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General Introduction

Germ line formation and sex determination

In all sexually reproducing animals, germ line cells develop into gametes which have
the unique capability to transmit genetic information from one generation to the next.
During meiosis, developing germ cells exchange parental DNA in a process called
recombination. This generates unique gametes and finally results in unique offspring.
The process of sperm and egg formation has been extensively studied in a variety of
species.

In animal species ranging from worms (C. elegans) and flies (Drosophila) to
frogs (Xenopus), the origin of the germ cell lineage requires the presence of germ
plasm containing cytoplasmic determinants in the unfertilized egg or in distinct cells
very early in embryogenesis (reviewed in Wylie, 1999). In contrast, in mammals, no
germ plasm has been observed, and it is thought that the germ cell lineage is induced
by intra-embryonic signaling, midway through gastrulation (reviewed in Matsui and
Okamura, 2005).

At day 6 of embryonic development (E6) in the mouse, signals coming form the
extraembryonic ectoderm predispose cells in the proximal layer of the epiblast towards
a germ-line fate. Once formed, a cluster of primordial germ cell (PGC) precursors
moves towards the primitive streak and up into the extraembryonic region. PGCs
continue to proliferate and divide every 16 hr, and most of them have reached the
primitive gonadal structures at E11. During this migration, the PGCs have proliferated
from an initial population of 10-100 cells to 2500-5000 cells present in the still bipotential
gonads at E12 (Molyneaux et al., 2001). Depending on the chromosomal sex of the
embryo, the mouse embryonic gonad either develops into a testis or an ovary. A
single gene on the Y chromosome, Sry, initiates a cascade of molecular and cellular
events leading to testis morphogenesis. In the absence of a functional Sry protein,
an ovary will be formed. In male mice, testis cords can be identified at E12.5. Ovary
formation can be morphologically recognized at E14.5.

Because the project | worked on during my PhD training dealt with the male part
of reproduction, | will focus on processes regarding spermatogenesis.

Structure of the testis

The mammalian testis consists of two major compartments: the testis tubules and
the interstitial compartment. The interstitial tissue in between the testis tubules
contains blood and lymphatic vessels, which do not penetrate the basal lamina of the
testis tubules. The interstitium also contains Leydig cells, which are responsible for
testicular steroidogenesis. A single cell layer of myoid cells is found outside the basal
lamina, surrounding the testis tubules. Myoid cells are smooth muscle-like cells that
can cause contractions of the testis tubule, contributing to movement of mature sperm
to the rete testis. Within the testis tubules, Sertoli cells and developing germ cells are
closely associated with each other in the spermatogenic epithelium. The Sertoli cell is
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the only somatic cell type within the testis tubule. It has a very extended cytoplasm,
reaching from the basal lamina of the tubule to the lumen. Without the physical and
metabolic support of Sertoli cells, spermatogenesis would not occur. The number
of Sertoli cells determines the number of germ cells that can be supported through
spermatogenesis, and hence testis size (Sharpe, 1993). Tight junctional complexes in
between neighbouring Sertoli cells form the so-called Sertoli cell barrier or blood-testis
barrier, leading to formation of basal and adluminal tubule compartments (Dym and
Fawcett, 1970). The tight junctional complexes regulate passage of large molecules
between the basal compartment and the adluminal compartment. Spermatogonia
reside on the basal lamina in the basal compartment of the testis tubule. In early
prophase of meiosis, the preleptotene spermatocytes are released from the basal
lamina and start migrating across the Sertoli cell barrier, moving towards the adluminal
compartment. Further development of spermatocytes and spermatids occurs in
the adluminal compartment, more towards the lumen of the tubule. All developing
germ cell types are in direct contact with the supporting Sertoli cells. At the end of
spermatogenesis, spermatozoa are released from Sertoli cells into the lumen, in a
process called spermiation, and are transported to the epididymis.

Spermatogenesis
Once the PGCs have arrived at the genital ridge, they become enclosed in testis
cords. At this stage, PGCs are not fixed near the basal lamina, and they become
so-called gonocytes which cease dividing (Vergouwen et al., 1993). Following birth,
gonocytes migrate to the basal lamina of the testis tubule and differentiate into
spermatogonial stem cells (SSCs). Spermatogenesis starts as these stem cells divide
and differentiate. Spermatogenesis can be divided into three different phases: the
mitotic spermatogonial proliferation phase, the meiotic phase, and the post-meiotic
phase of spermatid differentiation, named spermiogenesis. The period necessary for
development of SSCs to mature spermatozoa is strictly controlled but differs between
species. For instance, it takes 64 days in man, 52 days in rat, and 35 days in mouse.

In mouse, the proliferative phase starts with the undifferentiated spermatogonia.
The SSCs or A, (A,,,.) spermatogonia are single cells that either renew themselves
via self-renewal divisions or divide into a pair, the A paired spermatogonia (Apr).
From then on, the germ cells consist of clones of interconnected cells by intercellular
cytoplasmic bridges. The Apr spermatogonia develop further into four A_ spermatogonia.
Subsequent divisions lead to chains of 8 or 16 cells. The A spermatogonia go through
a differentiation step and become A, spermatogonia that further divide and differentiate
into A,, A,, A,, intermediate (In) and finally B spermatogonia which undergo the last
mitotic division to form preleptotene spermatocytes, which signifies the transition to
the prophase of meiosis.

Through meiosis in mammalian spermatogenesis, one primary spermatocyte
gives rise to four haploid spermatids, which differentiate to become mature
spermatozoa. Meiosis starts with primary spermatocytes in preleptotene, in which the
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final DNA replication takes place before the cells proceed with meiotic prophase. After
this S phase, the primary spermatocytes contain twice the diploid DNA content (2n, 4C
DNA). Following preleptotene, the meiotic prophase consists of five successive stages:
leptotene, zygotene, pachytene, diplotene and diakinesis. In leptotene, condensation
of chromosomes results in their appearance as long single filamentous strands,
which are attached at both ends to the nuclear membrane by attachment plaques.
Zygotene stage starts as soon as synapsis between homologous chromosomes is
initiated. When synapsis is completed, the long pachytene stage starts, which takes
some 1.5 weeks in mouse. During this stage, recombination between maternally and
paternally derived homologous chromosomes occurs, whereas the heterologous
XY chromosome pair can recombine only in the short pseudo-autosomal regions.
Concomitantly, pachytene spermatocytes increase in size. Diplotene begins when the
chromosomes start to separate but remain joined at the chiasmata, representing the
sites where homologous recombination has occurred. In diakinesis, chromosomes
condense and detach from the nuclear membrane, and subsequently the primary
spermatocytes go through the first meiotic division resulting in two haploid secondary
spermatocytes (1n, 2C DNA). Meiotic division Il quickly follows and gives rise to
haploid round spermatids (1n, 1C DNA).

The round spermatids start spermiogenesis, which involves an elongation and
nuclear condensation process, and development of specific cellular structures, to
become spermatozoa. A dramatic change in chromatin structure, nuclear shaping, and
condensation occurs during spermiogenesis, generating a tightly packaged haploid
genome in the nucleus of the sperm cell. When nuclear elongation and condensation
proceeds, transcription ceases, and the histones are removed and replaced by
transition proteins, which subsequently are replaced by protamines (Oliva and Dixon,
1991). Finally, spermatozoa leave the testis epithelium after release from Sertoli cells
followed by transport through the tubule lumen.

Stages of the spermatogenic cycle

Germ cells in the testis tubule show a highly organized development, both spatial
and temporal. Spermatogonia and preleptotene spermatocytes are located closest to
the basal lamina. More inwards, pachytene spermatocytes form the next concentric
layer in the tubule. This layer is followed by the round spermatids. The elongating and
condensing spermatids are less clearly layered in the testis tubule. Their position in
the Sertoli cell crypts is dynamic, and these cells can also be found in clusters at the
position of the spermatocyte layer.

In a cross-sectioned testis tubule of a given mammalian species, a specific
combination of germ cell types is found. For example, one cross section may show:
A, spermatogonia, preleptotene spermatocytes, mid-pachytene spermatocytes,
and spermatids at developmental steps 7 and 16 (Russell et al., 1990). Such a cell
association represents a stage of the spermatogenic cycle. This cycle is a dynamic
temporal sequence of subsequent stages, showing defined cell associations. At a
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given site in the tubule, subsequent stages of the cycle will develop in time. Since
different tubule sites are engaged in the cycle in an asynchronous manner, different
tubule cross sections of fixed testis tissue will show different stages of the cycle. The
incidence of these stages reflects the duration of the different stages.

The stages were first defined by Leblond and Clermont (Leblond and Clermont,
1952a; Leblond and Clermont, 1952b) who utilized the periodic acid Schiff (PAS)
reaction to stain the acrosome of spermatids and, on the basis of this structure,
divided spermatogenesis in the rat into 14 (I-XIV) stages. Oakberg (Oakberg, 1956a;
Oakberg, 1956b) used the same technique for mice and identified 12 (I-XII) stages.
In the human testis, Clermont (Clermont, 1963) identified 6 (I-VI) stages. Identifying
spermatogenic cycle stages in human proved to be more difficult than in rodents,
because the human stages appeared to be organized in a helical pattern, so that
multiple stages can be observed in one tubular cross-section of the human testis.

Organization of spermatogonia in the testis tubule

In mice, one spermatogenic cycle can be divided in 12 (I-XIl) stages. In general,
these stages are present in a successive order along the length of the tubule. The
A, Apr, and A spermatogonia seem to be randomly spread throughout the cycle (De
Rooij and Janssen, 1987; De Rooij and Lok, 1987). Within a stage, the more primitive
spermatogonial subtypes do not always show randomly distributed positions, i.e. A,
Apr, and A, at stage VI are found at the area of the tubule adjoining larger interstitial
space areas, and remain there until stage Ill of the next cycle. Divisions of these
spermatogonia result in a uniform spread of the more advanced spermatogonial cell
types (Chiarini-Garcia et al., 2001). However, from stage X onwards, more and more
A, spermatogonia are formed. At about stages II-lll, A  spermatogonia are arrested
in the G1-GO phase until stages VII-VIIl, when almost all A spermatogonia and
occasionally A_and Apr cells differentiate into A, spermatogonia. All divisions after
A, spermatogonia formation occur at defined stages of the spermatogenic cycle (de
Rooij, 1998). A, spermatogonia are found at stages IX-XI, A, cells at stages XI-I,
A, cells at stages I-lll, In spermatogonia at stages II-V, and finally B spermatogonia
are present at stages IV-VI. At the end of stage VI, B spermatogonia, which are
still located in the basal compartment of the tubule, divide to become preleptotene
spermatocytes, which enter meiotic prophase. There appears to be a possible surplus
of A,- A, spermatogonia which undergo apoptosis (De Rooij and Janssen, 1987; De
Rooij and Lok, 1987). The meiotic prophase starts with a carefully determined number
of cells, probably adapted to the availability of space provided by the Sertoli cells.

DNA repair mechanisms

Repair of DNA damage is an essential molecular process in all organisms. All
information required for proper development, growth and maintenance is present in
the genome. Endogenous and exogenous DNA damaging agents form a continuous
threat for the genome. In the cell, any loss of genetic information as a result of DNA
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damage may lead to a number of problems such as improper protein functioning,
chromosomal instability, and cell death. Especially during gametogenesis, DNA
repair is very important to allow faithful transmission of genetic information to the
next generation. Because of the importance of genome integrity, it is not surprising
that cells use a wide variety of DNA repair mechanisms to repair different types of
damage.

The initial step of DNA damage repair is lesion recognition. Subsequently, a
pathway determined by the nature of the lesion, which may also be cell type and cell
cycle phase dependent, processes the lesion. DNA lesions may affect one or both
strands of the DNA double helix. In case only one strand is damaged, the undamaged
strand can be used as a template for repair. Nucleotide excision repair (NER), base
excision repair (BER), and mismatch repair (MMR) pathways are utilized for repair of
damage affecting one strand. DNA double strand breaks (DSBs) can be repaired by
non-homologous end joining (NHEJ) or homologous recombination (HR). In addition,
during DNA replication in S phase, cells may use a mechanism named replicative
damage bypass (RDB) to bypass DNA damage that is encountered by the replication
machinery.

In the next sections, several DNA repair pathways will be discussed, starting
briefly with BER, NER, and MMR. Each pathway is discussed first with regard to
mechanistic aspects, followed by discussion of the involvement of DNA repair
proteins in gametogenesis, and a brief description of known human disorders linked
to mutations in genes encoding some of these proteins.

Subsequently, DNA repair pathways directly related to the research described in
this thesis -RDB and DSB repair- will be discussed more extensively. Finally, | will focus
on RDB and DSB repair proteins that function in meiotic homologous recombination
and other chromatin associated processes during the male meiotic prophase. The
association between RDB and DSB pathways and spermatogenesis is schematically
outlined in Figure 1. It needs to be emphasized that many of the actions of DNA repair
proteins in gametogenesis may concern actions not directly related to DNA repair.
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Introduction

Figure 1 (previous page). DNA repair proteins in the context of spermatogenesis.

Spermatogenesis can be divided in subsequent mitotic, meiotic, and post-meiotic phases. Spermatogonia
(blue cytoplasm) divide and differentiate. Within these cells, different DNA repair mechanisms are operative
to maintain genome integrity. For the work described in this thesis, two pathways are of special relevance.
First, homologous recombination (HR) repair is involved in repair of double strand DNA breaks. Rad51 and
Rad54 are two key proteins acting in this process. Second, replicative damage bypass (RDB) is important to
allow DNA replication to continue in the presence of DNA damage (red triangle). The ubiquitin-conjugating
enzyme Hr6b and the ubiquitin ligase Rad18%¢initiate a cascade of events that allows replication to continue in
the presence of DNA damage. During meiotic prophase, homologous chromosomes pair and recombine. In
pachytene spermatocytes (green cytoplasm) the synaptonemal complex (blue lines) connects homologous
chromosomes. The heterologous X and Y chromosomes (XY) can pair only in pseudoautosomal regions,
are transcriptionally silent, and form the XY body (green shaded area). Recombination nodules (yellow
dots) represent the sites of meiotic homologous recombination (Meiotic HR) that generate the crossing-
overs. This process requires the action of proteins involved in homologous recombination repair. Loss of
Hr6éb results in an increased number of crossing-overs. In addition, together with Rad18%¢, Hr6b may also
play a role in regulation of chromatin structure of unpaired chromosomal regions. Hr6b and Rad18%° may
also be required for certain aspects of chromatin structure regulation during spermiogenesis. During post-
meiotic differentiation of spermatids (orange cytoplasm), the nucleus is reorganized to allow formation of a
compact sperm head. Histone-containing nucleosomes (yellow beads) are removed from the DNA (blue)
and a more compact DNA structure is achieved through association of the DNA with protamines (orange).
The functions of Hréb and Rad18%¢ during meiotic and post-meiotic germ cell development may not be
related to RDB.

Base excision repair

BER maintains genomic integrity by correcting DNA base damages, and it is one of the
most active DNA repair processes (reviewed in (Dianov et al., 2003; Dizdaroglu, 2003;
Fortini et al., 2003; Gros et al., 2003; Slupphaug et al., 2003). Base damages occur
frequently as a result of reactions with reactive oxygen species that are generated
during normal cellular metabolism. In addition, spontaneous deamintaion or alkylating
agents may cause base damages. Base loss is common in cellular DNA, as a result
from spontaneous degradation that occurs at a rate of several thousands events per
cell per day, and this may also trigger activation of BER.

Various glycosylases recognize specific types of damage and initiate BER.
Subsequently, the glycosylase cleaves and removes the aberrant base from the DNA,
resulting in an apurinic/apyrimidinic (AP) site. Incision by an AP-endonuclease or AP-
lyase adjacent to the AP site opens the deoxyribose-phosphate backbone and the
deoxyribose sugar is removed, generating a single-strand break (SSB). Subsequently,
one base pair (short-patch BER) or 2-10 nucleotides (long-patch BER) are replaced.
Short-patch BER is characterized by the addition of one nucleotide by DNA polymerase
B. Sealing is performed by the DNA ligase I11/Xrcc1 complex or by DNA ligase I. Long-
patch BER involves the incorporation of several nucleotides by either polymerase 3 or
by polymerases d/e. The displacement of the 2-10 nucleotides requires the action of
flap-endonuclease (FEN1) and finally DNA ligase | seals the ends.

Transcripts of genes that function in BER are consistently found at high levels
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in testis (Alcivar et al., 1992; Chen et al., 1995; Engelward et al., 1993; Hirose et al.,
1989; Mackey et al., 1997; Walter et al., 1994; Walter et al., 1996; Wilson et al., 1996;
Zhou and Walter, 1995). Also, activities of several glycosylases and AP-endonuclease
| were detected in mouse, rat and human germ cell extracts (Intano et al., 2001;
Olsen et al., 2001). This suggests that BER plays an important role in maintaining the
integrity of the germline genome during spermatogenesis. In addition, mixed germ
cell nuclear extracts exhibited an age-related decrease in base excision repair activity
(Intano et al., 2002) and an associated increase in mutation frequencies (Cabelof et
al., 2002; Walter et al., 1998). A paternal age effect on de novo mutations associated
with certain autosomal dominant disorders has long been recognized in humans, and
these findings suggest that an age-dependent decrease in BER activity may explain
this paternal age dependent mutation increase.

So far, no degenerative diseases have been associated with BER defects. In
accordance with the importance of BER, it is likely that many BER defects are not
compatible with life. However, limited accumulation of data indicates that BER defects
may play a role in colorectal and lung cancer (reviewed in Frosina, 2004).

Nucleotide excision repair
The NER pathway repairs a wide variety of helix-distorting lesions that may obstruct
replication and transcription (recent reviews (Costa et al., 2003; Dip et al., 2004; van
Hoffen et al., 2003). These lesions include cyclobutane pyrimidine dimers (CPDs) and
pyrimidine 6-4 pyrimidone photoproducts (6-4PPs), which are induced by UV-light.
There are two NER subpathways: transcription-coupled NER (TC-NER) and global
genome NER (GG-NER). TC-NER repairs damage on the DNA strand that is being
transcribed by RNA polymerases and GG-NER surveys the entire genome for lesions.
The two pathways differ in the damage-recognition step.

The first step in TC-NER involves recognition of the block of RNA polymerase
Il by a DNA lesion. Cockayne syndrome group A (CSA) and B (CSB) proteins are
involved in this first step and may function to facilitate recruitment of repair factors and
make the lesions accessible by displacing the stalled polymerase. In GG-NER, a XPC
and Hr23 (Homolog of yeast RAD23) complex binds specifically to damaged sites.
Mammals contain two Rad23 homologs, Hr23a and Hr23b. Both proteins have four
well-defined functional domains including an N-terminal ubiquitin-like (UbL) domain,
the XPC-binding domain, and two ubiquitin-associated domains (Hiyama et al., 1999;
Masutani et al., 1997). The XPC protein exists in vivo as a heterotrimeric complex
with HR23A or HR23B and centrin2, the latter has been shown to play an important
role in centrosome duplication. (Araki et al., 2001; Batty et al., 2000; Masutani et al.,
1994). Hr23a and Hr23b proteins stabilize the Xpc protein by protecting it from 26S
proteasome-dependent protein degradation (Clarke et al., 2001; Raasi and Pickart,
2003; Ngetal., 2003). This complex binds to various NER-type lesions in vitro, including
UV-induced 6-4PP (Batty et al., 2000; Sugasawa et al., 2001). However, biochemical
studies revealed that the XPC complex is a structure-specific DNA binding factor that
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appears to recognize a certain secondary structure of DNA rather than the lesions
themselves (Sugasawa et al., 2002).

The subsequent steps of GG-NER and TC-NER are identical. After damage-
recognition, the basal transcription factor IIH (TFIIH) complex, containing the two
helicases Xpd and Xpb, unwind the DNA helix around the lesion. Xpa and replication
protein A (Rpa) play a role in verifying damage and stabilization of the open DNA helix.
Xpa and Rpa are also required for the correct orientation of the Xpg and Ercc1-Xpf
endonucleases responsible for the DNA incisions around the lesion. After removal of
the damaged strand, DNA polymerases 6 and ¢ carry out DNA synthesis. Finally, the
newly synthesized DNA is sealed, most likely by DNA ligase |.

At least four genes that are specifically involved in NER are expressed at high
levels in testis: Xpb (Weeda et al., 1991), Xpc (Li et al., 1996), Hr23a and Hr23b (van
der Spek et al., 1996). In addition, NER activity has been demonstrated in mouse
spermatogenesis (van der Spek et al., 1996). Spermatogenesis is unaffected in Xpa
(de Vries et al., 1995; Nakane et al., 1995) and Xpc (Sands et al., 1995) knockout
mice, and XP patients are also fertile (Kraemer, 1993). However, male and female
Ercc1 deficient mice are infertile (Hsia et al., 2003). Although Ercc1 is also required
for homologous recombination repair (Motycka et al., 2004; Niedernhofer et al., 2004;
Sargent et al., 2000), it was found that it is not essential for meiotic crossing-over in
mouse gametogenesis (Hsia et al., 2003). Infertility of Ercc1 knockout mice may be a
consequence of accumulation of DNA damage, which can be explained by a general
requirement for Ercc1 to repair DNA damage in all dividing cells (Hsia et al., 2003).
Hr23b deficient mice show male infertility and female subfertility (Ng et al., 2002).
However, the severe phenotype of Hr23b mutant mice demonstrates that the protein
is essential for normal development of the mouse and implies an additional function
besides its role in GG-NER.

Defects in NER in humans are associated with xeroderma pigmentosum (XP),
Cockayne syndrome (CS) and trichothiodystrophy (TTD) syndromes (reviewed in
(de Boer and Hoeijmakers, 2000; Friedberg, 2001; Lehmann, 2003). XP patients are
extremely sensitive to UV-light and have a predisposition to skin cancer. CS and TTD
patients are clinically heterogeneous. They exhibit neurodevelopmental abnormalities
and are in many cases photosensitive.

Mismatch repair

Mismatch repair (MMR) removes all mismatched nucleotides (up to 12 insertion/
deletion mismatches) that are incorporated by the DNA polymerases during replication
and that escaped their proofreading activity (recent reviews: Aquilina and Bignami,
2001; Stojic et al., 2004). In contrast to BER and NER, which remove damaged or
modified bases, MMR removes undamaged mismatched nucleotides. Therefore, this
pathway requires a mechanism that can distinguish between the DNA strand that
carries the correct genetic information and the DNA strand with the error. It is not yet
understood how strand discrimination occurs, but likely it involves PCNA, a protein
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that functions as a sliding clamp along DNA and holds DNA polymerase during DNA
replication. In mammals, one to two base mismatches are bound by a heterodimer of
Msh2 and Msh6 proteins. In addition, Msh2 and Msh3 heterodimers can bind small
insertion/deletion loops.

In a subsequent step, an additional heterodimer is recruited. This heterodimer
consists of MIh1-Pms2 or MIh1-MlIh3, and these coordinate multiple steps in MMR.
The mechanism of mismatch excision depends on the context of the mismatch; it may
initiate at a nick or at a gap, and has bi-directional capacity. The exonuclease Exo1
is required for mismatch-dependent excision, and the enzyme degrades a stretch
of several hundred nucleotides. In addition, Msh2-Msh6, MIh1-Pms2, the PCNA
clamp, the RFC clamp-loader complex, and ssDNA-binding protein RPA all participate
in mismatch excision. Upon excision, the DNA is resynthesised by the replication
machinery and nick ligation completes MMR.

MMR proteins also play important roles in mitotically dividing early germ cells.
In addition, several MMR proteins have essential functions in meiosis (reviewed in
Kolas and Cohen, 2004; Svetlanov and Cohen, 2004). In mice, targeted deletion
of MIh1 results in male and female infertility, due to a meiotic arrest (Baker et al.,
1996; Edelmann et al., 1996). A similar phenotype is observed in MIh3 deficient mice
(Lipkin et al., 2002; Lipkin et al., 2000). Surprisingly, Pms2 deletion results in male
infertility, but female Pms2 knockout mice retain their fertility (Baker et al., 1995). In
accordance with their participation in MMR, MIh1 and Pms2 knockout mice reveal
genomic instability. In contrast, MIh3 deficient mice and cells show no abnormalities,
which demonstrates that MIh3 is not absolutely required for mismatch repair in somatic
cells (Lipkin et al., 2002). Exo1” cells are defective in MMR, resulting in elevated
microsatelite instability and increased mutation rates. In addition, Exo” mice are
sterile due to post-pachytene defects during prophase | (Svetlanov and Cohen, 2004).
The specific role of MMR proteins in meiosis is apparent from the existence of two
meiosis-specific MMR proteins: Msh4 and Msh5 (Hollingsworth et al., 1995; Paquis-
Flucklinger et al., 1997; Ross-Macdonald and Roeder, 1994; Winand et al., 1998).
Both Msh4 and Msh5 knockout mice are infertile due to meiotic arrest at zygotene (de
Vries et al., 1999; Edelmann et al., 1999; Kneitz et al., 2000).

Germline mutations in human MMR genes MLH1, MSH2, MSH6 and PMS2
cause Lynch syndrome, an autosomal dominant disease (Lynch and Krush, 1971;
Umar et al., 2004), also named hereditary-non-polyposis colorectal cancer (HNPCC).
This syndrome involves predisposition to cancers of at least nine organs including
colorectal and endometrial cancer (Lynch et al., 1977).

Replicative damage bypass

In normal eukaryotic cells, DNA base damages and lesions are efficiently repaired
by NER and BER. However, these repair processes may be slow and incomplete
(Mitchell and Nairn, 1989). In such a situation, the DNA replication machinery may
encounter an unrepaired lesion during S phase of the cell cycle, which stalls the DNA
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polymerase, and leads to a block of replication fork progression. Replication fork
arrest interferes with cell cycle progression, which may cause cell death. Replicative
damage bypass (RDB), also known as post-replication repair (PRR), can counteract
this situation. Specialized polymerases allow DNA replication to proceed when the
replication machinery encounters a lesion, without removal of the damage on the
template strand. In eukaryotes, this lesion bypass can be achieved by either translesion
synthesis (TLS) or damage avoidance (DA), the two sub-pathways of RDB (reviewed
in Baynton and Fuchs, 2000; Broomfield et al., 2001; Laan et al., 2005).

In the yeast Saccharomyces cerevisiae, genes belonging to the so-called RAD6
epistasis group are involved in the RDB pathway. RAD6 (an ubiquitin-conjugating
enzyme) and RAD18 (an ubiquitin-ligating enzyme) are key proteins in TLS and DA.
Conjugation of a 76 amino acid ubiquitin moiety to the protein substrate involves a
three-step enzymatic process. First, the C-terminus of ubiquitin is activated in an ATP-
dependent step and subsequently covalently linked to a cysteine on the ubiquitin-
activating enzyme (E1). In the second step, activated ubiquitin is transferred to an
ubiquitin-conjugating enzyme (E2). The E2 enzyme transfers the activated ubiquitin
either directly to lysine residue of the substrate bound to a ubiquitin-ligase (E3) or
indirectly via the E3 enzyme to the substrate. The E3 enzyme determines substrate
specificity of the final protein ubiquitination step. In most organisms, a single E1
enzyme activates ubiquitin for many E2 enzymes. These E2 enzymes subsequently
act on a whole range of E3 enzymes (ubiquitin system reviewed in (Glickman and
Ciechanover, 2002; Pickart, 2004). The human genome encodes 49 E2 enzymes and
391 E3 proteins (Wong et al., 2003). Modification of proteins with lysine-48-linked
ubiquitin chains targets proteins to the 26S proteasome for degradation. Mono- and
poly-ubiquitination (lysine-63-linked) may modify protein functions (Glickman and
Ciechanover, 2002; Pickart, 2004).

RADG6 and RAD18 interact with each other, and protein ubiquitination by this
complex most likely initiates RDB. Both rad6 and rad18 mutants show sensitivity to
various DNA-damaging agents including UV and methyl methanesulfonate (MMS),
and a defect in RDB (Cox and Parry, 1968; di Caprio and Cox, 1981; Prakash, 1981).
In contrast to RAD18, which in yeast is only required for RDB, RADG is also necessary
for protein degradation (Dohmen et al., 1991), telomere silencing (Huang et al., 1997)
and sporulation (Morrison et al., 1988).

In mammals, two homologues of RAD6 have been identified, Hréa and Hr6b
(Koken et al., 1991) and one for RAD18, Rad18%¢ (Tateishi et al., 2000; van der Laan
et al., 2000; Xin et al., 2000). Hr6a and Hr6b single knockout mice are vital and do
not show any defects in RDB, which may be explained by functional redundancy of
the proteins that show 96% amino acid sequence identity (Roest et al., 2004; Roest
et al., 1996). The fact that Hr6a/b proteins are important proteins in mammalian cells
is demonstrated by the early embryonic lethality of the double-knockout mice (Roest
et al., 2004).

Mouse Rad18% deficient ES cells, show hypersensitivity to multiple DNA
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damaging agents and a defect in RDB. In addition, these Rad18% deficient cells
display elevated levels of homologous as well as illegitimate recombination (Tateishi
et al., 2003). Like in yeast, human RAD18 interacts with human HR6A and HR6B,
when co-expressed in yeast cells or mammalian cells (Tateishi et al., 2000; Xin et al.,
2000). Human cells, ectopically expressing a mutant form of human RAD18 that is no
longer capable of interaction with HR6A/B are sensitive to UV-light, MMC and MMS,
similar to the phenotype of Rad18% deficient ES cells (Tateishi et al., 2000). These
data demonstrate the importance of direct Hr6a/b-Rad18%¢ interaction in RDB.

In yeast and mouse, PCNA has been identified as a target for RAD6-RAD18
ubiquitination (Hoege et al., 2002; Watanabe et al., 2004). PCNAis loaded onto the DNA
at a primer terminus and is required for replication by eukaryotic DNA polymerases.
The ring-like PCNA homotrimer encloses double-stranded DNA and slides across it.
Not bound to DNA, PCNA promotes localization of replication factors with a consensus
PCNA-binding domain to replication factories. When bound to DNA, PCNA organizes
various proteins involved in DNA replication, DNA repair, DNA modification, and
chromatin modeling (PCNA reviewed in Majka and Burgers, 2004). In yeast, DNA
damage triggers PCNA ubiquitination, which is RAD6 and RAD18 dependent (Hoege
et al., 2002). PCNA can be mono- or poly-ubiquitinated, and each modification triggers
different downstream events. Mono-ubiquitination of PCNA stimulates the TLS sub-
pathway of RDB (Stelter and Ulrich, 2003). UBC13—-MMS2 and RAD5 are required
to attach additional ubiquitin moieties to mono-ubiquitinated PCNA, thereby forming
a lysine-63-linked poly-ubiquitin chain (Hoege et al., 2002). This poly-ubiquitination
of PCNA is a signal for the damage-avoidance sub-pathway of RDB (Hoege et al.,
2002). Mono-ubiquitination of PCNA in HelLa cells has been detected in response to
treatment with the DNA cross-linking agent mitomycin C (Hoege et al., 2002).

Translesion synthesis

In order to bypass a replication block, eukaryotic cells use special TLS DNA
polymerases, which synthesize DNA with much higher error rates than replicative
DNA polymerases but are able to replicate through DNA lesions. In higher eukaryotes,
at least five TLS polymerases are involved, poln, poli, polk, REV1 and poll. TLS is
mediated by the action of two different polymerases. One of the polymerases inserts
the nucleotide opposite the lesion, and the other performs the subsequent extension
from the inserted nucleotide.

Poln

Poln is able to replicate past CPDs induced by UV-light (Masutani et al., 2000). The
following sequence of events has been proposed upon damage (Kannouche et al.,
2004; Lehmann, 2005; Watanabe et al., 2004): UV-light induces CPDs that, when
encountered by the replication machinery leads to a block. This activates Rad6 and
Rad18. Rad18 binds single-stranded DNA that is probably exposed at the site of the
fork blockage (Bailly et al., 1997). Together with Rad6, Rad18 mono-ubiquitinates
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PCNA (Hoege et al., 2002; Kannouche et al., 2004; Watanabe et al., 2004). Mono-
ubiquitinated PCNA and Rad18 guide poln to the site of stalled replication (Kannouche
et al., 2004; Watanabe et al., 2004). Due to the increased affinity of poln to this site,
pold is replaced and poln now replicates past the CPD lesion (Masutani et al., 2000).
After the damage has been by-passed, pols takes over again.

Poln is distributed uniformly throughout the nucleus during the cell cycle and
accumulates in replication foci during S phase (Kannouche et al., 2001). Both Rad6 and
Rad18 are required for poln focus formation (Watanabe et al., 2004). Rad18 interacts
with poln, and this complex accumulates at the foci after UV irradiation (Watanabe
et al., 2004). The phenotype of po/n deficient cells includes UV hypersensitivity and
UV-hypermutability (Arlett et al., 1975; Maher et al., 1976). In addition, poln deficient
cells are proficient in nucleotide excision repair but are impaired in lesion bypass
associated with DNA replication on damaged templates (Lehman et al., 1975).

Poli

Poli can insert nucleotides opposite various damaged bases, but is not able to extend
from the inserted base (Tissier et al., 2000). For this, it needs the help of another
DNA polymerase, such as pol( (Johnson et al., 2000). Polu directly interacts and co-
localizes with poln in replication foci (Kannouche et al., 2003). The tight coordination
of poln and polt suggests a role for poluin TLS, but the exact nature of this role still has
to be determined. In the mouse strain 129, which is deficient for poli, no TLS related
phenotype is found (McDonald et al., 2003).

Polx

Polk is the mammalian homologue of the DinB protein in Escherichia coli. In vitro, polk
is able to insert mismatched bases on a nondamaged template with a high frequency
and moreover, polk bypasses abasic sites (Ohashi et al., 2000), which are the most
common lesions in the DNA (Lindahl, 1993). In addition, Polk is subsequently able to
extent from the inserted nucleotide (Washington et al., 2002). In contrast to poln and
pol, polk is only found in a small portion of all replication foci. Most of these foci do
not co-localize with PCNA (Ogi et al., 2005). Polxk deficient ES cells are hypersensitive
to Benzo[a]pyrene (B[a]P) (Ogi et al., 2002), a polycyclic aromatic hydrocarbon that is
presentin cigarette smoke and air pollutants, which cause bulky adducts into cellular
DNA. In addition, polx deficient ES cells are just slightly sensitive to DNA damage
induced by UV-light and IR. However, polx deficient embryonic fibroblasts are very
sensitive to UV-light (Schenten et al., 2002).

Pol{ and Rev1

REV3, REV7, and REV1 were identified in Saccharomyces cerevisiae on the basis
of reduced mutation frequency after UV treatment (Lemontt, 1971). Pol¢ is formed
by a heterodimer of REV3 and REV7 (Lawrence and Hinkle, 1996; Murakumo et
al., 2001; Murakumo et al., 2000). REV3 provides the polymerase activity (Gibbs et
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al., 1998; Morrison et al., 1989) and REV7 is a stabilizing and enhancing factor for
polymerase activity (Lawrence and Hinkle, 1996). Pol( is an efficient extender from
nucleotides inserted opposite various damaged DNA lesions (Haracska et al., 2001;
Johnson et al., 2000). Saccharomyces cerevisiae rev3 mutants are viable and have
lower rates of spontaneous and DNA-damage-induced mutagenesis (Lawrence and
Hinkle, 1996). As reported by several groups, disruption of Rev3/ (mouse homologue
of REV3) causes embryonic lethality (Bemark et al., 2000; Esposito et al., 2000;
Wittschieben et al., 2000). If this is due to a defect in TLS, could not be determined.
However, human cells expressing REV3 antisense RNA grew normally but appeared
to be slightly sensitive to UV, suggesting that it might function in a similar way to yeast
REV3 (Gibbs et al., 1998).

In Xenopus, Rev7 has a role in cell cycle control (Chen and Fang, 2001;
Pfleger et al., 2001). Human REV7 forms homodimers, and apart from its interaction
with REV3, it interacts with REV1 (Murakumo et al., 2000). A possible function of
human REV7 might be to help assembly of the REV1 protein to a large complex
containing REV3 and/or other DNA polymerases (Masuda et al., 2003). REV1 is a
deoxycytidyl transferase, it is capable of extending a primer terminus by insertion
of dCMP opposite a variety of damage bases and AP sites (Haracska et al., 2002;
Haracska et al., 2001; Nelson et al., 1996). Rev1 is required for TLS by pol¢; however,
its dCMP transferase activity is not required for its function inthe mutagenesis pathway
(Baynton et al., 1999; Lawrence, 2002; Nelson et al., 2000). A non-enzymatic part of
the REV1 protein, named the BRCA1 C-terminal (BRCT) domain is involved in TLS
as demonstrated in mouse ES cells in which the C-terminal domain of Rev1 has
been inactivated (Jansen et al., 2005). In addition, the C-terminal 100 amino acids
of mouse Rev1 have been shown to interact with poln, poli, polk, and Rev7. This
suggests that Rev1 may function as a scaffold for mediating polymerase switching
and/or polymerase selection at the arrested replication machinery (Guo et al., 2003).
Human REV1 is localized in the nucleus and concentrated in foci during S phase.
In these foci it co-localizes with poln and pol (Tissier et al., 2004). Rev1 deficient
chicken DT40 cells display reduced viability and are sensitive to a wide range of DNA-
damaging agents (Simpson and Sale, 2003). In human cells, a reduction of REV1
mRNA resulted in greatly reduced UV-induced mutation frequency without affecting
cell survival (Clark et al., 2003; Gibbs et al., 2000).

Damage avoidance

Damage avoidance mediates error-free bypass of DNA lesions in which the undamaged
complementary sequence is used to accomplish replication through the damaged site
(Broomfield et al., 2001; Ulrich, 2002). Besides the ubiquitin-conjugating activity of
the RAD6-RAD18 complex, a second ubiquitin-conjugating complex is required. This
complex consists of a MMS2-UBC13 dimer which cooperates with RAD6-RAD18 via
the RING finger protein RADS (Hofmann and Pickart, 1999; Ulrich and Jentsch, 2000).
UBC13is a E2 enzyme, whereas MMS2 is a memberof a small family of UEV proteins,

24



Introduction

which resemble E2s but lack the defining E2 active site cysteine residue (Sancho
et al., 1998). The MMS2-UBC13 complex functions as an E2 that is specialized for
the assembly of lysine-63-linked poly-ubiquitin chains (Deng et al., 2000; Hofmann
and Pickart, 1999). RAD5 is a ubiquitin ligase (E3) for the MMS2-UBC13 complex
(Hofmann and Pickart, 1999; Torres-Ramos et al., 2002). It is a member of the
Swi2/Snf2 family of DNA-dependent ATP-ase (Johnson et al., 1992; Johnson et al.,
1994). In yeast, mms2 and ubc13 null mutation results in increased sensitivity to DNA
damaging agents and an increase in spontaneous mutation rate (Broomfield et al.,
1998; Brusky et al., 2000; Hofmann and Pickart, 1999). Two mammalian homologs
of yeast MMS2 have been found, Mms2 and Croc1. Both Mms2 and the C-terminal
domain of Croc1 are able to complement the yeast mms2 mutant (Franko et al., 2001;
Xiao et al., 1998). In addition, mammalian homologs of UBC13 have been identified
(Ashley et al., 2002; Yamaguchi et al., 1996). The mouse MMS2 homologs have been
shown to interact with Ubc13 in a yeast two-hybrid system (Franko et al., 2001).

Human disorder related to RDB deficiency

Poln is able to replicate past UV-induced lesions and is deficient in the variant form
of xeroderma pigmentosum (XP-V). XP-V patients have a very high susceptibility for
skin cancers. The patients typically develop skin cancers around the age of 20-30 and
may also exhibit rare neurological abnormalities (Broughton et al., 2002; Hiyama et
al., 1999; Johnson et al., 1999).

Double strand break repair
DNA double strand breaks (DSBs) may be caused by oxidative radicals, or ionizing
radiation, and occur during replication. When not repaired accurately, this may have
serious consequences for the cell, like cell death, senescence, dysregulation of
cellular functions, and genomic instability. In higher eukaryotes, DSBs may trigger
carcinogenesis. DSB repair protects the genome against these threatening events.
However, DSBs are also induced as part of normal cellular processes, such as
during meiotic recombination in germ cells, and during immunoglobin V(D)J gene
rearrangement, which is required for the establishment of functional B- and T-cells.
Two major DSB repair pathways, homologous recombination (HR) and non-
homologous end-joining (NHEJ), are involved in the elimination of DSBs in both
mammalian cells and in yeast. HR uses the sister chromatid or the homologous
chromosome as template for repair. Using this mechanism, based on homologous
sequences, the original DNA sequence can be restored precisely without loss of
information. In contrast, NHEJ simply joins the broken ends without the need for
homology and is often associated with small deletions or insertions of nucleotides at
the sites of repair. Because HR and NHEJ lead to such different end products, it is
important for a cell to make the right choice at the right moment. How each different
cell makes this decision is not always clear. However, the relative contribution of
HR or NHEJ to DSB repair depends to a large extent on the cell type and the cell
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cycle phase. In developing B and T cells for example, DSBs are generated to initiate
V(D)J recombination, which is an essential process in the development of a functional
immune system. NHEJ is indispensable during this process (Gellert, 2002; Lieber et
al., 2004; O’Driscoll and Jeggo, 2002). In contrast, in meiotic cells, HR is essential to
create crossing-overs. In somatic cells, HR is particularly important in the S and G2
phases of the cell cycle. NHEJ is favored during G1, where the sister chromatid is
absent. In contrast to HR, NHEJ is active during al cell cycle phases and contributes
to the repair of most spontaneous and IR-induced DSBs during G1 and GO phases
(Aylon and Kupiec, 2005; Rothkamm et al., 2003; Saleh-Gohari and Helleday, 2004).

Considering its mutagenic potential, it appears surprising that mammalian cells
preferentially use NHEJ for DSB repair (Wang et al., 2001). The yeast Saccharomyces
cerevisiae uses predominantly HR as DSB repair pathway. The difference between the
two species in use of HR and NHEJ may be related to the size of the genome, and the
relative proportion of coding sequences. In yeast, most of the DNA represents coding
DNA, whereas in mammals, the proportion of coding sequences is only approximately
1%. Thus, DSB repair by NHEJ in mammals might have less severe consequences
compared to the use of NHEJ in yeast.

One of the first events after DSB formation is the phosphorylation of the histone
H2A variant H2AX (y-H2AX) near a DSB. This phosphorylation is massive and in
mammalian cells may extent over megabases (Rogakou et al., 1999). Antibodies
raised against y-H2AX have been used to track single DSBs in vivo, which are visible
as fluorescent spots, referred to as foci. Many proteins activated after DNA damage
co-localize with y-H2AX foci (reviewed in Fernandez-Capetillo et al., 2003a).

Non-homologous end-joining

The NHEJ DSB-repair mechanism rejoins the broken DNA molecules in an error-prone
way. The key proteins involved in this pathway in mammals are Ku70, Ku80, DNA-
dependent protein kinase catalytic subunit (DNA-PKcs), Artemis, ligase IV and Xrcc4
(recent reviews: (Collis et al., 2005; Lees-Miller and Meek, 2003; Lieber et al., 2003;
Weterings and van Gent, 2004). The Ku70 and Ku80 proteins form a complex. This
heterodimer has high affinity for DNA ends and forms a ring around the DNA (Walker
et al., 2001). Subsequently, Ku70/80 binding at the site of the break facilitates DNA-
PKcs recruitment. Together these three proteins form the DNA protein kinase (DNA-
PK) complex. Human DNA-PKcs is a large protein, consisting of 4129 amino acids.
The protein is a member of the phosphatidylinositol-3 kinase (PIK-3) family, which
also includes ataxia telangiectasia mutated (ATM) and ATM- and Rad3-ralated (ATR)
proteins that function in DNA damage signaling (Lees-Miller and Meek, 2003; Shiloh,
2003). Binding of DNA-PKcs to Ku70/80 at the DSB activates its serine/threonine
kinase activity which is required for its functioning in NHEJ (Kurimasa et al., 1999). A
large fraction of DSBs first need to be processed by nucleases or polymerases before
the Ligase IV/Xrcc4d complex is able to join the ends. Artemis is such a processing
enzyme; it uses its nuclease activity to remove nucleotides from the DNA ends (Ma et
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al., 2002; Rooney et al., 2003).

Mice deficient for Ku70 (Gu et al., 1997a; Gu et al., 1997b; Ouyang et al., 1997),
Ku80 (Nussenzweig et al., 1996; Nussenzweig et al., 1997), or DNA-PKcs (Gao et
al., 1998; Taccioli et al., 1998) are viable but have defects in V(D)J recombination
and are sensitive to IR. Artemis deficiency results in a similar phenotype to DNA-
PKcs deficiency, including severe immunodeficiency (Rooney et al., 2002). Targeted
disruption of DNA ligase IV or Xrcc4 is not compatible with life (Barnes et al., 1998;
Frank et al., 1998; Gao et al., 1998).

Because NHEJ is an error-prone pathway of DNA repair, it might be highly
deleterious to germ cells. Utilizing an error-free mechanism for DSB repair is essential
for minimizing germline mutations. In accordance with this idea it has been shown that
mitotic germline cells in Drosophila use preferentially HR instead of NHEJ (Rong and
Golic, 2003). However, in mouse spermatogonia, the NHEJ is used for repair of DSBs
caused by IR (Hamer et al., 2003). Interference with normal NHEJ has been found
to stimulate HR (Delacote et al., 2002; Pierce et al., 2001). During early prophase |
in spermatogenesis, Ku70, a key protein in NHEJ, is suppressed (Goedecke et al.,
1999). Hence, the absence of Ku70 stimulates meiotic HR and suppresses NHEJ.
However, although NHEJ is not functioning in early spermatocytes, DNA-PKcs
appears to have a function in these cells since mice lacking DNA-PKcs show elevated
levels of apoptotic early spermatocytes (Hamer et al., 2003).

Two human syndromes have been identified with mutations in components
involved in the non-homologous end-joining repair pathway: ligase IV (LIG4) syndrome
and radiosensitive severe combined immunodeficiency (RS-SCID) (O’Driscoll et al.,
2004). Very few patients have been reported with mutations in the DNA ligase IV gene.
All contain hypomorphic mutations, resulting in a LIG4 protein with some residual
function. Most of these patients displayed developmental and growth delay and
immunodeficiency (O’Driscoll et al., 2001). Many different mutations have been found
in the nuclease Artemis, resulting in RS-SCID. RS-SCID is characterized by severe
combined immunodeficiency, and most patients display additional abnormalities
(Kobayashi et al., 2003; Li et al., 2002; Moshous et al., 2001; Moshous et al., 2003).

Homologous recombination
Error-free repair of DNA DSBs is accomplished by homologous recombination (HR).
In yeast, homologous recombination is the predominant mechanism for DSB repair.
In contrast, in mammals NHEJ was thought to be more important for DSB repair than
HR. However, in all eukaryotes HR repair is of pivotal importance in meiosis where
it is needed to generate genetic diversity. More recent studies show that HR is also
important in repair associated with stalled replication forks during replication (Alberts,
2003; Johnson and Jasin, 2000; Radding, 2001).

Much of our current insight in the mechanism of eukaryotic HR is based on
experiments performed in the yeast Saccharomyces cerevisiae. In yeast, the genes
involved in HR belong to the RAD52 epistasis group, including RAD50, RAD51, RADS52,
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RAD54, RAD55, RAD57, RAD59, RDH54/TID1, MRE11 (RAD58), and XRS2. Most
mutants in one of these genes are sensitive to IR and are defective in mitotic and/or
meiotic recombination. Mutations in RAD51, RAD52, or RAD54 yield the most severe
phenotype (Krogh and Symington, 2004; Paques and Haber, 1999). In mammals, an
even larger group of genes important for HR have been identified. Besides the RAD52
group homologs, RAD50, RAD51, RAD52, RAD54, RAD54B, MRE11, and NBS1, five
other genes with sequence similarity to RAD51 were identified in mitotically dividing
cells: XRCC2, XRCC3, RAD51B (RAD51L1), RAD51C (RAD51L2) and RAD51D
(RAD51L3) (Thacker, 1999). These are also referred to as Rad51 paralogues, and
share the highest similarity in their putative ATP-binding domains. In addition, ATM,
ATR, and the breast cancer susceptibility genes BRCA1 and BRCAZ2 are involved in
HR.

When a DSB occurs and is recognized, the DNA ends are processed by
nucleases and/or helicases resulting into 3’ single-stranded DNA (ssDNA) tails. The
Mre11 complex, consisting of Mre11, Rad50, and Nbs1 proteins, is a candidate for this
first processing step, because it has affinity for DNA ends, nuclease activities, and is
able to migrate along DNA (Wyman et al., 2004). Yeast mre11 mutants do form DSBs
but the kinetics of the appearance 3’ ssDNA ends is significantly slower compared to
wild-types (Lee et al., 1998).

Following resection, replication protein A (RPA) covers the ssDNA tails. Next,
Rad51 displaces RPA from the resected ssDNA, and this leads to the formation of
a nucleoprotein filament consisting of Rad51 and ssDNA. Subsequently, this Rad51
nucleoprotein filament searches for a homologous stretch of DNA on the sister
chromatid. Once homology has been found, the ssDNA end invades the homologous
template and a joint-molecule between the broken DNA end and the undamaged
DNA template is formed. During nucleoprotein formation, homology search, and
joint-molecule formation Rad52, Rad54, Brca1, Brca2 and the heterotetramer
Rad51b-Rad51c/Rad51d-Xrcc2 assist Rad51. Following joint-molecule formation,
Rad51 is disassembled from the filament and DNA polymerases restore the missing
information.

Finally, the cross-stranded structures that have been formed are resolved with
the help of a Xrcc3/Rad51d heterodimer and the DNA strands are ligated, resulting in
error-free repair of the DSB (recent reviews: Dudas and Chovanec, 2004; Scully et al.,
2004; Shin et al., 2004; Shivji and Venkitaraman, 2004; Thacker, 2005; Wyman et al.,
2004). Below a number of proteins involved in HR will be discussed, with emphasis
on the proteins involved in joint-molecule formation.

Rad51

The central steps of HR, synapsis between the broken DNA and the intact template,
and subsequent strand exchange are found in all organisms studied until now. Rad51
is a key protein in HR in all kingdoms of life. Biochemical studies have shown that
Rad51 binds both ssDNA and double-stranded (ds)DNA. However, the preferred
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DNA substrate for yeast and human Rad51 proteins is DNA composed of dsDNA and
ssDNA tails (Mazin et al., 2000b). In the presence of ATP, Rad51 forms a nucleoprotein
filament on ssDNA, which is the core structure in HR. This nucleoprotein filament is
a long right-handed helical polymer, made of many Rad51 monomers bound to the
ssDNA (Benson et al., 1994; Ogawa et al., 1993). Nucleoprotein filament formation is
enhanced by Rad52, which stimulates Rad51 binding to the ssDNA in favor of RPA
(Benson et al., 1998; New et al., 1998; Sung, 1997). The formed Rad51 filament
is capable of finding homologous DNA and it stimulates strand exchange between
the dsDNA template and the Rad51-coated ssDNA (Bianco et al., 1998). Accessory
proteins including RPA, Rad52 and Rad54, promote formation of a joint-molecule
between the intact dSsSDNA molecule and the Rad51-ssDNA filament (Mortensen et al.,
1996; Shinohara et al., 1998; Van Komen et al., 2002). The stability of the resulting
joint-molecule is enhanced by Rad54 protein, as demonstrated in studies using yeast
proteins (Petukhova et al., 1999; Van Komen et al., 2000).

Saccharomyces cerevisiae rad51 null mutants are viable but display strongly
reduced mitotic and meiotic recombination, and are sensitive to a variety of DNA
damaging agents, including IR (Abe et al., 1994; Game, 1993; Shinohara et al., 1992).
In higher eukaryotes, Rad51 is indispensable for life. Rad51 deficient chicken DT40
cells accumulate chromosomal abnormalities prior to cell death (Sonoda et al., 1998).
Targeted disruption of mouse Rad51 leads to early embryonic lethality (Lim and
Hasty, 1996; Tsuzuki et al., 1996). These results suggest that Rad51 protein plays an
essential role in normal cell proliferation.

Rad51 paralogs

Mammals contain five Rad51 paralogs in mitotically dividing cells; Xrcc2, Xrcc3,
Rad51b, Rad51c, and Rad51d. The biological function of the Rad51 paralogs is still
unclear, presumably these proteins facilitate the action of Rad51 in homologous
recombination (Sigurdsson et al., 2001; Takata et al., 2001). These Rad51 paralogs
form different complexes with each other: XRCC2/RAD51D, RAD51B/RAD51C,
XRCC3/RAD51C, and RAD51B/RAD51C/ RAD51D/XRCC2 (Thacker, 1999; Thacker,
2005). Biochemical experiments have shown thatthe human XRCC2/RADS51D complex
catalyzes DNA strand pairing and displacement activity (Kurumizaka et al., 2002).
In the presence of RPA, the RAD51B/RAD51C complex improves RAD51 assembly
on ssDNA (Sigurdsson et al., 2001). Other studies revealed that RAD51C but not
RAD51B displays duplex DNA destabilization capability (Lio et al., 2003). RAD51C/
XRCC3 is involved in the resolution of crossing-overs or Holliday junctions, which
completes the recombination complex (Brenneman et al., 2002; Liu et al., 2004).

In addition to Rad51 deficient mice, Xrcc2, Rad51b, and Rad51d knockout mice
are embryonic lethal, but at a later stage compared to Rad57 knockouts (Deans et
al., 2000; Pittman and Schimenti, 2000; Shu et al., 1999). Xrcc2 and Xrcc3 deficient
hamster cells have an elevated frequency of aneuploidy and are severely impaired
in repairing DSBs by HR (Brenneman et al., 2000; Griffin et al., 2000; Johnson
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et al., 1999; Pierce et al., 1999). Both Rad57c and Rad51d deficient cells display
chromosomal instability and are less effective in damage-induced HR (Drexler et al.,
2004; Lio et al., 2004; Smiraldo et al., 2005). Disruption of the Rad571 paralogs in
chicken DT40 cells results in chromosomal instability and impaired HR repair after
DNA-damage induction (Takata et al., 2001). In conclusion, loss of any of the Rad51
paralogs leads to genomic instability, mostly due to chromosomal segregation defects
(Thacker, 2005).

Rad52

RADS52 is the most important protein in HR in yeast. Yeast and human RAD52 proteins
have been shown to promote ssDNA annealing (Mortensen et al., 1996; Reddy et al.,
1997; Sugiyama et al., 1998) and to stimulate RAD51-mediated homologous pairing
(Benson et al., 1998; New et al., 1998; Shinohara and Ogawa, 1998; Sung, 1997).
Human RAD52 forms a heptameric ring with al large central channel (Stasiak et al.,
2000; Van Dyck et al., 1998). The yeast RAD52 protein forms similar ring structures
(Shinohara et al., 1998).

In Saccharomyces cerevisiae, rad52 mutant cells show the most severe phenotype
of all HR mutants of the RADS52 epistasis group. The rad52 mutants are extremely
sensitive to a wide variety of DNA damaging agents, defective in spontaneous and
induced mitotic recombination, and fail to produce viable spores (Krogh and Symington,
2004; Paques and Haber, 1999; Symington, 2002). In contrast, Rad52 deficient mice are
viable and fertile and show no gross abnormalities (Rijkers et al., 1998). Rad52 deficient
ES cells and DT40 cells are not sensitive to agents that induce DSBs, and targeting
integration frequencies were only two-fold reduced (Rijkers et al., 1998; Yamaguchi-
Iwai et al., 1998). It is suggested that some of the Rad52 functions in mammals are
taken over by the Rad51 paralogs (Fujimori et al., 2001; Modesti and Kanaar, 2001).

Rad54
The Rad54 protein is classified as a Swi2/Snf2 family member of dsDNA-stimulated
ATPases and DNA/RNA helicases (Eisen et al., 1995). Proteins belonging to this family
are involved in DNA repair and recombination, chromatin remodeling, chromosome
segregation, and transcriptional regulation (Clever et al., 1999; Pazin and Kadonaga,
1997; Peterson and Tamkun, 1995). RAD54 is a robust dsDNA-dependent ATP-
ase. In yeast, the dsDNA-dependent ATPase activity is required for DNA repair
and recombination in vivo (Clever et al., 1997; Clever et al., 1999; Kim et al., 2002;
Petukhova et al., 1999; Solinger et al., 2001). Although human and yeast RAD54
contain helicase motifs, no helicase activity has been demonstrated (Petukhova et al.,
1998; Swagemakers et al., 1998). However, the zebrafish Rad54 structure suggests
that Swi2/Snf2 proteins use a mechanism analogous to helicases to translocate on
dsDNA (Thoma et al., 2005).

RAD54 protein appears to play a role in different steps of the HR process
(Tan et al., 2003). First, RAD54 interacts with RAD51 and promotes assembly of the
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nucleoprotein filament by loading RAD51 onto ssDNA and enhancing filament stability
(Golub et al., 1997; Mazin et al., 2003; Wolner et al., 2003). Second, RAD54 utilizes
the energy from ATP hydrolysis to translocate on dsDNA, meanwhile introducing
supercoils. This unwinding activity is stimulated by RAD51 bound to ssDNA (Mazin et
al., 2000a; Petukhova et al., 1999; Sigurdsson et al., 2002; Van Komen et al., 2000).
Third, RAD54 stimulates joint-molecule formation between the nucleoprotein filament
and dsDNA as well as heteroduplex extension in vitro (Mazin et al., 2000a; Mazina and
Mazin, 2004; Petukhova et al., 1998; Petukhova et al., 1999; Sigurdsson et al., 2002;
Solinger and Heyer, 2001; Solinger et al., 2001; Van Komen et al., 2000). Fourth,
at late steps of HR, RAD54 mediates RAD51 turnover by dissociating RAD51 from
dsDNA in an ATP-dependent manner (Kiianitsa et al., 2002; Solinger et al., 2002).

Saccharomyces cerevisiae rad54 null mutants are defective in DSB repair
(Shinohara et al., 1997b), exhibit genomic instability caused by misrepair, leading to
elevated mutation and chromosome loss rates (Schmuckli-Maurer et al., 2003). In
addition, rad54 mutants show mild meiotic defects (Schmuckli-Maurer and Heyer,
2000). Rad54 deficient mice are viable (Essers et al., 1997) but sensitive to MMC
(Essers et al., 2000). Rad54 knockout ES cells are sensitive to IR, MMS, and MMC,
due to a defect in HR repair, and a reduced level of targeted HR were measured
(Dronkert et al., 2000; Essers et al., 1997). Chicken DT40 cells lacking Rad54 are
sensitive to IR, display reduced HR, and accumulate chromosomal aberrations
(Bezzubova et al., 1997; Sonoda et al., 1999; Takata et al., 1998).

Rad54b

In yeast and in mammals, a homologue of RAD54 is found. In yeast the protein is called
RDH54 (RAD homologue 54) or Tid1 (two-hybrid interaction with DMC1) (Dresser et
al., 1997; Klein, 1997) and in mammals RAD54B (Tanaka et al., 2000). Like RAD54,
RDH54/TID1 has dsDNA-dependent ATPase activity, binds RAD51, translocates on
dsDNA and introduces supercoils in dsDNA, and stimulates joint-molecule formation
(Krejci et al., 2003; Petukhova et al., 2000). The human homologue, RAD54B shares
homology with RDH54/TID1 in its amino-terminal region and displays dsDNA-
dependent ATPase activity (Tanaka et al., 2002). In contrast to its yeast counterpart, no
direct interaction of human RAD54B with RAD51 and its meiosis-specific homologue
DMCH1, could be detected (Tanaka et al., 2002).

Yeast RDH54/TID1 is important for meiotic recombination but has a relatively
minor role in mitotic recombination (Klein, 1997; Shinohara et al., 1997b). Inactivation
of human RAD54B in a colon cancer cell line resulted in severe reduction of targeted
integration frequency. However, sensitivity to DNA-damaging agents and sister-
chromatid exchange were not affected in RAD54B deficient cells (Miyagawa et
al., 2002). Targeted disruption of Rad54b in mouse ES cells leads to IR and MMC
sensitivity (Wesoly, 2003), but wild-type levels of HR were observed (Wesoly,
2003). Rad54/Rad54b double-knockout ES cells show a strongly reduced targeting
efficiency compared to the single knockouts (Wesoly, 2003). Rad54b knockout and
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Rad54/Rad54b double-knockout mice are viable and fertile and not sensitive to IR.
However, Rad54/Rad54b double-knockout mice are more sensitive to MMC than
Rad54 deficient mice (Wesoly, 2003).

Brca1 and Brca2

Brca1 and BrcaZ2 encode large proteins (208 kDa and 384 kDa, respectively), which
lack significant homology to each other and to other proteins with a known function.
Hence their precise functions remain uncertain. Brca1 and Brca2 interact with each
other, and Brca2 interacts with Rad51 (Sharan et al.,, 1997; Wong et al., 1997)
(Venkitaraman, 2001). Interactions between BRCA2 and RAD51 take place by means
of the conserved BRC repeat regions of BRCA2 (Pellegrini et al., 2002; Yang et al.,
2002). Two of these repeats, BRC3 and BRC4 are essential for the formation of stable
complexes with RAD51-DNA nucleoprotein filaments (Galkin et al., 2005). Brca1
and Brca2 are required for normal levels of homologous recombination and they are
important for DSB repair (Moynahan et al., 1999; Moynahan et al., 2001; Xia et al.,
2001). In addition, mouse and human cell lines defective in Brca1 or Brca2 display
chromosomal rearrangements (Xu et al., 1999; Yu et al., 2000). Similar to Rad51
deficiency, loss of Breca1 or Brca2 leads to embryonic lethality, due to a proliferation
defect (Hakem et al., 1998; Hakem et al., 1996; Suzuki et al., 1997). People carrying
mutations in BRCA1 or BRCAZ2 are predisposed to breast, ovarian, prostate, and
pancreatic cancer (Venkitaraman, 2002).

Replication and homologous recombination

All homologous recombination proteins discussed above, accumulate into subnuclear
structures at sites of DNA damage. These subnuclear structures are referred to as foci.
Besides this DNA damage-induced accumulation, proteins involved in homologous
recombination also ‘spontaneously’ accumulate in foci, specifically in S phase of the
cell cycle. During S phase, the DNA replication machinery may encounter a lesion in
the DNA template, which stalls the DNA polymerase. This occurs at a considerable
frequency. Subsequently, this may lead to a breakdown of the arrested fork. In addition,
DSBs may appear, and these can be repaired via homologous recombination, in order
to rebuild the replication machinery. Data supporting these events have mainly been
obtained using yeast and bacteria as model organisms (Cox et al., 2000). Accumulating
data point to a similar mechanism in mammals (Johnson and Jasin, 2000; Lundin et
al., 2002).

The protein requirement and/or composition of S phase and damage-induced foci
is different. Brca2 is present in damage-induced foci, but is not required for formation
of Rad51 foci in S phase (Tarsounas et al., 2003). In addition, cell lines defective in the
Rad51 paralogues Xrcc2 and Xrce3 form replication-associated foci, but not damage-
induced Rad51 foci (Tarsounas et al., 2004). Cells deficient in proteins involved in the
repair of DSBs associated with replication, accumulate DSBs and/or chromosomal
aberrations. This confirms the importance of DSB repair proteins during S phase.
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RDB and HR proteins in male meiotic prophase

In meiosis, haploid gametes are generated from diploid cells. During meiotic prophase,
homologous chromosomes pair, and parts of DNA from the maternal and paternal
homologous chromosomes are recombined. This meiotic recombination ensures
faithful segregation of the homologous chromosomes and results in a unique mix of
paternal and maternal genes in the gametes.

Initiation of double strand breaks

To accomplish meiotic homologous recombination, some additional, meiosis-specific
proteins are necessary. The first meiosis-specific protein involved is Spo11, a member
of the type-Il like topoisomerase family. Spo11 creates DSBs during leptotene, shortly
after replication (Keeney et al., 1999; Keeney et al., 1997; Metzler-Guillemain and
de Massy, 2000; Shannon et al., 1999). Targeted disruption of mouse Spo77 leads
to an early block in male and female meiosis (Baudat et al., 2000; Romanienko and
Camerini-Otero, 2000).

In vertebrates, a second protein, named Mei1, is also involved in the initiation of
meiotic recombination. Targeted disruption of Mei7 results in male and female infertility;
Spermatocytes arrest at zygotene and homologous chromosomes fail to synapse
properly. Mei1 knockout ovaries are depleted of developing follicles. When matured in
vitro, oocytes from these mice also show defects in chromosome synapsis (Libby et
al., 2002). Mei1 and Spo11 deficient mice both exhibit comparable decreased levels
of H2AX phosphorylation in spermatocytes, which in wild-type cells is an early event
after DSB induction (Libby et al., 2003; Mahadevaiah et al., 2001). It is not known how
Mei1 functions in early meiotic recombination. Possibly, it modifies chromatin around
DSBs in such a way that H2AX phosphorylation is triggered (Reinholdt and Schimenti,
2005).

In mitotic cells, HR or NHEJ can repair DSBs. However, in early meiotic
prophase, HR should repair Spo11 initiated DSBs. To accomplish this, expression of
Ku70, a key protein in NHEJ, is suppressed in spermatocytes (Goedecke et al., 1999).
In mice, 300-400 DSBs are initiated. This number is much higher than the final 20-30
crossing-overs (Moens et al., 1997). How a DSB induced in leptotene is selected to
become a site of crossing-over is not known.

Processing of double strand breaks

After DSBs are created, the breaks are processed into 3’ ssDNA tails. This was
demonstrated on mouse sectioned testis tubules in which 3’ ssDNA overhangs were
visualized. In contrast, no 3’ ssDNA could be observed in Spo77 knockout mice
(Zenvirth et al., 2003). How these DSBs are processed into 3’ ssDNA is not clear yet.
Like in mitotic HR, in meiotic recombination the candidate for this processing step is a
complex consisting of Mre11, Rad50 and Nbs1 (Lee et al., 1998). A functional complex
of homologous proteins in yeast is required for sporulation (Krogh and Symington,
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2004). In contrast, hypomorphic mutations in human MRE11 and NBS1 proteins are
not associated with infertility (Michelson and Weinert, 2000), and generation of the
same hypomorphic mutations in mice does not result in meiotic defects (Bender et al.,
2002; Kang et al., 2002; Theunissen et al., 2003; Williams et al., 2002). The meiotic
phenotype of mice carrying null mutations in Mre11, Rad50, and Nbs1 has not been
studied because these mutations are incompatible with live (Bender et al., 2002;
Kang et al., 2002; Theunissen et al., 2003; Williams et al., 2002). Thus, although
Mre11 and Rad50 appear in high abundance from preleptotene until early zygotene
throughout the nucleus (Eijpe et al., 2000), it remains unclear whether these proteins
really function in meiotic DSB resectioning.

Synaptonemal complex formation

In meiotic prophase, homologous chromosomes search each other and pair.
At leptotene, chromosomes start condensing and the sister chromatids of each
chromosome become organized along the so-called axial elements. Zygotene starts
when synapsis is initiated through formation of transverse filaments between the
axial elements, which leads to connections between homologous chromosomes.
As the homologous chromosomes pair, axial elements are called lateral elements.
Together, the lateral and transverse elements form the synaptonemal complex (SC).
In mammals, three components of the SC have been identified: Sycp1, Sycp2, and
Sycp3. During the lengthy pachytene stage of meiotic prophase, SC formation is
complete and all autosomal chromosomes are fully synapsed. In spermatocytes, the
X and Y chromosomes are only paired in the pseudoautosomal regions. Desynapsis
is initiated during the diplotene stage of meiotic prophase (SC is reviewed in Heyting,
1996; Page and Hawley, 2004).

Homolog synapsis and strand exchange

After 3' ssDNA formation, a second meiosis-specific protein named Dmc1 is required.
Dmc1 is a meiosis-specific Rad51 homologue, and shares about 50% sequence
identity with Rad51 (Bishop et al., 1992; Habu et al., 1996). Saccharomyces cerevisiae
dmc1 null mutants (SK1 strain type) accumulate meiotic DSBs, and homologous
chromosomes fail to synapse, are defective in crossing over, and arrest late in meiotic
prophase (Bishop et al.,, 1992). Yeast rad57 mutants show a very similar meiotic
phenotype, although less severe (Shinohara et al., 1992). Compared to the single-
gene mutants, rad57 dmc1 double mutants show even more defective formation of
crossing-overs during meiosis (Shinohara et al., 1997a).

Dmc1 deficient male and female mice are infertile. In these mice, homologous
chromosomes fail to undergo synapsis and some synapsis between nonhomologous
chromosomes has been observed (Pittman et al., 1998; Yoshida et al., 1998). Thus,
the mouse Dmc1 gene is required for homologous synapsis of chromosomes in
meiosis. Since Rad51 deficient mice do not survive to adulthood, it has not been
possible to assess the role of Rad51 in mammalian gametogenesis (Lim and Hasty,
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1996; Tsuzuki et al., 1996).

Like Rad51, mammalian Dmc1 is a DNA-dependent ATP-ase and it polymerizes
on ssDNA to form a nucleoprotein filament that exhibits weak strand exchange and
heteroduplex formation in vitro (Gupta et al., 2001; Li et al., 1997; Sehorn et al., 2004).
Recently, the first mammalian cofactors for Dmc1 have been identified, named Hop2
and Mnd1, which physically interact with Rad51 and Dmc1. The mouse Hop2-Mnd1
complex stimulates both Rad51 and Dmc1 D-loop formation up to 10 and 35-fold,
respectively (Petukhova et al., 2005). Hop2 deficient mice are viable and do not show
any gross abnormalities in somatic tissues, but profound meiotic defects are apparent
and the animals are infertile. In female Hop2 knockouts, follicles are absent, and in the
knockout males, spermatogenesis is blocked at meioitic prophase |. Hop2 knockout
spermatocytes show strongly reduced homologous synapsis, even less than what has
been observed for Dmc1 deficient spermatocytes. The short stretches of synapsis
found, appeared mostly between nonhomologous chromosomes (Petukhova et al.,
2003). Similarly, yeast hop2 and mnd1 mutants arrest at pachytene and show strongly
reduced homolog pairing. In addition, the mutants fail to repair meiotic DSBs and are
defective in recombination between homologous chromosomes (Gerton and DeRisi,
2002; Leu et al., 1998; Tsubouchi and Roeder, 2002; Tsubouchi and Roeder, 2003). In
yeast and man, Hop2 and Mnd1 most likely function with Dmc1 to bring homologous
chromosomes into the proper position for HR (Chen et al., 2004; Tsubouchi and
Roeder, 2003). Besides the MND1-HOP2 complex, yeast MEI5 and SAE3 are two
other meiosis-specific proteins which facilitate DMC1 loading to a Rad51-DNA
complex. The meib and sae3 mutants show identical phenotypes to the dmc1 mutant
(Hayase et al., 2004). In addition, TDH54/TID1 interacts with RAD51 and DMC1
and is required for coordinated actions of RAD51 and DMC1 (Dresser et al., 1997;
Shinohara et al., 2000).

Immunocytology on meiotic chromosomes revealed that Rad51 is presentin foci,
which first becomes apparent in leptotene. Like in mitotic cells, these foci represent
Rad51 bound to ssDNA forming the nucleoprotein filament, which recognizes and
invades the corresponding DNA strand of homologous chromosomes. Nucleoprotein
complexes containing Rad51 in leptotene are referred to as early recombination
nodules (RNs). The number of early recombination nodules is approximately ten
times larger than the final number of crossing-overs (Barlow et al., 1997; Moens et al.,
1997; Plug et al., 1998). Formation of leptotene Rad51 foci depends on the generation
of DSBs by Spo11 in mouse (Baudat et al., 2000; Romanienko and Camerini-Otero,
2000).In addition, Rad51 foci are absent in Mei1 knockout mice (Libby et al., 2002).
In male Mei1 deficient spermatocytes, these foci can be formed by cisplatin induced
DNA damage, suggesting that HR repair still functions in these mutants (Libby et al.,
2003). Extensive H2AX phosphorylation and highly abundant Rad51 and Dmc1 foci
are still present in the nuclei of Hop2 deficient spermatocytes, suggesting that DSBs
are generated and processed but not repaired (Petukhova et al., 2003). Furthermore,
Rad52 could not be detected in these foci (Eijpe et al., 2000).
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Rad51 co-localizes on ssDNA with Dmc1 (Moens et al., 2002; Tarsounas et al.,
1999). In yeast, RAD51 is necessary for efficient DMC1 focus formation, but DMC1
is not required for RAD51 focus formation (Bishop, 1994; Shinohara et al., 1997a).
TDH54/TID1 interacts with RAD51 and DMC1 and promotes co-localization of these
proteins (Shinohara et al., 2000). Similar to the situation in yeast, Rad51 foci formation
during meiotic prophase does not depend on Dmc1 in mouse. However, Rad54 and
Rad54b are not required for Rad51 foci formation, and in Rad54/Rad54b double-
knockout mice, the final number of crossing-overs is the same compared to wild-types
(Joanne Wesoly, PhD thesis, 2003).

Hr6a/b and Rad18%

Hr6b and Hr6a are the two mammalian homologs of Saccharomyces cerevisiae
RADG6 (Koken et al., 1991). The amino acid identity between Hr6b and Hr6a is 96%,
and the mouse and human proteins are 100% identical. The Hr6b genes in both
species are autosomal, whereas Hr6a is X-chromosomal (Koken et al., 1991; Roest
et al., 1996). Hr6a knockout mice do not show gross abnormalities, but females fail
to produce offspring. The absence of Hr6a results in a two-cell stage block during
embryonic development (Roest et al., 2004). Hr6b knockout males are viable, but
spermatogenesis is severely affected, leading to infertility (Roest et al., 1996). It
appears that meiotic as well as post-meiotic development of germ cells is affected
(Baarends et al., 2003). These different phenotypes might be due to a dosage effect.
The level of Hr6b is very high compared to the level of Hr6a in spermatocytes and
spermatids (Baarends et al., 2003; Koken et al., 1996). In oocytes an opposite ratio
has been found (Roest et al., 2004).

Targeted disruption of Hr6b affects the number of crossing-overs in the male
prophase |. Late recombination nodules correspond in frequency and location with
immunostaing patterns of the mismatch repair protein Mlh1 (Anderson et al., 1999;
Baker et al., 1996). In mouse meiosis, MIh1 is required for the formation of chiasmata
(Edelmann et al.,, 1996). The number of crossing-overs and their distribution on
the chromosomes is tightly regulated and differs between males and females. The
average number of crossing-overs in mouse spermatocytes is approximately 22 and
in oocytes an average of 30 sites of meiotic recombination is present (Anderson et
al., 1999). Interestingly, in Hr6b knockout spermatocytes, an increase in the number
MIh1 foci and the corresponding chiasmata (sites of crossing-over), has been found.
No abnormality in the pattern of Rad51 foci was found. In addition, Hr6a deficient
spermatocytes display wild type numbers of crossing-overs. Surprisingly, no differences
in the number of Mlh1 foci in Hr6a knockout oocytes were found compared to wild-
types (Baarends et al., 2003). It is not clear how Hr6b causes this elevated number of
meiotic recombinations. However, analysis of Hr6b pachytene spermatocytes showed
remarkable changes in the appearance of SCs. In the Hr6b knockout pachytene
spermatocytes, SCs were longer and apparently thinner. In addition, Sycp2 and
Sycp3 were depleted near telomeres. In wild type, such depletion is visible in cells

36



Introduction

at a later stage, during diplotene. In accordance with these observations, it has been
proposed that the length of the SC is the principal factor determining the number
of crossing-overs (Tease and Hulten, 2004). These data point to a specific role for
the ubiquitin-conjugating activity of Hr6b in meiotic recombination and chromatin
dynamics (Baarends et al., 2003).

Yeast rad6 null mutants arrest very early in meiotic prophase | (Montelone et al.,
1981). The precise functioning of RADG6 in yeast meiosis and sporulation is still not
resolved. In yeast, the ubiquitin-conjugating activity of RADG is responsible for H2B
ubiquitination (Robzyk et al., 2000). It has been demonstrated that a H2B mutant in
which lysine 123, a site for RADG6 ubiquitination, was changed to an arginine, leads to
a meiotic prophase arrest like that of rad6 null mutants (Robzyk et al., 2000). RAD6
dependent H2B ubiquitination seems to be RAD18 independent (Dover et al., 2002).
Instead, another E3 enzyme, named BRE1 is necessary for H2B ubiquitination (Hwang
et al., 2003; Wood et al., 2003). BRE1 contains a RING domain, a motif common to
many E3s, which is required for its role in the ubiquitination of H2B. In addition, BRE1
has been shown to interact with RAD6 (H2B ubiquitination reviewed in Osley, 2004).

Distinct histone modifications like methylation, acetylation, ubiquitination and
phosphorylation act sequentially or in combination to form a ‘histone code’ that is read
by other proteins to bring about distinct downstream events (Strahl and Allis, 2000).
Ubiquitination of H2B by RADG is required for dimethylation of histone H3 at lysine
residues 4 and 79 (Briggs et al., 2002; Dover et al., 2002; Sun and Allis, 2002). In yeast,
these modifications are associated with active or permissive chromatin. In accordance
with this finding, it has been demonstrated that RAD6 activates transcription through
ubiquitination of H2B (Kao et al., 2004). In addition, it has been shown that RADG is
associated with RNA polymerase Il in a BREI dependent way and that RAD6 and
ubiquitinated H2B are associated with active genes (Xiao et al., 2005).

In contrast to yeast, in mammalian cells, H2A ubiquitination is far more prominent
than H2B ubiquitination. The function of histone ubiquitination in mammalian cells is
unknown. In Hr6b knockout spermatogenic cells, no defect in H2A ubiquitination was
observed, and the level of H2B ubiquitination was too low to be detected (Baarends et
al., 1999). No clear role for RAD18 in sporulation has been reported (Lawrence, 1994).
However, certain combinations of excision-defective mutants with rad78 exhibited
marked spore inviability, which was not observed in the single mutants (Dowling et al.,
1985). This suggests that in yeast, RAD18 might play a role in meiosis.

Recently, the mouse and human homologs of yeast RAD18, mouse Rad18%°
and human RAD18, have been identified (Tateishi et al., 2000; van der Laan et al.,
2000). Targeted disruption of Rad18% in ES cells leads to hypersensitivity to multiple
DNA damaging agents and a defect in RDB (Tateishi et al., 2003). The mouse Rad18%
gene is ubiquitously expressed in mouse tissues, but the highest expression is found
in pachytene spermatocytes, suggesting that Rad78 might play a role in mouse
meiosis (van der Laan et al., 2000). In addition Rad18%¢protein expression was high in
pachytene spermatocytes. Interestingly, the protein accumulates in the XY body (van
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der Laan et al., 2004). Hr6a and Hr6b co-localize with Rad18%¢in the XY body (van
der Laan et al., 2004, and Uringa et al., this thesis). Additional RDB proteins, like poln
and Ubc13 were not detected in the XY body, suggesting that Hr6a/b and Rad18%¢
function outside the context of RDB during male meiotic prophase | (van der Laan et
al., 2004).

During meiosis, the X and Y chromosomes can only pair and recombine within
a small region at their distal ends, the pseudoautosomal region (PAR). In pachytene
spermatocytes, the XY chromatin appears as a dense chromatin region, named the
XY body. Condensation starts at zygotene and increases until mid-pachytene. Within
the XY body, sex chromosomes become transcriptionally inactivated, also referred
to as meiotic sex chromosome inactivation (MSCI) (reviewed in (Handel, 2004).
We found that Rad18%¢ localizes to the XY body and also to other unpaired and
transcriptionally inactive chromosomal regions in the meiotic prophase. In addition,
we and others recently showed that silencing of unpaired chromosomal regions is a
general phenomenon during male and female meiosis (Baarends et al., 2005; Turner
et al., 2005). This transcriptional silencing shows some similarity to a mechanism
named meiotic silencing in other organisms. Meiotic silencing in the fungus N. crassa
is thought to serve as a genome defense mechanism (Shiu et al., 2001). These
findings suggest that there may be an evolutionary link between MSCI, the presence
of unpaired DNA, and genome defense.

In Hr6b deficient spermatocytes, the number of meiotic recombination sites is
significantly increased. Interestingly, in Rad18% knockout ES cells, gene targeting
occurred with approximately 40-fold higher frequency than in wild-type cells (Tateishi
etal., 2003). This suggests that both proteins inhibit HR. In the XY body, these proteins
might somehow prevent recombination between the X and Y chromosomes.

In addition, several other DNA repair proteins are associated with the XY body,
including Rad50, Mre11, Ku70, Brca1, Atr, Rad51, and Rad54 (this thesis). The
function of these proteins related to the XY body remains unclear (reviewed in (Hoyer-
Fender, 2003). Spermatocytes deficient in H2AX lack a XY body and fail to undergo
MSCI (Fernandez-Capetillo et al., 2003b).

Aim and Scope of this Thesis
The aim of the research outlined in this thesis is to provide insight into the role of several
DNA repair proteins in spermatogenesis. Studies on mammalian spermatogenesis
are limited by lack of cell culture systems to study live spermatogenic cells, including
lack of experimental tools for manipulation of gene expression under cell culture
conditions. Hence, we opted for generation of transgenic and knock-in mouse models
expressing modified proteins, to develop systems that are suitable also for analysis of
protein dynamics and functions in live cells.

One of the primary aims, concerning HR (homologous recombination), was to
study the function of Rad51 in spermatocytes, compared to the function of meiosis-
specific Dmc1. As a first step, we generated Rad57-GFP knock-in ES cells to study
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the role of Rad51 in DNA repair, and we obtained novel information about the role of
Rad51 in mitotic cells (Chapter 2). In view of the observed dominant-negative action
of the GFP-tagged form of Rad51, this knock-in approach was not applied in the
context of spermatogenesis.

To address Rad54 functions in the testis, isolated testis tubules of Rad54-
GFP knock-in mice were imaged and the meiotic phenotype of Rad54 knockout
mice was studied (Chapter 3). In this research, live cell and tissue imaging and
immunocytochemistry were used to study the (sub)cellular localization and
dynamics of Rad54, and changes in subcellular location of Rad51 in Rad54 deficient
spermatocytes.

The research described in this thesis concerned not only HR (homologous
recombination) but also RDB (replicative damage bypass). To investigate the functions
of Hréb in the testis, we generated different transgenic mouse lines that express
tagged versions of Hr6b, with cell-specific expression in spermatocytes. In addition,
immunotagged Hr6b was expressed using a knock-in approach. Subsequently, the
capacity of tagged Hr6b to support spermatogenesis was assessed (Chapter 4).
Using an immunocytochemical approach, the results described in Chapters 4 and 5 of
this thesis also provide insight in the localization and possible functions of Hr6b and
Rad18%¢in meiotic prophase cells.

Finally, the results are summarized and discussed in Chapter 6, with particular
emphasis on the relationship between HR and RDB, and possible functions of HR and
RDB proteins outside the context of DNA repair.
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Abstract

Homologous recombination ensures accurate genome duplication and DNA double-
strand break (DSB) repair. Disruption of the gene encoding Rad51, the protein that
catalyzes strand exchange during homologous recombination, results in lethality of
mammalian cells. We have started a functional analysis of the role of mammalian
Rad51 in genome duplication and DSB repair. A knock-in strategy was used to express
a carboxy-terminal fusion of green fluorescent protein to Rad51 (Rad51-GFP) in mouse
embryonic stem (ES) cells. Compared to wild-type cells, heterozygous Rad51*¢F ES
cells show increased sensitivity to DNAdamage-induced by y-irradiation and mitomycin
C, and homologous recombination was found to be severely impaired in Rad571+*¢"
ES cells. We found no reduction of cell cycle-dependent or DNA damage-induced
foci formation. However, photobleaching experiments showed that, in contrast to a
amino-terminal fusion of green fluorescent protein to human RAD51 (GFP-RAD51),
Rad51-GFP was not stably associated with DNA damage-induced foci. These results
demonstrate the essential role of functional Rad51 in DNA homologous recombination
in mammals.
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Introduction

Rad51 is an essential component of the machinery that repairs DNA double strand
breaks (DSBs) through homologous recombination (HR). In somatic cells, DSBs are
produced when DNA damage is induced by ionizing radiation or during processing
of stalled replication forks in S phase. Loss of DNA repair capacity can lead to
accumulation of mutations and chromosomal aberrations, which may cause cell death
or lead to cancer. HR is a major DNA DSB repair pathway in yeast and mammals
(recent reviews: Griffin and Thacker, 2004; Krogh and Symington, 2004; Thacker,
2005; West, 2003). Genetic studies on radiosensitive Saccharomyces cerevisiae
yeast mutants revealed a number of important genes in HR, collectively referred to as
the RADS52 epistasis group genes (RAD50, RAD51, RAD52, RAD54, RDH54/TID1,
RADS55, RAD57, RAD59, MRE11, and XRS2). Of these, RAD55 and RAD57 show
significant homology to RAD57 and are so-called RAD51 paralogs. Many of the yeast
proteins involved in HR have homologs in mammals, but RAD51 shows the highest
degree of structural and functional conservation. In mammals, five Rad51 paralogs
(Radb1b, Rad51c, Rad51d, Xrcc2 and Xrcc3) have been identified (Thacker, 1999).

One of the first steps in HR is processing of the broken DNA ends into long
stretches of 3’ single-stranded DNA (ssDNA). A candidate for this processing step is
the Mre11, Rad50, and Nbs1 complex, because it has affinity for DNA ends, nuclease
activities, and can migrate along DNA (Wyman et al., 2004). In addition, yeast
mre11 mutants do form DSBs but the kinetics of the appearance of 3’ ssDNA ends
is significantly slower compared to wild-types (Lee et al., 1998). Following resection,
Rad51 is loaded onto the single-stranded DNA to form a helical nucleoprotein filament
(Bianco et al., 1998; Radding, 1993; Sung et al., 2003). The nucleoprotein filament
searches for an intact homologous double-stranded DNA template, pairs with it, and
promotes strand exchange between the homologous partners (Petukhova et al.,
2000; Van Komen et al., 2000). Subsequent steps involve functions of other proteins,
including members of the RAD52 epistasis group, and lead to a repaired DSB without
loss of genetic information.

The importance of Rad51 in HR is underscored by the severe phenotypes of
several mutants. Saccharomyces cerevisiae cells lacking RAD51, although viable,
display reduced mitoticrecombination, accumulate meiotic DSBs and are hypersensitive
to ionizing radiation (Game, 1993; Game and Mortimer, 1974; Shinohara et al., 1992).
Depletion of Rad51 in chicken DT40 cells leads to accumulation of chromosomal
abnormalities and cell cycle arrest at G2/M phase before the cells enter apoptosis,
suggesting that Rad51 is necessary during replication (Sonoda et al., 1998). Rad51
knockout mice are embryonic lethal and trophoblast-like cells derived from day 3.5
Rad51 knockout embryos are sensitive to y-irradiation (IR) (Lim and Hasty, 1996;
Tsuzuki et al., 1996). These results suggest that Rad51 is indispensable for repair
during DNA replication. DNA repair during S phase is necessary when DNA helix-
distorting lesions arrest replication forks and lead to the formation of DSBs (Lundin et
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al., 2002;Lambert and Carr, 2005; Michel et al., 2001; Saintigny et al., 2001). Rad51
over-expression leads to increased resistance to etopside and hydroxyurea, agents
inducing DSBs associated with replication, providing further evidence for Rad51
involvement in repair of DNA damage caused during replication (Lundin et al., 2003)

During S phase, Rad51 accumulates into sub-nuclear structures, referred to as
foci (Haaf et al., 1995). These foci are formed during S phase but also in response
to DNA-damaging treatments (Haaf et al., 1995; Liu and Maizels, 2000; Sonoda et
al., 1998; Tarsounas et al., 2003; Tashiro et al., 1996). Many proteins co-localize with
Rad51 in DNA damage-induced foci, including recombination proteins Rad52 (Essers
et al., 2002a; Liu and Maizels, 2000), Rad54 (Essers et al., 2002a; Tan et al., 1999),
and RAD54B (Tanaka et al., 2000), single strand binding protein RPA (Raderschall
et al., 1999), and the tumor suppressors Brca1 (Scully et al., 1997) and Brca2 (Chen
et al., 1998). Cells defective in any of the five Rad51 paralogs (Takata et al., 2001;
Thacker, 1999) or Brca2 (Godthelp et al., 2002; Yuan et al., 1999), do not form Rad51
foci in response to IR (Takata et al., 2001; Thacker, 1999). However, S phase foci
containing Rad51 are still formed in Xrcc2”, Xrcc3” cells, and in cells that express
truncated BRCA2 (Bishop et al., 1998; O'Regan et al., 2001; Tarsounas et al., 2004).
Thus, all Rad51 paralogs are important for DSB repair, but they are differentially
required during S phase and after exogenous induction of DNA damage.

Genetics and biochemistry have been used to identify the required gene products
for HR, and their possible activities. However, the intrinsic limitation of biochemistry
is that replication and repair are studied out of the context of the nucleus, i.e. DNA
replication and damage removal are not coordinated with each other. Here, we analyze
the behavior of DNA replication and DSB repair in living cells. This allows identification
of points of interaction between the different processes and analysis of cross talk
among these processes. To this end, we used a knock-in strategy to express GFP-
tagged Rad51 and we studied local concentrations and reaction kinetics, including
residence time in foci. We show that GFP fused to the carboxy-terminus of mouse
Rad51 (Rad51-GFP) has a dominant-negative effect on damage-induced DNA DSB
repair and targeted homologous recombination. S phase- and damage-induced foci
are still formed. However, Rad51-GFP association with DNA damage-induced foci
is less stable compared to the association of amino-terminal fused GFP to human
RAD51 (GFP-RAD51). Finally, we show that nuclear Rad51-GFP moves through the
nucleus in at least two different protein complexes.
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Results

Generation of conditional Rad517+/conditienal and Rad57*/¢F knock-in ES cells

To study dynamic behavior of Rad51 in living cells, heterozygous Rad57-GFP knock-
in (Rad51*'®F") embryonic stem (ES) cells were generated. In addition, we generated
a control ES cell line (Rad51*/conditional) containing a Rad51 cDNA-genomic DNA fusion.
This Rad51-GFP knock-in approach makes it possible to analyze the expression,
localization, and dynamics of Rad51-GFP under the control of its endogenous
promoter in cells and mice. For these purposes we isolated a 18.4 kb EcoRYV fragment
that contains mouse Rad57 genomic sequences encompassing exons 1 through 6.
For the Rad571-GFP knock-in construct, Rad57-GFP cDNA was fused to exon 3 in
the genomic Rad51 sequence (Figure 1A). For the control construct, a similar cDNA-
genomic DNA targeting construct was made which does not contain the GFP sequence
(Figure 1B). In both targeting constructs LoxP sites were incorporated 5’ of exon 1
and directly 3’ of the cDNA fusion, and TK-neo was included as a selectable marker.
The linearized targeting constructs were electroporated into E14 ES cells. After G418
selection, targeted clones were identified by DNA blotting of EcoRV-digested genomic
DNA using unique probes outside the targeting construct (Figure 1C). The targeting
frequency of both knock-in constructs was approximately 4%; for the Rad51-GFP
targeting construct we found 15 out of 370 positive ES clones and for the Rad51
conditional construct 9 out of 236. One Rad571*conditonal (#125) and two Rad57*/¢"P
(#19 and #139-20) clones were further analyzed. Cell lines #125 and #139-20 had 40
chromosomes and line #19 had a mixed karyotype consisting of cells with 40 and 41
chromosomes (50%, n=10 nuclei).

Figure 1 (next page). Generation and characterization of conditional Rad51 knock-in mouse ES cells.
(A) Schematics of the Rad57 locus, gene targeting constructs and targeted loci. The top of the scheme
depicts approximately 18.4 kb of the mouse Rad57 locus containing the first six out of ten exons and
relevant restriction sites. Exons are indicated by black boxes. The first exon is a non-coding exon. The
second line represents the Rad57-GFP targeting construct and shows the position of the mouse Rad57(-
GFP) cDNA fusion, LoxP sites (triangles) and the selectable marker gene neomycin (Neo). The mutated
genomic locus, containing the Rad57-GFP cDNA-genomic DNA fusion is shown in the middle. Solid bars
at the bottom of panel indicate the 3’ and 5’ external probes. EcoRV is used as a diagnostic side. See
Materials and Methods for details.

(B) The top line represents the Rad571 targeting construct. At the bottom, the mutated genomic locus,
containing the Rad571 cDNA-genomic DNA fusion is shown.

(C) Southern blots of wild-type and heterozygous mutant cell lines containing the Rad51-GFP (Rad51+¢F
cell lines #19 and #139-20) and Rad571 cDNA-genomic DNA fusion (Rad51*eondiienal cel| line #125). Wild-
type and targeted mouse ES cells show the predicted restriction fragments using the probes indicated in
(A) and (B).

(D) Immunoblot of protein extracts from wild-type, Rad517¢F", and Rad51**endiional knock-in ES cells. Blots
were incubated with antibodies against Rad51 and GFP.
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Immunoblot analysis of whole-cell extracts showed that Rad51 and Rad51-GFP
were expressed at their predicted sizes of 37 and 64 kDa respectively (Figure 1D).
In addition, GFP-tagged Rad51 was expressed in a one to one ratio compared to
endogenous Rad51 and detected no breakdown products with Rad51 and GFP
antibodies (Figure 1D). Rad51 protein expression in the Rad57*/cnditonal [ine and wild-
type cells was comparable. Subsequently, ES line Rad577¢F" #139-20 was used
for blastocyst injection. One male and four female low percentage chimaeras were
obtained which did not give germline transmission.

Increased number of Rad51 foci in Rad571+¢F? ES cells

Next, we analyzed the spatial and temporal organization of Rad51-GFP in Rad51*/¢f"
ES cells. To follow Rad51-GFP localization during the mitotic cell cycle, Rad51+7¢*
ES cells were analyzed by time-lapse confocal microscopy (Figure 2A). Cells were
imaged every 20 minutes for 15 hours. Rad51-GFP was detected in the nucleus and
in the cytoplasm of living cells, and within the nucleus of most cells we also observed
nuclear foci. These foci are similar to Rad51 foci that can be visualized in fixed cells,
using immunocytochemistry (Haaf et al., 1995; Tashiro et al., 1996). The time-lapse
analysis revealed the continuous presence of foci during a large part of the cell cycle.
However, one hour before, and two hours after cell division, no foci are visible. Using
immunofluorescence we analyzed the localization of Rad51 relative to Rad51-GFP.
Figure 2B shows that in Rad57*¢™ ES cells we could not detect Rad51 foci that did
not contain GFP-tagged Rad51 (Figure 2B). This indicates that endogenous Rad51
and Rad51-GFP co-localize. Subsequently, we compared the number of Rad51 foci
in Rad51*¢™ ES cells to number of Rad51 foci in wild-type cells. We found that in
both Rad571+¢F? ES cell lines the average number of foci per cell was approximately
1.5 times higher compared to the number of foci in wild-type cells (p<0.05) (Figure
2C). The mean number of foci between wild-type and Rad517*/condiional ES cells was not
significantly different (Figure 2C). The extra foci in Rad571+¢F* ES cells may represent
nonfunctional Rad51-GFP aggregates or additional DNA repair foci. To address this
question, we studied whether Rad51-GFP co-localized with Rad54. In untreated wild-
type ES cells we found that 45% of the Rad51 foci also contain Rad54. In Rad571*/¢F?
ES cells, this percentage was significantly increased to 55% (p<0.05). Two hours after
10 Gy v-irradiation the number of foci was found to be increased and this percentage
increased to approximately 93% in both wild-type and Rad51*/¢F ES cells (Figure 2D).
These data indicate that, although Rad57+¢F? ES cells contain more foci, Rad51-GFP
still co-localizes with Rad54 in DNA damage-induced foci, suggesting that Rad51-
GFP is part of actual repair foci. FACS analysis of cell cycle profiles showed that the
increased number of foci does not lead to a different distribution of cells within the
cell cycle (data not shown). Also in cell culture, we do not observe differences in cell
doubling time between wild-type and Rad571+¢F? ES cells.
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Figure 2. Rad51-GFP foci analysis.

(A) Rad51+¢fP ES cells were imaged by time-lapse confocal microscopy, every 20 minutes 4 optical slices
at 2 ym intervals were made. Time-lapse images were taken for 15 hours. Depicted are projected optical
slides from different time points relative to the start of the experiment at t=0 minutes. The first picture shows
one cell on top of another. This cell on top moves, and as can be seen in the next three pictures. In the
nucleus Rad51-GFP locally accumulates into so-called foci. Many foci can be seen during the cell cycle.
The analyzed cell, divides between 320 and 400 minutes after initiation of the measurements. One hour
before, and two hours after division no foci are visible.

(B) Endogenous (wild-type) Rad51 protein co-localizes with Rad51-GFP in foci, in para-formaldehyde fixed
cells. The left photo shows direct visualization of Rad51-GFP. The middle picture shows Rad51 and Rad51-
GFP protein as visualized with an anti-Rad51 antibody. In the right frame, the first two photos have been
merged.

(C) Mean number of Rad51 foci in wild-type, Rad51*eendiional - and Rad51+*¢F" para-formaldehyde fixed ES
cells. Rad51 foci in all cell lines were detected with a Rad51 antibody. The mean number of foci per cell
was determined by counting at least 100 cells. The error bars represent the standard error of the mean.
Asterisks indicate a significant difference (Duncan multiple comparison test) compared to wild-type (P<
0.05).

(D) Untreated wild-type and Rad51+7¢" ES cells were para-formaldehyde fixed. In addition, 10 Gy irradiated
wild-type and Rad57+¢f* ES cells were fixed after 2 hours. Rad51 foci were detected using either Rad51
antibody (wild-type) or by direct GFP excitation of Rad51-GFP (Rad571%¢F). Rad54 foci were detected
using a Rad54 antibody. Foci in at least hundred cells were counted. Values shown are the percentage and
standard error of the mean values of the Rad51 foci co-localizing with Rad54 in wild-type and Rad51+7¢
ES cells. Asterisk indicates a significant difference (Duncan multiple comparison test) compared to wild-
type (P< 0.05).
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Rad51*¢*F ES cells are sensitive to DNA damage

To analyze the effect of the Rad57 and Rad571-GFP cDNA-genomic DNA fusions and
their protein products on DNAdamage sensitivity of the cells, we performed two different
colony-forming assays. In these assays we determined the sensitivity of the knock-
in lines following exposure to mitomycin C (MMC) and IR. MMC induces interstrand
crosslinks (ICLs) (Tomasz, 1995). DSBs are produced as repair intermediate following
treatment with MMC and can also be generated near the sites of ICL during S phase
of the cell cycle when encountered by a replication fork (Akkari et al., 2000; De Silva
et al., 2000). MMC and IR generated DSBs are efficiently repaired by HR in ES cells
(Dronkert et al., 2000). Upon DNA damage induction, the Rad51*/cendiional ES cell line
showed no increased sensitivity compared to wild-type cells. In contrast the two
Rad51+¢F? ES cell lines were at least two- to three-fold more sensitive to IR (Figure
3A) and MMC (Figure 3B) than wild-type cells. In addition, DNA damage sensitivity of
the knock-in lines was compared to the sensitivity of a cell line with known impairment
of HR through targeted inactivation of the HR protein Rad54 (Essers et al., 1997). We
found that Rad571+¢F® cells were at least as sensitive to DNA damage as Rad54” ES
cells. Since Rad51+endiional ES cells were as sensitive as wild-type cells, we concluded
that replacement of the intron-exon structure of the endogenous Rad571 locus by the
cDNA fusion targeting construct containing two LoxP sites did not affect DNA damage
sensitivity. However, the additional GFP-tag in the Rad57*¢F" ES cell lines led to an
increase in DNA damage sensitivity.

Figure 3 (next page). Rad51*¢*? ES cells after DNA damage induction.

(A) Clonogenic survival of wild-type, Rad51+condiienal - Rad51+6FF and sensitive Rad54” ES cells after
treatment with increasing doses of ionizing radiation.

(B) Clonogenic survival of wild-type, Rad51*eondiienal - Rad51+6FF and Rad54” ES cells after treatment with
increasing concentrations of the cross-linking agent mitomycin C.

(C)Rad51 and Rad54 ionizing radiation-induced foci formation in wild-type and Rad571+¢" ES cells. Depicted
are representative pictures of mouse ES cells paraformaldehyde fixed at indicated time points (in hours)
after10 Gy y-irradiation. Wild-type ES cells are shown in the left three panels: a-Rad51 (green), a-Rad54
(red), and merge. Rad51+¢"F ES cells are depicted in the right three panels: direct Rad51-GFP visualization
(green), a-Rad54 (red), and merge. One hour after 10 Gy y-irradiation, wild-type and Rad571+¢"F ES cells
both show many damage-induced foci, and no differences between wild-type and Rad57*¢ ES cells were
found. Six hours after irradiation, large bright foci appear more frequently in both cell lines. Compared to
wild-types, the number of cells with large foci was increased 9 hours after y-irradiation in Rad57*¢** ES
cells. At 6, 9, and most frequently at 24 hours after treatment, wild-type cells without foci were found. In
Rad51*'¢FF ES cells, cells without foci are less frequently observed. In addition, Rad57*¢ " ES cells more
often contain many bright repair foci at 9 and 24 hours after irradiation compared to wild-type cells.
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Changes in DNA damage-induced Rad51 and Rad54 foci in Rad57*¢*" ES cells
Although Rad51*¢FP ES cells are sensitive to DSB inducing agents; Rad51-GFP still
accumulates in DNA damage induced foci. To get more insight into the Rad57*/¢""
phenotype we studied the kinetics of foci in wild-type and Rad571+¢ ES cells after
DNA damage induction (Figure 3C). One hour after 10 Gy y-irradiation the foci number
has increased in both wild-type and Rad57*¢F ES cells, and at this time point no
differences in foci number or localization were found. Three hours after IR, nuclei with
large bright foci appear in both wild-type and Rad57*¢*" ES cells (not shown), and
at 6 hours and 9 hours after IR the number of nuclei with this type of foci has further
increased (Figure 3C). Between 6 and 24 hours after treatment, in wild-type cells,
the number of nuclei without foci also increased. However, in Rad57*¢FF ES cells, at
9 and 24 hours after IR, nuclei without foci are less frequently found than in the wild-
type, and nuclei with many bright foci are more frequently found compared to wild-
type cells. Thus, compared to wild-types, there is prolonged presence of IR-induced
Rad51-GFP fociin Rad51*¢FP ES cells. This suggests that Rad571+¢F? ES cells perform
less efficient repair of DNA damage compared to wild-type cells, although we do not
know if foci disappearance is equivalent to repaired DNA. Less efficient repair would
explain the sensitivity of Rad571+¢"" ES cells to DNA damage.

Targeted homologous recombination in Rad57*/¢FF ES cells is strongly reduced
To test whether the presence of Rad51-GFP affects the process of homologous
recombination itself, we examined the capacity of Rad571*¢*" ES cells for homologous
recombination-associated with targeted gene replacement. In order to do this, the
mutant and wild-type ES cells were transfected with a linear targeting construct
designed to target the mouse Rad54 locus (Essers et al., 1997). Gene replacement
efficiency was determined as the percentage of homologous integration events relative
to the total number of analyzed drug-resistant clones. Results of two independent
experiments are depicted in Table I.

Table I. Frequency of gene replacement events in ES cells of the indicated genotypes

Targeted locus: Rad54 Rad54
ES cell genotype

Construct used: Puro Hygro
wild-type 12.3% (7/57) 9.4% (6/64)
Rad51”°"" #139-20 <2.2% (0/45)" <1.6% (0/64)

Wild-type and Rad51+¢"* ES cells were electroporated with Rad54-pur and Rad54-hyg knockout targeting
constructs. Values shown are the percentage of clones containing homologously integrated targeting
construct relative to the total number of analyzed clones; absolute numbers are shown in parentheses.
The difference between the Rad517¢" ES cells and the wild-type cells is statistically significant for both
targeting constructs (p<0.05 by X ~ analysis).
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We never observed a single event of gene replacement in Rad57* ¢ line #139-20
(0/45 and 0/65), whereas the targeting efficiency was 9.4-12.3 % for wild-type ES
cells. This result shows that targeted homologous recombination was strongly reduced
in Rad51*¢F? ES cells.

Rad51 and Rad54 each exist in two different mobile fractions

The addition of a fluorescent tag to a protein allows analysis of its dynamic behavior.
We analyzed the dynamic behavior of Rad51-GFP, and compared it to the dynamics
of published data on N-terminally tagged human RAD51 (GFP-RADS51) (Essers et al.,
2002a; Yu et al., 2003). The presence of GFP-RAD51 did not have a negative effect
on cell survival upon IR in CHO cells ( Essers et al., 2002a). In chicken DT40 cells,
GFP-RAD51 is less effective than the human RAD51 transgene in restoring radiation
resistance, but was also less highly expressed (Yu et al., 2003). A comparison
between human GFP-RAD51 and mouse Rad51-GFP may provide more insight in
the impaired function of Rad51-GFP. In addition, we compared the dynamic behavior
of Rad51-GFP to that of Rad54-GFP. Rad54-GFP has been shown to be functional.
Rad54-GFP homozygous knock-in mice (details will be described elsewhere) are
healthy and show none of the phenotypic characteristics of the Rad54 knockout.
Rad54 has been shown to interact with Rad51, and analysis of the dynamic behavior
of these two proteins can provide information about the kinetics of HR. The diffusion
of Rad51-GFP and of Rad54-GFP and the mobile protein fraction were determined
by fluorescent recovery after photobleaching (FRAP) (Figure 4A-C). Untreated and
y-irradiated Rad571*¢FP and Rad547¢fF ES cells were subjected to a 200 ms local
bleach pulse in a narrow strip across the nucleus, and FRAP was measured at 100 ms
intervals (Essers et al., 2002a; Houtsmuller and Vermeulen, 2001; Misteli, 2001; White
and Stelzer, 1999). For both Rad51-GFP (Figure 4A) and Rad54-GFP (Figure 4B) y-
irradiation did not affect the diffusion rate. Also, fluorescence in the bleached area
recovered to approximately 70% for Rad51-GFP (Figure 4A) and Rad54-GFP (Figure
4B), similar to the recovery of free GFP in our experimental set-up (Essers et al.,
2002a). This indicates that all detected fluorescent proteins in the nucleus are mobile
and that DNA damage induction did not change protein mobility in both cell lines. This
result differs from results obtained with cells expressing GFP-RAD51, since for the
latter cells, an immobile fraction of approximately 50% of GFP-RAD51 was observed
(Essers et al., 2002a). When the FRAP curves of Rad51-GFP and Rad54-GFP are
compared, it becomes evident that Rad54-GFP fluorescence recovered faster than
Rad51-GFP fluorescence, which indicates that Rad54-GFP has a higher diffusion rate
than Rad51-GFP (Figure 4C). This result is consistent with our earlier observations
on GFP-RAD51 and RAD54-GFP (Essers et al., 2002a).
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Figure 4 (previous page). Dynamics and concentrations of Rad51-GFP and Rad54-GFP in the
nucleus.

(A) Fluorescence redistribution after photobleaching (FRAP) analysis of Rad57*¢f* and Rad54"° mouse
ES cells. Cells were subjected to a local bleach pulse across the nucleus, and the kinetics of fluorescence
recovery in the bleached area was determined. Photobleaching was applied to a number (n) of Rad571+¢"
ES cells untreated or treated with 12 Gy of ionizing radiation. The fluorescence intensity immediately after
bleaching was set to 0, and the final measured fluorescence intensity was normalized to the pre-bleach
pulse fluorescence intensity. This graph shows that Rad51-GFP fluorescence recovers to approximately
70% of the pre-bleach pulse fluorescence intensity. This value is comparable to the recovery of free GFP
in our experimental set-up (Essers et al., 2002a), indicating that (almost) no immobile Rad51-GFP is
present.

(B)As in A, but in this case photobleaching was applied to a number (n) of Rad54*¢f* ES cells untreated or
treated with 12 Gy of ionizing radiation.

(C) A and B combined, showing comparison of FRAP in unirradiated Rad571+¢" and Rad54*¢ ES cells.
Rad54-GFP fluorescence recovers faster than Rad51-GFP fluorescence, but the final relative fluorescence
intensities are comparable.

(D) Fluorescence correlation spectroscopy (FCS) measurements within ten Rad57*° and Rad54*¢* ES
cells. Cell nuclei were recorded during 5 times 20 seconds measurement intervals and derived data were
corrected for bleaching due to measuring. Autocorrelation curves of Rad51-GFP (black) and Rad54-GFP
(red) measured in ES cells. G(r) is the autocorrelation function, and z is the autocorrelation time constant.
This graph shows that the concentration of Rad51-GFP in ES cells is higher compared to Rad54-GFP.

(E) Normalized FCS autocorrelation curves of Rad51-GFP (black) and Rad54-GFP (red) measured in ES
cells, maximal autocorrelation is set to 1. This allows determination of diffusion coefficients. These curves
best fit to a model containing a fast and a slow moving diffusion component. The fast moving and slow
moving Rad54-GFP fractions move faster through the nucleus, compared to the fast moving and slow
moving Rad51-GFP fractions, respectively.

(F) Diffusion coefficients and concentrations as measured using FCS in heterozygous knock-in ES cells
expressing Rad51-GFP and Rad54-GFP. The mean of ten diffusion coefficients and concentrations are
shown, including s.e.m. values. In addition, the number of molecules in the nucleus (V~ 3.8 1073 1), and the
percentage of protein in each fraction is indicated. Asterisks indicate significant differences to Rad571+¢
(Duncan multiple comparison test, P < 0.05).

(G, H) FRAP and FLIP in DNA damage-induced Rad51-GFP and Rad54-GFP foci. Approximately 2 hours
after y-irradiation half of a (F) Rad5717¢ (n=10) or (G) Rad54"° (n=15) ES cell was photobleached.
Subsequently, simultaneous fluorescence loss in photobleaching (FLIP) and fluorescence recovery after
photobleaching (FRAP) was observed. Images were collected before, immediately after and at the indicated
times after the bleach pulse. In Rad51%¢f* and Rad54*° ES cells, fluorescence of the bleached foci
recovered and fluorescence of unbleached foci decreased over time. In addition, Rad54-GFP redistributed
much faster in the foci compared to Rad51-GFP.

For accurate measurement of diffusion coefficients with FRAP, protein levels of
Rad51-GFP and Rad54-GFP were too low. Diffusion of proteins can also be analyzed
using a technique named fluorescence correlation spectroscopy (FCS) (Weisshart
et al., 2004). This technique is particularly useful when proteins are expressed at a
relatively low level, such as achieved in our knock-in cell lines. In addition, this type of
analysis allows determination of protein concentration. FCS measures fluorescence in
a very small confocal volume (0.334 femtoliter). When a fluorescent molecule diffuses
through this volume, a signal is monitored. Fluctuations in these fluorescent signals are
measured over time, and the output depends upon the diffusion rate and concentration
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of the molecules. The raw data are analyzed using an autocorrelation function. FCS
measurements were performed in the nucleus, excluding nucleoli. Ten Rad571+¢F*and
Rad54+7¢fF ES cell nuclei were recorded during 5 times 20 seconds measurement
intervals and derived data were corrected for bleaching due to measuring. Collected data
are represented in autocorrelation (Figure 4D) and normalized autocorrelation curves
(Figure 4E) and summarized in Figure 4F. The autocorrelation curve shown in Figure
4D was used to determine the protein concentrations. When a protein is present at a
high concentration, there is a high probability that more than one fluorescent molecule
is present in the measured volume at a certain point in time, and this yields a low initial
autocorrelation. Figure 4F shows that the mean concentration of Rad51-GFP in ES
cell nuclei is higher compared to the mean concentration of Rad54-GFP. In addition
we calculated the number of molecules in the nucleus (diameter nucleus =9um). In
the ES cell nucleus approximately 3.6 10* Rad51 and 1.7 10* Rad54 molecules are
present (Figure 4F). This is more than ten times less as reported previously, but the
same ratio (2:1) between Rad51 and Rad54 was found (Essers et al., 2002b). Figure
4E shows the same curves as in Figure 4D, except that the maximal autocorrelation
was set at 1.0 for both proteins, which allows better comparison of diffusion rates. This
shows that Rad54-GFP moves more rapidly through the nucleus than Rad51-GFP,
and both autocorrelation functions showed the best fit to a mathematically derived
model function based on the presence of two diffusion components (Weisshart et
al., 2004). The diffusion coefficients of Rad51-GFP and Rad54-GFP are depicted
in Figure 4F. The data show that the fast and slow moving fractions of Rad54-GFP
diffuse faster than the fast and slow moving Rad51-GFP fractions, respectively.

Rad51-GFP foci are less stable in Rad57*/¢F* ES cells

Since we have observed that irradiation-induced Rad51-GFP foci persist longer than
Rad51 foci in wild-type cells, it is of interest to study the kinetics of Rad51-GFP in
nuclear foci. Previously, we determined the association time of human RAD54-GFP
and GFP-RAD51 in foci in CHO cells (Essers et al., 2002a). Another study performed
experiments on human GFP-RAD51 in chicken DT40 cells (Yu et al., 2003). Both
studies report that GFP-RAD51 is a stable component of foci. However, RAD54-GFP
is a short-lived component in DNA damage-induced foci (Essers et al., 2002a). In
Rad51*¢FP ES cells, Rad51-GFP foci are formed, but Rad51-GFP somehow abolishes
repair in these foci, and this leads to increased DNA damage sensitivity. In contrast,
Rad54-GFP expressed in Rad54*¢ "knock-in ES cells, causes non of the abnormalities
found in Rad571+¢F ES cells. To investigate the dynamics of irradiation-induced foci in
Rad51*¢fPand Rad54*¢ cells, we performed a so-called FLIP-FRAP experiment. Half
a Rad51*¢F (n=10) (Figure 4G) or Rad54*¢f*(n=15) (Figure 4H) ES cell containing
IR-induced foci was photobleached. Subsequently, we followed FRAP in foci in the
bleached half of the cell, and at the same time, fluorescence loss in photobleaching
(FLIP) in foci in the unbleached half of the same cell was analyzed. Depending on the
mobility of the proteins in the nucleus and the association time of the proteins with a
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focus, proteins will be exchanged. This eventually leads to a new equilibrium, when
fluorescence intensity in foci becomes constant in the FLIPped and the FRAPped
region. In Rad51*¢P and Rad54*¢F" ES cells, fluorescence of the bleached foci
recovered and fluorescence of unbleached foci decreased over time, indicating that
bleached and unbleached molecules were exchanging in foci. In Rad54*¢fF ES cells,
a new equilibrium of fluorescent proteins in the foci was reached after 30 seconds.
However, in Rad51*°fPES cells a new equilibrium was reached after 230 seconds.
Thus, compared to our previous analysis of GFP-RAD51 association with nuclear foci,
the association of Rad51-GFP with nuclear foci was found to be less stable.

Discussion

Faithful repair of DNA DSBs is essential to maintain genomic integrity. The process
of homologous recombination ensures accurate DNA damage repair and genome
duplication. Much knowledge of homologous recombination has been obtained from
mutant studies in Escherichia coli, Saccharomyces cerevisiae, and more recently also
from genetic analysis of mammalian cell lines. In the present study, we expressed
C-terminal GFP-tagged Rad51 (Rad51-GFP) in mouse ES cells via a knock-in
approach. The results indicate that, in this way, we have created viable Rad57 mutant
cells, which we analyzed for homologous recombination deficiencies. Furthermore,
we determined expression levels, localization, and dynamics of Rad51-GFP in these
cells.

Rad51-GFP acts as a dominant-negative protein

Rad51+¢fP cells expressed endogenous Rad51 and Rad51-GFP at the same levels,
they grow normal, but show an increased sensitivity to the DNA damaging agent MMC
and to IR. Rad51+cFP#139-20 ES cells were significantly more sensitive to MMC and
IR than Rad51+%¢fF#19 cells. This difference could be explained by the difference in
karyotype or, although not visible, different differentiation status between ES lines. An
important control in this respect is the Rad51+condiional ES cell line, which has an altered
genomic structure, but behaves like wild-type cells.

In contrast to the DNA damage sensitivity phenotype of Rad51*¢F" ES cells,
heterozygous Rad57 knockout ES cells (Lim and Hasty, 1996) and embryonal
carcinoma cells (Tsuzuki et al., 1996) grow normally and show no differences in
survival after exposure to y-radiation. This indicates that the expression of Rad51-
GFP interferes with the functions of endogenous Rad51. Fusion of GFP to the N-
terminus of Rad51 does not have a dominant-negative effect on cell survival after
DNA damage induction; over-expression of human GFP-RADS51 in CHO cells does not
lead to increased sensitivity to IR (Essers et al., 2002a). In chicken DT40 cells, GFP-
RAD51 is likely less effective than the human RAD51 transgene in restoring radiation
resistance. It has been shown that human GFP-RAD51 could restore cell growth in
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RADS51-deficient DT40 cells to wild-type DT40 levels, whereas RADS51-GFP could not
(Yu et al., 2003). Finally, with yeast RAD51, N- and C-terminal fusions to GFP as well
as internal insertions at three different positions have been made. Of these, all GFP-
tagged proteins, except the N-terminal fusion protein, are non-functional (Michael
Lisby, personal communication).

In addition to DNA damage sensitivity, Rad5717¢PES cells are severely affected
in homologous recombination, as demonstrated by measuring gene targeting
efficiency to the Rad54 locus in Rad571+° cells and wild-type cells. Together, these
results demonstrate that expression of Rad51-GFP from its endogenous promoter
has a dominant-negative effect on cell survival after DNA damage induction and on
targeted homologous recombination.

Microinjection of ES line Rad57*¢” #139-20 in blastocysyts resulted in a low
percentage chimaeric mice, that were not able to transmit the targeted allele to
their offspring. Although we cannot exclude the possibility that this is attributable to
the differentiation status of this particular clone, or to unknown additional acquired
mutations, this result is an additional indication that Rad51-GFP does not act like
endogenous Rad51, and consequently, expression of Rad51-GFP may not be
compatible with normal embryonic development.

Spontaneous and radiation-induced foci are formed, but persist longer in
Rad51+¢FPES cells

Despite the finding that Rad51-GFP does not function normally, it still localizes to nuclear
foci during S phase. As shown previously, Rad51 is thought to localize on sites where
stalled or broken replication forks undergo repair during S phase (Raderschall et al.,
1999; Sonoda et al., 1998; Tarsounas et al., 2003; Tashiro et al., 1996). Surprisingly,
compared to wild-type ES cells, we found a 1.5 fold increase in the number of
spontaneous foci. Through analysis of fixed cells, we could determine that endogenous
Rad51 co-localized in all foci with Rad51-GFP. Since anti-Rad51 recognizes both the
endogenous protein as well as Rad51-GFP, we could not determine whether some
foci exist that contain Rad51-GFP, but no endogenous Rad51. To exclude that some
of these foci represent non-specific aggregation of Rad51-GFP, we investigated the
co-localization of Rad51-GFP with endogenous Rad54, and found that the fraction of
foci containing both proteins was higher in Rad571%¢"F cells compared to wild-types.
In addition, the number of Rad51-GFP foci increased following exposure to IR, and
more than 90% of these foci also contained Rad54, suggesting that Rad51-GFP foci
represent DNA repair foci. The observed increased number of spontaneous Rad51-
GFP foci not necessarily reflects an actual increased number of DNA repair sites during
S phase. It can also be suggested that the repair process in Rad51*¢ cells is less
efficient than in wild-type cells, and accordingly takes longer, resulting in prolonged foci
existence. Less efficient repair might be due to impaired ability of the tagged protein
to interact with DNA or with cooperating proteins involved in the repair process, which
could result in reduced enzymatic activity of the repair-complex. If S phase-associated
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DSB repair takes longer in Rad51*¢FF cells, this does not lead to a prolonged cell
cycle, as demonstrated by wild-type growth rate in culture. A possible explanation for
the lack of an effect of Rad51-GFP expression on cell growth might be that replication-
associated DSB repair still occurs in Rad51+¢F ES cells, albeit less efficient. Following
IR or MMC damage induction, there may be too much damage, which cannot be
repaired in time, and apoptosis pathways may be activated. Differential capacity of the
cell to perform DSB repair in S phase-associated foci in contrast to damage-induced
foci might also be related to the fact that different complexes are required in the two
different types of foci. In accordance with this idea, irs1 (Xrcc2”) cells, irs1SF (Xrcc3”)
cells, and cells carrying a truncating mutation in Brca2, still form Rad51 S phase foci
but fail to form Rad51 foci in response to IR (Bishop et al., 1998; O’'Regan et al., 2001;
Tarsounas et al., 2004). Known Rad51 mutants that are not able to self-associate, or
unable to interact with Brca2 are no longer capable to form any nuclear foci (Yu et al.,
2003). The presence of Rad51-GFP in spontaneous and damage-induced nuclear
foci indicates that direct and/or indirect interactions of Rad51-GFP with the Rad51
paralogs, Brca2, and other possible proteins necessary for Rad51 foci formation are
not severely abolished. However, it remains to be elucidated if or to what extent DSBs
are repaired in foci containing Rad51-GFP.

Time-lapse imaging of Rad571*¢ ES cells showed that spontaneous nuclear
Rad51-GFP foci are present throughout the cell cycle, except for the period between
one hour preceding mitosis, and two hours following mitosis. S phase comprises more
than half of the cell cycle in ES cells, and it can be suggested that most of these foci
may represent replication-associated DSB repair. It also cannot be excluded that the
relatively long persistence of Rad51-GFP foci in normal cycling Rad51+¢f cells is
related to the impaired HR mechanism.

Rad51-GFP is not stably associated with nuclear foci
To study the nuclear dynamics of mutant Rad51-GFP and functional Rad54-GFP, we
performed FRAP experiments. These dynamic studies provide insight in the different
protein fractions and their mobility in the nucleus. Two previous studies measured
human GFP-RAD51 dynamics in DT40 (Yu etal.,2003) and CHO (Essers et al., 2002a)
cells. Using FRAP, it was demonstrated that 40% (Yu et al., 2003) to 50% (Essers et
al., 2002a) of GFP-RAD51 is relatively immobile in the nucleus. In contrast, our FRAP
experiments did not show a clear Rad51-GFP immobile fraction in Rad51%¢f" ES
cells. This might be due to a difference between the cells used or the position of the
GFP tag, which may interfere with protein-protein or protein-DNA interactions.
Impaired Rad51 protein-protein interactions have previously been shown to
influence the size of the immobile fraction. Elimination of GFP-RAD51’s ability to self-
assemble and to bind BRCA2 decreases the immobile GFP-RAD51 pool to <5% in
chicken DT40 cells (Yu et al., 2003). Because we did not find such an immobile fraction
for Rad51-GFP, the GFP-RAD51 data in DT40 cells imply that Rad51-GFP may also
be incapable of self-assembly and/or binding to Brca2. However, human RAD51
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mutants incapable to oligomerize or to interact with BRCA2, fail to form RAD51 foci
(Pellegrini et al., 2002), and we observed spontaneous as well as IR-induced Rad51-
GFP foci. This suggests that Rad51-GFP still might be capable of self-assembling and
binding Brca2. Another possible explanation for the aberrant diffusion of Rad51-GFP
is, that this fusion protein might have reduced capacity to bind ssDNA.

The mobile fractions of Rad51-GFP and Rad54-GFP did not differ obviously
between y-irradiated and unirradiated ES cells. This is in accordance with previous
data obtained in CHO cells (Essers et al., 2002a; and personal communication) and
suggests that IR does not lead to major changes in existing Rad51-GFP and Rad54-
GFP mobile and immobile fractions.

Additional information about Rad51-GFP behavior was obtained from FLIP-
FRAP in ES cell nuclei containing DNA damage-induced foci. This analysis showed
that Rad51-GFP has a longer association time with nuclear foci than Rad54-GFP.
Compared to the published data on GFP-RAD51 (Essers et al., 2002a), the association
time of Rad51-GFP with nuclear foci is decreased. Thus, in contrast to GFP-RAD51,
Rad51-GFP association with nuclear foci is not stable. This might be a feature of
dominant-negative acting Rad51-GFP, however; we can not exclude that wild-type
Rad51 has a similar association time with IR-induced foci and that GFP-RAD51 acts
different compared to wild-type Rad51.

Diffusion characteristics of Rad51-GFP and Rad54-GFP measured with FCS
FCS is a more sensitive method to measure dynamics of low expression levels of
single fluorescent molecules than FRAP analysis. In addition, FCS can be used to
determine protein concentrations in living cells. FCS measurements in cells that
have not been exposed to DNA damaging agents revealed a fast and a slow moving
Rad51-GFP fraction in the nucleus. Rad54-GFP was also detected in two fractions
with different diffusion coefficients. The slow moving fractions defined through FCS
analysis reflect restricted diffusion in the nucleus due to transient binding of the proteins
and movement in sub-compartments in the nucleus. Alternatively, or in addition, slow
moving fractions might represent so-called mega Dalton protein complexes such as it
has been reported for BRCA2 (Marmorstein et al., 2001). Comparisons within the fast
and slow moving fractions showed that Rad54-GFP moved faster through the nucleus
than Rad51-GFP. Although Rad54-GFP (108 kDa) is larger in size than Rad51-GFP
(63 kDa), it takes an 8-fold increase in size to obtain a two-fold decrease in diffusion
coefficient (Lippincott-Schwartz et al., 2001). These results suggest that Rad51-
GFP is always in complex, and that these complexes are different from complexes
containing Rad54-GFP. 1t is very unlikely that formation of Rad51-GFP containing
complexes is an artifact that results from the presence of the C-terminal GFP tag, and
therefore it appears valid to suggest that Rad51-GFP behaves similar to endogenous
Rad51 in these assays.

A previous measurement of the diffusion constant of N-terminally fused GFP-
RAD51 has been performed using FRAP analysis (Essers et al., 2002a). In this
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analysis, a GFP-RAD51 diffusion coefficient of approximately 7um?/s was determined,
whereas 14um?/s was reported for RAD54-GFP (Essers et al., 2002a). The differences
with the data presented herein can be explained by the fact that in the former study
the obtained diffusion coefficients were the result of mathematical models assuming
one diffusing component. Thus, since both N-terminally and C-terminally GFP tagged
Rad51 move more slowly through the nucleus than Rad54-GFP, it is likely that this is
also true for endogenous Rad51.

In addition to accurate measurement of protein diffusion rates, FCS allows
determination of protein concentration. Since Rad51-GFP and Rad54-GFP (details
will be described elsewhere) are expressed from the endogenous promoter, and
Western blot analysis confirmed that the tagged proteins are expressed at a similar
level compared to the level of endogenous protein, we can conclude that the mean
concentration of Rad51 is two-fold higher than the mean concentration of Rad54 in
ES cells.

Taken together, the data presented herein show that knock-in cells expressing
a C-terminal fusion of GFP to Rad51 are sensitive to DNA damaging agents. Rad51-
GFP localizes to nuclear foci, but might interfere with repair of damage-induced
DSBs. Possibly; the presence of the C-terminal GFP tag interferes with interaction
of Rad51-GFP with ssDNA, or with the self-association that is required for formation
of the nucleoprotein filament. This feature could lead to a less stable association of
Rad51-GFP with nuclear foci compared to GFP-RAD51. Analysis of fast and slow
moving fractions of Rad51-GFP and Rad54-GFP revealed that Rad51 and Rad54
most likely reside in different complexes in unirradiated cells. This study provides
a basis for further analysis of the dynamic behavior of normal and mutant forms of
fluorescent-tagged Rad51, which will lead to a better understanding of the mechanism
and kinetics of homologous recombination in mammalian cells.
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Materials and Methods

Construction of targeting vectors

A mouse Rad57 cDNA fragment was used to screen a mouse P1-derived artificial
chromosome (PAC) library RPCI21 (HGMP Resource Centre, Cambridge, UK). In this
way an 18.4 kb EcoRV fragment encompassing exons 1 through 6 containing Rad51
genomic sequences was isolated and subcloned in pUC18 (Stratagene, La Jolla,
CA, USA). DNA sequencing, PCR analysis, and restriction site mapping determined
the location of introns and exons. Two knock-in targeting constructs were made:
Rad51-GFP and Rad51 conditional. Rad57-GFP cDNA was cloned into pPGK-CAS
containing the neomycin (neo) gene driven by the TK promoter. Next, we introduced
3.2 kb 3’ homology and subsequently 8.4 kb 5 homology into the construct. The 5’
homology of the construct was made via multiple cloning steps resulting in a cDNA
fusion from the Bstell restriction site in exon 3 onwards. Finally, LoxP sites were
incorporated as linkers into the Bfrl restriction site and in between the Rad57-GFP
cDNA and the selection marker. The second targeting vector was cloned in almost
the same way, but instead of Rad571-GFP, Rad51 without GFP with its own 3'UTR
was cloned. Plasmids and DNA fragments were amplified and purified according to
standard molecular biology techniques. By sequencing we checked LoxP, Rad51-
cDNA and GFP sequences in both constructs.

Cell culture and electroporation

IB10 ES cells were electroporated (10 msec, 1200 pyFarad, 118 V) with Rad57-GFP
and Rad51 conditional knock-in targeting constructs and cultured on gelatinized
dishes. G418 (200 ug/ml) was added approximately 24 hours after electroporation,
and colonies were picked after 9-11 days of selection. Genomic DNA of these clones
was digested with EcoRV and DNA blot analysis using a 5 flanking probe was
performed. Targeted clones were subsequently screened with a 3’ flanking probe to
confirm homologous integration. Mouse Embryonic Fybroblasts (MEFs) were cultured
in DMEM/Ham’s F-10 1/1 (Cambrex Bio Sciences, Tebu-Bio b.v., Heerhugowaard,
Netherlands) supplemented with 10% fetal calf serum and penicillin and streptomycin
at 37 °C, 5% CO.,,

Immunoblot analysis

An amount of 20 pg protein per sample from whole-cell extracts was separated on 12%
SDS-polyacrylamide gels. Subsequently, the separated proteins were transferred onto
nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany). To detect the
Rad51 protein, blots were incubated with 1:10 000 dilutions of rabbit a-human RAD51
antibody and subsequently with a goat a-rabbit 1:5000 secondary antibody coupled
to horseradish peroxidase (HRP) (Sigma—Aldrich, St. Louis, MO, USA). Expression
of GFP-tagged Rad51 was besides with the RAD51 antibody analyzed by hybridizing
the membranes with a monoclonal mouse a-GFP (Roche, Almere, Netherlands)
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1:1000 antibody, followed by a secondary antibody coupled to HRP (Sigma-Aldrich).
Immobilized immunoglobins were visualized using chemoluminescence (Du Pont/
NEN, Bad Homburg, Germany).

Cell survival assays

The sensitivity of ES cells to increasing doses of ionizing radiation (IR) by a '¥’CS
source was examined by their colony forming ability as described (Essers et al., 1997).
Cells were grown for 9 to 10 days after which colonies were stained and counted. All
measurements were performed in triplicate.

Homologous targeting of the Rad54 locus

Targeting and subsequent analysis of the Rad54 locus in IB10 wild-type and Rad571*
GFP #139-20 ES cells was done as described previously (Zhou et al., 1995). We used
Rad5437rr and Rad543°"ws knockout targeting constructs (Essers et al., 1997) and
selected with puromycin (1pg/ml) or hygromycin B (200ug/ml) respectively. Targeted
integration in the Rad54 locus was distinguished from random integration by DNA blot
analysis using an appropriate probe flanking the targeting constructs.

Immunofluorescence

A confluent layer of lethally irradiated (40 Gy) MEFs grown a 24mm coverslips, was
used as a feeder for growing ES cells. Cells grown on these feeders were fixed with
2% wlv paraformaldehyde for 15 minutes at room temperature followed by 2 times
PBS washing. Next, cells were permeabilized for 2 times 5 minutes in PBS containing
0.2% w/v TritonX-100 and subsequently washed 3 times with PBS and 5 minutes with
PBS* (PBS containing 0.5% w/v BSA and 0.15% w/v glycine). Overnight, cells were
incubated at room temperature with primary antibody in a moist chamber. Subsequently,
coverslips were washed 4 times with PBS*, followed by 2 hour incubation with a
secondary antibody at room temperature and again washed 4 times with PBS* and
ones with PBS. Finally, vectashield mounting medium (Vector Laboratories, Burlingame
CA, USA) was used to mount the coverslips. Primary antibodies used were: rabbit a-
human RAD51 1:500, affinity-purified mouse monoclonal a-human RADS1 (GeneTex,
GTX70230) 1:200, and affinity-purified a-human RAD54 1:100. Secondary antibodies
were: goat a-rabbit Alexa546 1:200, goat a-mouse Alexa546 1:200, goat a-mouse
Alexa488 1:200 (Molecular Probes, Invitrogen, Breda, Netherlands).

Confocal and time lapse microscopy

For live cell microscopy, ES cells were grown on a feeder layer of MEFs on a 24mm
coverslip. When confluent, MEFs were lethally irradiated (40 Gy). Subsequently, ES
cells were seeded on top and approximately 8 hours later the coverslip was placed in
a live cell chamber. Chamber and objective (63x1.40 NA, oil immersion, Carl Zeiss,
Jena, Germany) were kept at 37 °C and the cells were maintained at 5% CO,. For
time lapse imaging the LSM510LNO confocal microscope (Carl Zeiss) was used. GFP
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images were obtained after excitation with a 488 nm Ar-laser line and a 500-550 nm
band pass filter. Every 20 minutes 4 optical slices with 2 ym intervals were created.
Time-lapse images were taken for 15 hours.

Analysis of protein diffusion and concentration

Analysis of FRAP and FLIP-FRAP was performed according to Essers et al. (2002a).
FCS measurements were carried out with a ConfoCor2 (Carl Zeiss) attached to an
Axiovertinverted microscope (Carl Zeiss), using a C-apochromat 40x /1.2 NA objective.
The pinhole was 1 airy unit (70 um) and a 488 nm argon laser (2mW) line was used to
excite GFP at 1% AOTF (acousto-optic tunable filter). The confocal volume was 0.334
fL (lateral resolution 0.224 um and axial resolution 1.055 um). For measurement of
GFP-tagged proteins, 5 time series of 20 seconds were recorded and superimposed
for fitting. The mathematical model for the correlation function used in the fit module
of the ConfoCor 2 is represented by:

1(1-T+Te/" | & f;
G(r)=1+— :
@) =1+ N 1-T J in1 (1+%D’_)\/1+T(S72TD1‘)

n represents the fluorescent components that are subject to the normalization

constraint Zf, =1, N the average number of fluorescent molecules in the effective
i=1

%

detection volume V. = 771}z , Tand 7., respectively, the fraction population and
eff 0“0 T

decay time of the triplet state, f;, and 7,,, respectively, the contribution and the

translational diffusion time of the i-th fluorescent component and S is the structural
z

parameter of the instrumental set-up: S ==", where z, and r, are the distances
T

from the center of the laser beam focus in the radial and axial directions,

respectively, at which the collected fluorescence intensity has dropped by a factor of

e’ compared to its peak value for the Gaussian beam profile (Weisshart et al., 2004).
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Abstract

Rad54 functions in repair of DNA double strand breaks via homologous recombination.
In meioisis, homologous recombination is required to generate genetic variation.
Using a mouse model carrying a Rad54-GFP knock-in allele, we analyzed the
cellular and subcellular localization of a Rad54-GFP fusion protein in mouse testis.
We found high expression of Rad54-GFP in spermatogonia. Fluorescent correlation
spectroscopy analysis showed that the highest Rad54-GFP concentration in these
cells was 180 nM (=5.7 10* molecules). Rad54-GFP is not detected in early meiotic
prophase spermatocytes, but the protein reappears during pachytene, and the
highest measured concentration in these cells was 72 nM (22.3 10* molecules). No
expression was detected from diplotene onwards. Analysis of Rad54-GFP diffusion
revealed that Rad54-GFP expressing cell types contain a fast moving Rad54-GFP
fraction with a similar diffusion coefficient. A slow moving Rad54-GFP fraction shows
a diffusion coefficient, which was relatively low in spermatogonia compared to the
other cell types. In Rad54 knockout spermatocytes, there is no marked impairment
of the first steps of the meiotic prophase, as visualized by a normal appearance and
localization of Rad51 and Mlh1 foci. However, during late pachytene and diplotene,
aberrant Rad51 aggregates are formed in these knockout cells. This indicates a
meiotic role of Rad54 in postsynaptic Rad51 disassembly. A possible role for Rad54
in spermatogonial proliferation and differentiation might be related to maintenance of
genome integrity.
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Introduction

DNA double strand breaks (DSBs) can be induced by exogenous and endogenous
sources and factors. lonizing radiation for example, is an exogenous threat to the
genome. DSBs may also occur in the context of unique endogenous processes in
specialized cell types, such as in cells undergoing meiosis and VDJ recombination. In
general, in somatic cell types, non-homologous end-joining (NHEJ) and homologous
recombination are the two major pathways of DNA DSB repair (reviews: van Gent et
al., 2001; Lieber et al., 2003; West, 2003; Weterings and van Gent, 2004; Wyman
et al., 2004). NHEJ involves a simple ligation of the broken DNA pieces (Lieber,
1999). Prior to ligation, the DNA ends are processed in such a manner that small
deletions or insertions can occur at the DNA termini. In contrast to NHEJ, homologous
recombination is very accurate because it uses homologous DNA as a template
(Takata et al., 1998).

Biochemically, homologous recombination in all organisms can be subdivided
into three steps: pre-synapsis, synapsis, and post-synapsis and resolution (Paques
and Haber, 1999; Symington, 2002; Tan et al., 2003; Wyman et al., 2004). During pre-
synapsis, the broken DNA ends are processed into 3’ single-stranded DNA (ssDNA)
tails. In eukaryotes, these ssDNA ends are coated with a protein named Rad51,
to form a Rad51 nucleoprotein filament that can recognize homologous double-
stranded DNA (Baumann et al., 1996; Sung, 1994). In step two, synapsis, the Rad51
nucleoprotein filament recognizes a homologous double-stranded template DNA,
and a joint molecule between the single-stranded DNA and the undamaged template
DNA is formed. Then, DNA synthesis restores the missing information on the invaded
DNA during step three, post-synapsis and resolution. This final step also includes
subsequent DNA unwinding, and ligation of the newly synthesized DNA to the other
end of the broken DNA molecule.

Rad54 is an important accessory factor for Rad51 in homologous recombination
(Tan et al., 2003; Wyman et al., 2004). Rad54 belongs to the Swi/Snf2 protein family
of DNA-dependent ATPases (Pazin and Kadonaga, 1997). Results of various in vitro
studies support roles for Rad54 at all steps of homologous recombination (reviewed
in Tan et al., 2003). During pre-synapsis, yeast Rad54 has been shown to stabilize
Rad51 interaction with single-stranded DNA (Mazin et al., 2003). In synapsis, Rad54
is thought to stimulate Rad51 dependent joint molecule formation. This assumption
is based on in vitro experiments showing that yeast and mammalian Rad54 use
the energy of ATP hydrolysis to translocate along the DNA, and induce supercoils
(Petukhova et al., 1998; Ristic et al., 2001; Swagemakers et al., 1998; Tan et al.,
1999; Van Komen et al., 2000). During the post-synaptic phase, yeast and mammalian
Rad54 may be involved in heteroduplex extension in an ATPase dependent manner
(Kiianitsa et al., 2002; Solinger and Heyer, 2001). In addition, there is biochemical
evidence for a role of yeast Rad54 in disassembly of the Rad51 nucleoprotein filament
(Solinger et al., 2002).
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Despite the above-described roles of Rad54 in all steps of homologous
recombination, disruption of mouse Rad54 in ES cells does not interfere with cell
growth, and results in relatively mild recombination defects (Essers et al., 1997). In
addition, only a small increase in DNA damage sensitivity induced by y-irradiation,
methyl methanesulphonate (MMS), or mitomycin C (MMC) treatment was found in
Rad54 deficient ES cells, compared to wild-type cells (Essers et al., 1997). Rad54
knockout mice are viable, show normal development, and are fertile (Essers et al.,
1997). This lack of pronounced phenotypes may be explained by functional redundancy
between different pathways of DSB repair. Alternatively, Rad54 and different Rad54-
like proteins may perform overlapping functions. Thus far, one mammalian Rad54
homolog has been identified, named Rad54b (Hiramoto et al., 1999; Joanne Wesoly,
PhD thesis, 2003). The amino acid similarity between the two proteins is 50%. RNA
blot experiments showed that Rad54 and Rad54b expression is increased in mouse
tissues containing fast proliferating cells, like thymus and testis (Kanaar et al., 1996;
Joanne Wesoly, PhD thesis, 2003). The phenotype of Rad54b” ES cells and mice is
even less severe compared to the Rad54 deficient situation. Double Rad54/Rad54b
knockouts show an increase of defects, as compared to the Rad54 and Rad54b single
knockouts, suggesting synergism of the proteins encoded by these two genes or a
difference in tissue specificity (Joanne Wesoly; PhD Thesis, 2003).

Many proteins that act during mitotic homologous recombination are also
required for meiotic recombination. In contrast, the NHEJ repair pathway is repressed
during the meiotic prophase (Goedecke et al., 1999). In meiosis, recombination is
initiated at leptotene when DSBs are created by Spo11, a member of the type II-like
topoisomerase family (Bergerat et al., 1997; Keeney et al., 1997; Metzler-Guillemain
and de Massy, 2000; Shannon et al., 1999). A fraction of the DSBs initiatied by Spo11
will be selected to become crossing-overs. In pachytene, the crossing-over sites are
marked by accumulation of the mismatch repair protein Mihl, and it has been shown
that this protein is required for the formation of chiasmata in mouse spermatocytes and
oocytes (Anderson et al., 1999; Barlow and Hulten, 1998; Edelmann et al., 1996).

Spermatogenesis in mammals takes place in the testis tubules, and starts with
spermatogonia, which divide and differentiate into preleptotene spermatocytes. Prior
to entering meiotic prophase, preleptotene spermatocytes perform a final round of
DNA replication. Subsequently, in leptotene, meiotic recombination is initiated. In
contrast to somatic cells, in which recombinational repair of DSBs involves sister
chromatids, meiotic recombination requires homologous interaction between non-
sister chromatids. Therefore, homologous autosomal chromosomes pair along their
length, and a specialized structure, named synaptonemal complex (SC), forms the
connection. The availability of specific antibodies that recognize the synaptonemal
complex proteins Sycp1, Sycp2, and Sycp3, allows monitoring of meiotic prophase
substages (reviewed in Heyting, 1996). In contrast to the autosomal chromosomes,
the heterologous X and Y chromosomes have only small regions of homology, named
pseudoautosomal regions. During meiotic prophase, the XY pair forms the so-called
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XY body. This is a heterochromatic chromatin structure in which most of the X- and Y-
chromosomal genes are silenced (Monesi, 1965). After the lengthy meiotic prophase,
two meiotic divisions lead to the formation of haploid spermatids, which differentiate
further into mature sperm cells with highly condensed DNA packaged in the sperm
head.

In the present work, we studied the role of Rad54 in meiosis in spermatogenesis.
For this, we analyzed Rad54 localization and intracellular dynamics in the testis,
using Rad54-GFP knock-in mice. For this purpose we developed a new technique
that is helpful for imaging all stages of spermatogenesis in testis tubules in vivo. Also,
functional analysis of Rad54 deficient spermatocytes was performed.

Results

Imaging the spermatogenic cycle

Experimental design

For in vivo imaging, we made use of a mouse model in which endogenous Rad54
has been replaced by Rad54-GFP. This fusion protein has been shown to be fully
functional (Essers et al., 2002); Rad54-GFP double knock-in mice (details will be
described elsewhere) are healthy and show none of the phenotypic characterisitics of
the Rad54 knockout (Essers et al., 1997). Isolated testis tubules were studied in a live
cell chamber at 33 °C (Figure 1A). Within testis tubules, two separate compartments
can be defined: the basal and the adluminal compartments. The so-called blood-
testis barrier or Sertoli cell barrier between these two compartments is formed
through tight junctional complexes in between neighbouring Sertoli cells (Figure 1B).
The basal compartment contains spermatogonia and preleptotene spermatocytes.
The preleptotene-leptotene spermatocytes detach from the basal membrane and
migrate towards the adluminal compartment, which contains spermatocytes at later
stages and spermatids (Figure 1C). The Sertoli cell barrier prevents free diffusion of
substances from the interstitium into the adluminal compartment. We made use of
this characteristic, and injected the fluorochrome Hoechst, a vital DNA marker, via
the rete testis into testis tubules. As a result, adluminal germ cell nuclei are Hoechst
positive; however, spermatogonia and early spermatocytes in the basal compartment
are Hoechst negative. Using a combined confocal and multi-photon microscopic set
up as described in Materials and Methods, we simultaneously acquired GFP and
Hoechst images from testis tubules of Rad54-GFP mice. When Hoechst was injected
via the rete testis (Hoechst inside), Sertoli cell nuclei, and nuclei of spermatocytes and
spermatids were Hoechst-positive. Figure 1D shows an example of this approach.
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Figure 1 Live. imaging of isolated mouse testis tubules.

(A) Schematic representation of a testis tubule in a heated live cell chamber. A @ 24 mm coverslip is fixed
in a metal holder, providing the bottom of the chamber in which the tubule in medium or PBS is studied. On
top of the tubule, a @ 16 mm coverslip is placed, and this is covered with PBS-saturated oil.

(B) Schematic representation of a testis tubule cross-section. Adjacent Sertoli cells (nucleus of one cell
indicated with S) are connected by tight-junctional complexes (*), thus forming the Sertoli cell barrier. This
barrier divides the testis tubule into two compartments: a basal compartment and an adluminal compartment.
B spermatogonia (B), spermatocytes (sc), round spermatids (rst), and elongated spermatids (est).

(C) Schematic drawing of a testis tubule, indicating relative positions of the Sertoli cell barrier, and the basal
and adluminal compartments. Also depicted is the scanning direction of the microscope, from outside to
inside.

(D) Image of Hoechst-stained cell nuclei at the basal side of the Sertoli cell barrier. Hoechst was added in
the culture medium. Sertoli cells (S), spermatogonia (sg), and a myoid cell (m) are depicted.

(E) Rad54-GFP image of the same cells as in D. Rad54-GFP positive spermatogonia are also Hoechst
positive.

(F) Image of Hoechst-stained cell nuclei at the basal side of the Sertoli cell barrier. Hoechst was injected
via the rete testes into the tubular lumen. Only nuclei of Sertoli cells (S) and the adluminal germ cells (not
depicted) are Hoechst positive.

(G) Rad54-GFP image of the same cells as in F. Rad54-GFP positive spermatogonia are Hoechst negative.
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In the tubule section that is shown, Rad54-GFP signal is observed in nuclei that are
Hoechst negative (Figure 1E). Taking the above considerations into account, it can
be inferred that Rad54-GFP is expressed in spermatogonia or early spermatocytes of
this testis tubule fragment. Subsequently, Rad54-GFP mouse derived testis tubules
were incubated in PBS with Hoechst. After this treatment, Hoechst positive nuclei from
the different cell types in the basal compartment of testis tubules can be identified, on
basis of their heterochromatin appearance. Sertoli cells take up Hoechst form both
compartments. In the example shown (Figure 1F and G), Rad54-GFP and Hoechst
positive spermatogonia can be identified.

Determination of the spermatogenic stages

Spermatogenesis in mouse testis is organized in such a way, that in a cross-section
of a tubule a defined association of specific germ cell types is found. Such a cell
association is called a stage of the spermatogenic cycle. At any given time point, the
subsequent stages of the spermatogenic cycle are found in a sequential order along the
length of the tubule. Oakberg defined twelve (I-XIl) stages in mouse (Oakberg, 1956a;
Oakberg, 1956b). Using transmission electron microscopy and high-resolution light
microscopy, together with the staging criteria of Oakberg as modified and described
by Russell (Russell et al., 1990), Chiarini-Garcia and Russell classified all the different
types of spermatogonia on basis of the heterochromatin appearance in their nucleus
(Chiarini-Garcia and Russell, 2001; Chiarini-Garcia and Russell, 2002).

During our in vivo imaging experiments, a similar chromatin pattern could be
visualized using the vital DNA marker Hoechst. Changing the focal plane in microscopic
analysis of isolated testis tubules, we identified the different germ cell types present,
to determine the respective stage of the spermatogenic cycle. Transition from one
stage to the next can be detected by moving along the length of the tubule, and
recording the stage-specific appearance of Hoechst-stained DNA of spermatogonia,
spermatocytes, and spermatids. Stages | through IV are difficult to determine exactly.
However, in addition to the chromatin appearance of spermatogonia (Chiarini-
Garcia and Russell, 2001; Chiarini-Garcia and Russell, 2002), these stages can
be determined by the presence of a cell layer of relatively small early pachytene
spermatocytes (Figure 2A, upper panel). Stages V and VI contain B spermatogonia,
the cells with the smallest nuclei of the spermatogonial series (Figure 2B, upper panel).
Further towards the lumen, nuclei of mid-pachytene spermatocytes are detected. At
the stages V and VI, these are clearly larger compared to nuclei of early pachytene
spermatocytes in stage I-1V tubules. Stages VII and VIl are marked by the presence
of small preleptotene spermatocytes with their characteristic small densely stained
‘balls’ of Hoechst-marked heterochromatin in the (Figure 2C, upper panel). As would
be expected, the number of preleptotene spermatocytes is approximately twice the
number of B spermatogonia. Which spermatogonia type is present at a certain stage,
can also be determined by counting the numbers of spermatogonia per Sertoli cell.
We found 0.8 A, spermatogonia (Figure 2A), 2.7 B spermatogonia (Figure 2B) and 5.3
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preleptotene spermatocytes (Figure 2C) per Sertoli cell. This is in agreement with the
numbers found previously using analysis of fixed whole mount mouse testis tubules
(Tegelenbosch and de Rooij, 1993). Preleptotene spermatocytes move across the
Sertoli cell barrier, and leptotene spermatocytes are present at the adluminal side of
the Sertoli cell barrier, at stages IX and X. The end of stage VIII can be recognized
by the absence of condensed spermatids, because mature sperm cells have just
been released into the lumen, stage IX tubules are characterized by the presence
of oval-shaped elongating spermatids, and stages X and XI show absence of round
spermatids but further elongation and condensation of spermatid DNA (not shown).
Meiotic figures of chromosomes in dividing primary and secondary spermatocytes
identify stage XlI (Figure 2D, upper panel).

Expression profile of Rad54 in testis

In order to analyze cellular and sub-cellular Rad54 protein localization during
spermatogenesis, testis tubules of Rad54¢7”¢F knock-in mice were isolated. Before
dissection of the testis, Hoechst was injected via the rete testis into the testis tubules
(Hoechst inside), and this DNA marker was also added to isolated tubules to stain the
nuclei in the basal compartment (Hoechst outside). Subsequently, the fluorescence
emitted by GFP and Hoechst was recorded which allowed analysis of stage-specific
Hoechst staining and Rad54-GFP expression (Figure 2). To discriminate between
autofluorescence and GFP fluorescence, wild-type testes were also analyzed (not
shown). Autofluorescent signals were mostly present in intercellular regions. Like
in somatic cells, in spermatogenic cells Rad54-GFP is exclusively localized to the
cell nucleus. No Rad54-GFP expression was detected in Sertoli cells. The highest
Rad54-GFP expression was found in spermatogonia. After entry in meiotic prophase
(preleptotene), Rad54-GFP expression decreased. In leptotene, zygotene, and early
pachytene (Figure 2A), no Rad54-GFP signal was detected. However, Rad54-GFP
re-appeared in pachytene spermatocytes from stages Il/lll onwards (Figure 2B,C).
This expression disappears again during late pachytene/diplotene, in stage X tubules.
We observed an elevated concentration of Rad54-GFP in the XY body of pachytene
spermatocytes at stage VI/VII (Figure 2C). Some isolated green cells are found at
stage Xll (Figure 2D), but these are most probably apoptotic cells, which appear to
be loosened from the spermatogenic epithelium as observed by phase-contrast (not
shown). These data are summarized in Figure 3.
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Figure 2. Rad54-GFP expression and accompanying DNA staining in testis tubules at different
stages of the spermatogenic cycle.

Depicted are: nuclei of Sertoli cells (S), A, spermatogonia (A,), A, spermatogonia (A,), A, spermatogonia
(A,), B spermatogonia (B), preleptotene spermatocytes (pl), pachytene spermatocytes (p), XY body in
pachytene spermatocytes (XY), zygotene spermatocytes (z), round spermatids (rst), elongated spermatids
(est),and meiotic divisions | and Il (MI/MII).

Hoechst was injected via the rete testes of Rad54¢ /¢ knock-in mice. In addition, Hoechst was added to
the incubation medium. Hoechst (red, upper panels) and GFP (green, lower panels) images were obtained
at different positions along the length of the testis tubule. At each position, 15 images with an interval of 3
um were taken, starting at the basal side and going to the adluminal direction. Four stages are shown, and
for each stage 3 longitudinal cross-sections (9 um interval) are depicted.

(A) Stages I/Il of the spermatogenic cycle

(B) Stages V/VI

(C) Stages VII/VIII, the insert shows an enlargement of a pachytene spermatocyte nucleus with an elevated
concentration of Rad54-GFP in the XY body.

(D) Stage XII
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Stages of the spermatogenic cycle

Figure 3. Schematic representation of Rad54-GFP expression during the cycle of the mouse
spermatogenic epithelium.

Spermatogenesis is a cyclic process, which can be subdivided into twelve (I-XIl) stages in the mouse. Each
stage is defined by the presence of a given combination of germ cell types in a cross-section through the
tubule (Oakberg, 1956a; Russell et al., 1990). A-single (A,) spermatogonia are single cells that either renew
via self-renewal divisions or divide into a pair, the A-paired (Apr) spermatogonia. The Apr spermatogonia
develop further into four A-aligned (A,) spermatogonia. Subsequent divisions lead to chains of 8 or 16
cells. A, spermatogonia go through a differentiation step and become A1 spermatogonia that further
divide and differentiate into A2, A3, A4, intermediate (Int) and finally B spermatogonia (B) which undergo
mitotic division to form preleptotene (Pl) spermatocytes. These cells have entered meiotic prophase, and
a final round of DNA replication occurs. Subsequently, the primary spermatocytes go through leptotene
(L), zygotene (Z), pachytene (P), diplotene (D), and diakinesis. The first meiotic division (MI) results in the
formation of haploid secondary spermatocytes (1n with a 2C amount of DNA) that quickly undergo meiotic
division Il (MIl) giving rise to haploid round spermatids (1C DNA). During spermiogenesis steps 1-16, round
spermatids elongate and condense to become spermatozoa that finally are released in the tubular lumen.
Rad54-GFP expression is depicted in green. Rad54-GFP is highly expressed in spermatogonia, which are
present near the basal lamina at all stages. From preleptotene onwards, the Rad54-GFP signal decreases
and is not detected in leptotene, zygotene, and early pachytene spermatocytes. Subsequently, Rad54-
GFP expression increases, reaching highest levels between stages IV and VIII. Next, the protein gradually
disappears and is no longer detected from diplotene onwards.

Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy (FCS) is a very sensitive method for measuring
protein diffusion rates and concentrations in living cells. FCS measurements were
performed in the nucleus, excluding nucleoli. Fluorescence in each nucleus was
recorded during 5 times 20 seconds measurement intervals, and obtained data were
corrected for bleaching due to measuring. Using FCS, we confirmed the above-
described changes in Rad54-GFP expression in cells progressing through the
spermatogenic cycle. The highest Rad54-GFP concentration was found in type A
spermatogonia; 180+5 nM. The volume of the nucleus of a type A spermatogonium
is approximately 5.24 10-**|, which means that the nucleus contains approximately
number 5.7 10*molecules. After entry in meiotic prophase (preleptotene), Rad54-GFP
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expression decreased to 40+4 nM (diameter ~7um; 4.3 10 molecules). In leptotene,
zygotene, and early pachytene, no Rad54-GFP signal was detected. The highest
concentration of Rad54-GFP in spermatocytes was measured at stage VII/VIII; 72+4
nM (diameter ~10um; 2.3 10* molecules). In addition, we measured the mobility of
Rad54-GFP in spermatogonia, spermatocytes, and Rad54*¢® ES cells (Table I).
FCS measurements revealed autocorrelation functions for Rad54-GFP that best fit
with @ model containing at least two diffusion components. The fast moving Rad54-
GFP fractions (Fraction 1) did not differ significantly between the three cell types.
However, the coefficient of the lowest diffusion component (Fraction 2) was cell type
dependent. The slow moving fraction might reflect restricted diffusion in the nucleus
due to transient binding of proteins and movements in sub-compartments of the
nucleus. In spermatogonia, the Fraction 2 diffusion coefficient was significantly lower
than Fraction 2 coefficients from spermatocytes and ES cells (p<0.005). In contrast,
Fraction 2 diffusion coefficients in spermatocytes and ES cells were not significantly
different.

Table . Diffusion coefficients of Rad54-GFP in ES cells, spermatogonia,
and spermatocytes revealed by FCS analysis

ES cell genotype Diffusion coefficient D (um?s) % of proteins in each fraction

Fraction 1 Fraction 2 Fraction 1 Fraction 2
ES cell 20.6+2.2 0.97+0.12 57.8+1.8% 42.2+1.8%
Spermatogonium 14.5+1.7 0.27+0.03 * 55.1+2.1% 44.9+2 1%
Spermatocyte 17.612.0 0.50£0.11 42.7+3.8% 57.3+3.8%

Fraction 1 represents the fast moving fraction; Fraction 2 represents the slow moving fractions. Diffusion
coefficients and s.e.m. values are indicated. The asterisk indicates a significant difference with the Fraction
2 values of ES cells and spermatocytes (Duncan multiple comparison test, P < 0.05). In addition, the
percentage of protein in each fraction is indicated.

Abnormal Rad51 localization during meiotic prophase in Rad54 deficient
spermatocytes

Using immunocytochemistry on meiotic prophase spread nuclei, we analyzed the
distribution of Rad51 in Rad54 deficient and wild-type spermatocytes (Figure 4). To
be able to discriminate between the different subphases of meiotic prophase I, we
used an antibody against Sycp3. Sycp3 is a component of the synaptonemal complex
(SC) and the antibody visualizes the axial and lateral elements of the SC (Lammers et
al., 1994). Rad51 localization in meiotic prophase cells of wild-type male and female
mice has been described previously (Ashley et al., 1995; Barlow et al., 1997; Moens
et al., 1997; Plug et al., 1996). In leptotene and zygotene spermatocytes from Rad54
knockout mice, normal focal accumulation of Rad51 on axial elements was observed
(Figure 4).
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Figure 4. Rad51 forms aggregates in Rad54"- spermatocytes.

During zygotene, homologous chromosomes align and chromosomal axes can be visualized using anti-
Sycp3 (green) in spermatocyte spread nuclei. Numerous (100-200) Rad51 foci, associated with sites of
meiotic double strand breaks, localize to the synaptonemal complex in control (left) and Rad54 (right)
zygotene spermatocytes. In pachytene, all autosomal chromosomes show complete synapsis. In contrast,
the XY chromosomes (arrowhead) pair only in pseudoautosomal regions. In control spermatocytes,
the number of Rad51 foci is strongly reduced, with the exception of the XY body, In Rad54” pachytene
spermatocytes, the number of Rad51 foci is higher compared to the control, and the foci are more
elongated. During leptotene, Rad51 protein gradually disappears from wild-type spread nuclei. In Rad54”
spermatocytes, multiple aggregates of Rad51 are detected.

At subsequent subphases of meiotic prophase, these foci decrease in numbers as
synapsis proceeds, but Rad51 foci persist on the unpaired axes of the XY chromosome
pair in both wild-type and Rad54 knockout pachytene spermatocytes. However, in
Rad54 deficient pachytene spermatocytes, Rad51 foci are more elongated, which
colocalize partially with Sycp3. These aggregates are line-shaped in Rad54 knockout
diplotene spermatocytes, whereas Rad51 staining has disappeared almost completely
in wild-type diplotene nuclei (Figure 4; Table Il). The abnormal Rad51 localization
pattern is not associated with increased spermatocyte cell death (data not shown). In
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addition, we determined the number of meiotic recombination events through analysis
of the number of Mihl foci in pachytene spermatocytes of wild-type and Rad54 knockout
mice, and found no difference (data not shown).

Table Il. Rad51 localization abnormalities are found in the majority of Rad54” pachytene and
diplotene spermatocyte nuclei

% abnormal pachytene * sd % abnormal diplotene + sd
Control 8 23+27 1.1+£1.0
Rad54" 5 63.2+7.2 834+57

Abnormalities were scored in 100 spread nuclei per animal. Pachytene nuclei were considered abnormal,
based on foci number and morphology (elongated). Diplotene nuclei were considered abnormal when line-
shaped Rad51 aggregates were present.

Discussion

Repair of DNA DSBs is of vital importance for somatic cells, to maintain genome
integrity. DSBs that are induced in the context of meiotic recombination must also be
repaired, to allow correct haploidization. In the context of meiotic recombination, error-
free homologous recombination repair is essential, and error-prone NHEJ is repressed.
Rad54 and Rad51 proteins are involved in homologous recombination repair in
somatic and germ line cells. Herein, we have introduced a novel technique that allows
simultaneously visualization of germ cell DNA and Rad54-GFP in spermatogenesis.
This is combined with functional analysis of Rad54 knockout spermatocytes to reveal
Rad54 dependent Rad51 disassembly in meiosis.

In the testis and in other tissues, a correlation between proliferative activity and
Rad54 mRNA expression was found, but no data on protein levels were reported
(Kanaar et al., 1996). In the present study, we have shown that Rad54-GFP protein is
present at high levels in mitotically proliferating spermatogonia. In contrast, no Rad54-
GFP could be detected in Sertoli cells, which are differentiated somatic cell types that
are mitotically silent following proliferation in early testis development. In mice, A
spermatogonia are highly proliferative, and go through six successive rounds of mitotic
divisions in approximately 8.6 days (Oakberg, 1956a). Maintenance of integrity of the
genome of germ line cells is of special importance, since this determines the quality
of future embryos. Hence, it might be expected that proteins involved in error-free
homologous recombination repair of DSBs, which probably are the most hazardous
DNA lesions for a cell, are highly expressed and active in spermatogonia. In addition,
in Intermediate and B spermatogonia, two essential proteins of the error-prone NHEJ
repair mechanism, Ku70 and Ku86, are absent (Goedecke et al., 1999; Hamer et al.,
2003). Inthese cell types, DSBs can only be repaired using homologous recombination.
FCS measurements allowed exact determination of the Rad54-GFP concentration.
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The highest Rad54-GFP concentration was found in type A spermatogonia (180 nM;
~5.7 10* molecules). Compared to the almost 2.5-fold lower concentration of 74 nM
(1.7 10* molecules) of Rad54-GFP in ES cells (our own unpublished results), this
further supports the importance of the homologous recombination repair pathway
in spermatogonia. We found two mobile fractions of Rad54-GFP. Several factors
may contribute to the relatively low diffusion coefficient of the slow moving fraction
in spermatogonia compared to the other cell types analyzed. One of these factors is
anomalous diffusion, which means that the protein is not freely moving through the
nucleus but diffuses in nuclear sub-compartments. These compartments might differ
between cells. Another component of the slow moving fraction is transient binding
to other proteins or to DNA. Thus, Rad54-GFP may form different complexes in
spermatogonia compared to spermatocytes and ES-cells, and this may contribute to
the relatively low diffusion coefficient.

Biochemical experiments have shown that Rad54 is involved in pre-synaptic
and synaptic steps of homologous recombination (Mazin et al., 2003; Petukhova et
al., 1998; Ristic et al., 2001; Swagemakers et al., 1998; Tan et al., 1999; Van Komen
et al., 2000). In spermatogenic meiotic prophase, Rad51 and its meiosis-specific
variant Dmc1 colocalize in foci and are first present in leptotene nuclei, in association
with axial elements (Barlow et al., 1997; Moens et al., 1997; Moens et al., 2002;
Tarsounas et al., 1999). These foci depend on the induction of DSBs, since they are
absent in Spo11 deficient mice (Baudat et al., 2000; Gasior et al., 1998; Romanienko
and Camerini-Otero, 2000). Presumably, Rad51 and Dmc1 are targeted to processed
ssDNA ends of DSBs (Raderschall et al., 1999). In the context of axial elements,
these Rad51/Dmc1 coated ssDNA ends recognize and invade the corresponding
DNA strand of homologous chromosomes. These processes occur prior to synapsis
(Mahadevaiah et al., 2001), when Rad54-GFP is not detected (Figure 3). Furthermore,
Rad51 localization patterns were normal in Rad54 deficient preleptotene, leptotene,
and zygotene spermatocytes. Thus, assembly of Rad51 and Dmc1 at the sites of
meiotic DSBs is a Rad54 independent process.

Re-expression of Rad54-GFP during pachytene coincides with the first
appearance of aberrant Rad51 aggregates in Rad54 knockout pachytene
spermatocytes. Biochemical experiments described by Solinger et al. (2002) pointed
to a role of yeast Rad54 in disassembly of a Rad51 filament from double-stranded
DNA (Solinger et al., 2002). Our data indicate that mammalian Rad54 may perform a
similar function during meiosis. Surprisingly, the abnormalities found, do not lead to an
increase in spermatocyte cell death. In addition, the number of meiotic recombination
events in Rad54 knockout mice was found to be normal. Thus, Rad54 is not absolutely
required to complete meiotic recombination, although correct disassembly and/or
breakdown of Rad51 during pachytene and diplotene depends on Rad54. This defect
is apparently corrected during late meiotic prophase in Rad54 deficient cells, since no
Rad51 was detected in spermatids of both wild-type and Rad54 knockout mice.

Interestingly, an elevated concentration of Rad54-GFP was found in the XY
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body at mid-pachytene. In the XY body, RNA transcription is suppressed, and meiotic
recombination is restricted to the pseudoautosomal paired regions of the X and Y
chromosomes (McKee and Handel, 1993; Monesi, 1965; Solari, 1974). Although
meiotic recombination is suppressed, numerous Spo11-induced DSBs are present
all along the chromosomal axes of X and Y, and Rad54 may be involved in their
repair. It is unlikely that these breaks are repaired by the mainly deleterious NHEJ
pathway. Alternatively, Rad54 may function as chromatin-remodeling factor in the XY
body, because it is a member of the Swi2/Snf2 chromatin remodeling family of DNA-
dependent ATPases (Pazin and Kadonaga, 1997). In contrast to Rad54 activities in
DNA repair, its function in chromatin remodeling has not been clearly defined (Alexeev
et al., 2003; Alexiadis and Kadonaga, 2002; Alexiadis et al., 2004; Jaskelioff et al.,
2003).

In haploid spermatids, DNA repair via homologous recombination is impossible,
since no homologous chromosome or sister chromatid is available. As would be
expected, no Rad54-GFP expression was found in round and elongating spermatids.
However, DSBs do occur in these haploid cells. For example, many DNA breaks are
generated during the chromatin remodeling process, when the histone-based chromatin
is converted into a compact protamine-based structure, in condensing spermatids
in rodents (Laberge and Boissonneault, 2005; McPherson and Longo, 1993; Smith
and Haaf, 1998; Wayne et al., 2002) and human (Marcon and Boissonneault, 2004).
In contrast to spermatocytes and round spermatids, elongating and condensing
spermatids show a relatively low DNA repair activity (Joshi et al., 1990; Van Loon
et al.,, 1991; van Loon et al., 1993). However, repair of DNA breaks is required for
development of functionally intact spermatozoa (Agarwal and Said, 2003; Sakkas et
al., 1999; Ward and Coffey, 1991). Recently, it was demonstrated that histone H4
acetylation is required for DSBs formation at chromatin remodeling steps in step 9-12
spermatids. In addition, topoisomerase |l alone is involved in the generation of DSBs
and the subsequent ligation process during these steps (Laberge and Boissonneault,
2005). The mechanism of DSB repair in elongating and condensing spermatids is still
unknown. Possibly, topoisomerase |l is also sufficient for repair of DSBs that are not
related to chromatin remodeling.

The minor meiotic recombination defect in Rad54 knockout spermatocytes
that was observed in the present experiments, as reflected by abnormal Rad51 foci
processing, is an unexpected finding, because Rad54 is thought to function during all
steps of meiotic recombination. One would expect to find a major functional defect in
Rad54 knockout spermatocytes, but it can be suggested that a functional homolog
of Rad54 exists, that performs part of the functions that are normally performed by
Rad54. In yeast, a RAD54 homolog named RDH54/TID1, plays a role in recombination
(Klein, 1997; Shinohara et al., 1997). rad54 and rdh54/tid1 single mutants exhibit
about a two-fold decrease in sporulation efficiency and spore viability compared to
wild-type strains. The double mutant, however, is severely defective for sporulation
and spore viability and arrests at meiotic prophase, indicating functional redundancy
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between these proteins in meiosis (Shinohara et al., 1997). During yeast meiotic
recombination, RDH54/TID1 also promotes colocalization of RAD51 and DMCH1
(Shinohara et al., 2000). Mouse Rad54b, a structural RDH54/TID1 homolog, does
not show meiosis-specific expression, but there is a relatively high level of mRNA
expression in testis. However, Rad54/Rad54b double-knockout males and females
are fertile (Joanne Wesoly, PhD thesis, 2003). This indicates that both proteins are
not absolutely required for meiosis, but we do not exclude that relatively minor defects
may accumulate in the next generations. Human RAD54B is a structural homolog of
RDH54/TID1, but this human protein has different biochemical properties and protein
interactions as compared to yeast RDH54/TID1 (Tanaka et al., 2002). Possibly, the
mammalian genome encodes a yet unknown meiosis-specific functional homolog of
RDH54/TID1, which might be a protein with little amino acid sequence identity with the
known mammalian Rad54/Rad54b proteins.

Materials and Methods

Mice

Rad54” mice have been generated (Essers et al., 2002). We also have prepared a
genomic knock-in construct encoding a carboxy-terminal GFP tagged Rad54 protein.
We showed that Rad54-GFP is fully biologically active in cultured cells (Essers et al.,
2002). Subsequently, the Rad54-GFP knock-in allele was used to generate mice,
which were found to be phenotypically normal (details will be described elsewhere).
Adult Rad54¢FP/6FP mice (129Sv/C57BL6) were used in the present study.

Isolation of testis tubules

Adult mouse testes were isolated from Rad54°F7¢F knock-in and wild-type mice.
Decapsulated testes were immersed in 20 ml Dulbecco’s phosphate-buffered saline
(Invitrogen, Carlsbad, CA, USA) containing 0.9 mM Ca?", 0.5 mM Mg?*, 8mM DL-lactic
acid, and 5.6mM glucose (PBS*), in the presence of collagenase (1 pg/pl;Roche) and
hyaluronidase (0.5 pg/ul;Roche) in a siliconized 100 ml Erlenmeyer flask. The flask
was incubated at 33 °C and shaken at 90 cycles/min, amplitude of 20 mm, for 15-20
min. The incubation was terminated when this mild enzymatic digestion had resulted
in dissociation of the interstitial tissue and disengagement of testis tubules. Tubules
were separated from interstitial cells by washing in PBS* twice, using sedimentation
of tubules at unit gravity in a 50 ml tube. Next, several tubules were placed in a 30
mm Petri dish, in PBS* supplemented with 0.2% bovine serum albumin (BSA). When
applicable, 5 ug/ml Hoechst 33342 (Molecular Probes, Leiden, The Netherlands) was
added. Selected tubules of approximately 1 cm length were carefully transferred,
using an 250 pl pipet tip with cut-off end, into a drop of 30 ul PBS* with 0.2% (wt/vol)
BSA onto a 24 mm cover slip in a live cell chamber. A 16 mm cover slip was placed on
top, and this was overlaid with PBS-saturated mineral oil. When applicable, the mice
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were anaesthetized using intraperatoneal injection of avertine (2,2,2-tribromoethanol;
500mg/kg body weight; Fluka, Basel, Switzerland) and the testis was injected with
0.2 mg/ml Hoechst 33342 and 0.05% trypan blue (Sigma, St Louis, MO, USA) in PBS
containing 10% foetal calf serum (FCS) , through the rete testis, one hour prior to
testis dissection, to allow spreading of the vital DNA stain throughout the adluminal
compartment of the testis tubules and uptake by nuclei on the adluminal side of the
Sertoli cell barrier. Trypan blue was co-injected as a dye to retrieve Hoechst positive
testis tubules. Testis tubules were examined at 33°C, using a Zeiss LSM510 confocal/
multi-photon set up, to allow simultaneous acquisition of phase-contrast, GFP, and
Hoechst images (Figure 1D-G).

Confocal microscopy

Live cell chamber and objective (63x1.40 NA, oil immersion, Carl Zeiss, Jena,
Germany) were kept at 33 °C. The LSM510LNO confocal microscope (Carl Zeiss,
Jena) was used (Figure 1A). GFP images were obtained after excitation with a 488 nm
argon-laser line and a 500-550 nm band pass filter. A Verdi pump laser (5W), Mira 900
multi-photon laser (Coherent, Santa Clara, CA, USA) tuned to 800 nm, laser output 20
mW, was used to make Hoechst images (390-465 nm band pass filter). Approximately
18 confocal images with 3 um intervals were made at a particular position in a tubule.
Pixel size 0.29 x 0.29 uym. Images were processed by using the LSM AIM software
package (Carl Zeiss, Jena).

Meiotic spread nuclei preparations and immunocytochemistry

Testes were obtained from 5-week-old wild-type and Rad54”mice and were processed
for immunocytochemistry as described by Peters et al. (1997b). Spread nuclei of
spermatocytes were double-stained with rabbit polyclonal or mouse monoclonal a-
Sycp3 (kindly provided by C. Heyting, Wageningen, The Netherlands) in combination
with rabbit a-human RAD51 (R. Kanaar), and mouse anti-Mut L homolog 1 mismatch
repair protein (anti-Mlh1; BD Pharmingen, Lexington, KY.) The secondary antibodies
were fluorescein isothiocyanate- or TRITC (tetramethyl rhodamine isothiocyanate)-
labeled goatanti-rabbitimmunoglobulin G (IgG) antibodies (Sigma-Aldrich, Zwijndrecht,
The Netherlands), but fluorescein isothiocyanate-labeled goat anti-mouse IgG (Sigma)
was used as secondary antibody for anti-Mlh1. Before incubation with antibodies,
slides were washed in PBS (three times, each for 10 min), and nonspecific sites were
blocked with 0.5% (wt/vol) bovine serum albumin (BSA) and 0.5% (wt/vol) milk powder
in PBS. First, antibodies were diluted in 10% (wt/vol) BSA in PBS, and incubations
were carried out overnight at room temperature in a humid chamber. Slides were
then subjected to three 10-min washes in PBS, blocked in 10% (vol/vol) normal goat
serum (Sigma) in blocking buffer (supernatant of 5% (wt/vol) milk powder in PBS
centrifuged at 14,000 rpm for 10 min), and incubated with secondary antibodies in
10% normal goat serum in blocking buffer at room temperature for 2 h. Finally, slides
were then subjected to three 10-min washes in PBS (in the dark) and embedded in
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Vectashield containing DAPI (4’,6’-diamidino-2-phenylindole to counter stain the DNA
(Vector Laboratories, Burlingame, CA, USA). Fluorescent images were observed by
using a fluorescence microscope (Axioplan 2; Carl Zeiss, Jena, Germany) equipped
with a digital camera (Coolsnap-Pro; Photometrics, Waterloo, Canada). Digitalimages
were processed by using Adobe Photoshop software (Adobe Systems). For analysis
of Mlh1 foci, foci were counted in at least ten nuclei from two control and two Rad54”
mice.

TUNEL assay

Testes were isolated from adult wild-type and Rad54 mice. Tissues were formaldehyde
fixed and embedded in paraffin according to standard procedures. Sections were
mounted on aminoalkylsilane-coated glass slides, dewaxed, and pretreated with
proteinase K (Sigma) and peroxidase as described elsewhere (Gavrieli et al., 1992).
Slides were subsequently washed in terminal deoxynucleotidyl transferase (TdT)
buffer for 5 min (Gorczyca et al., 1993) and then incubated for at least 30 min in
TdT buffer containing 0.01 mM Biotin-16-dUTP (Roche Diagnostics, Almere, The
Netherlands) and 0.4 U of TdT enzyme (Promega, Leiden, The Netherlands)/ul. The
enzymatic reaction was stopped by incubation in TB buffer, and the sections were
washed (Gavrieli et al., 1992). Slides were then incubated with StreptABComplex-
horseradish peroxidase conjugate (Dako) for 30 min and washed in PBS. dUTP-
biotin-labeled cells were visualized with 3,3’-diaminobenzidine tetrahydrochloride-
metal concentrate (Pierce, Rockford, lll.). Tissue sections were counterstained with
nuclear fast red 5% (wt/vol) AL(SO,),. For each animal, the number of TUNEL positive
(terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) cells
was counted in at least 200 tubule sections, and the average number of positive cells
per 100 cross sections was calculated. Testis sections from three control, and three
Rad54" mice were analyzed. Data were analyzed by using the Mann-Whitney U test
(data not shown).
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Fluorescence correlation spectroscopy (FCS)

FCS measurements were carried out with a ConfoCor2 (Carl Zeiss, Jena) attached
to an Axiovert inverted microscope (Carl Zeiss, Jena), using a C-Apochromat 40x
/1.2 NA water immersion objective. The pinhole was 1 airy unit (70 um) and a 488 nm
Argon laser (2mW) line was used to excite GFP at 1% AOTF. The confocal volume
was 0.334 fL (lateral 0.224 um and axial 1.055 um). For measurement of GFP-tagged
proteins, 5 time series of 20 seconds were recorded and superimposed for fitting. The
mathematical model for the correlation function used in the fit module of the ConfoCor
2 is represented by:

1(1-T+Te’" | & f
G(r)=1+— :
@) +N{ -7 J P (1+%D’_)\/1+T(S’22'Di)

n represents the fluorescent components that are subject to the normalization

constraint Zfl =1, N the average number of fluorescent molecules in the effective

i=1
detection volume V. = ﬂ%I"OZZO, Tand 7, respectively, the fraction population and

decay time of the triplet state, f, and 7,,, respectively, the contribution and the

translational diffusion time of the i-th fluorescent component and S is the structural
z

parameter of the instrumental set-up: S =—", where z, and r, are the distances
T

from the center of the laser beam focus in the radial and axial directions,

respectively, at which the collected fluorescence intensity has dropped by a factor of

e’ compared to its peak value for the Gaussian beam profile (Weisshart et al., 2004).
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Abstract

Hr6b is an ubiquitin-conjugating E2 enzyme that is essential for male fertility in mouse.
We have investigated the role of Hr6b in different mouse testicular cell types using
three different approaches. First, we have used germ cell transplantation to show that
Hré6b expression in germ cells, rather than in supporting testicular somatic cells, is
essential and sufficient to support all steps of spermatogenesis in Hr6b deficient testis.
Second, we show that transgenic spermatocyte-specific expression of Hréb fused to a
hemagglutinin tag (HA) in Hréb deficient mice partially restores spermatogenesis. In
these mice, Hréb-HA is at a relatively high level detected in the XY body of pachytene
and diplotene spermatocytes, where it colocalizes with the ubiquitin ligase Rad18%¢.
Third, we have generated Hr6b-HA knock-in mice. These mouse models support
activity of Hr6b related to unpaired DNA, normal synaptonemal complex formation
and post-meiotic chromatin remodeling which is required for proper sperm head
morphogenesis.
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Introduction

The presence of DNA damage interferes with normal DNA replication, and proteins
that function in a pathway called replicative damage bypass (RDB) are recruited to
allow DNA replication and S phase to proceed (reviewed by van der Laan et al.,
2005). This pathway requires the action of the ubiquitin-conjugating enzyme RADG
in S. cerevisiae. One of the first steps in RDB is ubiquitination of PCNA (proliferating
cell nuclear antigen) by RADG6, which acts together with the ubiquitin ligase RAD18
(Hoege et al., 2002).

RADG6 and RAD18 homologs are found in all higher eukaryotes, and two RAD6
homologs, named Hr6a and Hr6b (Roest et al., 2004; Roest et al., 1996), and one
RAD18 homolog, named Rad18%¢ (van der Laan et al., 2000), have been identified in
mouse. Hr6a (encoded by the X chromosome) and Hr6b (autosomally encoded) show
95% amino acid identity, and are ubiquitously expressed. Mutation of both genes
appears to be cell lethal, whereas single Hr6a or Hr6b knockout cells show no defects
in the RDB pathway (Roest et al., 1996; Roest et al., 2004). Rad18% deficient cell
lines are viable, but RDB is severely impaired, as measured by exposure to genotoxic
agents (Tateishi et al., 2003). These data show that the RDB pathway is important
in mammals, and that Hr6éa and Hréb perform essential but redundant functions in
proliferating somatic cells. Hr6a and Hr6b may also act outside the context of RDB
in mammalian cells, similar to RADG in yeast which is involved in multiple processes,
including sporulation (Lawrence, 1994).

Interestingly, Hr6a and Hr6b single knockout mice show specific fertility problems.
Hréa knockout males are fertile, but females are infertile, due to a maternal defect at
the two-cell stage of embryonic development (Roest et al., 2004). In contrast, Hr6b
knockouts show male-limited infertility due to severely impaired spermatogenesis
(Roest et al., 1996). Previously, we have shown that meiotic as well as post-meiotic
germ cell development is impaired in Hr6b knockout testis (Baarends et al., 2003).
In spermatocytes, this impairment appears to involve a dysregulation of chromatin
structure that leads to increased meiotic recombination frequency and anomalies
of the synaptonemal complex: a protein structure that connects paired homologous
chromosomes during meiotic prophase.

In yeast, RAD6 complexes with the ubiquitin ligase BRE1 to influence chromatin
structure via stable ubiquitination of histone H2B (Hwang et al., 2003; Robzyk et al.,
2000; Sung et al., 1988; Wood et al., 2003). This ubiquitination is a prerequisite for
dimethylation of lysines 4 and 79 of histone H3 in a so-called trans-histone pathway
(Dover et al., 2002; Ng et al., 2002; Sun and Allis, 2002). These two modes of H3
methylation are generally associated with gene activation (Ng et al., 2003; Santos-
Rosa et al., 2002).

In mammals, histone H2B is also ubiquitinated, but at a relatively low level,
and H2A is the major ubiquitinated histone. Recently, we and others have shown
that ubiquitination of H2A marks the silenced X chromosome of the Barr body in
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somatic cels (de Napoles et al., 2004; Fang et al., 2004; Smith et al., 2004; Baarends
et al., 2005). In addition, H2A ubiquitination is associated with silenced unpaired
chromatin in mammalian meiosis (Baarends et al., 2005). This is most clear for the
X and Y chromosomes, that pair only in pseudoautosomal regions and together form
a transcriptionally silent entity named the XY body, or sex body, during male meiotic
prophase (Monesi, 1965). Hr6a/b and Rad18%° also localize to unpaired silenced
chromatin during meiotic prophase (van der Laan et al., 2004; Baarends et al., 2005),
but H2A ubiquitination appears unaffected in Hr6b knockout spermatocytes (Baarends
et al., 2003).

In this manuscript, we present evidence that impaired spermatogenesis of Hré6b
knockout mice is due to a defect in the germ cell line, rather than being caused by Hr6b
deficiency in the supporting somatic cell lineages, and we describe the generation
and analyses of different transgenic mouse models that provide more insight in the
(sub)cellular localization and function of Hr6b in spermatogenesis.

Results

Germ cell transplantation

Impairment of spermatogenesis in Hr6b knockout mice may be a direct consequence
of loss of Hr6b action in testicular somatic cells, germ cells, or both. Germ cell
transplantation experiments were performed to determine whether Hr6b knockout
somatic cells could support normal spermatogenesis of wild-type germ cells. As
germ cell donors, ROSA26 transgenic mice were used. These mice express the
B-galactosidase gene in all cells, including germ cells. This allows specific blue
staining of ROSA26-derived germ cells in transplanted testes. The recipient Hr6b
knockout mice were pretreated with busulphan to eliminate residual endogenous
spermatogenesis. Donor mice were made cryptorchid, to enhance the relative yield
of stem cells in testicular cell preparations. The time schedule of pretreatments and
transplantations is shown in Figure 1A. When transplanted testes were analyzed 120-
180 days after transplantation, numerous morphologically normal ROSA26-derived
condensed spermatids were found in colonized regions (Figure 2B, D, E). Normal-
shaped condensed spermatids were not present in the non-transplanted testes of the
same animals (Figure 2A), and also not in testes of untreated Hr6b knockout mice of
similar age (Figure 2C). The results indicate that the somatic cellular environment of
the Hr6b knockout testes is capable to support spermatogenesis of normal germ cells,
to such an extent that spermatids can develop normal head morphology.
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Figure 1 (previous page). Strategies to rescue spermatogenesis in Hr6b deficient mice.

(A) Germ cell transplantation protocol. At 40 days prior to transplantation (-40), Hr6b knockout (bb) mice
were pretreated with busulphan to destroy remaining endogenous spermatogenesis. At the same time,
donor mice (ROSA26) are made cryptorchid to enhance the yield of stem cells in the donor testis cell
preparation prepared for transplantation at day 0. At 120-180 days after transplantation, mice were killed
and the testes were analyzed for the presence of X-gal positive germ cells. In total 8 Hréb” mice were
transplanted with ROSA26 germ cells. Of these, 5 (60%) showed X-gal staining in the testes.

(B) Generation of testis-specific Hr6b-HA and Hr6b-GFP transgenic mice. DNA constructs CH and CG
contained the Calmegin promoter placed in front of cDNA encoding Hr6b-HA or Hréb-GFP fusion proteins,
respectively. To enhance expression, 8-globin intron/exon sequences and a polyadenylation signal were
fused 3’ to the cDNA sequences. Furthermore, LoxP sites were inserted at the 5’ end, to enable the creation
of single copy transgenics. For CH and CG, respectively 59 and 28 pups were generated of which 5 were
positive for the transgene (founders). Of these, only one founder for both constructs showed expression of
the transgene in testes of male offspring, resulting in a single CH and CG line.

(C) Genomic organization and targeting strategy to obtain Hr6b-HA expression under control of the
endogenous Hréb promoter. Shown are the gene (top), the targeting construct (middle), and the targeted
Hr6b allele (bottom). Relevant restriction sites are indicated (S, Sall; E, EcoRlI; V, EcoRV; B, BamHI; M,
Smal; H, Hindlll; N, Notl; A, Apal; F, Sfil). The position of the 3’ probe for Southern blot analysis is indicated
below the wild-type allele. The line above the wild-type allele, and the line below the targeted allele indicate
the estimated length of EcoRI fragments detected in Southern blot analysis. Dark grey squares indicate
protein-coding exons, the light gray square the HA-tag, and black squares represent non-coding exons.
Open squares indicate the Neomycin (NEO) and Thymidine kinase (TK) selection cassettes. p indicates
human p-globin exons. The white line represents the ultraconserved element in the 3'UTR of Hr6b. Primers
used for genotyping, are indicated by small arrows at the wild-type or targeted allele. Large arrows indicate
the direction of transcription in the selection cassettes.

(D) Southern analysis of EcoRI-digested DNA from wild-type (+/+) and Hr6b*"* (+/HA) ES clones after
hybridization with the 3’ probe. The positions of the wild-type allele (6.8 kb) and the targeted allele (5.9 kb)
are indicated.

Testis-specific expression of Hr6b fusion proteins in transgenic mice

Next, we investigated whether we could rescue Hr6b knockout infertility through testis-
specific transgenic expression of Hr6b fusion proteins. Such experiments can yield
information about functionality of the tagged proteins, with the aim to use transgenic
expression of tagged proteins for life cell imaging (GFP tag) and protein-protein
interaction studies (HA tag). Also, functional transgenic expression of Hréb can be
used to study redundant versus specific functions of Hréa and Hr6b, in combination
with the available Hr6a and Hr6b knockout mouse lines (Roest et al., 1996; Roest et
al., 2004).

One cDNA construct encoding Hr6b fused to the HA epitope was generated (CH
transgene; Figure 1B), and a second construct encoded a C-terminal fusion of GFP
to Hréb (CG transgene; Figure 1B). To direct expression specifically to germ cells,
we selected a Calmegin gene promoter fragment that has been shown to induce
transgene reporter expression specifically in pachytene spermatocytes (Watanabe et
al., 1995).
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Figure 2. ROSA26 germ cell development
in Hr6b deficient testis.

(A) Hematoxylin/eosin-stained section of right
testis (non-transplanted control) of busulphan-
treated Hr6b” mouse, 120 days after the left
testis was transplanted with ROSA26 germ
cells. Spermatogenesis is suppressed, and
only spermatogonia and Sertoli cells can be
detected. In some tubules, clusters of cells
have been released from the tubule wall and
localize in the tubular lumen

(B) Hematoxylin/eosin-stained sections of
left testis of busulphan-treated Hr6b” mice,
120 days after transplantation with ROSA26
germ cells. To preserve morphology, testis
tissue shown was fixed without staining for 8
-galactosidase. Asterisks marks tubules with
ROSAZ26 positive spermatogenesis

(©) Hematoxylin/eosin-stained section
of untreated 20-week-old Hréb” mouse
testis. Spermatogonia, spermatocytes and
spermatids can be detected, but the overall
organization of the spermatogenic epithelium
is disrupted, containing relatively few
elongating and condensing spermatids, and
the condensing spermatids show an aberrant
head shape. The insert shows an enlargement
of the indicated aberrant spermatid

(D) Hematoxylin/eosin-stained repopulated
tubule of left testis of busulphan-treated Hr6b™
mouse, stained for B-galactosidase 120 days
after transplantation with ROSA26 germ cells
(E) Hematoxylin/eosin-stained repopulated
tubule of left testis of busulphan-treated Hr6b”
mouse. To preserve morphology, testis tissue
was fixed without staining for -galactosidase.
The insert shows an enlargement of the
indicated late stage spermatid with normal
morphology. Scale bar in A, and B represents
100 um; scale bar in C, D, and E represents
25 um; scale bar in inserts represents
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We obtained a single transgenic line for each construct (Figure 1B). Southern blot
analyses indicated that the CG transgene was present in two copies, whereas only
a single copy of the CH transgene was integrated (data not shown). Western blot
analyses showed testis-specific expression of the fusion proteins in CG and CH
transgenic mice (Figure 3, 4A). Unfortunately, free GFP expression was detected in
testes from CG transgenic mice. This precludes the use of this mouse line for analyses
of Hréb-GFP expression and dynamics in living cells. For both fusion proteins, the
expression is low compared to the expression of endogenous Hr6a/Hr6b. Also, on an
Hré6b” background, Hr6a expression is higher than Hréb-HA and Hréb-GFP in CH and
CG transgenic mouse testes, respectively. For CH transgenic mice, we analyzed the
expression of Hréb-HA in isolated germ cells, and found that Hr6b-HA expression is
higher in spermatocytes than in spermatids, but low compared to endogenous Hr6a/
Hr6b (Figure 4B).

Wt cG cG Figure 3. Endogenous Hr6a/b and
Li Te Li Te Li Te transgenic Hr6b-GFP expression.

Expression of Hr6a/b and Hr6b-
5 - — -—Hr6b-GFP
Hr6b-GFP GFP was analyzed with anti-Hréa/b

«—free GFP and anti-GFP antibodies in liver (Li)
— * and testis (Te) tissue extracts from

E

b
w

s

8-week-old wild-type (Wt) and CG
Hr6a/b— e — transgenic mice. The lower panel
— N shows the expression of Hr6a/b

anti-Hr6a/b anti-GFP and Hr6b-GFP in testes from 8-
week-old Hré6b heterozygous (+/-)

and knockout (-/-) mice with (CG)
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Hr6b-GFP— [S==

staining of a 25k IgG-subunit that
comigrates with free GFP. Molecular
weight markers indicated in k.

-—free GFP

Hré6a/b—

Expression of Hréb-HA in knock-in mice

To replace endogenous Hré6b with a gene encoding Hr6b-HA, a targeting construct
was generated in which exon 1 was fused to a cDNA encoding Hréb-HA, followed by
a conserved sequence of the Hr6b 3'UTR, then part of the human -globin gene, and
finally a selection cassette (Figure 1C). With this construct, a frequency of targeted
single integrations of 1.6% (2 out of 124 analyzed) was obtained. Figure 1D shows
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representative results from Southern blot analyses using a 3’ external probe.

Both targeted ES clones, named Clone C21 and Clone E18, contained the
proper karyotype in the majority of cells, and these were used for injection into C75BI/6
blastocysts. Injections with Clone C21 produced one male chimeric animal that did not
transmit the targeted allele to offspring. Injections with Clone E18 generated two germ
line transmitting male chimeras. Offspring from these animals were used to generate
homozygous knock-in mice (Hr6b"4"4). Expression of Hréb-HA was analyzed in
different tissues of Hr6b"** mice (Figure 4C). The results showed that Hréb-HA is
expressed at a relatively low level compared to Hr6a. However, testicular Hréb-HA
expression is higher in Hr6b""" mice compared to CH transgenic mouse (Figure
4C). In isolated Hré6b""*4 spermatocytes, the levels of Hréb-HA and Hr6a are similar
(Figure 4D). Hréb-HA expression was found to be low in Hr6b""* spermatids.

Fertility analyses of transgenic and knock-in mouse models

Male CH and CG transgenic mice were normally fertile, both on wild-type and Hr6b*-
backgrounds (not shown). However, repeated breedings (17) of CH/Hr6b” transgenic
mice yielded no offspring. The same result was obtained with CG transgenic mice on
a Hr6b knockout background (13 breedings). Analyses of testis morphology showed
that the quality of spermatogenesis was variable in testes from Hr6b knockout mice
either with or without CH transgene (Figure 5A), or with or without CG transgene
(not shown). In contrast, homozygous Hréb-HA knock-in mice showed normal testis
morphology (Figure 5A). These mice were found to be subfertile; 3 out of 7 homozygous
Hré6b-HA knock-in males produced small litters (average of 3 pups). Male and female
Hr6b*"* and female Hr6b"""4 mice showed normal fertility (not shown).

Although CH and CG transgenic mice on Hr6b knockout background are
infertile, and show morphological impairment of spermatogenesis, the testis weights
of these mice appeared to be larger compared to those of Hr6b knockouts lacking
the transgenes (Figure 6A). A similar partial rescue of the Hr6b” phenotype by the
transgenes was observed when sperm counts were compared (Figure 6B). Notably,
testes weights and sperm counts were normal in Hr6b"* males (Figure 6A, B).
Epididymal sperm from Hr6b knockout mice shows a large variety of highly abnormal
sperm heads (Figure 5B; Roest et al., 1996), and only a very small percentage of
sperm heads with normal, or near normal, morphology can be detected (Figure 6C).
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Figure 4. Endogenous Hr6a/b and transgenic Hréb-HA expression.

(A) Testis-specific expression of Hréb-HA. Expression of Hr6a/b and Hréb-HA was analyzed with anti-
Hr6a/b and anti-HA antibodies in liver (Li), brain (Br), heart (He), and testis (Te) tissue extracts from 10-
week-old wild-type (Wf) and CH transgenic mice. Arrows indicate the positions of the detected proteins.
Asterisks indicate the presence of a non-specific band obtained with anti-Hr6a/b. The bottom panel shows
the expression of Hr6a/b and Hréb-HA in testis from 25-day-old Hréb heterozygous (+/-) and knockout (-/-)
mice with (CH) or without (-) the transgene.

(B) Analysis of Hréb-HA expression in isolated germ cells from CH transgenic mice.

Hr6a/b and Hr6-HA expression was analyzed using anti-Hr6a/b and anti-HA in germ cell preparations highly
enriched in spermatocytes (spc) and spermatids (spt), isolated from 2-month-old CH transgenic animals
(CH/Hréb**). Hr6a/b and Hréb-HA (indicated by arrows) show highest expression in spermatocytes.

(C) Expression pattern of Hr6b-HA in Hr6b-HA knock-in mice. Expression of Hr6a/b and Hr6b-HA was
analysed with anti-Hr6a/b and anti-HA antibodies in heart (He), liver (Li), kidney (Ki), and testis (Te) tissue
extracts from 3-month-old wild-type (Wf) and Hréb-HA knock-in mice (Hréb""4). Arrows indicate the
position of the detected proteins. Hréb-HA is expressed in all tissues analyzed, but the highest levels are
detected in testis. The bottom panel shows expression of Hréb-HA in total testes of a 3-week-old Hr6b-
knockout with the CH transgene (-/-; CH), a 5-week-old Hr6b-HA knock-in mouse (HA/HA), and a negative
control 5-week-old wild-type litermate (+/+).

(D) This panel shows Hréb-HA and Hr6a expression in spermatocytes (spc) and spermatids (spt) from 6-
month-old Hréb"“" mice. Hr6a and Hr6b-HA (indicated by arrows) are expressed at approximately equal
levels in spermatocytes.
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Figure 5. Morphological
analysis of Hr6b-HA
transgenic mouse models.

(A) Testis morphology.
Hematoxylin/eosin stained stage
X-XI testis tubules from 9-week-
old Hréb knockout (Hr6b”) with
or without CH transgene as
indicated, and from 20-week-
old heterozygous (Hr6b*4) and
homozygous (Hré6b""4) Hr6b-
HA knock-in mice. Overall, the
quality of spermatogenesis is
variable on the Hr6b knockout
background, with no obvious
improvement resulting from the
presence of the CH transgene.
Spermatogenesis in  Hréb-HA
knock-in mice appears normal.
Scale bar represents 25 pm.

(B) Epididymal sperm
morphology.

Sperm cells from 9-week-old
Hr6b knockout mice with (CH/
Hré6b”) or without (Hr6b”) CH
transgene, and from 20-week-
old heterozygous (Hr6b**) and
homozygous (Hré6b""4) Hr6éb-
HA knock-in mice. Sperm heads
marked with asterisks were
classified as abnormal. Scale
bar represents 10 pm.

When the CH or CG transgene is expressed, the percentage of normal sperm heads
increases to approximately 30% (Figure 5B, 6C). In homozygous Hr6b-HA knock-in
mice, the percentage of sperm heads with normal morphology is further increased to
approximately 40%, but the percentage is still less than half of what is observed in
wild-type samples (Figure 6C). This may explain the subfertility of homozygous Hr6b-
HA knock-in mice, despite normal testis weight and sperm number.
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Figure 6. Partial rescue of Hr6b
knockout testicular phenotype
in Hréb transgenic and knock-
in mice.

Testes were weighed (A),
epidydimal sperm cells were
counted (B), and sperm head
morphology was assessed
(C) for heterozygous and
homo-zygous Hréb knockout
(Hr6b*- and Hr6”) and Hréb-
HA knock-in (Hréb** and
Hr6b"H4) adult mice. CH
and CG denote the presence
of the respective transgene.
n=number of analyzed mice.
P values indicate significance
compared to Hréb knockout
mice. Error bars indicate the
standard error of the mean.
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Figure 7 (Previous page). Localization of Hr6b-HA and Rad18%¢ in nuclei from CH/Hr6b”- and Hr6b"A"A
mice.

(A) Immunolocalization of Hr6b-HA (red) and Sycp3 (green) in spread pachytene and early and late
diplotene nuclei from CH/Hréb”- and Hr6b"" mice. In both mouse lines, Hréb-HA localizes to the XY body,
but Hréb-HA expression is higher in CH/Hréb” nuclei. In diplotene, Hréb-HA gradually shows a more even
distribution of chromatin-associated foci. Note that the red signal was obtained after amplification with
tyramid. All nuclei are from a single representative experiment, and all pictures were obtained and modified
using identical settings. Arrowheads indicate the sex body; scale bar represents 20um.

(B) Immunolocalization of Rad18%¢ (red), Sycp3 (blue), and Hréb-HA (green) in spread nucleus of pachytene
spermatocyte from CH/Hréb”- mouse. Arrowhead indicates colocalization of Rad18%¢ and Hr6b-HA in the
XY body. Scale bar represents 20um.

Localization of Hréb-HA and Sycp3 in spermatogenic cells

Meiotic as well as post-meiotic germ cell development is impaired in testes of
Hré6bmice (Baarends et al., 2003). Compared to wild-types, the frequency of TUNEL-
positive spermatocytes is increased in Hr6b” testes, and pronounced synaptonemal
complex (SC) aberrations are observed in late pachytene spermatocytes (Baarends
etal., 2003). The SCs appear longer, and near telomeric SC components are depleted
(Baarends et al., 2003). In many CH/Hr6b” spermatocytes, similar SC aberrations
were observed. In contrast, Hr6b"" SCs appeared more normal (not shown).
CH or CG transgene expression in spermatocytes does not rescue Hr6b deficient
spermatocytes from cell death, as reflected by the number of TUNEL-positive cells.
However, Hr6b""" mice show reduced spermatocyte cell death compared to Hré6b™"
mice with or without CH or CG (Table ).

Table I: Spermatocyte cell death

Genotype/Transgene # cells* n
Hréb™” - 141 2
Hréb” CH 154 2
Hréb™” CG 170 2
Hré6b*" CG 52 1
Hr6b"HA - 91 2
Hréb"AHA - 47 1

*Average number of TUNEL-positive spermatocytes per 100 tubule sections

Previously, we have described accumulation of Hr6a/Hr6b on XY body chromatin of
pachytene spermatocytes (Baarends et al., 2005). In addition, the proteins appeared
to accumulate on the SC of synapsed homologous chromosomes. The antibody used
recognizes both Hr6a and Hr6b, and the only available negative control experiment
involved competition with the peptide that was used to generate the antibody. The
present transgenic and knock-in mice that express Hréb-HA provide a more specific
tool to determine the localization of Hr6b in spermatocytes. In spread nuclei of
spermatocytes from CH/Hr6b” mice, as well as in Hré6b"#*" mice, no detectable level
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of Hréb-HA was found in leptotene and zygotene spermatocytes. In pachytene nuclei
of CH/Hr6b” and Hré6b""4 mice, Hréb-HA is detected almost exclusively in the XY
body (Figure 7A), and not on the SC. Spermatocytes from CH/Hr6b” mice showed a
higher level of XY chromatin associated Hr6b-HA than spermatocytes from Hré6b"4HA
mice. Then, in late pachytene and early diplotene nuclei of CH/Hr6b” and Hré6b"HA
mice, Hreb-HA remains high in the XY body, but Hr6b-HA foci become more apparent
in the rest of the nucleus (Figure 7A). This staining pattern was not observed in control
wild-type mice, providing evidence for specific staining of the HA tag (not shown). From
these results it is concluded that, in pachytene spermatocytes, Hr6a/Hr6b localizes
primarily to the XY body. In spread nuclei of spermatids from CH/Hr6b” and Hré6b*"i
mice, Hréb-HA expression was low or absent (not shown).

In the XY body of CH/Hr6b” spermatocytes, Hréb-HA colocalized with Rad185°
(Figure 7B) which has been shown to accumulate at regions of unpaired DNA (van der
Laan et al., 2004; Baarends et al., 2005).

Interaction of Hréb-HA with endogenous Rad18s¢
In yeast, RAD6 has been shown to interact with RAD18 in vivo, and this interaction
depends on amino acids 10-22 in the N-terminus, and amino acids 141-149 in the
C-terminal domain of the protein (Bailly et al., 1997). Two amphipathic alpha helices,
formed by amino acid residues 8-16 and amino acid residues 135-147, may be
involved in this interaction. We investigated the interaction between Hr6b-HA and
endogenous Rad18%¢ through co-immunoprecipitation experiments. Using anti-HA
coupled agarose beads, Hréb-HA was efficiently retrieved from testicular cell extracts
of CH/Hré6b” mice, and from Hr6b""# mice. However, no endogenous Hr6a or Hréb
was co-immunoprecipitated, indicating that Hréb does not form stable homodimers or
heterodimers with Hr6a. Unexpectedly, also no co-immunoprecipitating Rad18%¢ was
detected (Figure 8). Pretreatment of dispersed testicular cells with crosslinking agents
yielded the same negative result (Figure 8). Figure 8. Interaction between Rad185¢
and Hr6b-HA.
Wt  Hreb"™" Hré6b” CH Hréb-HA was immunoprecipitated using
Fin Pfin P Tin P-D P-F anti-HA affinity matrix from CH/Hréb”
and Hréb"*" mouse testes. Wild-type
A P— _— ~—Hréb-HA (Wt) mouse testis was used as negative
AHiRER = - — ~—Hr6a/b control. Proteins were detected with anti-
Hr6a/b, anti-HA, and anti-Rad18%¢, and
’_ o s o | ==Hr6b-HA  the positions of the detected proteins are
e — indicated with arrows. Input (in) is shown
for each immunoprecipitation (P). For CH/
pe— — — —RadTBSC Hré6b” testes, proteins were cross-linked
with DTBP (D) or 1% formaldehyde (F),
prior to immunoprecipitation. Hr6b-HA
is efficiently precipitated from CH/Hr6b”
and Hréb " mouse testes, but no Hr6a
or Rad18%° are co-immunoprecipitated.
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Discussion

In somatic cells, the Hr6a and Hr6b proteins are present in a 1:1 ratio (Koken et
al., 1996), and most likely perform overlapping essential functions. In oocytes, Hr6a
expression exceeds Hr6b, and the reverse situation occurs in spermatids (Baarends et
al., 2003; Roest et al., 2004). In these gametogenic cells, Hr6a and Hr6b do not have,
or at least only partially, redundant functions. Hr6a is specifically required for normal
oocyte function and female fertility, whereas spermatogenesis depends on an intact
Hréb gene (Baarends et al., 2003; Roest et al., 2004; Roest et al., 1996). The different
Hr6a and Hrbb expression levels in male and female germ cells may be caused by the
fact that Hr6a is encoded by the X chromosome, with two active X chromosomes in
oocytes and a single and inactive X chromosome in spermatocytes.

The germ cell transplantation results described herein show that Hr6b expressing
germ cells can develop into morphologically normal condensed spermatids in Hr6b
deficient testis. This demonstrates that Hr6b exerts a primary function in the male germ
line cells, rather than in the supporting testicular somatic cell lineages. Furthermore,
the present transgenic experiments show that even a relatively low level of Hréb-HA
or Hréb-GFP expression in Hr6b” spermatocytes significantly improves the qualitative
and quantitative output of spermatogenesis, compared to the low output of abnormal
sperm found in Hréb knockouts. This indicates that both fusion proteins are at least
partially functional, and do not act as dominant negative mutant proteins. Furthermore,
this adds to the evidence that the spermatogenic function of Hr6b primarily concerns
the germ line cells.

The obtained CH and CG mouse lines show relatively low levels of Hr6b-HA and
Hreb-GFP expression in testis; overexpressing transgenic lines were not obtained. In
addition, we were unable to generate stable cell lines that overexpress Hréb-GFP (not
shown). Shekhar et al. have reported stable overexpression of Hréb in mammalian
cells (MCF10A), which resulted in various abnormalities (Lyakhovich and Shekhar,
2004; Shekhar et al., 2002). These findings may indicate that a high level of Hr6b
is detrimental to most cells, and that quantitative Hr6b expression is under tight
control.

In addition to transgenic mice, we generated Hr6b-HA knock-in mice. In these
mice, Hréb-HA expression is driven by the endogenous promoter and therefore is
expected to show temporal and cellular expression patterns similar to Hr6b expression
in wild-type mice. However, we found a relatively low level of expression of the knock-
in gene in multiple tissues. This reduction is not due to instability of Hréb-HA protein,
since we have also observed a relatively low Hréb-HA mRNA level in Hr6b"A" testis
compared to Hréb mRNA expression in wild-type testis (not shown). The results
indicate that our targeted modifications at the Hr6b locus may somehow interfere with
normal transcription, stability, and/or translation of the Hr6b-HA transcript. It should
be noted that the 3’'UTR of wild-type Hr6b contains a stretch of 309 base pairs that
is 100% conserved between mouse and man. This 309 bp element is included in

127



Chapter 4

the Hr6b-HA knock-in construct, but not in the transgenic CH construct. It is a so-
called ultraconserved element and 481 such elements have been identified in the
human genome (Bejerano et al., 2004). These elements are noncoding and may
reside in introns, UTRs, or intergenic regions. They show extreme conservation with
orthologous regions in other genomes. At present, the function of the noncoding
element in the Hréb 3’'UTR is not known, but it cannot be excluded that the precise
location of this ultraconserved 3'UTR element in the knock-in construct may influence
RNA transcription, stability, and/or translation.

Using Western blot analysis of isolated cells, the level of Hr6b-HA protein in
spermatocytes of Hr6b"“"A mice was found to be higher than Hr6b-HA expression in
spermatocytes from CH transgenic mice. In fact, in Hr6b"# mice Hréb-HA protein
reached a level comparable to that of endogenous Hr6a. Hréb"H*HA males have normal
testis weights and sperm counts, and we have obtained offspring. The only obvious
defect is an increase in the frequency of sperm with aberrant head morphology, in
comparison to frequencies observed for sperm samples derived from wild-type
epididymis.

Compared to Hr6b""* males, CH and CG transgenic mice on a Hré6b knockout
background show similar frequencies of sperm head abnormalities, but non-transgenic
Hréb knockouts show a much higher frequency. This indicates that transgenic Hr6b-
HA or Hreb-GFP expression rescue post-meiotic spermatid development to the
same extent as knock-in Hréb-HA expression. However, differences between the CH
transgenic and the Hr6b-HA knock-in mouse models become apparent from analysis
of spermatocytes from CH/Hréb” and Hré6b"*" mice. Compared to wild-types,
spermatocyte cell death is increased in both these Hr6b-HA expressing mouse lines.
However, Hr6b"" spermatocytes show a lower frequency of TUNEL-positive cells
than spermatocytes from CH/Hr6b” mice. The apoptotic frequency of CH/Hr6b” and
Hréb” spermatocytes is about the same. Analysis of SC morphology in spread
nuclei confirms the better quality of Hr6b"* spermatocytes compared to CH/Hr6b”
spermatocytes.

Immunocytochemical analysis of spread nuclei showed selective Hr6b-HA
accumulation in XY body chromatin of CH/Hr6b” mice. Hréb-HA was also detected
in the XY body of Hr6b""4 spread nuclei, but at a somewhat lower level. However,
Western blot analyses showed higher expression of Hréb-HA in spermatocytes from
Hr6b""A mice compared to spermatocytes from CH/Hr6b** mice, and the Hr6b-
HA level was also found to be higher in total testis protein extracts of Hréb"4HA
mice compared to CH/Hr6b”. Thus, there is a discrepancy between the observed
Hr6b-HA expression in Western blots and spread nuclei. There are three possible
explanations for this discrepancy. First, the purified spermatocyte cell preparations
used for Western analysis might contain contaminating germ cells or somatic cells
that express a very high level of Hréb-HA. However, this explanation is unsatisfactory,
since the spermatocyte preparations are >90% pure, all stages of meiotic prophase
are identifiable on slides containing spread nuclei, and we did not find any cells
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expressing a very high level of Hréb-HA. A second possible explanation would involve
differential expression of Hr6b-HA in CH/Hréb** compared to CH/Hr6b” mice. We
have observed that Hr6b-HA immuno-expression is relatively high in XY bodies of
spread nuclei from CH/Hr6b” mice compared to spread nuclei from CH/Hré6b** mice
(not shown). This suggests that Hr6b-HA expression might be down-regulated when
endogenous Hr6b is present. Thus, in CH/Hré6b” spermatocytes Hréb-HA expression
may be higher than in CH/Hr6b** spermatocytes, and perhaps even higher than in
Hré6b"HA spermatocytes. Alternatively, if the number of Hr6a/b binding sites on XY
chromatin is limiting, and the majority of Hréb-HA is loosely associated with chromatin
when endogenous Hr6a/b is relatively abundant, Hréb-HA might be lost from nuclei
during preparation of the glass slides. This could lead to immunocytochemical detection
of a higher level of Hréb-HA in XY bodies from CH/Hr6b” spermatocytes compared to
CH/Hréb** spermatocytes. Loss of protein during preparation of spread spermatocyte
nuclei has also been reported for other DNA repair proteins that act during meiotic
prophase (Eijpe et al., 2000). Following this line of reasoning, a third explanation may
be suggested that, if the number of Hr6a/b binding sites on XY chromatin is limiting,
and since Hr6a expression is relatively high in Hréb"*4 spermatocytes, Hr6a could
interfere with Hréb-HA accumulation on sex body chromatin.

The relatively high Hr6a expression level in Hré6b** spermatocytes and
spermatids needs to be compared to the Hr6a level in spermatocytes from CH/Hr6b™
mice, to evaluate whether there is a difference in Hr6a expression in spermatocytes for
these two mouse lines. Spermatogenesis is severely affected in CH/Hréb” mice, and
it will be exceedingly difficult to isolate spermatocyte preparations with a comparable
composition, and therefore such an analysis was not performed.

Although the differences in Western blot and immunocytochemical results are
difficult to explain, it is clear that there is differential rescue of infertility of Hr6b” males
by the transgene and knock-in approaches. It is most likely that this difference is due
to differential regulation of expression of the transgenes compared to the knocked-in
gene. The Calmegin promoter is germ cell-specific, whereas in Hr6b""* mice the
activity of the endogenous promoter should result in Hréb-HA expression both in
somatic and germ cell types. Therefore, the results may provide an indication that
Hr6b-HA expression in somatic cells could be of more importance for spermatogenesis
than concluded from the germ cell transplantation experiments which indicate that
cell-autonomous expression of Hréb in germ line cells is essential and sufficient
to allow germ cells to pass through all steps of spermatogenesis. Alternatively,
certain aspects of spermatogenic gene regulation may differ between CH/Hréb*
and Hré6b"" mice. Since the Calmegin promoter directs expression specifically to
pachytene spermatocytes, Hr6b-HA is not present during mitotic and early meiotic
phases of spermatogenesis in CH transgenic mice. Therefore, expression of
Hréb-HA prior to pachytene in Hr6b""4 spermatocytes may be critical. We did not
detect Hr6b-HA in spread leptotene and zygotene nuclei of Hré6b"" mice, but, as
discussed above, protein may have been lost during preparation of the spread nuclei.
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Unfortunately, the HA antibody did not yield positive signals on testis sections (frozen
or paraffin-embedded) of CH and Hr6b"*"4 mice, precluding further analyses of Hréb-
HA expression in germ cells in situ. Taken together, we suggest that Hréb performs
a critical function in meiotic prophase cells, most likely during leptotene, zygotene,
and/or early pachytene.

A function of Hr6b in the XY body is supported by the fact that the XY body
chromatin is the only nuclear region that shows detectable and relatively high Hr6b-
HA expression in both mouse lines. In the XY body of pachytene and diplotene
spermatocytes, Hréb may interact with Rad18%¢, and possibly with other proteins,
to ubiquitinate yet unknown chromatin components. We and others have recently
shown that transcriptional inactivation of the XY body is a specialized example of a
mechanism called meiotic silencing of unpaired DNA (Baarends et al., 2005; Turner et
al., 2005). This mechanism allows recognition and subsequent silencing of regions in
the genome that do not find a pairing partner during meiotic prophase. Hréb may be
involved in some aspect of this mechanism. Alternatively, or in addition, Hr6b could be
involved in suppression of meiotic recombination in heterologous regions of X and Y.
This hypothesis is based upon our previous observations that Hr6b deficiency results
in increased meiotic recombination (Baarends et al., 2003).

Western blot results showed similar low levels of Hréb-HA in spermatids of CH/
Hréb** mice and Hr6b"" mice. Together with the finding that CH/Hré6b”", CG/Hr6b™,
and Hréb"" epididymides all contain an increased percentage of sperm cells with
abnormal morphology, this indicates that a high level of Hr6b in post-meiotic spermatids
may be required to obtain normal sperm head morphology.

In yeast, the ubiquitin-conjugating enzyme RADG6 functions in multiple cellular
processes. Thus far, three different ubiquitin ligases have been shown to form functional
complexes with RADG. First, the RAD6-UBR1 heterodimer recognizes so-called N-end
rule substrates (Madura et al., 1993), and polyubiquitination targets these proteins for
degradation (Dohmen et al., 1991). Second, RADG6 binds the ubiquitin ligase BRE1
to mono-ubiquitinate H2B (Hwang et al., 2003; Wood et al., 2003), and this results
in changes in chromatin structure that accompany gene regulation and sporulation
(Dover et al., 2002; Robzyk et al., 2000; Sun and Allis, 2002). Third, RAD18 is the
ubiquitin ligase that associates with RADG6 in RDB (Bailly et al., 1994).

In mammals, Hr6a and Hr6b interactions with BRE1 and UBR1 homologs remain
to be determined, but Hréa and Hr6b binding to Rad18%¢ has been reported (Xin et
al., 2000). Rad18%¢ also associates with itself, and this interaction depends on an
intact Ring domain (Miyase et al., 2005). In yeast, RAD6-RAD18 complexes appear
to consist of a RAD18 homodimer, with one RAD6 molecule bound to each RAD18
molecule (Ulrich and Jentsch, 2000). In mammals, such a complex could contain
two Hr6a or Hr6éb molecules, or one Hr6a and one Hr6b molecule. Thus, if similar
complexes are also formed in mammalian cells, immunoprecipitation of Hr6b-HA from
our transgenic lines could result in co-immunoprecipitation of Rad18%¢ and Hr6a. Since
we did not detect either protein, Hr6a/b-Rad18% complexes may be very unstable, or
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may not be present in a concentration that is sufficiently high to be detected. Since
the C-terminus of RADG is involved in RAD6-RAD18 complex formation in yeast, it
also cannot be excluded that the HA tag interferes with Hréb-HA-Rad185¢ interaction.
However, using anti-Hr6a/b antibody we were able to immunoprecipitate endogenous
Hr6a and Hr6b-HA from CH/Hr6b” spermatocytes, but no co-immunoprecipitating
Rad18%¢ was detected (our own unpublished result).

The present results provide direct evidence that Hréb accumulates on the XY
body chromatin of pachytene and diplotene spermatocytes. This supports the notion
that Hr6b, possibly together with Rad18%¢, acts during meiotic prophase in a role that
most likely involves specific aspects of chromatin structure regulation associated
with the presence of unpaired DNA (van der Laan et al., 2004; Baarends et al.,
2005). Furthermore, we provide evidence that correct timing of Hréb expression in
spermatocytes appears to be critical for normal synaptonemal complex morphology
and spermatocyte survival. Finally, high expression of Hr6b is essential for post-
meiotic sperm head morphogenesis.

Western blot analyses have shown that Hréb and Rad18%¢ are both expressed
in spermatids of wild-type mice (Baarends et al., 2003; van der Laan et al., 2004),
indicating that these proteins may also act together at this post-meiotic stage. To
identify critical Hr6b substrates in spermatogenesis, it is of importance to first define
critical ubiquitin ligases. At present, Rad18%¢ is the most obvious candidate.

Materials and Methods

Germ cell transplantation: donor animals and cell collection

C57BIl/6J-TgR(ROSA26)26Sor mice (Friedrich and Soriano, 1991), named ROSA26
mice, were obtained from the Jackson Laboratory (Bar Harbor, Main, USA). These
mice are transgenic for the Escherichia coli f-galactosidase gene, which is ubiquitously
expressed, also in spermatogenic cell types, allowing the unequivocal identification
of donor-derived spermatogenic colonies in recipient testes after staining with the
substrate 5-bromo-4-chloro-indolyl B-D-galactoside (X-gal). The donor mice were
anesthetized by Avertin injection (500 mg/kg, i.p.) and made cryptorchid by surgical
removal of the testes from the scrotum, severing the gubernaculum, and ligation of
the testis high in the abdominal cavity. Five to 7 weeks later (Figure 1A), single cell
suspensions from the testes were prepared by enzymatic digestion. Testes were
removed and immersed in PBS with Ca* and Mg? (PBS+Ca/Mg: 137 mM NaCl, 2.7
mM KClI, 1.5 mM KH,PO,, 6.5 mM Na,HPO,, 1.1 mM CaCl,, 0.5 mM MgCl, pH 7.4).
The tunica was removed and the testes were transferred to tubes containihg 20 ml
digestion medium, with 1.0 mg/ml collagenase A (Roche, Almere, The Netherlands),
1.0 mg/ml trypsin (Roche), and 0.3 mg/ml hyaluronidase (Roche) in PBS+Ca/Mg.
Testes were digested by shaking for 20-25 min in a water bath (in an Erlenmeyer flask
at 90 cycles/min; amplitude 10 mm) at 32°C, to dissociate tubules from the interstitial
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tissue. Then, the digestion medium was removed and the tubuli were washed with 20
ml of PBS without Ca and Mg. After transferring the tubuli into PBS without Ca and Mg,
disintegration of the tubuli into cells was accomplished by shaking in a water bath (120
cycles/min; amplitude 10 mm) for 10 min at 32°C. Large cell clumps were removed
using a Pasteur pipette, and the cells were filtered through a nylon mesh with 60 um
pore size. The filtrate was centrifuged at 500 x g for 4 min. Cells were counted and
resuspended in transplantation medium consisting of Dulbecco’s modified Eagle’s
medium containing 10% foetal calf serum, 50 mg DNAse and 0.04 % trypan blue, at
concentrations of 50-80 x 108 cells/ml.

Germ cell transplantation: recipient mice and transplantation procedure

Donor testis cells were transplantedinto 8 immunologically compatible Hré6b knockout
recipient mice that had been treated with busulfan (40 mg/kg; Sigma, St. Louis, MO)
at 6-7 weeks of age to eliminate endogenous spermatogenesis (Figure 1A). The
mice were anesthetized by Avertin, a midline incision was made, and the left testis
was exposed. A small hole was made in the connective tissue enclosing the ductuli
efferentes and a glass needle was inserted into the rete testis through the bundle of
ductuli efferentes. Approximately, 3- 5 ul of the germ cell suspension was injected
through the rete testis into the seminiferous tubules of the testis. The trypan blue stain
served to track the path of the injection fluid. Subsequently, the testis was replaced
into the scrotum, and the animal was allowed to recover. The right testis was not
exposed and served as control. In one animal the right testis was injected since the
injection procedure in the left testis failed and in one other animal the testes on both
sides were injected.

Analysis of recipient testes

The testes of recipient animals were analysed 110-180 days following transplantation
(Figure 1A). Recipient mice were killed by cervical dislocation, and the testes were
removed. Testes were fixed in 4% paraformaldehydein PBS, pH 7.4, for 1 hour on ice
and washed twice in LacZ buffer (0.2 M sodium phosphate, pH 7.3, 2 mM MgCl,, 0.02%
NP-40, and 0.01% sodium deoxycholate) for 30 min. Staining of B-galactosidase-
positive cells was achieved by incubating testes in LacZ stain solution (LacZ buffer
containing 20 mM potassium ferricyanide, 20 mM potassium ferrocyanide, and 1 mg/
ml X-gal) (Friedrich and Soriano, 1991). Subsequently, stained testes were fixed in
Bouin’s fixative for 4 hour, and paraffin-embedded. 7um section were cut and stained
with hematoxylin/eosin.

Generation of transgenic mice: CH and CG

To produce transgenic mice that show testis-specific expression of Hr6b protein fused
to a hemagglutinin tag (HA) or fused to enhanced green fluorescent protein (EGFP),
we generated two different constructs (Figure 1B). Both constructs contain a 330
bp Sacl/BamHI fragment of the Calmegin promoter (gift from K. Yamagata, Osaka
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University Japan), which has been shown to direct specific expression in pachytene
spermatocytes and later stages of male germ cell development (Watanabe et al.,
1995). This promoter was placed in front of the Hréb cDNA (500 bp fragment) fused in
frame to GFP (CG construct) in the pEGFP vector (Clontech, BD Biosciences Benelux
NV, Alphen a/d Rijn, The Netherlands). A BamHI site, generated through site-directed
mutagenesis, replaced the Hr6b stop codon. To enhance transgene expression, exon
2 (the last 22 bp), intron 2, exon 3, and the 3' untranslated region (including the
polyadenylation signal) of the human S-globin gene were inserted at the 3’end. Finally,
a linker containing a single LoxP site was cloned in front of the Calmegin promoter.
For the CH construct, EGFP was replaced with a linker encoding the HA immunotag
fused in frame to Hr6b. Linearized DNA was isolated and microinjected into fertilized
oocytes from fvb mice. Founders were screened after genomic tail DNA isolation (Laird
et al., 1991) and PCR analyses. Primers 70 (5CAACATCATGCAGTGGAATGC 3’)
and 71 (5GCTCAACAATGGCCGAAACT 3’) amplify a fragment of 347 bp only if the
transgene is present. A separate multiplex PCR reaction was performed to determine
Hréb genotype. For this, primers 6B10 (5" TTGAAATCCCGCATGAGC 3’), 6B12 (5’
CGGAGGGAGACGTCATTG 3’) and p176 (5 CTTTACGGTATCGCCGCTCCCGAT
3’) were used. Copy number of the transgene per haploid genome was determined
using Southern blot analyses according to standard methods with Hréb cDNA as
probe. CH and CG transgenic male mice were crossed with Hr6b knockout females
(fvb background) to obtain mice that were transgenic for the testis-specific Hréb fusion
gene, and heterozygous for the Hr6b knockout allele. These mice were intercrossed
to obtain CH or CG heterozygous mice on Hr6b knockout background.

Generation of Hr6b-HA knock-in mice

Two genomic fragments, ~3.2 and ~3.5 kb in size, served as the backbone for the
targeting construct. The 5 arm of homology was obtained from a Hr6b positive clone
isolated from an EMBL phage A mouse CCE library as previously described (Roest
et al 1996). The 3’ arm was generated by long range PCR using TaKaRa LA Taq
according to the manufacturer’s protocol (Cambrex Bio Science, Verviers, Belgium).
In this way Asp718Il, Apal and Not1 sites were introduced at the 5’ and 3’ ends of
the 3’ arm, respectively (Figure 1C). Both fragments were cloned in pGEM11-Zf(+)
(Promega Benelux, Leiden, The Netherlands) with the Sall and Xhol restriction sites
removed. The knock-in cassette, inserted in the unique Sall and Apal site of the
backbone, is composed of the following components and coding sequences in the 5°
to 3’ direction: Hr6b ORF containing an HA-tag, 3’ UTR of the Hr6b cDNA conserved
in all mammalian species checked (Roest et al 1996), part of the human B-globin
gene, and a dominant selectable marker (neomycin resistance gene) driven by the
TK promoter (Thomas and Capecchi 1987). In this way, a fragment of ~0.45 kb was
replaced with ~4.85 kb of DNA. The Sall site, that was used as one of the borders for
insertion of the knock-in cassette, begins directly downstream of the translation start
codon, and serves as the fusion point between the genomic and the cDNA sequences
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of Hr6b. The coding sequence for the C-terminal HA epitope and suitable restriction
sites for cloning were added via PCR using plasmid 44.83 (GenBank NM009458) as a
template, and the oligo primers 6B-HA.F (5’-aaaggtaccatgtcgaccccggcccgtag-3’) and
6B-HA.R (5’-cccggatcctcagcetagegtaatctggaacatcgtatgggtacectgaatcattccagcetttget-3°).

PCR fragments were cloned and sequenced to verify the absence of sequence
errors. Specifically designed primers were used to create suitable restriction sites for
cloning. The absence of PCR errors was verified by sequencing. Because of the lack
of intron sequences in the primary transcript of this construct after targeting, part of
the human B-globin gene, containing part of exon 2, intron 2, and exon 3, including the
polyadenylation signal, was included in the knock-in cassette to enhance transgene
expression (Needham et al., 1992). Counter selection against random insertion events
was obtained by inserting a cassette containing the HSV-tk gene under the control of
the Pgk promoter as a Hindlll-BamHI fragment into the targeting plasmid. The resulting
plasmid was linearized by Sfil digestion, cleaned by phenol/chloroform extraction, and
ethanol precipitated. Approximately 10 pg of linearized DNA was electroporated into
IB10 ES cells, a subclone of 129/0OLA-derived E14 ES cell line (Zhou et al., 1995).

Individual neomycin-resistant clones were picked and expanded. Genomic
DNA was isolated as described previously (Laird et al., 1991), digested with EcoRl,
and screened for homologous integration by Southern blot analysis. Individual ES
clones with the correct karyotype and a correctly integrated Hr6b targeting construct
were injected into C57BI/6J blastocysts using standard procedures (Bradley, 1987).
Male chimeras were bred with wild-type female C57BL/6 animals, and germ line
transmission was recognized on the basis of a brown coat color in the offspring. Tail
DNA was isolated as described previously (Laird et al., 1991) and used for genotyping
by multiplex PCR. With primers mHr6b.12 (5’-cggagggagacgtcattg-3’) and mHr6b.20
(5’-aagaggccgtcatattggg-3’) a 215 bp fragment was amplified representing the wild-
type allele was amplified. Primers mHRr6b.12 and mHr6b.9 (5’-ctgaatggaagttaagatgg-
3’) produced a 470 bp fragment representing the targeted allele.

Fertility analysis

Adult heterozygous CG and CH males on Hr6b knockout background, and adult
homozygous Hr6b-HA knock-in males were bred with control females for a maximum
of 6 weeks. Litter number and litter size were recorded. To analyse spermatogenesis,
adult males were killed by cervical dislocation, and testes and epididymides were
isolated and weighed. To obtain sperm for assessment of morphology, the epididymides
were transferred into a plastic Petri dish containing 0.5 ml Dulbecco’s medium (Gibco)
with 0.5 % BSA, and carefully cut to allow sperm to move out of the tissue. After 10-
20 minutes, the medium was carefully stirred, and aliquots were removed for sperm
morphology analysis in smears stained by hematoxylin/eosin. Then, the epididymides
were transferred into a small glass Potter and homogenized by hand. The total number
of sperm present in the epididymides was counted using an improved Neubauer
hemocytometer and a phase contrast microscope at a magnification of 400 X. At
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least 200 sperm in 2 different samples from one animal were counted. Sperm head
morphology was assessed using hematoxylin/eosin stained smears and bright field
microscopy at 1000 X magnification. 200 Sperm heads were analyzed per animal.
For morphological analysis of spermatogenesis, testes were fixed overnight in
Bouin’s fixative and embedded in paraffin. 8 um sections were cut and stained with
hematoxylin/eosin. Statistical analyses were performed using the Student’s t-test.

Immunoblot analysis

Mouse testes were obtained from adult mice, and frozen in liquid nitrogen directly after
dissection. Cell preparations highly enriched in spermatocytes and round spermatids
were isolated from mouse testes after collagenase and trypsin treatment, followed by
sedimentation at unit gravity (StaPut procedure) and density gradient centrifugation
through Percoll (Grootegoed et al., 1986).

Protein extracts were prepared by 10 cycles of 10 seconds sonification in 0.25 M
sucrose/ 1mM EDTA supplemented with complete protease inhibitor cocktail (Roche).
Protein concentrations were determined using Coomassie Plus protein assay reagent
(Pierce, Perbio Science, Etten-Leur, Netherlands) as described by the manufacturer.
An amount of 20 ug of protein per sample was separated on 12% SDS-polyacrylamide
gels and the separated proteins were transferred to nitrocellulose membranes, using
the BioRad miniprotean Ill system and blot cells (Bio-Rad, Veenendaal, Netherlands).
Membranes were stained with Ponceau S (Sigma-Aldrich, Zwijndrecht, Netherlands)
according to the supplier’s protocol.

Hr6a and Hr6b were detected with a rabbit polyclonal antibody (anti-Hr6a/
b) raised against a peptide representing the N terminus of Hr6a and Hr6b, which
are identical (Baarends et al., 2005). Additional antibodies against a mixture of two
peptides representing amino acids 16-30 (LQEDPPVGVSGAPSE) and the C-terminal
15 amino acids of Hr6b (EKRVSAIVEQSWNDS) were generated at Eurogentec
(Seraing, Belgium) according to their protocols. Antibodies directed against the C-
terminal peptide were affinity purified and used as Hr6b-specific antibody preparation.
Hréb-HA was detected using a rat monoclonal antibody (Roche). Hréb-GFP was
detected using a mouse monoclonal anti-GFP (Roche). Rad18%¢ protein was detected
using the affinity purified anti-Rad18%¢ antibody described by van der Laan et al. (van
der Laan et al., 2004). After blocking non-specific sites with 3 % w/v non-fat milk
in PBS/ with 0.1% v/v Tween20 (blotto) for 1 hour at room temperature, antibody
was added in fresh blotto, and incubation was continued for an additional hour at
room temperature. Subsequently, non-bound antibody was removed through several
washes using PBS with 0.1% v/v Tween20. Peroxidase-labeled second antibody
(Sigma) was diluted in blotto, and incubation was for 1 hour at room temperature.
Antigen-antibody complexes were detected by using a chemoluminescence kit (Du
Pont/NEN, Bad Homburg, Germany) according to the instructions provided by the
manufacturer.

135



Chapter 4

Immunostaining of spread meiotic nuclei preparations

Spread nuclei preparations of mouse spermatocytes were made according to the
protocol described (Peters et al., 1997b). The slides containing spread meiotic nuclei
were washed with PBS extensively and nonspecific sites were blocked by incubation
in PBS/ 0.5% BSA/ 0.5% w/v non-fat milk, prior to addition of specific antibodies. The
primary antibodies (anti-Hr6a/b; rabbit polyclonal (1:100), anti-Hr6b; rabbit polyclonal
anti-Rad18%° (1:50); rabbit polyclonal anti-HA (Roche); rat monoclonal (1:100) anti-
Mih1 (BD, Alphen aan den Rijn, Netherlands); mouse monoclonal (1:25) anti-Sycp3 (a
gift from C. Heyting); were diluted in 10% BSA/ PBS and incubated overnight at room
temperature. Non-bound antibodies were removed by washing in PBS and the slides
were incubated with PBS/ 5% wi/v non-fat milk/ 10% v/v normal goat serum for 20
minutes at room temperature. The secondary antibodies (FITC-conjugated goat anti-
rabbit 1:80, TRITC-conjugated goat anti-mouse 1:130 (Sigma), goat anti-rat Alexa 488
1:200 and goat anti-mouse Alexa 350 1:200 (Molecular Probes, Invitrogen, Breda,
Netherlands) were added, and incubation was continued for 2 more hours at room
temperature. Finally, after extensive washing with PBS the slides were mounted in
Vectashield (Vector Laboratories, Brunschwig, Amsterdam, Netherlands) containing
DAPI. To enhance signal for some purposes, Tyramide Signal Amplification (TSA) was
applied and the above-described protocol was adapted as follows: Prior to blocking,
slides were incubated in 2% H,O,/ PBS for 20 minutes and briefly washed in PBS.
After first antibody incubation and washing, slides were incubated with biotinylated
secondary antibody (Molecular Probes, 1:200) in PBS/ 10% w/v non-fat milk/ 10%
v/v normal goat serum for 1 hour, followed by 3 washes in PBS. Then slides were
incubated for 5 minutes with Cyanine 3 Tyramide 1:50 in amplification buffer (Perkin
Elmer). Finally, slides were washed and mounted as described above. Images were
taken with a fluorescence microscope (Axioplan 2; Carl Zeiss, Jena, Germany)
equipped with a digital camera (Coolsnap-Pro; Photometrics, Waterloo, Canada).

Immunoprecipitation

Testes were homogenized in lysis buffer (50 mM Tris-HCI pH 7.5/ 100 mM NaCl/ 0.1%
Nonidet P40) supplemented with complete protease inhibitor cocktail (Roche) using a
dounce homogenizer (10 strokes) at 4°C, followed by 30 sec sonification at 4°C. The
lysate was centrifuged at 13,000 rpm (Eppendorf centrifuge) for 6 minutes at 4°C and
the pellet was discarded.

For immunoprecipitation of Hréb-HA, 500 mg lysate in 500 pl lysis buffer
was added to 100 pl anti-HA affinity matrix (rat monoclonal antibody, Roche), and
incubated overnight at 4°C. The mixture was briefly centrifuged, and the matrix was
washed three times with 1 ml lysis buffer. Finally, the matrix was collected in 100 pl
SDS sample buffer, boiled, and centrifuged. 20 pl of the supernatant was run on 12%
SDS-Page gels.

To crosslink interacting proteins prior toimmunoprecipitation, testes were dissected
in PBS. Subsequently, two different cross-linking protocols were tested:
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1) Following centrifugation of the cell suspension (6 min, 173 x g), cells were
fixed in 1% formaldehyde/ PBS for 10 minutes on ice. Subsequently, cells
were incubated in 0.1 M glycine pH 7.9 for 5 minutes at room temperature
followed by centrifugation. The pellet was resuspended in lysis buffer.
Subsequently, the lysate was sonicated and incubated with anti-HA affinity
matrix as described above.

2) The cell suspension was incubated in 1 mM DTBP (Pierce) for 20 minutes at
room temperature. Subsequently, the suspension was diluted with PBS, and
centrifuged at 1083 x g for 5 minutes. The pellet was resuspended in lysis
buffer and processed further as described above.

TUNEL assay

Testes were isolated from adult mice of different genotypes. Tissues were formaldehyde
fixed and embedded in paraffin according to standard procedures. Sections were
mounted on amino alkylsilane-coated glass slides, dewaxed, and pretreated with
proteinase K (Sigma) and peroxidase as described elsewhere (Gavrieli et al., 1992).
Slides were subsequently washed in terminal deoxynucleotidyl transferase (TdT)
buffer (Gorczyca et al., 1993) for 5 minutes and then incubated for at least 2 hours
in TdT buffer containing 0.01 mM Biotin-16-dUTP (Roche) and 0.3 U of TdT enzyme
(Promega, Leiden, Netherlands) per pl at RT. The enzymatic reaction was stopped by
incubation in TB buffer, and the sections were washed (Gavrieli et al., 1992). Slides
were then incubated with StreptABComplex-horseradish peroxidase conjugate (Dako)
for 30 min and washed in PBS. dUTP-biotin labeled cells were visualized with 3,3'-
diaminobenzidine tetrahydrochloride-metal concentrate (Pierce). Tissue sections were
counterstained with hematoxylin. For each animal, the number of TUNEL (terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling)-positive cells
was counted in 100 tubule cross sections.
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Summary

In replicative damage bypass (RDB) in yeast, the ubiquitin-
conjugating enzyme RADG interacts with the ubiquitin
ligase RADI1S. In the mouse, these enzymes are represented
by two homologs of RAD6, HR6a and HR6b, and one
homolog of RAD18, Rad185¢, Expression of these genes and
the encoded proteins is ubiquitous, but there is relatively
high expression in the testis. We have studied the
subcellular localization by immunostaining Rad185¢ and
other RDB proteins in mouse primary spermatocytes
passing through meiotic prophase in spermatogenesis. The
highest Rad185¢ protein level is found at pachytene and
diplotene, and the protein localizes mainly to the XY body,
a subnuclear region that contains the transcriptionally
inactivated X and Y chromosomes. In spermatocytes that
carry translocations for chromosomes 1 and 13, Rad185¢
protein concentrates on translocation bivalents that are not
fully synapsed. The partly synapsed bivalents are often
localized in the vicinity of the XY body, and show a very
low level of RNA polymerase II, indicating that the

chromatin is in a silent configuration similar to
transcriptional silencing of the XY body. Thus, Rad18%¢
localizes to unsynapsed and silenced chromosome segments
during the male meiotic prophase. All known functions of
RADI1S in yeast are related to RDB. However, in contrast
to Rad185¢, expression of UBC13 and poln, known to be
involved in subsequent steps of RDB, appears to be
diminished in the XY body and regions containing the
unpaired translocation bivalents. Taken together, these
observations suggest that the observed subnuclear
localization of Rad18% may involve a function outside the
context of RDB. This function is probably related to a
mechanism that signals the presence of unsynapsed
chromosomal regions and subsequently leads to
transcriptional silencing of these regions during male
meiotic prophase.

Key words: Replicative damage bypass, Ubiquitination, Rad185¢,
HR6a, HR6b, Meiosis, XY body

Introduction

Maintenance of stability of the genome of an organism is
essential for proper cell function. In the germ line, genome
surveillance mechanisms are essential to allow faithful
transmission of genetic information to subsequent generations.
Life would not be possible without various DNA damage
response and repair pathways that are active in somatic and
germ line cells to cope with DNA damage. We are interested
in the possible gametogenic functions of proteins involved
in a mechanism that tolerates the presence of DNA lesions
during replication, termed replicative damage bypass (RDB,
previously described as post-replication repair).

Genes involved in RDB in the yeast Saccharomyces
cerevisiae encode members of the RADG6 epistasis group, and
homologs in higher eukaryotes have been identified. Our
laboratory has identified two mouse homologs of the ubiquitin-
conjugating enzyme RADG6, HR6a/Ube2a and HRGh/Ube2b

(Roest et al., 1996; Kwon et al., 2001), and recently we also
cloned Radl8%, the mouse homolog of the ubiquitin ligase
RADIS (van der Laan et al, 2000). The Radl8% gene is
ubiquitously expressed in mouse tissues, but the highest level
of mRNA expression is found in testis (van der Laan et al.,
2000). To obtain insight into possible spermatogenic aspects of
RDB and about Radl8%¢ functions in particular, we have
analyzed the expression of Rad18%¢ during spermatogenesis
using different mouse models.

RDB pathways are thought to be initiated by the RADG6-
RADI8 protein complex, and two major downstream
subpathways for RDB have been proposed: translesion
synthesis (TLS) and damage avoidance (DA) (Baynton and
Fuchs, 2000). Translesion synthesis is capable of bypassing a
DNA lesion that blocks the replicative polymerase, by using
the activity of several specialized enzymes to prevent
irreversible termination of DNA replication (Friedberg and
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Gerlach, 1999). These TLS polymerases include RAD30A
(poln), RAD30B (polt), REV3-REV7 (pol{) and REVI
(Woodgate, 1999), Translesion synthesis polymerases take
over from the replicative DNA polymerase when a given lesion
is encountered, and are capable of bypassing the lesion with
the incorporation of a few nucleotides. Subsequently, the
activity of the replicative polymerase is reinitiated. In contrast
to TLS, the DA mechanisms remain largely hypothetical. The
term ‘damage avoidance’ refers to the fact that, in this
subpathway, replication proceeds but use of the damaged DNA
strand is avoided. Instead, the lesion is bypassed using
homology from the newly replicated strand, or the homologous
chromosome (Baynton and Fuchs, 2000). Initiation of DA
subpathways requires activity of the UBCI13-MMS2-RADS
complex (Broomfield et al., 1998).

The yeast RADG6 gene encodes an ubiquitin-conjugating
enzyme (E2 enzyme). The ubiquitin system marks target
proteins with one or multiple ubiquitin moieties (mono- or
poly-ubiquitination) through a multi-enzyme mechanism:
ubiquitin-activating enzyme E |, ubiquitin-conjugating enzyme
E2 and ubiquitin ligase E3. Ubiquitinated substrates are
targeted for degradation by the proteasome or they may
undergo functional alterations (Pickart, 2004). It appears that
RADG6 has several functions outside the context of RDB,
including an involvement in sporulation, gene silencing and
chromatin modification (Dover et al., 2002; Lawrence, 1994;
Singh et al., 1998; Sun and Allis, 2002; Sun and Hampsey,
1999),

The deletion of both HR6a and HR6b in mice is an
embryonic lethal condition (Roest et al., 2004) and even
double-knockout ES cells are not obtained (H.PR.,
unpublished). However, inactivation of the HR6b gene alone
has no overall effect on development and viability of the mice,
and at the cellular level no increased sensitivity for DNA
damage was observed, but males were found to be infertile due
to derailment of spermatogenesis (Roest et al., 1996). Mice that
are HR6a-deficient also do not display a pronounced somatic
phenotype, but we observed maternal factor infertility,
manifested as a two-cell block of embryonic development
(Roest et al., 2004). The absence of a somatic phenotype in the
HR6a or HR6b single knockout animals is probably due to
functional redundancy of the two RAD6 homologs in somatic
cells. On the basis of these and other observations, the
mammalian homologs HR6a and HR6b are thought to function
in conserved aspects of RDB and also in several other
processes including chromatin structure regulation (Roest et
al., 1996; Baarends et al., 1999; Baarends et al., 2003; Roest,
2004). Recently, Radl8%¢-deficient ES cells were generated,
and these cells are defective in RDB as visualized by an
increased sensitivity to various DNA damaging agents,
including UV-C light, MMS, mitomycin C and cisplatin, but
not to X-rays (Tateishi et al., 2003).

High expression of Radl8% mRNA has been detected in
primary spermatocytes, in the prophase of the first meiotic
division (van der Laan et al., 2000). Following DNA replication
in preleptotene spermatocytes, which is the spermatogenic
final round of DNA replication, the relatively long meiatic
prophase | can be subdivided into four phases: leptotene,
zygotene, pachytene and diplotene. During leptotene, the
chromosomes are stretched out, meiotic double-strand DNA
breaks are induced, telomere clustering initiates homologous
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chromosome synapsis during zygotene, and axial elements are
formed along the chromosomes. At pachytene, the axial
elements have become lateral elements when the autosomal
bivalents display complete synapsis. Synapsed chromosomes
are held together as a tripartite structure, the synaptonemal
complex (SC), which is composed of lateral element proteins
(Sycp2 and Sycp3) and central element proteins (Sycpl and a
48 kDa protein) (Heyting, 1996). During pachytene, crossing-
overs are established that become visible as chiasmata, when
disassembly of the SC starts in diplotene. Finally, the cells
reach diakinesis, the stage of transition to metaphase. In
meiotic prophase, the sex chromosomes are stably synapsed
only along the pseudo-autosomal regions (PARs), and they
form a subnuclear region called XY body (or sex body), which
is first seen around early pachytene and persists into diplotene.
During early pachytene, transcription from the X and Y
chromosomes is globally repressed (Monesi, 1965), but
following completion of the meiotic divisions several X and Y
chromosomal genes are re-expressed in haploid spermatids
(Hendriksen et al., 1995).

In the present study we analyzed the expression of Rad85¢
protein in mouse testis in detail, and the results provide
indications that Radl8%¢ marks unsynapsed and inactive
chromosomal regions in pachytene and diplotene primary
spermatocytes during meiotic prophase in the male mouse.

Materials and Methods

Antibody production

Polyclonal antibodies against the Rad18%¢ protein were raised in
rabbits using GST-fusion proteins. Different parts of the Rad!8%
cDNA were fused to the GST gene (M-version: amino acid residues
192-360, and C-version: amino acid residues 428-509). These fusion
proteins were purified from a 2-liter culture using a glutathione
column (Sigma Chemical Co., St Louis, MO) followed by an ion
exchange column (Sp-sepharose, Sigma). Purified fusion proteins
were used to immunize rabbits (two animals for each fusion protein)
using Freund's (Sigma) complete adjuvant for the prime and Freund's
incomplete adjuvant (Sigma) for booster injections (intra cutaneous).
Pre-immune serum and antisera were tested on an immunoblot of
mouse total testis lysate. One antiserum against the M-version was
affinity purified using the M-version fusion protein coupled to Affigel
10 (BioRad, La Jolla, CA) and used for all described experiments
unless indicated otherwise (the C-version antibody was used to verify
all results obtained with the affinity-purified antibody).

Antibodies against mouse UBC13 were generated at Eurogentec
(Seraing, Belgium) according to their protocols. Rabbits were
immunized with a mixture of two UBCI13-derived peptides
(C21PGIKAEPDESNARY 34 and Aj14PNPDDPLANDVAEQ)25).

Immunoblot analysis

Mouse testes were obtained from wild-type FVB mice of different
age, and frozen in liquid nitrogen directly after removal from the body.
Cell preparations highly enriched in spermatocytes and round
spermatids were isolated from mouse testes (FVB) after collagenase
and trypsin treatment, followed by sedimentation at unit gravity
(StaPut procedure) and density gradient centrifugation through
Percoll (Grootegoed et al., 1984).

Protein extracts were prepared by ten cycles of 10-second
sonification in 0.25 M sucrose/ImM EDTA supplemented with
complete protease inhibitor cocktail (Roche, Mannheim, Germany).
Protein concentrations were determined using Coomassie Plus protein
assay reagent (Pierce, Rockford, IL) as described by the manufacturer.
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An amount of 20 pg of protein per sample was separated on 12%
SDS-polyacrylamide gels and the separated proteins were transferred
to nitrocellulose membranes, using the BioRad miniprotean 111 system
and blot cells (BioRad). Membranes were stained with Ponceau S
(Sigma) according to the supplier’s protocol.

Rad185¢ protein was detected using the affinity purified anti-
Rad18%¢ antibody described above. After blocking nonspecific sites
with 2.5% w/v non-fat milk in PBS with 0.1% v/v Tween20 (blotto)
for 1 hour at room temperature, antibody was added at a 1:250 dilution
in fresh blotto, and incubation was continued for an additional hour
at room temp . Subsequently, nonbound antibody was removed
through several washes using PBS with 0.1% v/v Tween20. The
second antibody, alkaline phospl (AP)-conjugated goat anti-
rabbit (Biosource International, Camarillo, CA) was diluted 1:1000 in
blotte, and incubation was for 1 hour at room temperature. After
washing with PBS with 0.1% v/v Tween20 specific signal was
detected by incubation with NBT/BCIP (Sigma) according to the
manufacturer’s manual.

In vitro transcription-translation
Rad18% ¢DNA was cloned into the pcDNA3 plasmid (Invitrogen,
Carlsbad, CA) and labeled with [**S]methionine by TnT-coupled in

vitro transcription-translation according to  the turer’s
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Immunohistochemistry

Mouse testes were isolated from wild-type FVB mice and fixed in
phosphate-buffered formalin (30 mM NaH:POy, 45 mM Na:HPQqy,
4% w/v formaldehyde, pH 6.8) overnight at room temperature,
dehydrated and embedded in paraffin. Cross-sections of 8 pm were
made and mounted on 3-aminopropyltriethoxysilane-coated slides
(Sigma) and dried at 37°C overnight. Slides were deparaffinized and
endogenous peroxidase was blocked by incubation with 3% v/v H20:
for 20 minutes. After washing in tap water, the slides were incubated
for 20 minutes in a microwave oven at 1000 W in 0.01 M citric acid,
pH 6.0. After cooling down to room temperature, the slides were
washed with distilled water and subsequently in PBS, and nonspecific
sites were blocked for 20 minutes in 0.5% w/v non-fat milk/0.5% wiv
BSA in PBS. The slides were incubated overnight at room
temperature with anti-Rad 185 antibody diluted 1:100 or with anti-
PCNA diluted 1:200 (Abcam, Cambridge, UK) in 10% w/v bovine
serum albumin (BSA) in PBS. The slides were washed three times for
20 minutes with PBS and incubated with the second antibody
(biotinylated goat anti-rabbit; or biotinylated goat anti-mouse; DAKO,
Glostrup, Denmark) diluted 1:200 in PBS containing 2% v/v normal
goat serum for 2 hours. The antigen-antibody complexes were
visualized with avidin-biotin complex reagent (DAKQ) according to
the manufacturer’s protocol, followed by staining using 3,3

protocol (Promega, Madison, W1). The product was separated on 12%
polyacrylamide gels, the gels were dried and labeled protein was
detected by autoradiography.

Isclation of testis tubule fragments and immunofiuorescence
Mouse testes were isolated from 21-23-day-old FVB mice, and
decapsulated testes were shaken (90 cycles/minute; amplitude 20
mm in a 200 ml Erlenmeyer flask) in 20 ml PBS supplemented
with collagenase (100 pg/ml), hyaluronidase (60 pg/ml), glucose
(5.6 mM) and DL-lactic acid (10 mM) at 32-34°C for 50 minutes.
This treatment results in dissociation of testis interstitial tissue and
tubules into fragments. After addition of DNAse (1 pg/ml) and
trypsin (100 pg/ml) the incubation was continued for 3 more
minutes to obtain smaller tubule fragments, and this tubule
preparation was then washed three times with PBS containing
DNAase (1 pg/ml) and fetal calf serum 2% w/v, using
centrifugation at low speed to collect the tubule fragments. Finally,
the tubule fragments were cultured on coverslips in DMEM-F12
supplemented with 2% v/v fetal calf serum and antibiotics at 33°C
for 2-3 days.

For immunofluorescence, all steps were performed at room
temperature. Cultured tubule fragments were fixed in 2% wiv
paraformaldehyde for 20 minutes and were permeabilized for 10
minutes using PBS supplemented with 0.2% Triton X-100 (Sigma).
Aspecific sites were masked by blocking in PBS/ 0.5% wiv
BSA/0.15% viv glyein (PBS+) for 5 minutes. Primary antibodies
(anti-Rad 185 diluted 1:100 or anti-HR6a/b recognizing HR6éa and
HR6b diluted 1:100, both antibodies are rabbit polyclonals) were
incubated overnight in PBS+ and subsequently the excess of the first
antibody was removed by three wash steps with PBS+. The specific
signal was visualized by incubation with Alexa488 (diluted 1:1000)
goat anti-rabbit antibodies (Molecular Probes, Eugene, OR). After
removal of the antibody and subsequent washing steps, coverslips
were mounted on slides using Vectashield (Vector Laboratories,
Burlingame, CA). DAPI (diluted 1:5000, Sigma) was used for
nuclear staining. As controls, preimmune serum was used (anti-
Rad185¢) or the first antibody was omitted during the procedure (anti-
HR6a/b). In addition, on meiotic spread preparations, anti-HR6a/b
accumulates on XY body chromatin, and the specificity of this
reaction was confirmed using pre-incubation of the antibody with the
N-terminal epitope of HR6a/b that was used to generate the antibody
(not shown).

diaminobenzidine tetrahydrochloride (DAB) metal concentrate
(Pierce) as a substrate and counterstaining with hematoxylin,

Immunostaining of meiotic nuclear spread preparations
Nuclear spread preparations of mouse spermatocytes were made
according to the protocol described previously (Peters et al., 1997h).
Testes from  4-5-week-old  wild-type FVB mice and of
T(L13)70H/T(1;13)Wa double-heterozygous mice (de Boer et al,
1986) (Swiss random bred HsdCpb:SE) were analyzed. The slides
containing meiotic nuclear spreads were washed with PBS/0.05% v/v
Triton X100 extensively and nonspecific sites were blocked by
incubation in PBS/0.05% v/v Triton X100/ 5% w/v nonfat milk
(blocking solution) before the addition of specific antibodies. The
primary antibodies (anti-Rad18%¢, rabbit polyclonal (1:100), anti-
UBC13, rabbit polyclonal (1:100), anti-Sycp3, mouse monoclonal
(1:2) and rabbit polyclonal (1:500) (gift from C. Heyting,
Wageningen, The Netherlands), anti-poln, rabbit polyclonal (1:50)
(gift from A. Lehman, Brighton, UK), anti-PCNA mouse monoclonal
(1:200) (Abcam) and mouse monoclonal anti-RNA polymerase 11
(1:50) (8wg16, detects total RNA polymerase 11; Abcam) were diluted
in blocking solution and incubated overnight at room temperature.
Nonbound antibodies were removed by washing in PBS and the slides
were incubated with PB5/5% w/v nonfat milk/10% v/v normal goat
serum for 20 minutes at room temperature. The secondary antibodies
[FITC-conjugated goat anti-rabbit and TRITC-conjugated goat anti-
mouse (DAKO) 1:1000] were added, and incubation was continued
for 2 more hours at room temperature. Finally, after extensive washing
with PBS the slides were mounted in Vectashield (Vector
Laboratories) containing DAPI.

Results

Rad185¢ protein is expressed in spermatocytes and
spermatids

Rad18% has a calculated molecular mass of 57.3 kDa.
However, antibodies against Rad18%¢ protein recognize a
protein of approximately 80 kDa on immunoblots of mouse
total testis lysate (Fig. 1A). In addition, we performed an in
vitro transcription-translation assay using Rad/8% ¢DNA. The
assay yielded a prominent protein band around 80 kDa and
several low intensity bands, possibly representing degradation
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products (Fig. 1B). The result of the transcription-translation
assay is consistent with the immunoblot. The size difference
between the calculated and observed molecular mass of
Rad185¢ is presumably due to the fact that the tertiary structure
of the Radl8%¢ protein is partly maintained under the
denaturating conditions of gel electrophoresis. Human
RADI18% also runs as a higher molecular mass band than
expected (Tateishi et al., 2000; Xin et al., 2000).

A B
kDa kDa

100 —+
75— “""-l--_<

50—+

Fig. 1. Detection of Rad 185 protein. (A) On an immunoblot of
proteins isolated from total testis lysate, the anti-Rad 185 antibody
recognizes a specific protein band around 80 kDa (arrowhead). (B) In
vitro transcription-translation using Rad18% c¢DNA results in a
protein band with a molecular mass of approximately 80 kDa
(arrowhead).
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Fig. 2. Relative Rad18%¢ protein level in mouse testis at different
postnatal developmental time points and in isolated germinal cells.
(A) Total testis proteins from mice at different postnatal ages (7-36
days) were analyzed on an immunoblot (WB) using anti-Rad1 85¢,
The relative Rad 185 proiein level increases after birth to a maximum
at 21 days. (B) The Rad185¢ protein level in isolated spermatocytes

(scy) is slightly higher than in isolated spermatids (rst). Ponceau S
staining of total protein (TP} is shown as a loading control.
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We performed immunoblot analysis on total testis proteins
derived from wild-type FVB mice of different ages (Fig. 2A),
and on proteins from isolated spermatocytes and round
spermatids (Fig. 2B). In testis from 7- and 14-day-old mice the
amount of Rad18%¢ protein is relatively low, compared with
a higher level at subsequent steps of postnatal testis
development. Spermatogenesis is initiated in the first week
after birth, and the first wave of spermatogenesis results in
population of the testis by primary spermatocytes in the period
around 14 days of postnatal testis development; this is followed
by the appearance of a large number of spermatids around day
21. A relatively high level of Rad185¢ protein was found to be
present in spermatocytes and round spermatids (Fig. 2B),
which is in agreement with the observed developmental
increase in Rad185¢ protein level in testis (Fig. 2A).

Rad185¢ protein localizes to the XY body chromatin in
pachytene and diplotene spermatocytes

To study the subcellular localization of Rad185¢ protein in
different testicular cell types, affinity-purified polyclonal anti-
Rad18%¢ antibody directed against amino acid residues 192-
360 was used for immunohistochemical staining of mouse
testis cross-sections. In addition, an antibody against the C-
terminus of Rad185¢ was included in the experiments to verify
the results, and pre-immune sera were used as negative
controls. Radl8%¢ protein was detected in spermatogonia,
spermatocytes and round spermatids, and the highest
Rad18%¢ protein level was found in nuclei of pachytene
primary spermatocytes (Fig. 3A-C). In the nuclei of these
cells, Radl8% protein showed marked localization in
a heterochromatic subnuclear region, the XY body,
containing the X and Y chromosomes. When the same
immunohistochemistry analysis was performed on cross-
sections from a human testis biopsy, we observed a strong
signal in the XY body, which probably represents high
expression of RAD18% in this subnuclear region (Fig. 3D).
In view of the interaction of RAD6-RADIE in RDB in yeast,
it is of interest to study the possible colocalization of HR6a/b
and Radl8%. The subcellular localization patterns of
Rad18% and HR6a/b proteins were compared using
immunofluorescence on fixed testis tubule fragments.
As both anti-Rad18%¢ and anti-HR6a/b were raised in
rabbits, we performed the assays separately. The results
indicated that the XY body chromatin in spermatocytes
contains both Rad 185 and HR6a/b (Fig. 4A,B). HR6a/b
protein was associated with chromatin over the whole
nucleus of the primary spermatocytes in the prophase of
the meiotic divisions, and it was not clear whether the
XY body chromatin was highly enriched in HR6a/b.

Fig. 3. Localization of Rad18%¢ protein in mouse and human
testis. (A-C) Sections of wild-type mouse testis were stained
with anti-Rad 185, (A.B) A positive signal was found in
spermatogonia (sgo), primary spermatocytes (scy) and round
spermatids (rst). (C) Hardly any Rad18%¢ was present in
elongating spermatids (est). In primary spermatocytes, the
highest amount of Rad18%¢ was found associated with the XY
body (circles). (D) In cross-sections of human testis, anti-
Rad 185 gave marked staining of the XY body (circles) in
primary spermatocytes (scy). Bar, 30 pm,
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Fig. 4. Rad 18> and HR6a/b localize to XY body chromatin in mouse
primary spermatocytes. Fixed testicular tubule fragments were
stained with anti-Rad 185 (left panel) or anti-HR6a/b (right panel),
and nuclei were visualized with DAPI (blue). The arrows indicate the
XY body. Bar, 10 pm.

A , a relative high level of Rad18% protein was limited to
the XY body.

The localization of Radl8¢ to the XY body in
spermatocytes was analyzed in more detail by immunostaining
of meiotic spread preparations of spermatocytes, using anti-
Rad18% antibodies in combination with an antibody st
Sycp3, a major protein component of the SC. Syep3 protein is
present in the axial elements and lateral elements of the SC,
and an antibody against Sycp3 can be used to mark the stages

of the meiotic prophase in nuclear spread preparations of

primary spermatocytes (Dobson et al, 1994; Heyting and
Dietrich, 1991; Offenberg et al., 1991). HR6a/b localization
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was not studied because the available antibodies against
HR6a/b give nonreproducible results when wused for
immunostaining of meiotic spread preparations.

At the zygotene stage, no clear Rad18% signal was visible
(Fig. 5A). The XY body forms around early pachytene, and
accumulation of Radl8%¢ protein in the XY body was clearly
visible at mid-pachytene (Fig. 5B). Rad185¢ protein localized
around the XY SC and (unsynapsed) axial elements, cover
the area where the X and Y chromosomes were located in
the nucleus. Following further progression of the meiotic
prophase, a high Rad185¢ signal was still present in the XY
body in early diplotene (Fig. 5C), and thereafter the XY body
and the signal disappeared (Fig. 5D).

Rad185¢ protein is present at partially synapsed
translocation bivalents in spermatocytes from
T(1;13)70H/T(1;13)Wa double-heterozygous mice

The marked association of Rad18%¢ with XY body chromatin
might be related to the fact that the large heterologous regions
of the X and Y chromosomes, outside the PAR, can not
undergo stable synapsis and, for the proximal Y and
larger proximal part of the X, they remain unpaired
throughout pachytene. To investigate whether Rad18%¢ is also
associated with unsynapsed autosomal regions, we used
T(1;13)70H/T(1;13)Wa double-heterozygous mice (de Boer et
al., 1986) in which an autosomal pairing problem occurs during
spermatogenesis. This problem is caused by the presence of
two different, but nearly identical, reciprocal translocations
involving chromosomes | and 13 (de Boer et al., 1986) (Fig.
6A). The presence of the translocations leads to variable

Fig. 5. Rad 185 protein is
associated with XY body
chromatin of pachytene and
diplotene spermatocytes, Rad185¢
is stained using anti-Rad] 85
(green) and axial elements and
lateral elements of SCs are stained
with anti-Sycp3 (red) in zygotene
(A). pachytene (B), early diplotene
(C) and diplotene (D)
spermatocytes. Bar, 20 pm.
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impairment of spermatogenesis, but 12-47% of the male mice
generate offspring, and a sufficient number of relatively intact
spermatocytes remains present, to allow the current analysis
(de Boer et al., 1986; Peters et al., 1997a). During meiotic
prophase, the unsynapsed axial loop of the 13! translocation
bivalent can be seen in early pachytene, but this loop
disappears by nonhomologous synapsis in most nuclei (Moses
and Poorman, 1981; Peters et al, 1997a). By contrast,
resolution of the homologous 1'3 loop is not always
accomplished, and this small bivalent is often found in the
vicinity of the XY body (de Boer et al., 1986; Forejt, 1996;

Baart et al., 2000). In nuclear spread preparations of

spermatocytes from mice with these translocations, the
locations of Radl8¢ and Sycp3 were visualized by
immunostaining. In Fig. 6B, it is clearly visible that Rad18%¢

A

Breakpoints T Breakpoints T

1 13 1 13

T
> T/T" double heterozygote

Meiotic bivalents

g L 13

B
A4
A

Fig. 6. Rad185¢ protein localizes to unsynapsed axial loops. (A) The
breakpoints (arrows) in chromosomes 1 and 13 of the T(1;13)70H (T,
left) and T(1;13)Wa (T°, right) mice are illustrated. Meiotic bivalents
in T/T" double heterozygote mice are shown in the middle. (B)
Immunostaining of Sycp3 (red) and Rad185¢ (green) of
T(1:13)70H/T(1:13)Wa double-heterozygous spermatocytes,
Rad185¢ protein localizes to the XY body and also to the
translocation bivalent that shows incomplete synapsis. The
unsynapsed axial loop of the 1'3 bivalent is ofien found close to the
XY body. The arrow indicates the X and Y bivalent (XY body) and
the arrowhead points to the 1'3 translocation bivalent, Bar, 20 um.
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protein in pachytene spermatocytes localized not only to the
XY body, but also to the 1'3 translocation bivalent adjacent to
it. However, in some nuclei the XY body accumulated
Rad18%, but the translocation bivalent did not. For the 113
bivalent, different configurations of the SC have been
described, associated with different degrees of homologous
and/or nonhomologous synapsis (de Boer et al., 1986; Peters
et al., 1997a). The morphology of the SC in primary
spermatocytes  from  T(1;13)70H/T(1:13)Wa  double-
heterozygous mice, immunostained with anti-Sycp3, also
shows this variability (Baart et al., 2000). To estimate the
percentage pachytene nuclei with a positive Rad185¢ signal on
the 1'3 bivalent, we analyzed pachytene nuclei with an overall
normal SC morphology and Rad185¢ signal covering the XY
body. These nuclei were subdivided into four groups on the
basis of different configurations of the 1'3 bivalent: the
morphology of the 1'% bivalent was classified according to the
increasing degree of synapsis as partially synapsed rest (PR,
low degree of synapsis), partially synapsed A shape (PA,
intermediate degree of synapsis), partially synapsed horseshoe
shape (PH, almost complete synapsis) and completely
synapsed (CS). It was found that Rad185¢ accumulated on the
113 bivalent in almost all nuclei that contained unsynapsed 113
segments (PR, PA, PH). By contrast, when synapsis of the 113
bivalent was apparently complete (CS), the Rad18%¢ signal was
very low or absent (Fig. 7). In the majority of nuclei containing
the 1'3 translocation bivalent in the PR and PA configuration,
the bivalent was located in very close proximity to the XY
body. By contrast, horseshoe (PH) and paired (CS)
configurations of the 1'% bivalent were found close to the XY
body in only 30% of the nuclei that carry these configurations,
and Rad18%¢ associated with the 1'3 bivalent in only 17.8% of
the PH nuclei and not in CS nuclei. Taken together, these
observations indicate that the 1'3 bivalent loses Radl85¢
protein and its tendency to colocalize with the XY body when
synapsis is more complete.

XY body chromatin may not contain downstream
components of RDB subpathways

In yeast, RADG/RADIR interaction is a key step in the activation
of all RDB subpathways. Although DNA replication is
completed before entry into meiotic prophase, the observed
colocalization of HR6a/b and Rad18% on XY body chromatin
could signify the activation of RDB subpathways within these
chromatin domains, perhaps in the context of recombination
repair-associated DNA synthesis. This activation would become
visible by recruitment of downstream RDB components. In
yeast, one of the downstream components is UBCI3. This
ubiquitin-conjugating enzyme associates with MMS2 and
RADS, and together these proteins constitute a second ubiguitin-
conjugating protein complex in RDB, which is thought to initiate
the damage avoidance subpathway of RDB (Baynton and Fuchs,
2000; Stelter and Ulrich, 2003). The mouse homolog of UBC13
has been identified, and the mRNA is ubiquitously expressed,
but with the highest level in testis (Ashley et al., 2002). After
selection of candidate antigenic peptides, a polyclonal antibody
against mouse UBC13 was generated, and affinity purified. The
antibody specifically recognized GST-fused mouse UBC13 on
immunoblots (results not shown), Using meiotic nuclear spread
preparations, UBC13 was detected in nuclei of pachytene and
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Fig. 7. Rad185¢ protein localizes
to unsynapsed regions of the 113
bivalent. The morphology of the
1'3 bivalent was classified as
partially synapsed A shape (PA,
intermediate degree of synapsis),
partially synapsed horsheshoe
shape (PH, almost complete
synapsis), partially synapsed rest

Rad 185 PR PA PH cs t (PR, low degree of synapsis
R and completely synapsed (CS).
signal The accumulation of Rad18% 1o
_ 0 2 4 7 13 Fi]cm‘ reg 'nr.1::.\\ as analyzed by
immunostaining (upper panel).
Over groups, the number of
+/- 1 5 6 0 12 nuclei positive for Rad185¢ was
found to be increased when
+ 13 10 3 0 26 synapsis of these bivalents was
less complete (lower p;lncI]} The
arrowhead indicates the 1%
ot 14 17 13 7 51 bivalent.

diplotene spermatocytes, and UBC13 protein was also found in
postmeiotic spermatids. However, UBCI13 was largely or
completely excluded from XY body chromatin (Fig. 8A). On the
basis of this observation, we suggest that the Rad18% protein
does not take part in a protein complex that triggers the RDB
damage avoidance subpathway in XY body chromatin. To test
whether Rad185¢ in the XY body might be involved in the
activation of the translesion synthesis subpathway of RDB, we

A DNA  replication, also  studie
immunostaining of se tleslis cross
sections and meiotic nuclear spres
preparations, we did not detect PCNA in late
p;lciwtcnc and diplotene nuclei (results not
shown). Taken together, the present results
indicate that HR6ab and RadI$5 are
associated with XY body chromatin, where
they may perform some function outside the
context of RDB.

I

used an antibody against poln, one of the TLS polymerases. The
antibody used in this immunostaining is known to recognize
human poln, but the peptide sequence used to generate this
polyclonal antibody is 100% conserved between mouse and
human (Kannouche et al., 2001). Similar to what was observed
for UBC13, the amount of poln was much lower in the area of
the XY body chromatin compared with the rest of the chromatin
in the nuclear spread preparation (Fig. 8B), and this was not

observed using pre-immune serum  (result

not shown). As RDB is associated with
A replication, we also studied PCNA
zation in the testis Using

mouse  testis

Cross-
spread

Fig. 8. Immunoexpression of RDB proteins
downstream of HR6a/b-Rad 185 is low in XY
body chromatin of primary spermatocytes.
(A) Left: Immunostaining of UBC13 w:
UBC13 (green) shows that UBC13 is absent

from a subnuclear region where the XY body is
situated (arrow). Right: Co-immunostaining of
UBC13 and Syep3 (red) to visualize the
autosomes and the location of the XY body.

(B) Left: Immunostaining of the TLS polymerase
poln by anti-poln (green). The level of this RDB
protein is also very low in the subnucle i
where the sex chromosomes are located (arrow).
Right: Co-immunostaining of poln and Sycp3
(red) to visualize the autosomes and the location
of the XY body. Bar, 20 um.

ng o-
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Rad18%¢ is located in transcriptionally silenced
chromatin

Yeast RADG exerts multiple functions, including key roles in
RDB and N-end rule protein degradation, and it is also
involved in sporulation and gene silencing, and in mitotic and
meiotic recombination (Freiberg et al., 2000). XY body
chromatin in spermatocytes is transcriptionally inactive
(Monesi, 1965). We performed an immunostaining for RNA
polymerase 11 (antibody 8wgl6) to visualize transcriptional
activity in spermatocytes. As previously shown by Richler et
al. (Richler et al.,, 1994), the XY body was found to
be negative for RNA polymerase Il in nuclear spreads
prepared from wild-type mouse testis (Fig. 9A). In
T(1;13)TOH/T(1;13)Wa spermatocytes, we observed a very
low RNA polymerase Il signal in the region where the
unpaired 1" loop was located (Fig. 9B). Costaining of RNA
polymerase Il and Radl85¢ in these nuclear preparations
indicates that RNA polymerase [l is largely absent from
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regions where Rad185¢ protein is abundant: the chromatin of
the XY body and the unpaired 1'3 translocation bivalent (Fig.
9C).

Discussion

The ubiquitin ligase RADI8, complexed with the ubiquitin-
conjugating enzyme RADG, is involved in replicative damage
bypass (RDB) in §. cerevisiae. The yeast RAD6 protein
performs multiple functions, including non-RDB functions,
whereas RADIE is thought to function in RDB only. The
experiments described herein were performed to obtain
insight into possible gametogenic functions of the mouse
homolog of RADI18, Rad18%. We have shown that Rad185¢
protein expression is high in primary spermatocytes and we
have found accumulation of Rad18%¢ on the XY body in
the male meiotic prophase. HR6a/b  immunostaining,
representing the mouse homolog of the ubiquitin-conjugating
enzyme RADG6, was also found to be present
in the XY body. However, the proteins
UBC13 and poln, which function
downstream of HR6a/b and Radl8%¢ in
RDB, are present in spermatocytes but do
not localize to the XY body. Furthermore,
we show that the presence of unpaired
chromosomal segments in spermatocytes
during pachytene results in transcriptional
silencing and recruitment of Rad185¢, These
data indicate that Rad185¢ functions outside
the context of RDB during the male meiotic
prophase.

Fig. 9. RNA polymerase 1 is largely excluded
from nuclear regions containing Rad185¢
associated with unsynapsed chromosomes,

(A) Left: Immunostaining of the SC using anti-
Syep3 (red) on a wild-type spermatocyte. The
arrow points to the XY body. Right: Co-
immunostaining of Syep3 and RNA polymerase
11 (RNA pol 11, green) showing that the RNA
polymerase 11 staining signal is very low in the
XY body. (B) Left: Immunostaining of Syep3
(red) on a T(1;13)70H/T(1;13)Wa double-
heterozygous spermatocyte. The arrow points to
the XY body and the arrowhead to the 113
translocation bivalent. Right: Co-immunostaining
of Sycp3 and RNA polymerase 1T (RNA pol 11,
green) shows that the RNA polymerase 11
staining signal is also very low in the subnuclear
region of the 1'3 translocation bivalent. (C) Left:
Immunostaining on a T(1:13)7T0H/T(1:13)Wa
double-heterozygous spermatocyte with anti-
RNA polymerase [1 (RNA pol 11, green). The
subnuclear regions containing the XY body
(arrow) and the 1'3 translocation bivalent
(arrowhead) have a very low level of RNA
polymerase Il protein, Right: Co-immunostaining
of RNA polymerase Il and Rad 185 shows that
the regions deficient in RNA polymerase [1
contain a large amount of Rad185¢ (red). Bar,
20 pm.
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RDB-associated Rad185¢ localization in spermatogenic
cells

Immunoblot analysis of postnatal mouse testis and isolated
spermatogenic cell types showed a relative high Radl85¢
protein level in primary spermatocytes, but the protein is also
present in other testicular cell types, including spermatogonia,
which comprise the mitotically active cell population that gives
rise to new generations of spermatocytes entering meiotic
prophase throughout adult reproductive life. The presence
of Radl85¢ in spermatogonia might be required for RDB
in these proliferating cells. The last DNA replication
during spermatogenesis occurs in  preleptotene  primary
spermatocytes, and meiotic homologous recombination during
zygotene and pachytene is associated with some DNA strand
elongation. This provides a possible link between DNA
synthesis and high Rad18%¢ expression during preleptotene and
subsequent stages of meiotic prophase. However, the extreme
localization of Rad18%¢ to the XY body in pachytene and early
diplotene is not associated with known DNA synthesis and
probably serves some other function (see also below). If DNA
replication occurs, PCNA should be expressed. This protein
functions as a sliding clamp during DNA replication and is also
required during DNA chain elongation in connection with
RDB. In addition, PCNA ubiquitination occurs during RDB
and depends on RADIS in yeast and RADIS® in human
(Hoege et al., 2002; Kannouche et al., 2004), PCNA staining
has been reported for mitotically active spermatogonia and for
preleptotene spermatocytes, and persistence of a low level of
nuclear staining at later stages of the meiotic prophase
(zygotene and early-mid pachytene) has been described
(Kamel et al., 1997; Wrobel et al., 1996). In mouse testis cross-
sections, using immunostaining, we did not detect PCNA
in late pachytene and diplotene spermatocytes or in the XY
body. Thus, RDB-associated functions of Radl8% during
spermatogenesis are probably restricted to the S phase of
spermatogonia and preleptotene spermatocytes.

The XY body, Rad185¢ and DNA repair

Apart from Rad185¢, several other DNA repair proteins have
been found to accumulate in the XY body, including Rad50,
Mrell and Ku70, all of which are involved in DNA double-
strand break repair (Eijpe et al., 2000; Goedecke et al., 1999;
reviewed by Hoyer-Fender, 2003). The function of these
proteins with respect to the function of the XY body remains
unclear. Using male mice double heterozygous for the
T(1;13)70H and T(1;13)Wa translocations as described in this
report, it has been shown that the XY body and the 113 bivalent
also stain with an antibody targeting the cell cycle checkpoint
protein  Atr (for ataxia telangiectasia and Rad3-related)
(Keegan et al., 1996; Moens et al., 1999; Baart et al., 2000).
The Atr protein is probably involved in the phosphorylation of
proteins, a response of the cell cycle machinery to DNA
damage (Cortez et al., 1999; Keegan et al., 1996). The intensity
of Atr signal on the 1'3 bivalent depends on the degree of
pairing within this region, and the protein tends to localize to
incompletely paired configurations of the bivalent (Baart et al.,
2000). This protein localization pattern is similar to the present
observations on Rad185¢ staining of the 1'7 bivalent. Possibly,
Atr and/or Rad185¢ also bind to unpaired chromosomal regions
in oocytes that go through meiotic prophase, but this remains
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to be investigated. These observations suggest that localization
of some proteins to the XY body is related to the presence of
unsynapsed axes. In addition, XY body proteins may also have
specific functions, as indicated by the existence of true XY
body specific proteins (Turner et al., 2000), Possible functions
of the transcriptionally inactive XY body chromatin in
spermatocytes include: first, promotion and stabilization of
alignment of the pseudoautosomal regions (PARs) of the X and
the Y chromosomes (Turner et al., 2000); second, prevention
of non-homologous recombination between regions outside the
PARs of the X and Y chromosomes; and third, masking of
unpaired chromosomal regions in the X and Y chromosomes
from a synapsis checkpoint (Jablonka and Lamb, 1988). The
only known protein that has a proven XY body function is
phosphorylated histone H2AX (y-H2AX)., y-H2AX has
important roles in both DNA repair in somatic cells and meiotic
recombination. Interestingly, phosphorylation of H2AX is
enhanced in the XY body, and this process is essential for the
formation and transcriptional silencing of the XY body
(Fernandez-Capetillo et al., 2003; Mahadevaiah et al., 2001).

Rad18%¢ functions in the testis outside the context of
RDB

In HR6b-deficient mouse pachytene spermatocytes, we have
observed lengthening of the synaptonemal complex and loss of
Syep3 from near telomeric regions (Baarends et al., 2003).
Most importantly, in HR6b knockout spermatocytes, the
number of meiotic recombination sites has increased from an
average of 23, found in spermatocytes from wild-type mice, to
an average of 27 (Baarends et al., 2003). This indicates that
HR6b, or both HR6a and HR6b, might play some inhibitory
role in the control of meiotic recombination frequency. In the
XY body, such a role might implicate HR6a/b and Rad18% in
a mechanism that acts to prevent interchromosomal meiotic
recombination events outside the PARs of the X and Y
chromosomes.

The present results also point to a possible function of the
HR6a/b-Rad185¢ complex in a cascade of events that first
signals incomplete chromosome pairing and then leads to
transcriptional silencing. The XY body is transcriptionally
inactive (Monesi, 1965). Using anti-RNA polymerase 1l
antibodies, we have shown that the incompletely paired
translocation 1'3 bivalent in pachytene nuclei of male mice
carrying the double-heterozygote T(1;13)70H/T(1;13)Wa
translocations  also becomes transcriptionally inactivated
in pachytene spermatocytes. This is supported by results
from early studies that have shown frequent association of
different autosomal chromosomes with the XY body, when the
presence of a translocation or a trisomic chromosome leads to
meiotic pairing problems (Solari, 1971; de Boer and Groen,
1974; Forejt, 1974). Such XY body-associated autosomal
chromosome regions are often heteropyknotic (Solari, 1971; de
Boer and Groen, 1974).

RADG in yeast also plays a role in gene silencing, at least
in part through mono-ubiguitination of histone H2B (Robzyk
et al,, 2000), and this function could be conserved to higher
eukaryotes. By contrast, mutation of Rad!8 does not affect
gene silencing, and RADIS is not required for ubiquitination
of histones. Gene function of Radl8 in yeast is thought to be
limited to RDB. Still, one report describes that yeast radl8
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mutants combined with mutations in excision repair genes have
reduced spore viability, indicating a role for RAD18 in meiosis
(Dowling et al., 1985). In addition, RAD18& might be involved
in the regulation of gene silencing through some other
ubiquitin modification, since mutation of chromatin assembly
Sfactor | (CAFT) combined with a Arad!8 mutation revealed a
possible role of RADIS in telomeric silencing (Game and
Kaufman, 1999). CAF1 is involved in depositing histones on
DNA, and when this process is impaired, RAD6 may depend
on RADIS for recruitment to DNA (Game and Kaufman,
1999). In general, the process of inactivation of unpaired
chromosomal segments might require substantial chromatin
remodeling in which the HR6a/b-Rad 185¢ complex is involved.
To further investigate the precise role of this complex, one of
our next steps is to search for HR6a/b-Rad185¢ substrates in
spermatogenesis.

The present observations that Rad 185¢ localizes to unpaired
and transcriptionally inactive chromosomal regions in the
meiotic prophase opens a new field of interest. More detailed
analysis of XY body chromatin in primary spermatocytes
could give us new insights in meiotic functions of Radl8§5¢,
and also in the mechanisms that promote formation of the XY
body and control transcriptional silencing of specific
chromatin domains.
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All information required for proper cell development and functioning is present in the
genome, and endogenous and exogenous DNA damaging agents form a continuous
threat for the cell. Damage of genetic information can cause cell death, but also may
lead to defective proteins and chromosomal instability, which in higher eukaryotes
may eventually contribute to cancer. Therefore, repair of DNA damage is a very
important process in all organisms. In addition, DNA repair is very important to allow
faithful transmission of genetic information to the next generation. Caking this into
consideration, it is not surprising that all known DNA repair mechanisms are active in
gametogenesis. Especially during spermatogenesis, almost all DNA repair proteins
are expressed at elevated levels compared to other tissues. In gametogenesis several
of these proteins have additional functions outside the context of DNA repair.

In the Introduction of this thesis (Chapter 1), different DNA repair mechanisms
responsible for repair of a wide variety of DNA lesions are described. Base excision
repair (BER), nucleotide excision repair (NER), and mismatch repair (MMR) are
pathways that are responsible for repair of DNA lesions involving one or a few bases
in only one strand of the double helix. BER, NER, and MMR all use the undamaged
complementary strand for repair.

Replicative damage bypass (RDB), also known as post-replication repair (PRR),
actually is not a DNA repair pathway. Rather, this pathway uses several specialized
polymerases, which are able to bypass a lesion that would otherwise terminate
replication.

Double strand DNA breaks can be repaired by non-homologous end-joining
(NHEJ), which simply ‘joins’ the broken DNA ends, or by homologous recombination
(HR). Mitotic HR is a very precise way of repair as it uses an intact homologous
DNA strand as a template. Meiotic HR is required to generate genetic variation in a
population. Besides the proteins involved in mitotic HR, some special meiosis-specific
proteins are required for meiotic HR.

Inthe paragraphs below, | provide a “summarizing discussion” of our observations
on the mitotic role of the HR protein Rad51 in ES cells (Chapter 2), and the role of
the HR protein Rad54 in mouse spermatogenesis (Chapter 3). In addition, | discuss
the role of the RDB proteins Hr6a/b and Rad18%¢ in male meiotic prophase (Chapters
4 and 5), where these proteins appear to function in homologous recombination,
chromatin remodeling, and silencing of DNA. Figure 1 provides a visual summary of
this thesis.
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Figure 1 (previous page). Imaging DNA repair proteins in mitosis and meiosis.

In this thesis, Rad51-GFP functions were analyzed in Rad517¢ ES cells (Chapter 2). Rad51-GFP
colocalizes with Rad54 in repair foci, but functions as a dominant negative mutant (top panel). Pre-
meiotic, meiotic and post-meiotic functions of proteins involved in homologous recombination repair (HR)
and replicative damage bypass (RDB) were further analyzed using different mouse models. Rad54-GFP
expression was analyzed in testis tubules of Rad54°”¢ knock-in mice (Chapter 3). An example of a
spermatogonium that shows a high level of Rad54-GFP expression is shown here. Rad54-GFP is also
expressed during pachytene, and functions in disassembly of Rad51 from early recombination nodules.
As shown, mutation of Rad54 leads to prolonged presence of aberrant Rad51 foci in Rad54 knockout
pachytene spermatocytes. "he RDB proteins Hréb and Rad18% localize predominantly to the XY body
and may function in regulation of chromatin structure associated with unpaired DNA (Chapters 4 and 5).
Colocalization of these two RDB proteins in the XY body is visualized here through triple immunostaining
of Hréb-HA, Rad18% and the synaptonemal complex component Sycp3 in Hr6b-HA transgenic, Hréb
knockout mice. Hréb-HA can replace Hr6b in germ line cells, but correct timing of expression appears to be
critical to achieve normal spermatogenesis. [ ’he image shows a normal and abnormal sperm cell from the
epididymis of an Hr6b"" male (Chapter 4).

Rad51

Rad51 is an important protein involved in HR in all organisms. One of the early
steps in HR, is the processing of a broken DNA end to generate a stretch of 3’single-
stranded DNA. In close cooperation with other proteins like Rad52 and Rad54, Rad51
oligomerizes on this ssDNA piece. [his structure is called the Rad51 nucleoprotein
filament, which is able to recognize strand homology and to promote DNA strand
exchange. Many of the HR proteins accumulate into subnuclear structures at sites
of DNA damage. "hese subnuclear structures are referred to as foci, which can be
induced by DNA damage but also occur ‘spontaneous’ specifically in S phase of the
cell cycle. During S phase, the DNA replication machinery may encounter a lesion
in the DNA template which may stall the DNA polymerase. [his then leads to DSB
formation and subsequent repair via HR.

[o study the dynamic behavior of Rad51 in living cells, we generated Rad51-GFP
knock-in (Rad51*¢f") embryonic stem cells. C-terminal GFP-tagged Rad51 appeared
to act as a dominant-negative mutant Rad51 protein. Rad571+¢ ES cells are sensitive
to mitomycin C (MMC) and ionizing radiation (IR), which both induce DSBs. In addition,
these cells are defective in targeted HR. Surprisingly, in contrast to other homologous
recombination mutant cell lines, Rad57*¢" ES cells still form damage induced Rad51-
GFP foci. In addition, ‘spontaneous’ S phase related foci are also observed. However,
the mean number of these ‘spontaneous’ foci was approximately 30% increased. We
demonstrated that this increase likely represents a real increase in the number of
DSBs. Next, we studied the dynamic behavior of Rad51-GFP in Rad571+%¢fF ES cells.
It appeared that Rad51-GFP, in contrast to cells expressing an N-terminal fusion of
GFP to human RAD51, is not stably associated with DNA damage-induced nuclear
foci. Possibly, the Rad51-GFP fusion protein interferes somehow with the function
of Rad51 in proper formation of a nucleoprotein filament. Surprisingly, Rad51-GFP
moves always in complex through the nucleus, and these complexes are different
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from complexes containing Rad54-GFP.

Although many reports have described accumulation of HR proteins into foci,
it remains unclear what a focus really represents. Likely, a focus is the cytological
manifestation of the repair of several DSBs, butitis not clear if all proteins accumulated
at a site of DSB repair represent proteins involved in actual repair, or that a certain part
of a focus represents recruited proteins attracted to sites of ongoing repair without a
direct role in the repair process itself.

Rad54

RADS54 is involved in all steps of DSB repair via homologous recombination, in yeast.
First, RAD54 promotes assembly and stabilization of the RADS1 nucleoprotein
filament. Second, RAD54 translocates on dsDNA, meanwhile introducing supercoils.
[hird, RAD54 stimulates joint-molecule formation and extension between the
nucleoprotein filament and homologous template DNA. Fourth, at late steps of HR,
RAD54 mediates RAD51 turnover by dissociating RAD51 from dsDNA. Rad54 and
Rad54b are two mammalian homologs of yeast RAD54. Knockout mice for either one
of these genes, and also the double-knockout mice, are viable and do not show any
gross abnormalities. In wild-type mice, Rad54 and Rad54b expression is increased in
testis, compared to most other tissues.

In the experiments described in this thesis, we studied the role of Rad54 in
mouse meiosis and spermatogenesis. Immunohistochemically, using the available
antibody, the endogenous Rad54 protein could hardly be detected to allow reliable
description of cellular and subcellular expression patterns. However, using Rad54-
GFP knock-in mice and multi-photon laser scanning microscopy (MPLSM), we
were able to analyze the localization or Rad54-GFP in isolated testis tubules.
[0 be able to identify the different cell types in the testis, we introduced a new
technique, which involves injection of the vital DNA marker Hoechst in the rete tesis
for nuclear staining and identification of cells in the adluminal compartment of the
testis. ['he nuclear staining allowed identification of: Sertoli cells, spermatocytes,
round spermatids, and elongating and condensing spermatids. In addition, isolated
testis tubules were incubated in medium containing the Hoechst, to stain the nuclei
of cells in the basal compartment: Sertoli cells, spermatogonia, and preleptotene
spermatocytes. Using this approach, the highest expression of Rad54-GFP was found
in spermatogonia (180 nM, ~5.7 10* molecules), the actively proliferating cells at the
basis of the spermatogenic epithelium. It is not surprising that Rad54 protein, which
is involved in accurate repair of DSB via homologous recombination, is abundant
in these spermatogonia, where it probably serves to safeguard genomic integrity
of these “founder” cells of spermatogenesis. Rad54-GFP could not be detected in
spermatocytes during the early male meiotic prophase. [his is very surprising since in
these cells meiotic homologous recombination takes place. ['his result indicates that,
in contrast to Rad54 functioning in many steps during mitotic recombination, Rad54
is not involved in early meiotic recombination. However, Rad54 seems to play a role
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in later stages of meiosis. [his was demonstrated by analysis of Rad54 knockout
spermatocytes. During late pachytene and diplotene, Rad51 aggregates were found
to be present in these cells. [his indicates that, like in somatic HR, Rad54 is involved
in Rad51 disassembly in meiotic HR. Chis would be in accordance with reappearance
of Rad54-GFP during pachytene. ['he meiotic phenotype of Rad54/Rad54b double-
knockout mice is not more severe than that of the Rad54 single-knockout. [his
indicates that spermatogenesis and meiosis do not require both proteins to be present,
but it is not excluded that relatively minor defects in meiotic prophase may accumulate
over several generations of Rad54/Rad54b double-knockout mice. Possibly, another
yet unknown protein remains to be discovered, which performs similar functions in
meiosis as exerted by Rad54 and/or Rad54b in mitotic HR.

In pachytene spermatocytes, the XY chromatin appears as a dense chromatin
region, named the XY body. Within the XY body, the heterologous sex chromosomes
become transcriptionally inactivated. Interestingly, we found accumulation of Rad54-
GFP in the XY body at mid-pachytene. Rad54 is a member of the Swi2/Snf2 chromatin
remodeling family of DNA-dependent Al Pases. It is tempting to speculate that Rad54
plays a role in particular in association with XY body chromatin.

Hr6b and Rad18s¢

In replicative damage bypass (RDB) in yeast, the ubiquitin-conjugating (E2) enzyme
RADG interacts with the ubiquitin ligase RAD18. In mouse and human, these enzymes
are represented by two RAD6 homologs, Hr6a and Hr6b, and one homolog of RAD18,
Rad18%c. Hr6a/b and Rad18%¢ are ubiquitously expressed, but there is a relatively high
expression in the testis. Mouse Hr6a and Hr6éb show 95% identity to each other, and
are 100% identical to the human proteins HR6A and HR6B, respectively. Mutation of
both genes is not a viable condition, whereas single Hr6a and Hr6b knockout cells
and mice show no RDB defects. Mouse Rad18% deficient ES cells are defective in
RDB and display an elevated level of homologous recombination. Hr6a knockout
males are fertile, but females are infertile, due to a maternal defect leading to a two-
cell stage block of embryonic development. In contrast, inactivation of Hr6b leads to
male infertility, whereas female reproductive functions are completely normal. In Hr6b
deficient testis, meiotic as well as postmeiotic germ cell development is impaired.

In this thesis, we showed that normal spermatogenesis could be achieved by
transplantation of wild-type spermatogenic stem cells into Hr6b deficient testis. [his
demonstrates that impaired spermatogenesis of Hr6b knockout mice is due to a defect
in the germ cell line, rather than being caused by Hr6b deficiency in the supporting
somatic cell lineages. [0 get more insight in the (sub)cellular localization and function
of HR6b in spermatogenesis, we generated transgenic mice. (b direct expression of
Hr6b fused to either a hemagglutinin tag (HA) or GFP specifically to germ cells, we
selected a Calmegin promoter fragment that has been shown to induce transgene
reporter expression specifically in pachytene spermatocytes. [wo transgenic lines
were established for each construct, referred to as CG and CH, expressing Hréb-GFP
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and Hr6b-HA, respectively. Unfortunately, CG transgenic mice expressed free GFP in
addition to the fusion protein in spermatocytes, making this line unusable for analysis
of Hréb-GFP expression and dynamics in living cells. Results obtained from crossings
with both CG and CH transgenic mice with Hr6b knockout mice, showed that even a
relatively low level of Hr6b-HA or Hréb-GF P expression in Hréb knockout spermatocytes
improves the quality and quantity of sperm compared to the knockout. In addition
to transgenic mice, we generated Hr6b-HA knock-in mice. We found relatively low
mRNA and protein levels in multiple tissues of the Hr6b-HA knock-in mice. However,
and quite surprisingly, the knock-in males have normal testis weights and sperm
counts, and we obtained offspring. When we compared CG and CH transgenic mice
with Hr6b-HA knock-in mice, all these mice showed rescue of post-meiotic spermatid
development to a comparable extent. However, the meiotic Hr6b knockout phenotype
was rescued to a higher extent in Hr6b-HA knock-in mice, compared to the CG and
CH transgenic mice. One possible explanation for this observation is, that Hr6b is
expressed too late in CG and CH mice, if there would be a need for Hr6b as early as
the preleptotene and zygotene stages of meiotic prophase.

From analysis of the present transgenic and knock-in mouse models that
express HA-tagged Hr6b, some interesting aspects of regulation of the Hr6b protein
expression level come to the front. In CH transgenic mice, we found that Hréb-HA
protein expression appears to be down-regulated when endogenous Hr6b is still
present. [his indicates that Hr6b protein expression is under tight control. In addition,
or alternatively, Hréb may be preferred over Hréb-HA in complex formation, and free
protein may have a faster turnover rate compared to protein in complex. A second
interesting observation concerns a relatively low expression of Hr6b-HA protein in
the knock-in line. The endogenous Hr6b gene encodes an ultraconserved 3'UCR
sequence element, that is also present in the Hréb-HA mRNA encoded by the knock-
in construct. This element is a 310 bp stretch of DNA that shows 100% sequence
conservation between mouse, human, rat, rabbit, dog, and cow. However, the Hr6b-HA
3'UCR differs from the endogenous 3’'UIR in that it has been fused to the 3’UCR of the
B-globin gene. [he function of ultraconserved sequences is still unknown. Computer
searches with this sequence reveal that it is not present in other sites in the genome,
except for an association with Hr6b pseudogene sequences. When associated with
Hr6b pseudogene sequences, the sequence shows significantly less homology (Figure
2). [his observation, and the fact that similar sequences are observed in the 3'UlR of
the Hr6b gene of chicken and frog genomes (Figure 2), indicate that the function of the
conserved sequence may be directly related to regulation of expression of Hr6b.
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Figure 2. Alignment of a conserved stretch in the 3’UTR of Hr6b from different species.
Approximately 310 bp in the 3'UCR of Hr6b are 100% conserved between mouse, man, rabbit, and rat
(Roest et al., 1996). [his figure shows the degree of conservation of this stretch from the human genome
compared to the 3'ULR of Hr6b from dog, cow, chicken, X. leavis and X. tropicalis. In addition, comparison
with the 3'UCR of a Hr6b pseudogene located on chromosome 11 in the mouse shows that the sequence
rapidly degenerates when it is no longer coupled to a functional Hr6b gene.

Fusion of the conserved Hr6b 3'UT' R sequence to the 3-globin sequence may interfere
with its normal function, and may result in a relatively low level of Hréb-HA protein
expression in Hréb-HA knock-in mouse cells.

During meiosis, the X and Y chromosomes can pair and recombine only within

the pseudoautosomal regions (PARs).

Within the XY body, sex chromosomes
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Chapter 6

become transcriptionally inactivated, a process which is also referred to as meiotic
sex chromosome inactivation (MSCI). We found that Hr6a/b, Hréb-HA, and Rad18%¢
proteins accumulate in the XY body. [wo other proteins involved in RDB were found
not to localize to the XY body, suggesting that a possible function of Hr6a/b and
Rad18%¢in the XY body would concern a function outside the context of RDB. In
addition, we found that Rad18%° localizes to other unpaired and transcriptionally
inactive chromosomal regions in the meiotic prophase. This is an important finding,
in relation to recent findings, described by us and others, that silencing of unpaired
chromosomal regions is a general phenomenon during male and female meiosis.

Rad51, Rad54, Hr6a/b, and Rad18%¢

Che main functions of Rad51 and Rad54 are related to HR, whereas Hr6a/b and
Rad18%¢ are required for RDB. However, the HR and RDB pathways seem to be
interconnected. Moreover, it has become clear that some of the proteins have
additional functions outside the context of RDB and HR, in connection to cellular
processes where the functions of HR and RDB proteins might be integrated.

First, HR and RDB proteins work side by side in S phase. Small lesions in one
strand of the DNA duplex are efficiently repaired by BER, NER, and MMR. However,
these repair processes may be slow and incomplete. In such a situation, the DNA
replication machinery may encounter an unrepaired lesion during S phase of the
cell cycle, which stalls the DNA polymerase, and leads to a block of replication fork
progression. RDB allows DNA replication to proceed when the replication machinery
encounters a lesion. Alternatively, or in addition, an arrested fork, associated with DNA
DSBs, may lead to disintegration of the replication machinery. Thus, RDB and HR are
two inter-connected pathways that account for progression through S phase and cell
survival. [his was also demonstrated in chicken D40 cells, where cells deficient in
either Rad18 or Rad54 show only a minor phenotype in terms of cell proliferation.
However, Rad18/Rad54 double-knockout D[40 cells are unable to proliferate and
accumulate chromosomal breaks (Yamashita et al., 2002).

Second, these proteins are all linked to recombination, directly or indirectly. Hr6b
knockout spermatocytes show an elevated level of meiotic HR. Gene targeting, which
requires homologous recombination, occurred with approximately 40-fold higher
frequency in Rad18% knockout ES cells, compared to wild-type cells. [aken together,
this suggests that, in mammals, Hréb and Rad18%c take part in a mechanism that
somehow is capable to suppress homologous recombination.

Third, Rad54 is a member of the Swi2/Snf2 chromatin remodeling family of
DNA-dependent AlPases, and Rad54 is also found to accumulate in the XY body
where it may take part in chromatin remodeling. Hr6b, is also involved in chromatin
remodeling, and, together with Rad18%¢, accumulates in the XY body.
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Samenvatting

Inleiding

Een cel is de kleinst mogelijke eenheid van leven. In tegenstelling tot een bacterie
of gist, die slechts bestaan uit een enkele cel, bestaan planten en dieren uit enorm
veel cellen. Een mens is opgebouwd uit miljarden cellen. Voor de verschillende uit te
voeren taken in ons lichaam hebben we gespecialiseerde cellen. Zo zijn er bijvoorbeeld
hersencellen, spiercellen, bloedcellen, huidcellen, zenuwcellen en geslachtscellen.
Al deze cellen hebben in ieder geval een ding gemeen, ze bevatten DNA. Het DNA
bevindt zich in de celkern, dit is een van de substructuren in de cel. Het DNA in de
celkern, ofwel het genoom, bevat de informatie over al onze erfelijke eigenschappen,
zoals haarkleur, oogkleur, de vorm van je neus en je tenen en nog veel meer. Je
zou DNA kunnen vergelijken met een enorme bibliotheek, alleen bestaat het DNA
boek slechts uit combinaties van vier letters, ofwel basen: A, C, G en [1 Het DNA is
opgebouwd uit twee strengen, zodanig dat tegenover een A in de ene streng zich
altijd een (1 bevindt en tegenover een C altijd een G. Het menselijk DNA bestaat uit
ongeveer 3 biljoen basen die naar schatting coderen voor maximaal 25.000 genen.
Een gen bevat een specifieke code die vertaald kan worden in een eiwit. Een eiwit
is een molecuul met een of meerdere functies in een cel. De activiteit van veel van
deze eiwitten is belangrijk voor het goed functioneren van een cel. Veranderingen in
een gen kunnen tot gevolg hebben dat het gecodeerde eiwit niet meer gemaakt kan
worden, of dat het niet normaal functioneert, dit kan enorme gevolgen hebben. e
denken valt aan erfelijke ziekten en kanker.

Het DNA wordt constant bedreigd door factoren van buitenaf maar ook vanuit
de cel zelf, die het DNA aantasten en zo mogelijkerwijs de genetische code veranderen.
Gelukkig beschikken cellen over een flink aantal DNA herstelmechanismen die deze
DNA beschadigingen weer ongedaan kunnen maken. Elk herstelmechanisme is
verantwoordelijk voor de herkenning en reparatie van een specifieke categorie DNA
schades, waarbij sommige mechanismen echter ook overlappen. In hoofdstuk 1, de
introductie, worden deze DNA herstelmechanismen beschreven. Verder wordt de rol
van deze DNA herstelmechanismen in de testis besproken. In voortplantingscellen is
het extra belangrijk om verkeerde veranderingen in het DNA te weren omdat dit DNA
voor 50% bijdraagt aan alle nieuwe cellen van het nageslacht. Naast een functie in
het herstel van DNA schades hebben sommige van deze eiwitten nog andere functies
in de ontwikkeling van voortplantingscellen. fwee DNA herstelmechanismen worden
uitgebreid besproken, te weten homologe recombinatie en ‘replicative damage
bypass’.

Homologe recombinatie is een mechanisme waardoor dubbel-strengs DNA
breuken gerepareerd worden. Voor de reparatie van de breuk maakt dit mechanisme
gebruik van het feit dat het genoom twee keer aanwezig is in een cel. Hierdoor is er
voor elk gen een ‘kopie’ (vandaar: homologe) voorhanden. Met behulp van deze kopie
kan de breuk precies hersteld worden. Homologe recombinatie vindt frequent plaats in
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onze cellen en heeft een speciale functie in de zich ontwikkelende voortplantingscellen.
Bijna alle lichaamscellen van de mens bevatten 23 paar chromosomen (een diploid
genoom). Van elk chromosomenpaar is één chromosoom van de vader afkomstig
(paternaal) en één van de moeder (maternaal). De voortplantingscellen vormen hierop
een uitzondering, zij bevatten een enkelvoudig genoom (haploid). Dit enkelvoudige
genoom is ontstaan tijdens de meiose, een fase in de ontwikkeling van de
voortplantingscellen (gametogenese). Voordat het genoom in de zich ontwikkelende
voortplantingscellen opgesplitst wordt, vindt er meiotische homologe recombinatie
plaats. Cijdens dit proces wordt paternaal en maternaal DNA uitgewisseld (crossing-
over) waardoor elke geslachtscel een unieke combinatie van genen bevat. Om
crossing-over te laten plaatsvinden moeten er dubbel-strengs breuken in het DNA
gemaakt worden die vervolgens via meiotische homologe recombinatie hersteld
worden. Wanneer eicel en spermacel versmelten, komen de gerecombineerde
haploide genomen afkomstig van de vader en de moeder samen en ontstaat er een
nieuw diploid embryo. Rad51 en Rad54 zijn eiwitten die een rol spelen in homologe
recombinatie. Hoofdstuk 2 gaat met name over Rad51, in somatische cellen (‘gewone’
cellen). Hoofdstuk 3 heeft betrekking op de rol van Rad54 tijdens de spermatogenese
(ontwikkeling van de mannelijke voortplantingscel).

‘Replicative damage bypass’ is niet zozeer een DNA herstel mechanisme,
maar eerder een DNA schade-tolerantie systeem. Voordat een cel kan delen is het
noodzakelijk dat het DNA verdubbeld wordt zodat na de celdeling beide cellen weer
een volledig genoom bevatten. [ijdens de verdubbeling van het DNA (replicatie),
stuit het eiwit complex dat verantwoordelijk is voor deze verdubbeling soms op
blokkerende DNA schades die de voortgang van het replicatieproces verhinderen. Om
beéindiging van het replicatieproces te voorkomen gebruikt de cel speciale eiwitten
(gespecialiseerde DNA polymerasen) die voorbij kunnen gaan aan de schade, dit
mechanisme wordt ‘replicative damage bypass’ genoemd. De DNA schade wordt
vervolgens later door andere DNA hersteleiwitten gerepareerd. In de introductie
worden onder andere de ‘replicative damage bypass’ eiwitten, Hréb en Rad18¢
behandeld. In de hoofdstukken 4 en 5 gaat het vooral om de rol van deze eiwitten
in de spermatogenese, waar ze een additionele functie hebben buiten ‘replicative
damage bypass’ om. In hoofdstuk 6 wordt het onderzoek samengevat en worden er
verbanden gelegd tussen de verschillende eiwitten en DNA herstelmechanismen

Rad51
De ontdekking van het groen fluorescerende eiwit (GFP) in een kwal, heeft de deuren
geopend voor de bestudering van eiwitten in levende cellen. De koppeling van GFP
aan een willekeurig eiwit maakt het mogelijk dit eiwit in levende cellen zichtbaar te
maken. Op deze manier kan informatie verkregen worden over onder andere de
lokalisatie, beweging en het aantal GFP gekoppelde eiwitten in een cel.

In het experimentele werk beschreven in hoofdstuk 2 hebben we de helft van
het normaal aanwezige Rad51 eiwit in een cel vervangen door het Rad51 gekoppeld

170



aan GFP (Rad51-GFP). Op plaatsen waar dubbel-strengs DNA breuken hersteld
worden, accumuleren eiwitten die hierbij betrokken zijn, zoals Rad51. Wanneer Rad51
zichtbaar gemaakt wordt zie je dit geaccumuleerde eiwit als een zogenaamd focus.
Rad51-GFP vormt net als Rad51 ‘spontaan’ foci gedurende de celcyclus. Wanneer
we dubbel-strengs DNA breuken induceren, zien we het aantal Rad51-GFP foci
toenemen. Verrassend genoeg blijken cellen met Rad51-GFP bij een toenemende
hoeveelheid DNA schade eerder dood te gaan (apoptose) vergeleken met controle
cellen. Vervolgens hebben we aangetoond dat in cellen met het Rad51-GFP eiwit
het homologe recombinatie-mechanisme defect is. Hoewel Rad51-GFP foci wel
gevormd worden, vindt hierin blijkbaar niet of nauwelijks herstel van dubbel-strengs
DNA breuken plaats en functioneert Rad51-GFP daar dus niet zoals Rad51 normaal
gesproken doet.

Met behulp van een vrij nieuwe microscopische techniek hebben we de
concentratie Rad51-GFP en Rad54-GFP in de celkern nauwkeurig kunnen bepalen.
Ook hebben we de bewegingssnelheid van Rad51-GFP en Rad54-GFP in de celkern
gemeten. Hieruit is gebleken dat Rad51-GFP zich met minimaal twee snelheden in de
celkern beweegt en dat Rad51-GFP altijd in een complex in de celkern beweegt. Ook
voor Rad54-GFP hebben we minimaal twee bewegingssnelheden kunnen vaststellen.
Deze verschillen van de snelheden gemeten voor Rad51-GFP. Hieruit blijkt dus dat
Rad51 en Rad54 in de gemeten complexen zich niet in hetzelfde complex bevinden.

Rad54
In het onderzoek beschreven in hoofdstuk 3 hebben we onder andere gebruik
gemaakt van muizen waarin het Rad54 gen vervangen is door een Rad54-GFP gen.
Dit maakte het mogelijk de lokalisatie, dynamiek en de hoeveelheid van het Rad54-
GFP eiwit in de verschillende celtypen in de testis van muizen te bepalen. Met
behulp van een nieuw ontwikkelde techniek hebben we kunnen bepalen in welke
celtypen in de testis het Rad54-GFP eiwit aanwezig is en in welke afwezig.

Het homologe recombinatie DNA herstelmechanisme kan opgesplitst worden
in drie verschillende opeenvolgende gebeurtenissen. Biochemische proeven (d.w.z.
niet in levende cellen) hebben laten zien dat Rad54 betrokken is bij elk van deze
drie stappen. In de testis laten wij nu zien dat we Rad54-GFP niet detecteren op het
moment dat homologe recombinatie in meiose geinitieerd wordt. In combinatie met
een ander muizenmodel waarin het Rad54 gen verwijderd is hebben we aannemelijk
kunnen maken dat Rad54 betrokken is bij de latere gebeurtenissen van de homologe
recombinatie in meiose.

Hr6b en Rad18%¢

De hoofdstukken 4 en 5 gaan over de eiwitten Hréb en Rad18% in de testis. De
ontwikkeling van de mannelijke voortplantingscel is een complex proces. In de muis
zijn er 35 dagen en meer dan tien celdelingen voor nodig. In de ‘voorlopercellen’
van de mannelijke geslachtscel vinden heel veel processen plaats die ook nog eens
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nauw op elkaar afgestemd zijn. Het proces van de ontwikkeling van de mannelijke
geslachtscellen wordt spermatogenese genoemd.

Normaal gesproken is het Hr6b eiwit in verschillende celtypen van de
spermatogenese aanwezig. Mannetjes muizen zonder het Hr6b gen zijn onvruchtbaar.
In het experimentele werk beschreven in hoofdstuk 4 hebben we laten zien dat de
onvruchtbaarheid van deze muizen daadwerkelijk veroorzaakt wordt door een defect
in de spermatogene cellen en niet door de testiscellen die de spermatogenese
ondersteunen.

In de testis van de muizen zonder Hr6b zien we zowel in de meiose als daarna
afwijkingen vergeleken met controle muizen. Met behulp van genetisch veranderde
muizen wordt er vervolgens toch Hréb geproduceerd. Echter, dit Hr6b is aangepast,
want het is gekoppeld aan GFP of aan een veel korter stukje eiwit wat alleen gebruikt
wordt om het eenvoudiger te kunnen onderscheiden. Afhankelijk van de gevolgde
procedure wordt dit aangepast Hr6b eiwit in alle cellen, of alleen in de voorlopers van
de mannelijke geslachtscellen geproduceerd. Vervolgens hebben we de kwaliteit van
de spermatogenese van de verschillende muizen met aangepast Hréb, maar zonder
het normale Hréb bestudeerd. Hieruit is gebleken dat we de afwijkingen in muizen
zonder Hréb gedeeltelijk kunnen herstellen. Uit dit onderzoek hebben we kunnen
concluderen dat de afwijkingen in de testis van muizen zonder Hr6b die te zien zijn
na de meiose niet in hun geheel toe te schrijven zijn aan de afwijkingen die er al zijn
in de meiose.

Verder hebben we in de hoofdstukken 4 en 5 aangetoond dat er vergeleken met
de rest van de celkern veel Hr6b en Rad18%° eiwit in de XY body zit. De XY body is
een onderdeel van de kern in mannelijke cellen die op het punt staan de meiotische
delingen te doorlopen. In de XY body bevinden zich het X en Y chromosoom. De
muis heeft 20 paren van 2 homologe chromosomen. Voor de geslachtschromosomen
is het zo dat de vrouw twee X chromosomen heeft, terwijl dit bij de man een X en
een Y chromosoom zijn. Het X en Y chromosoom zijn maar voor een klein gedeelte
homoloog. (ijdens de meiose, liggen de paren homologe chromosomen bij elkaar in de
celkern. Dit is onder andere noodzakelijk voor de meiotische homologe recombinatie.
Vanwege het gebrek aan complete homologie kunnen het X en Y chromosoom maar
gedeeltelijk paren. Verder zijn de meeste genen die op het X en' Y chromosoom liggen
geinactiveerd, er worden dus geen eiwitten geproduceerd. Wellicht zijn dit de redenen
waarom het X en Y chromosoom de XY body vormen. Hr6b en Rad18%¢ zijn ook in een
verhoogde concentratie aanwezig op andere chromosomen die niet goed gepaard zijn
en waar de genen geinactiveerd zijn. Het zou kunnen zijn dat Hréb en Rad18%¢een
rol spelen in het inactiveren van genen in de niet volledig gepaarde chromosomale
regio’s. [wee andere eiwitten die betrokken zijn bij ‘replicative damage bypass’ worden
niet in deze gebieden gevonden. Hieruit kunnen we concluderen dat Hréb en Rad18%¢
hier een andere functie hebben dan in ‘replicative damage bypass’.
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meer een week gaan werken tijdens onze volgende gezamenlijke vakantie. Alle
andere vrienden, jullie zijn verwaarloosd, het zal niet weer gebeuren. Bedankt voor
jullie steun in goede en in zware tijden.

Lieve ouders, bedankt voor jullie liefde en steun. Bedankt voor de keuzes die ik
mocht maken. Lieve schoonouders, bedankt voor alle goede zorgen en vooral voor de
grote logeerpartij van Anna. Alle familie, bedankt voor jullie steun en meeleven.

Lieve Anna en Job, fantastisch dat jullie er zijn! Jullie hebben in korte tijd voor
meer beroering gezorgd dan het werk beschreven in dit boekje ooit zal doen.

Francike, je bent alles voor me! Vaak heb je tijd in moeten leveren de afgelopen
jaren en altijd heb je de (rand)voorwaarden geschapen zodat ik kon werken. Bedankt
voor je onvoorwaardelijke liefde, geduld en je grenzeloze steun. Getrouwd zijn met
jou is onbeschrijfelijk mooi, waar dan ook.

Punt uit.

Evert-dan
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