA repair markedly altereanthents
and types of chromosomal abnormalities detected at metaphase aftealpatposure
to X-rays and chemical agents (Matsuda et al., 1989a; Matsuda et al., 1989b; Matsuda
& Tobari, 1989; Matsuda & Tobari, 1995). These findings provided compelling
evidence that chromosomal aberrations were formed after fertilizatiogr than
before. Also, the observation that both chromosome- and chromatid-type aberrations
were affected by the use of DNA repair inhibitors indicated that both pre- and pos
replication repair mechanisms were operating in the zygote. Sinmithndis were
obtained using the hamster egg method to investigate the repair of DNA damage in
human sperm (Genesca et al., 1992).
Although these studies clearly indicated that DNA repair was occurrihg in t
zygote, the exact DNA repair pathways and proteins that were affeatedimierown.
In recent years, the development of knockout mice for specific DNA repairrmotei
(Friedberg & Meira, 2006) provides a valuable tool for investigating how Bddihs
are recognized by the egg, and how the DNA repair capacity of the éslégy affects
the amount of DNA damage that is converted into chromosomal aberrations in the
zygote. We recently used this approach to investigate how disruption of specific DNA
repair pathways in the zygote affected the repair of DNA lesions inttileziieg
sperm. We focused on DSB repair pathways because the majority of chromosomal
aberrations that are detected at zygotic metaphase are of the chronigseme-,
affecting both sister chromatids, regardless of the paternal mutagemdsies a
mechanism of action (Marchetti & Wyrobek, 2005). This strongly suggests tigst DS
are an obligatory step in the processing of sperm lesions into chromosomaiiaerr
DSBs can be repaired via two mechanistically distinct pathways: non-
homologous end joining (NHEJ), in which broken ends are rejoined directly with
minimal requirement for homology (Lieber et al., 2003; Valerie & Povirk, 2003), and
homologous recombination (HR), in which a sister duplex provides information to
repair the damaged duplex (West, 2003; Wyman & Kanaar, 2006). The NHEJ pathway
involves the DNA-PK (DNA protein kinase) complex which is composed of the
Ku70/Ku86 DNA end-binding heterodimer and the catalytic subunit DNA-Pkcs (Smith
& Jackson, 1999). The HR pathway involves the RAD52 epistasis group including
RAD54 (Valerie & Povirk ,2003), which interacts with RAD51 and is required for DSB
repair (Essers et al., 1997; Dronkert et al., 2000). Disruption of either DSB repair
pathway in somatic cells confers increased radiation sensitivity (vaneGaint 2001).
We found that disruption of NHEJ through abrogation of DNA-PK catalytic subunit,
resulted in a doubling of the frequencies of zygotes with chromosomal aberratgons af
in vivo irradiation of male mice with respect to controls. Disruption of HR through
abrogation of Rad54, resulted in a 5-fold increase in the frequencies of zygbtes wit
chromatid-type aberrations with respect to controls (Marchetti et al., 2Z0059e
findings were later confirmed in another laboratory (Derijck et al., 2008). Thésera
also showed: (i) a direct correlation betweei2 AX foci in the forming male



pronucleus and the levels of chromosomal aberrations at zygotic metaphase; and (ii)
increased levels of chromosomal aberrations in both paternal and maternal
chromosomes when zygotes deficient in HR were treated in S-phase with 4-
nitroquinoline 1-oxide, an agent that partially mimics damage induced by UV.

These findings unequivocally show that DNA DSB repair in the zygote is
occurring throughout the entire first cell cycle after fertilizatiod that inefficient
zygotic DNA repair increases the risk of inherited chromosomal aberrafiens
chromosomal aberrations at first metaphase are directly associttatewvisk of
spontaneous abortion or offspring with chromosomal abnormalities (Marchetti and
Wyrobek, 2005; Marchetti et al., 2007), these results show that inefficient DNk repa
during the first few hours after fertilization can have profound effects on thé loéal
the offspring.

GERM CELL-INDUCED GENOMIC INSTABILITY

In the previous section, we described the immediate effects induced during the
first cell cycle of development after exposure to ionizing radiation. Evidence
accumulating that exposure to ionizing radiation, and other germ cell mutagens, can
induce delayed effects (Figure 1). In recent years, a series of stadeesuggested that
DNA damage in germ cells can mediate postfertilization processes thab l@ad
increased risk for genomic instability in the progeny (see below). A kyréeof
genomic instability is the delayed induction of genomic changes in the descearfdants
exposed cells (Niwa, 2003). Genomic methods, such as the expanded simple tandem
repeats (ESTR) assay (Dubrova et al., 2002; Yauk et al., 2002; Dubrova, 2005; Bouffler
et al., 2006), have shown that paternal exposures to chemical mutagens (Vilafdino-Gue
et al., 2003; Glen et al., 2008), ionizing radiation (Niwa & Kominami, 2001; Dubrova,
2005) and particulate air pollution (Somers et al., 2002; Yauk et al., 2008) not only
increase mutation frequencies in sperm, but more importantly, induced persistent
genomic instability in the F1 and F2 offspring of exposed mice (Dubrova et al., 1998;
Dubrova et al., 2000; Barber et al., 2002; Hatch et al., 2007; Dubrova et al., 2008). In
addition, the introduction of DNA damage by irradiated sperm triggers genomic
instability that can induce mutations in the unirradiated maternal genome (Niwa &
Kominami, 2001). These resultsggest that the mechanisms contributing to
transgenerational genomic instability most likely involve epigenetic mecharms
error-prone DNA repair processes in the embryo.

As for chromosomal aberrations, maternal DNA repair efficiency caataffe
genomic instability and mutation frequencies in the offspring. Radiation-idduce
transgenerational instability varies among mouse strains (Barber2QGf), and Hatch
et al. (2007) demonstrated that ESTR mutation frequencies in the offspring aftedadi
males that were mated with Scid females were lower than those in the oftspring
irradiated males mated to normal females. However, as the studies wikokhoc
females demonstrated that Scid females are deficient in the ability toD&is in the
paternal genome (Marchetti et al., 2007; Derijck et al., 2008), this is mostdikely
indirect effect due to the elimination of embryos with unrepaired or misegpiNA
damage that prevents the manifestation of genonic instability in the offsprin
Nevertheless, it is clear that DNA repair in the zygote is important for bettepair of



the initial radiation-induced DNA lesions and the prevention of delayed genomic
instability.

Induced genomic instability can contribute to oncogenic mutations in somatic
cells and malignant transformation (Little, 2000). Therefore, radiatiorcetidelayed
transgenerational instability may have important health consequencesathbecome
apparent in later generations after the original expoSiearly, understanding the
DNA repair capacity of the zygote and the mechanisms that contribute to
transgenerational genomic instability are areas that will requindisant attention in
the future

CONCLUSIONS
There has been significant progress toward understanding the role of DNA
repair during the perifertilization period in modulating the amount of transmitte
damage and the consequences for the genetic integrity and health of thegfidpe
available evidence shows that:
(1) decline in DNA repair during spermiogenesis results in the accumuation of
DNA lesions that are transmitted to the egg at fertilization;
(2) fertilization with sperm with damaged DNA activates the egg’s damage
response that occurs immediately after fertilization;
(3) maternal and paternal pronuclei “talk” to each other as they move in a
coordinated fashion through the first cell cycle of development;
(4) disruption of maternal DNA repair significantly increases sperm-dgrive
chromosomal damage;
(5) germ cell DNA damage induces genomic instability during embryonic
development and untargeted effects in the progeny.
The results presented in this review suggest that DNA repair processes during
the early phases of mammalian embryonic development can have far reaching
consequences for genomic stability and the health of future generations.
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Figure1l: Exposures to ionizing radiation and other germ cell mutagens lead to both
immediate and delayed genomic damage in the offspring. The amount of
DNA damage that is transmitted to the zygote is dependent on the DNA
repair capacity of the exposed germ cell stage. As DNA repair capacity
declines during spermatogenesis, DNA lesions can accumulate unrepaired in
the maturing sperm. The extent of de novo genomic damage that is
transmitted to the offspring is dependent upon the maternal genotype and its
ability to repair the damage.
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