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OUTLINE OF THIS THESIS

This thesis focuses on the role of RAD18 in DNA double-strand break (DSB) repair.
Much is known about the role of RAD18, and its critical substrate PCNA in replication
damage bypass (RDB) repair. However, the roles of RAD18 in DSB repair are still
elusive, although several interaction partners of RAD18 have been identified, and the
radiation-sensitivity of Rad18 knockout cells has shown that this E3 ligase is active in
DSB repair.

First, a general introduction on the possible involvement of RAD18 in DSB repair
mechanisms and RDB that operate in mitotic and meiotic cells is presented in Chapter
1. In Chapter 2, we examined the dynamic localization of human RAD18 during the
cell cycle and after DNA damage in living cells. The DNA damage response functions
of RADIS after different types of damages (UV and IR) were analyzed. In order to
distinguish DSB repair functions of RAD18 from functions in the RDB pathway, the
dynamics of the known substrate of RAD18 in RDB, PCNA, was also examined in
living cells. Subsequently, we performed a structure-function analysis of RAD18 and
examined the requirements for RAD18 localization to DSBs in mitotic cells. We also
show that RAD18 facilitates recruitment of the checkpoint protein RAD9 to DSB repair
sites (Chapter 3). Next, we examined the role of mouse RAD18 in meiotic DSB repair
by analysing the testicular phenotype of Rad18 knockdown mice (Chapter 4). Also, the
function of PCNA modification in meiosis was examined in Chapter 5. We propose
a possible role of SUMOylated PCNA in meiotic crossover control. Based upon our
observations on RAD18 localization to DSBs in meiosis, we have performed a detailed
analysis of the accumulation of DSB-repair proteins in the presence and absence of
meiotic (SPO11-induced) DSBs in spermatocytes, in relation to chromosome pairing
(Chapter 6). Finally, we present a general discussion of the results described in Chapter
2 - 6 and present a model of RAD18 functions in DSB repair (Chapter 7).
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DNA REPAIR IN MITOTIC AND MEIOTIC CELLS

In somatic cells, DNA damage may arise due to exogenous and endogenous sources.
Correct repair of DNA lesions is essential for the maintenance of genome integrity.
In meiotic cells, formation and repair of meiosis-specific DNA double-strand
breaks (DSB) is required for homologous chromosome pairing. In this chapter, we
describe DSB repair mechanisms that operate in mitotic and meiotic cells.
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I. DNA REPAIR IN MITOTIC CELLS

- Types of damage and repair mechanisms, Double strand break repair pathways,
DNA damage tolerance, DNA damage response, and cell cycle checkpoint activation

Akiko Inagaki

Department of Reproduction and Development, Erasmus MC - University Medical Center,
Rotterdam, the Netherlands

Key words: DNA double-strand break repair, homologous recombination, non-
homologous DNA end-joining, cell cycle checkpoint, replication damage bypass,
DNA damage response

1. TYPES OF DAMAGE AND REPAIR MECHANISMS

Cells are constantly exposed to internal and external factors that may cause DNA
damage. To maintain genomic integrity, cells have developed elaborate DNA repair
systems and various cell cycle checkpoints that ensure the repair of DNA lesions before
cell cycle progression resumes. Depending on the type of DNA damage, different DNA
repair mechanisms may be activated. For example, base excision repair is used to repair
oxidized, alkylated or some types of mismatched bases, whereas nucleotide excision
repair is used for bulky helix-distorting DNA lesions. Interstrand cross-link repair and
DNA double-strand break repair are two other major repair pathways. In contrast, there
is a special pathway called replication damage bypass (RDB) that allows progression of
DNA replication in the presence of unrepaired DNA lesions in the template. Checkpoint
signaling is activated in response to various situations that threaten genome integrity
such as incomplete DNA replication, repair at stalled replication forks, and damaged
DNA induced by both internal and external sources such as UV light, ionizing radiation,
reactive oxygen species or DNA-damaging agents. Active checkpoints prevent further
progression of the cell cycle. If DNA repair mechanisms fail in repair DNA lesions,
additional signaling pathways are activated, which lead to cell death via apoptosis. In
this chapter, the mechanisms of double-strand break repair and replication damage
bypass, as well as DNA damage response pathways and checkpoint signaling will be
described in the mammalian system as well as in yeast (Table 1).

2. DOUBLE-STRAND BREAK REPAIR PATHWAYS

One of the most genotoxic lesions is a DNA double-strand break (DSB). During S
phase, DSBs can arise when the replication fork collapses. In addition, DSBs may arise
from exogenous factors such as ionizing radiation. Two distinct repair pathways have
been identified in mammalian cells; non-homologous end-joining (NHE]) (Figure 1),
and homologous recombination (HR) (Figure 2-6). NHE] is an error-prone form of
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Table 1. Proteins involved in DSB repair, Checkpoint, and RDB pathways

mammals S. pombe S. cerevisiae
NHE] KU70 Pku70 Hdf1
KU80 Pku80 Hdf2
DNA-PKs - -
ARTEMIS - -
POLu Pol4 Pol4
POLA Pol4 Pol4
DNAligase4 Lig4 Dnl4
XRCC4 - Lif1
XLF XIf1 Nejl
HR MREI11 Rad32 Mrell
RAD50 Rad50 Rad50
NBS1 Nbsl Xrs2
CTIP Ctpl Sae2
EXO1 Exol Exol
DNA2 Dna2 Dna2
BLM Rqhl Sgsl
RTEL1 Srs2 Srs2
FBH1 Fbh1l -
RADS51 Rhp51 Rad51
RAD51D Rdl1 -
RPA Ssb/Rad11 Rfa
RADS52 Rad22 Rad52
Rtil/Rad22B
RADS54 Rhp54 Rad54
- Rph55 Rad55
XRCC2 Rlpl -
XRCC3 Rhp57 Rad57
GEN1 - Yenl
TOPIllla Top3 Top3
RMI1 Rmil Rmil
MUS81 Mus81 Mus81
EME1 Emel Mms4
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Table 1. Continuation

mammals S. pombe S. cerevisiae
Checkpoint ATR Rad3 Mecl
ATM Tell Tell
ATRIP Rad26 Ldcl/Ddc2
CHK1 Chkl Chkl1
CHK2 Cdsl Rad53
RAD9 Rad9 Ddcl
RAD1 Radl Radl7
HUS1 Husl1 Mec3
RAD17 Rad17 Rad24
53BP1 Crb2/Rhp9 Rad9
TOPBP1 Cut5 Dpbl1
RDB PCNA Pcnl Pol30
RADIS Rhp18 Rad18
HR6A Rhp6 Radé6
HR6B Rhp6 Radé6
HLTF Rad8 Rad5
SHPRH Rad8 Rad5
POLn Esol Rad30
POL1 - -
POLk - -
REV3(POLC) Rev3 Rev3
REV7(POLC) Rev7 Rev7
REV1 Revl Revl
Ubiquitin Ubi4 Ubi4
SUMO1 Pmt3 Smt3
SUMO2 - -
SUMO3 - -
UBCI13 Ubcl3 Ubcl13
MMS2 mms2 Mms2
SAE1 Rad31 Aosl
SAE2 Fub2 Uba2
UBC9 Hus5 Ubc9
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DSB repair, in which the two ends of the broken DNA are processed for direct ligation.
This mechanism is thought to be operative mainly during the G1 phase but may also
function in S and G2 phases. In contrast, HR is an error-free mechanism, in which a
homologous sequence of the sister chromatid is used as a template to process repair in
the S and G2 phases.

2.1 Non-homologous DNA end-joining

In non-dividing haploid organisms or in diploid organisms that are not in S phase,
a homologous template of sister chromatid is not available, and of homologous
chromosome is not situated nearby. Therefore, DSBs can be repaired only by NHE].
NHE] involves several separate steps (Figure 1), 1) DNA-end cleavage, 2) DNA
synthesis, and 3) ligation to restore integrity to the DNA strands. While HR appears to
be the predominant mechanism of DSB repair in yeast, NHE] is thought to be the main
DSB-repair pathway in mammals, especially during G1 phase.

3
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Ku70/80 l recruitment of Ku70/80
mmmm\@
DNA-PKcs recruitment of DNA-PKs/Artemis
Artemis

DNA-end cleavage Figure 1. Schematic representation
of the mammalian nonhomologous

@
DNA end-joining pathway. With
induction of a double-strand break
(DSB), a Ku70/80 heterodimer binds
Poly/Po l DNA-end synthesis to the DNA ends. Subsequently, DNA

protein kinase (DNA-PKcs) and
Artemis are recruited, and interact
with Ku70/80. Both DNA-PKcs
and Artemis are phosphorylated by

DNA ligaselV direct DNA-end ligation DNA-PKcs.  Non-complementary
XRCC4 5'nucleotides are processed by the
XLF nuclease activity of Artemis. DNA

l polymerases of the PolX family,

Polp or PolA, synthesize several

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ nucleotides to generate terminal

microhomology, if necessary. DNA

ligase IV and its associated factors

% . O . @ nm XRCC4 and XLF are recruited and

mammalian  Ku70/80 DNA-PKs Artemis Polu/Pols DNA ligaselVXRCC4 XLF  ligate incompatible DNA ends. Polu
S. cerevisiae Hdf1/Hdf2 Pol4 Dnl4 Lift and Pol fill the DNA gaps.
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2.1.1 DNA-end cleavage

When a DSB arises, Ku is the first protein that binds to the two broken DNA ends [1-5].
Ku is a ring-like heterodimer composed of Ku70 and Ku80, which displays high affinity
to DNA ends and serves as a platform for the core components of NHE] (reviewed
in [6]). Once Ku binds to DNA ends, it recruits Artemis and the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) [7]. When DNA-PKcs binds to DSB
ends, the serine/threonine kinase activity of DNA-PKcs becomes active [8-11]. Upon
activation, both DNA-PKcs itself as well as Artemis are phosphorylated [12,13]. This
phosphorylation of Artemis activates its 5’- and 3’- endonuclease activity at overhangs,

hairpins, gaps, flaps, and various loop conformations [12,14]. Artemis appears to be

involved in processing various damaged DNA ends to remove nucleotides that cannot
be directly ligated [12,15,16]. In addition, the DNA-bound DNA-PKcs molecules

bridge and connect the two DNA ends [17-19].

3
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S. cerevisia;e  MRX Sae2 Exo1 Dna2-Sgs1

Figure 2. Schematic mechanism
of yeast DNA-end resection in the
homologous recombination pathway.
Mammalian orthologs are also shown
in the figure. DSBs are detected by the
Mrell-Rad50-Xrs2 complex (MRX),
followed by Sae2. Endonuclease
activity of Mrell and Sae2 initiates
DNA-end resection. The DNA-end
resection is further processed by
either the 5’-3%exonuclease Exol, or
the helicase Sgs1 / 5’flap endonuclease
Dna2 complex for long-range
resection.
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2.1.2 DNA synthesis

Three DNA polymerases of the PolX
family are involved in mammalian NHEJ;
Polp, PolA, and terminal deoxynucleotidyl
transferase (TdT) [20-25]. These three DNA l
polymerases all contain BRCT domains, and
bind to the Ku-DNA complexes [21]. TdT
functions only during V(D)] recombination,
since it is expressed only in pre-B and pre-T

cells [26]. Pol\ displays template-dependent %%&m

DNA synthesis, while Polp shows both l
template-dependent and  -independent 30 "Sco T (o) a1
DNA synthesis [20,27-29]. The template- W
independent polymerase activities are e - &

crucial to join two incompatible DNA mammalian  RPA RAD51 BRCA2

ends (reviewed in [6]). Random addition S. corevisiae  Rpa  Rad51  Rad52

of nucleotides by Polu possibly generates
the terminal microhomology, which

Figure 3. RAD51 filament formation in
the HR pathway. The resected ssDNA is

allows efficient annealing of the DNA ends
(reviewed in [30]).

2.1.3 DNA-end ligation

A complex of three proteins, named DNA
ligase IV, XRCC4, and XLF, mediates
the final step of NHE]. The DNA ligase

initially bound by the ssDNA-binding
protein RPA (replication protein A),
which has higher affinity and specificity
for ssDNA than RADS51. BRCA2 in
mammals (Rad52 in yeast) interacts with
both RAD51 and RPA, and accelerates
displacement of RPA from ssDNA by
RAD51, thereby allowing efficient RAD51-
mediated recombination involving RPA-

IV/XRCC4/XLF is a very flexible ligase, coated ssDNA.

with the capability to ligate one strand

independent of the other strand [21], across

gaps of several nucleotides [27], and incompatible DNA ends [27,31,32]. Each broken
DNA-end associates with Ku during the three enzymatic steps of NHE], and Ku
functions as a central platform that interacts with the Artemis/DNA-PKcs complex, the
DNA polymerases, and the DNA ligase IV/XRCC4/XLF complex [6,12,17,30,33,34].

2.2 Homologous recombination

During homologous recombination (HR) genetic information is exchanged between
two homologous sequences. When DSBs are induced by endogenous or exogenous
factors, a template DNA sequence is used to repair the breaks, and this template is
usually provided by the sister chromatid in mitotic cells. However, when the template
sequence that is used is not the sister chromatid but another homologous region, the
HR process can result in loss of heterozygosity or gross chromosomal rearrangements
such as translocations, deletions or inversions (reviewed in [35]). HR proceeds in
several distinguishable steps; 1) resection of double-stranded DNA (dsDNA) to
generate single-stranded DNA (ssDNA) tails (Figure 2), 2) formation of a recombinase
filament on the ssDNA ends (Figure 3), 3) strand invasion into a homologous sequence
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to form a D-loop intermediate (Figure 4), 4) DNA synthesis (Figure 4), capture of
the second DSB end, and formation of a cruciform intermediate, called Holliday
junction (HJ) (Figure 5), and 5) resolution of the HJs to give either crossover or non-
crossover products (Figure 6). Instead of capturing the second DSB end at step 4, the
invaded strand may also be displaced and anneal with the second resected DSB end.
This specific subpathway generates only non-crossover products, and has been called
synthesis-dependent strand annealing (SDSA) (Figure 7). A second subpathway is
called break-induced replication (BIR), and during this process the invading strand at
step 4 is postulated to establish a replication fork to copy the entire distal arm of the
template chromosome, resulting in loss of heterozygosity (Figure 8) [36,37].

2.2.1 DNA-end resection of dsDNA to ssDNA
All HR pathways are initiated by 5’-3'degradation of one strand at both sides of the break;
the so-called DNA-end resection, generating stretches of ssDNA, that are subsequently

l D-loop formation

Figure 4. Homology search, strand invasion,
and DNA synthesis in the HR pathway.
ATP ADP+Pi RADS54 binds to the RAD51-ssDNA filaments
to stabilize the RAD51 filament. The RAD51
filament binds duplex DNA and searches for
DNA homology in the duplex DNA molecules.
l RAD51-dsDNA dissociation Subsequently, RAD54 stimulates RADS5I-

mediated joint molecule (D-loop) formation
(figures are adapted from Sung, 2006 [326]).
The D-loops are stabilized by RPA binding
to the displaced strand. After DNA strand
exchange, RAD54 forms a hexameric complex,
and dissociates RAD51-dsDNA filaments by

J
\mﬁrmmmmw

DNA synthesis by Pols or Poln translocating on the DNA. DNA synthesis
from the invading 3’ ssDNA tail of the broken
a @ o (e chromosome is performed by DNA polymerase
mammalian RAD54 RPA RAD51 PCNA Poisi & or 1. PCNA functions as a sliding clamp.
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coated by the ssDNA binding protein complex RPA (reviewed in [38]). DNA resection is
a highly complex and regulated process. A crucial protein complex involved in the DNA
resection process is the MRN complex (MRX in Saccharomyces cerevisiae), composed of
MRE11, RAD50, and a third protein known as NBS1 in most eukaryotes and as Xrs2 in
S. cerevisiae [39-44]. In addition to acting as a nuclease during resection, the RAD50 and
MRE11 components of the MRE11 complex form an oligomeric complex on linear DNA
to tether broken DNA ends, and keep them in close proximity before repair [45-47].
Loss of any of the three components of the MRN complex leads to hypersensitivity to
DNA-damagingagents [48-50],defectsin HR [51,52] and embryoniclethality [48,50,53],
suggesting that the MRN complex operates as a single functional unit. MRE11 shows
both endonuclease and exonuclease activity in vitro although its exonuclease activity
operates in the 3’-5direction, opposite to the direction for the DNA resection in vivo
[42,54].In S. cerevisiae, an endonuclease, Sae2, cooperates with Mrel1 and together they
initiate DNA resection [55]. Further processing occurs by either the 5°-3'exonuclease
Exol, or the helicase Sgs1-5flap endonuclease Dna2 complex for long-range resection
[54,56-59]. It seems that the Sgs1-Dna2 complex functions in a parallel pathway to
Exol [59] (Figure 2). DNA resection is barely affected upon single deletion of sae2,
exol, or sgsl, or in mrell nuclease-defective mutants, suggesting that their functions
can be bypassed, although triple
deletion of sae2, exol and sgsI blocks
DNA resection [55-61]. In addition,
overexpression of Exol partially
suppresses the phenotype of mrell
mutants [57,59,62]. In mammalian
== T IO T YT cells, a functional ortholog of yeast
capture of 2nd DNA-end Sae2, CtIP, has been identified
l annealing through RAD52 [42,63,64]. Human CtIP physically
interacts with MRE11 [42,63,64],
and CtIP together with MRE11 show
EEEEN increased nuclease activity compared

rees

AENARARNEREN NN NN EREENE

l DNA synthesis by Pold/n

ANy ERRENERNARENN
\~4

L O LT T

l DNA synthesis by Pold/n

L L e Ll

‘\_
L LT L

formation of Holliday junctions

& 0 @

mammalian RPA PCNA Polsiy RAD52
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to MRE11 alone [63]. In addition,
downregulation of CtIP or expression
of a MRELl nuclease-defective
mutant completely abolishes ssDNA
formation, as measured by the lack of

Figure 5. Second DNA capture and DNA
synthesis in the HR pathway. At the
D-loop, RPA binds to the displaced strand.
Mammalian RAD52 protein binds RPA, forms
a stable complex with RPA-ssDNA, and is
capable of annealing complementary DNA
strands bound by RPA. DNA synthesis from
the 3’ terminus of the captured second end can
be performed by Poln.



RPA foci formation [56,63-65]. BLM (mutated in Bloom syndrome) is considered to
be the Sgsl ortholog in mammals, based on protein-protein interactions and mutant
phenotypes; mutation of Blm causes genome instability and cancer development in mice
and humans [66-68]. Recently, the human ortholog of Dna2 was characterized [69,70].
Biochemical analysis revealed that, similar to its yeast counterpart, the human DNA2
(hDNAZ2) protein possesses nuclease and limited helicase activities [69,70], suggesting
analogous functions of Dna2 and hDNA2 in yeast and human cells, respectively.
Depletion of hDNA?2 leads to the appearance of aneuploid cells and the formation of
intranuclear chromatin bridges, indicating that hDNA2, like its yeast counterpart, is
essential for DNA stability [71]. Another crucial factor, the tumor suppressor protein
BRCALI, has been identified in mammalian cells; this protein is absent from the yeast
genome. Interaction of CtIP and BRCAL1 is essential for CtIP recruitment to sites of
DNA damage [72] and proper DNA resection [64,73].

2.2.2 RAD51 filament formation

The enzymes that mediate the pairing and shuffling of DNA sequences during HR are
called recombinases. Two recombinases, Rad51 and Dmcl, are present in eukaryotes.

A ' ' B
L L e L L L e L
4>‘<* Y ‘+ <+
- [ .
L T T P L T T T
t symmetric resolution by GEN1 t dissolution by BLM-Topllla-RMI1
or
v v
L L e L LAl dl L ]
AV A N
\L W '
L T [T L L ]
?
asymmetric cleavage by MUS81-EME1 l

|

T T T EEREENEERANNEENERENEEREEERINNINEEEN
EERENRNNENRRAENENEENNEERNNINIINEEEN

noncrossover

L L L L T T T
L L L L DL

crossover

Figure 6. Resolution of Holliday junctions in the HR pathway. Three available pathways to resolve double
Holliday junctions resulted from strand exchanges between sister chromatids (blue and red). (A) GEN1/
Yenl promotes Holliday junction resolution by a symmetrical cleavage mechanism, and the MUS81-EMEL1
heterodimer (Mus81-Mms4 in yeast) cleaves asymmetrically. Both symmetrical and asymmetrical cleavages
produce either crossover or non-crossover recombinants. (B) Dissolution of Holliday junctions catalyzed by
BLM-ToplIIa-RMI1 (Sgs1-Top3-Rmil in yeast). Two HJ structures are pushed toward each other by DNA
helicase, and dissolved by topoisomerase to generate non-crossover recombinants. Figures are adapted from
West, 2009 [327].
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Rad51 is required for mitotic and meiotic HR, whereas Dmc1 functions only in meiotic
HR (Chapter 1, part II). S. cerevisiae Rad51 assembles onto ssDNA or dsDNA to
form a right-handed helical polymer that can span thousands of bases or base pairs
[74,75]. Mammalian RAD51 also forms helical filaments on both ssDNA and dsDNA,
similar to S. cerevisiae Rad51 [76]. Both in yeast and mammalian HR, RAD51-coated
single-stranded DNA can invade duplex DNA and pair with homologous nucleotides
to initiate the strand exchange reactions that result in genetic recombination. In the
nucleus, ssDNA is initially bound by the ssDNA-binding protein RPA (replication
protein A), which displays higher affinity and specificity for ssDNA than RAD51
[38]. RPA is a heterotrimeric ssDNA-binding protein involved in all DNA metabolic
processes involving ssDNA [38]. In vitro, RPA inhibits nucleation of the RAD51
filament on ssDNA, but stimulates recombination by eliminating secondary structure
in ssDNA and by binding to the displaced strand of the D-loop [77,78]. The inhibitory
effect of RPA on RAD51 filament
formation is overcome by RAD51
§ mediator proteins [79]. In S.
T T cerevisiae, ~ the  Rad55-Rad57
l DNA double-strand break complex and Rad52 have been
indentified as the key mediators of
D‘N‘A‘_!n‘ds‘ r‘e‘se‘ct‘io‘n‘ i Rad51 filament formation [80,81].
l N Rad55 and Rad57 are two paralogs
2 EEEAN of Rad51 and form a heterodimer
NRRNRNRRNRRNANRNARNARRNRRNRRNRNN with mediator activity, as they
l strand invasion and DNA synthesis

enable Rad51-mediated in vitro
recombination in the presence of

i RPA-coated ssDNA [80]. There are
NEEEED _ five mammalian RAD51 paralogs
(RAD51B, RADS51C, RADS5I1D,
XRCC2, and XRCC3) [82-84]. All
RADS51 paralogs are required in
vivo for RAD51 filament formation.

HEEEN HHHFWTTWW{ L]

l D-loop dissociation and annealing
They function in the assembly and/
or maintenance of the RAD5I1

HENRNNNERRNNAN
AENNENENNERNANNNARARNNERNANNNANNEN

l DNA synthesis and ligation

presynaptic filament [85,86]. A
complex of RAD51B and RAD51C
enhances the homologous DNA

L U L LU L
NENNENRNNNRNNANNRNNARNARENANNRNNEN

noncrossover

Figure 7. Synthesis-dependent strand annealing in
the HR pathway. If the second DNA end does not
capture the displaced D-loop, the invaded strand may
be displaced and anneal with the second resected
DSB end. This pathway generates only non-crossover
products.
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pairing activity of RADS51 [87],
which could derive from the ability
of RAD51C to promote the melting
of duplex DNA [88].

S. cerevisiae Rad52 forms a
multimeric ring structure that
binds preferentially to ssDNA
[89,90]. Yeast Rad52 interacts



with both Rad51 and RPA [91,92],
accelerates displacement of RPA
from ssDNA by Rad51 [93], and
allows efficient Rad51-mediated
recombination  involving = RPA-
coated ssDNA [81,94,95]. Rad52
is also involved in the annealing of
homologous ssDNA coated by RPA
[96]. This activity is thought to be
critical in second-end capture [97,98],
synthesis-dependent strand annealing
(SDSA), and single-strand annealing
(SSA). In contrast to the severe HR-
defective phenotype of the yeast
Rad52 mutant, mouse Rad52 mutants
display a very mild recombination
defect and no IR sensitivity [99],
suggesting redundancy in function of
RAD52 with other mediator proteins
in mammalian cells. The tumour
suppressor BRCA2 is an intriguing
protein among the mediator proteins.
Cells deficient in BRCA2 are sensitive
to DNA-damaging agents and
impaired for HR [100,101]. BRCA2 is
also required for IR-induced RAD51
foci formation [102,103]. BRCA2
functions via two mechanisms to
favour RADS51 filament formation;
nucleation and filament stabilization.
Human BRCA2 interacts with
RAD51 protein through a motif
called the BRC repeat [100,104,105],
and also via a structurally distinct
motif located at its extreme carboxyl
terminus [106,107]. In addition to
an interaction with RAD51, BRCA2
has also been found to associate with

L D P ]
l replication induced DSB
L T T T ]
DNA-ends resection

[ T T T

strand invasion and DNA synthesis

|

X

strand invasion sets up a replication fork

l

[T TTICATTrre T

l D-loop dissociation and annealing

L L
L L P T P T ]

loss of heterozygosity

Figure 8. Break-induced replication in the HR
pathway. When only one DSB end shares homology
to a template elsewhere in the genome, a less-
efficient HR mechanism, break-induced replication
(BIR), can be used to repair the break. In BIR,
recombination is used to establish an uni-directional
replication fork that can copy the template DNA to
the end of the chromosome. BIR will result in loss
of the distal part of the broken chromosome, hence
loss of heterozygosity.

RPA [108]. These properties make this protein an excellent candidate for performing
functions that are redundant with RAD52 (Figure 3).

2.2.3 Homology search and strand invasion into a homologous sequence

During pre-synapsis, mediator proteins function in the replacement of RPA with RAD51
on the single-stranded tails of the processed DSB. During synapsis, the RAD51 filament
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performs the homology search and DNA strand invasion. During these enzymatic
steps, RAD54, a member of the Swi2/Snf2-like family of dsDNA-dependent ATPases,
is required at multiple stages in yeast and mammalian cells. In the early stages, RAD54
stimulates for the DNA homology search and joint molecule formation (reviewed in
[109]). RAD54 stabilizes the RAD51 filament by forming a complex with the RAD51-
ssDNA filaments independent of its ATPase activity [87,110-113]. Subsequently,
RAD54 stimulates RAD51-mediated joint molecule (D-loop) formation in an ATPase-
dependent manner [87,111,113-117]. The D-loops are stabilized by RPA binding to
the displaced strand [77]. The mammalian paralogue of RAD54, RAD54B, also has
a dsDNA-dependent ATPase activity, interacts with RAD51, and can translocate on
duplex DNA to result in topological changes in the DNA and the transient opening
of the DNA strands (Figure 4). Similar to RAD54, RAD54B enhances the activity of
RAD51, which promotes D-loop formation [118-120].

2.2.4 DNA synthesis, capture of the second DSB end and formation of a Holliday junction
After DNA strand exchange, RAD54, which may act as hexameric complex, progressively
dissociates RAD51-dsDNA filaments by translocating on the DNA towards a terminus
of the filament in yeast and mammalian cells [112,121,122]. Intriguingly, rad54 shows
a synthetic lethal interaction with srs2 in S. cerevisiae [123]. Srs2 is a 3’-5’helicase that
strips Rad51 from ssDNA [124,125]. Notably, only rad54 mutant cells are synthetically
lethal in combination with srs2, but rad51, rad52, rad55 or rad57 mutants are not [123].
It might be crucial to keep Rad51 away from sites where recombination is not needed,
and this may be achieved through actions of Srs2 and/or Rad54 (reviewed in [109]).
The dissociation of Rad51 from the heteroduplex DNA by the Rad54 motor allows the
transition from strand invasion and homologous pairing to DNA synthesis. Once the
joint molecule has been formed, the invading 3’ ssDNA tail of the broken chromosome,
which can subsequently serve as a primer, is extended by DNA polymerase, restoring
the information that was lost at the site of the break (Figure 4). The translesion
polymerase Poln participates in this DNA synthesis reaction by preferentially
binding and extending DNA synthesis from D-loop recombination intermediates in
vitro [126]. The DNA replication polymerase 6 can also be loaded to DNA through
the actions of replication factor C (RFC) and the DNA clamp homotrimeric PCNA
ring (see also 3. Replication bypass, below), then it binds to the D-loop and performs
efficient DNA synthesis from the invading 3'end [127]. The in vitro system identified
a preference of Pol & over Pol 1 in D-loop extension both in yeast and mammalian
cells [127,128]. At the displaced strand of the D-loop, RAD52 and RPA collaborate to
promote D-loop extension, annealing to the second end of a DSB, and DNA synthesis
from the 3’ terminus of the captured second DSB by Poln (Figure 5) [97]. This cross-
stranded structure formed through invasion of the ends of a broken DNA molecule
into homologous duplex DNA has been named Holliday junction (HJ) [129,130]. A HJ
is able to undergo branch migration along DNA to generate increasing or decreasing
length of heteroduplex DNA, and Rad54 promotes the bidirectional DNA branch-
migration [131].
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Figure 9. Replication damage bypass; error-prone pathway. (A) When the replication machinery encounters
damage, the DNA replication polymerase cannot incorporate nucleotides opposite sites of the damage.
Subsequently, a translesion synthesis (TLS) polymerase which has a lower fidelity than the replication
polymerase is recruited and bypasses the replication without repairing the damage. (B) Recruitment of
translesion polymerases to a stalled replication site. Proliferation cell nuclear antigen (PCNA) is a sliding
clamp, which functions as a platform for the replication machinery. When the replication machinery is
stalled, the RAD18-HR6A/B complex is recruited and mono-ubiquitylates PCNA, which recruits a TLS
polymerase to the replication machinery. Subsequently, the TLS polymerase bypasses the damage to allow
restart of the replication.

2.2.5 Resolution of HJs

Holliday junctions can be dissolved in several different ways. The Holliday junction
resolvase GEN1 (Yenl in S. cerevisiae) cuts junctions symmetrically to give rise to
nicked duplex products, and produces either crossover or non-crossover products
[132]. Holliday junctions also can be dissociated by the Bloom’s syndrome complex
(BLM helicase-topoisomerase IIIa - RMI1) (Sgs1-Top3-Rmil complex in S. cerevisiae
and S. pombe), which gives rise to non-crossover products only [133,134], or they can
be cleaved asymmetrically by MUS81-EME]L, a heterodimeric 5’- flap endonuclease,
(Mus81-Mms4 in S. cerevisiae, and Mus81-Emel in S. pombe), which produces either
crossover or non-crossovers (Figure 6) [135-138].

When the migrating D-loop does not capture the second DSB end, SDSA may occur
and the invading strand is displaced and anneals with the second resected DSB end
(Figure 7) (reviewed in [139]). Dissociation of the D-loop is promoted by the branch-
migration activity of Rad54 [131,140]. Some DSBs that arise at telomeres or at broken
replication forks are single-ended, and these are repaired through the single-ended
invasion process called break-induced replication (BIR) to copy the entire information
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from the donor chromosome by DNA synthesis, skipping the involvement of the
second end of the DSB (Figure 8) [36,37,141-145].

2.3 Choice of DSB repair pathway

How do cells determine either NHE] or HR will be used to repair DSBs? HR is
operative only in the S/G2 phases of the cell cycle when a sister chromatid is
available. NHE] can function in all phases of the cell cycle and is the predominant
repair pathway in somatic mammalian cells (reviewed in [30]). The choice between
different DSBs repair pathways is tightly regulated, and DNA-end resection represents
a primary regulatory step towards HR. The resection machinery is a downstream
substrate of the checkpoint kinase, ATM. A component of the MRN complex, NBS1,
is required for the recruitment [146] and activation [147] of ATM. Subsequently,
ATM phosphorylates CtIP in response to DNA damage, and these posphorylations
are essential for the resection activity [63]. In S. cerevisiae, the ATM ortholog Tell
phosphorylates Sae2 [148]. Resection is needed for all HR pathways, and resected
DNA decreases NHE] efficiency, as a result of poor binding of the NHE] factor Ku
to ssDNA [149]. In the absence of Ku, DNA-end resection processes faster, and
overexpression of Ku reduces the DNA-end resection [150,151]. DNA resection takes
place only when cyclin-dependent kinases (CDKs) are active (thus in S/G2 phases)
[152-155]. S. cerevisiae Rad9 (note that this protein is not the ortholog of S. pombe
or mammalian Rad9, which is a component of the 9-1-1 complex; see below) and
Sae2 have been implicated in the CDK-dependent regulation of DNA resection in
S. cerevisiae [156]. Rad9 is a large chromatin-binding protein, and could pose as a
physical obstacle for processive DNA resection [156]. Sae2 is directly phosphorylated
by CDK, and impairment of this phosphorylation leads to a reduction in DNA-end
resection, a delay of HR, and an increase in NHE]J [153]. The putative mammalian
ortholog of S. cerevisiae Rad9, 53BP1, also undergoes multiple CDK-dependent
phosphorylations [157,158]. Phosphorylation of the mammalian Sae2 ortholog, CtIP,
controls DNA-end resection in a manner similar to its yeast ortholog, indicating that
this mechanism may be conserved [63-65,73,153]. CDK-dependent phosphorylation
of CtIP promotes its interaction with BRCA1 in S/G2 [159], which is essential for
CtIP recruitment to DSB sites and CtIP-mediated DNA-end resection [64,73,159].
In addition, CtIP protein levels are minimal in G1 and increase in S/G2 phases
[73]. Brcal deficiency prevents normal HR, leading to aberrant chromatid fusions
mediated by NHE] [160], while deletion of 53BPI rescues Rad51-dependent HR
to WT levels in Brcal-deficient cells, indicating that 53BP1 interferes with HR by
blocking the broken DNA-ends resection [160]. In cells lacking both BRCA1 and
53BP1, genomic stability is rescued because the HR pathway is largely restored
[160]. In contrast, BRCAl-deficient repair is not restored by deletion of a NHE]
factor, DNA ligase 4. Mechanistically, 53BP1 could block DNA-end resection either
directly by binding to di-methylation of histone H4 at lysine residue 9 (H4K9me2)
in the vicinity of the DSB or by acting as an adaptor that mediates the recruitment of
additional factors, which in turn would prevent nuclease access (reviewed in [161]).
BRCA1 might play a role in the removal of 53BP1 from replication-associated breaks
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SUMO isoforms (SUMO1, SUMO2, and SUMO3). Only SUMO?2 and 3 are able to form SUMO chains.
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to facilitate HR, suggesting that the balance between BRCA1 and 53BP1 activities
regulates the choice between HR and NHE], probably via stimulation and inhibition
of DNA-end resection, respectively.

3. DNA DAMAGE TOLERANCE

3.1 PCNA ubiquitylation - replication damage bypass

During DNA replication, the presence of unrepaired DNA lesions may block
progression of the replication machinery, which might result in DNA double-strand
breaks and gross chromosomal rearrangements, or even to a permanent cell-cycle
arrest and cell death. Replication damage bypass (RDB) is a special pathway that allows
progression of DNA replication without actually removing the lesion (Figure 9A)
(reviewed in [162]). Proliferating cell nuclear antigen (PCNA) plays a crucial role in
the RDB pathway (Figure 9B). PCNA is a processive clamp for the replicative DNA
polymerases and an essential binding platform for numerous proteins involved in DNA
replication, repair, and cell cycle regulation. PCNA forms a homo-trimer that encircles
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double-stranded DNA, and operates as a sliding clamp to keep the DNA polymerase
machinery firmly on the DNA during DNA replication (reviewed in [163]).

The genes controlling RDB in S. cerevisiae are known as the Rad6 epistasis group. It
has been shown that the RDB pathway is conserved from yeast to mammals (reviewed
in [164]). Rad6 is an E2 ubiquitin-conjugating enzyme that is essential for this pathway
[165]. Ubiquitin is a small protein that consists of 76 amino acids (approximately
7 kDa), and is highly conserved from yeast to human. The glycine residue of
ubiquitin attaches covalently to lysine residues on a substrate protein. This process
is called ‘ubiquitylation’. Ubiquitylation is an essential cellular process operated by a
multienzyme cascade of an ubiquitin-activating enzyme (E1), an ubiquitin-conjugating
enzyme (E2), and an ubiquitin ligase (E3). Structurally distinct forms of ubiquitylated
substrates, mono-, poly-, or multi-ubiquitylation, transmit various intracellular
signals (reviewed in [166]). Poly-ubiquitylation through the lysine 48 residue (K48)
of ubiquitin marks proteins for degradation by the 26S proteasome [167]. In contrast,
mono-ubiquitylation, or poly-ubiquitylation chains through other lysines including
K63 of ubiquitin, generate nonproteolytic signals, such as in endocytosis [168], in
ribosome biogenesis [169], in DNA damage tolerance [170], and the DNA damage
response pathway (Figure 10A, [171-173], reviewed in [162,166,174]).

In the RDB pathway, ubiquitylation of PCNA plays an important role, and several
E2 and E3 enzymes are essential. Depending on the interactions with downstream
components, error-free or error-prone sub-pathways can be activated. The first step
in both pathways involves mono-ubiquitylation of PCNA at the conserved lysine
residue 164 (K164) by the Rad6-Rad18 complex in yeast, in which Rad18 acts as an
ubiquitin E3 ligase [175]. In mammalian cells, RAD18 complexes with the mammalian
orthologs of yeast Rad6, HR6A (UBE2A) and HR6B (UBE2B) [176], and similar to
the mechanism in yeast, the HR6A/B/RAD18 complex also regulates site-specific
PCNA mono-ubiquitylation at K164 when the replication machinery is stalled by UV-
induced DNA damage [177,178]. Mono-ubiquitylation of PCNA by the yeast Rad6-
Rad18 complex recruits specific translesion synthesis (TLS) polymerases that can
incorporate nucleotides in the strand opposite the site of the DNA lesions, and this
process may usually be error-prone (Figure 9B, reviewed in [179,180]). In mammals,
DNA polymerases which belong to the Y family (Poln, Polt, Polk, and Rev1), and DNA
polymerase C, which is a member of the B family, promote replication through DNA
lesions [181-189]. Yeast also has several Y family polymerases, although Poli and Polxk
orthologs are missing (Reviewed in [164]).

The Y-family polymerases differ from replicative polymerases by their low fidelity,
which is due to the lack of 3’-5" proofreading exonuclease activity [190,191], and by
their ability to replicate through DNA lesions (reviewed in [192]). Pol( is strikingly
different from other TLS polymerases since it functions as the proficient extender of
primer termini opposite from DNA lesions [185]. Thus, replication through many
DNA lesions requires the action of two different polymerases, one that carries out the
nucleotide insertion reaction opposite the lesion site, and the other for the subsequent
extension reaction (reviewed in [164]). All these Y-family polymerases have ubiquitin
binding motifs, either as a so-called UBZ domain (Poln and Polk) or a UBM domain
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(Polt and Revl), and these appear to be required to bind to the mono-ubiquitylated
form of PCNA [193].

Mono-ubiquitylation by the Rad6-Rad18 complex may be followed by Rad5-
Mms2-Ubcl3-mediated poly-ubiquitylation [175], and this activates an error-free
sub-pathway of RDB. The E3 ubiquitin ligase Rad5 interacts with both the Rad6-
Rad18 and the Mms2-Ubcl3 complexes, to stimulate K63-linked poly-ubiquitylation
of PCNA. Subsequently, polyubiquitylated PCNA enables template switching to the
intact sister chromatid, and as a consequence, error-free damage bypass replication
may occur (Figure 11) [194]. Two mammalian orthologs of yeast Rad5, named HLTF
and SHPRH, mediate PCNA polyubiquitylation together with the mammalian MMS2-
UBCI13 complex in this conserved error-free pathway of RDB [195-198], although
polyubiquitylated PCNA is barely detectable in mammalian cells [199].

3.2 PCNA SUMOylation

In S. cerevisiae, K164 of PCNA is known to be modified not only by ubiquitin but
also by the small ubiquitin like modifier (SUMO) [175]. SUMO is evolutionary
related to ubiquitin, but this modification does not target proteins for degradation.
In contrast to yeast, which has only one SUMO, mammals have three SUMO variants.
SUMOylation also occurs via a three-step enzymatic cascade, mechanistically similar
to ubiquitylation, through a SUMO-activating enzyme (E1), a SUMO-conjugating
enzyme (E2) and a SUMO ligase (E3) (Figure 10B). Both ubiquitin and SUMO can
target lysine residues on a substrate (reviewed in [162,200]).

PCNA sumoylation is mediated by the SUMO ligase Siz1 and causes recruitment of
the helicase Srs2 to replication forks during S phase. Srs2 then prevents unscheduled
crossover events through its ability to disrupt Rad51 nucleoprotein filaments in S.
cerevisiae [124,125,201-203]. Since HR at stalled replication forks can lead to genomic
rearrangements, SUMOylation of PCNA may be used to keep this mechanism
under tight control. Srs2 was originally identified as a suppressor of rad6 and rad18
mutants, and has been proposed to be a regulator of the Rad6-dependent pathways
[165]. Branzei et al. recently reported that SUMOylation of PCNA by Sizl regulates
the Rad18-Rad5 mediated error-free pathway (Figure 11) [204]. They show that when
PCNA SUMOrylation is functional, error-free RDB can occur through formation of a
sister chromatin junction (SCJ) at damaged replication forks, and this pathway then
requires Rad18-Rad5-Mms2-Ubcl3-mediated PCNA polyubiquitylation, and Rad51.
Rad18 and Rad51 work together to promote replication bypass of the lesion by using the
information of the newly synthesized chromatid. In this pathway, PCNA SUMOylation
suppresses the formation of SCJs by homologous recombination alone, independent of
Rad18. This may be mediated by the filament-disruptive activity of Srs2, and indicates
that homologous recombination may be toxic in the absence of a functional Rad18
pathway [204]. This finding provides mechanistic details, which may help to explain
how Rad18 knockout leads to increased mitotic recombination and sister chromatid
exchanges in mouse embryonic stem cells [205].

Sequence homologs of SRS2 are not apparent in the genomes of higher eukaryotes.
Therefore, it has been proposed that other helicases act in combination to substitute
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for Srs2 in order to negatively regulate HR and ensure genome stability. The function
of the Srs2-related DNA helicase FBH1 overlaps with Srs2 in its capability to displace
RAD51 filaments to suppress HR in human cells [206,207], although this enzyme
is not conserved in budding yeast, C elegans, or Drosophila. FBH1 orthologs are
found in mouse, chicken, and fission yeast [208,209]. In addition, the RecQ family
helicases BLM and RECQLS5 are able to disrupt RAD51 filaments in vitro and inhibit
the initiation of HR [210-216]. Recently, another functional ortholog of Srs2, RTEL1
has been found in human and C. elegans, and it functions as an antagonist of HR by
disrupting D-loop recombination intermediates [217]. Taken together, there appear
to be several candidate proteins that could inhibit HR during S phase in mammalian
cells in a manner analogous to Srs2 in yeast. However, it is not at all certain that this
mechanism is completely conserved, since SUMOylated forms of PCNA have not yet
been detected in mammalian cells.

4. DNA DAMAGE RESPONSE AND CELL CYCLE CHECKPOINT
ACTIVATION

Various cell cycle checkpoints ensure that repair of DNA lesions is completed before cell
cycle progression resumes. Checkpoint signaling is activated in response to incomplete
DNA replication due to stalled replication forks, and by damaged DNA induced
by both internal and external sources such as UV light, ionizing radiation, reactive
oxygen species, or other DNA-damaging agents. If repair mechanisms fail in repair
the genotoxic damage, additional signaling pathways are activated, which leads to cell
death via apoptosis [218-220]. The DNA damage response is a signal transduction
pathway that coordinates cell cycle transitions, DNA replication, DNA repair and
apoptosis. Two related protein kinases, ATM (serine/threonine protein kinase ataxia
telangiectasia mutated) and ATR (ataxia-telangiectasia and Rad3-related), are the
critical upstream kinases that control the DNA damage-induced cell cycle checkpoint
machinery [218,221]. Both ATM and ATR are members of the phosphatidyl inositol
3-kinase-like kinase (PIKK) family. The DNA damage response pathway consists of
three major groups of proteins that act together to translate the signal of damaged DNA
into cell cycle arrest and DNA repair. These groups comprise a) sensor proteins that
recognize damaged DNA directly or indirectly, b) transducer proteins that relay and
amplify the damage signal, and c) effector proteins that control cell cycle progression,
chromatin restructuring and DNA repair [221-224].

Sensor proteins are required to recognize DNA damage. In this paragraph,
activation of the DNA damage response and cell cycle checkpoints in response to
DSBs and lesions caused by replication stress will be discussed. The MRN complex is
known to be a damage sensor for DSBs [146,147,225-227], and it recruits and activates
the transducer kinase ATM [146]. The 9-1-1 complex, a PCNA-like, ring-shaped
heterotrimer [228], and ATRIP are sensors for lesions caused by replication stress
[228-230]. ATRIP is a protein that recruits and activates the transducer kinase ATR
[9,231,232]. In general, the checkpoint response to DSBs, initiated by ATM, results in

DNA REPAIR IN MITOTIC CELLS

29




30

activation of an effector kinase named CHK2 through phosphorylation at T68, whereas
the checkpoint response to stalled replication forks, DNA crosslinks, and UV radiation
damage, induced by ATR, activates another effector kinase named CHKI1 through
phosphorylation at S317 and S345 [218,233,234]. However, the functions of CHK1 and
CHK?2 in mammalian cells are most likely at least partially overlapping, which will be
discussed below.

4.1 IR-induced damage

A conserved region in the C terminus of the NBS1 subunit of the MRN sensor complex
recruits activated ATM to sites of DNA damage, thus promoting the phosphorylation of
ATM-targets and ensuing events of the DNA damage response [146]. ATM activation
involves its autophosphorylation on Ser 1981, and the autophosphorylated ATM forms
ionizing-radiation (IR) -induced foci [235-237]. NBS1-ATM interaction is required for
the IR-induced intra-S and G2/M checkpoints [146].

Following IR exposure, the surrounding chromatin at DSBs undergoes various
modifications. One of the first modifications is phosphorylation of the histone H2A
variant H2AX by ATM, generating YH2AX [238]. MDCl1, a mediator protein, is
immediately recruited to sites of DSBs, interacts directly with yH2AX via its BRCT
domains, and recruits more ATM to the damaged sites [239-241]. Mediators are
substrates and regulators of the transducer and effector kinases, promoting their
activation, regulating substrate access, and controlling their associations with damaged
DNA. The constitutively phosphorylated N-terminus of MDCI interacts with the
FHA domain (forkhead-associated domain; a phosphopeptide-binding domain) of
NBS1, and this interaction is essential for the accumulation and retention of the MRN
complex at DSBs [242-246]. MDC1 is also phosphorylated by ATM, and this promotes
the subsequent recruitment of an E3 ligase named RNF8 [171-173,247]. RNF8 interacts
with YH2AX through its FHA domain, and this leads to ubiquitylation of H2A (uH2A)
and H2AX (uH2AX) at DSBs through its E3-ligase activity together with its E2 partner
UBC13 [171-173,241]. RNF8 accumulation promotes the accumulation of multiple
DSB-repair-associated proteins, including BRCA1 and 53BP1 [171-173,241,248]. The
accumulation of BRCA1 and 53BP1 at damaged sites is also dependent on the E3 ligase
RNF168 [248,249]. RNF168 interacts with uH2A and uH2AX in an RNF8-dependent
manner, and promotes further histone ubiquitylation on damaged chromosomes
[248,250]. Recruitment of BRCAI to uH2A/uH2AX is dependent on its interaction
partner RAP80 [251-253]. RAP80 contains two UIM (ubiquitin interaction motif)
domains, and the ubiquitin-binding function of the UIM is critical to mediate BRCA1-
RAP80 focus formation at sites of DNA damage [251-254]. 53BP1 can recognize H3K79
methylation and H4K20 methylation [255-258], but the methylation of these histones is
not regulated by DNA damage [256,259]. The RCTD motif of 53BP1 at the C-terminus
is essential for its recruitment to DNA damage, and it apparently interacts with DNA or
some component of chromatin, but not with ubiquitylated H2A nor H2AX [260-263].
In addition to the ubiquitylation cascade which controls recruitment of 53BP1 and
BRCA1 to DSBs mediated by RNF8/RNF168, a SUMOylation pathway is also involved
in IR-induced DNA damage response pathways [264,265]. E3 SUMOylation enzymes,
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PIAS1 and PIAS4, accumulate at sites of DSBs, which are required for the DSB-induced
ubiquitylation mediated by RNF8 and RNF168. Moreover, PIAS4 is required to recruit
53BP1 to DSBs, and both PIAS1 and PIAS4 are required for BRCAI recruitment to
sites of DSBs [264].

53BP1 [266-268] and BRCA1 [269-271] are both substrates of ATM, and are crucial
in regulation of cell cycle checkpoints and DSB repair. As described above (2.3), 53BP1
and BRCA1 play opposing roles in the regulation of the NHE] and HR pathways
at DSB repair sites. However, 53BP1 is also implicated in activation of the intra-S
phase checkpoint [272], and the G2/M phase checkpoint [267,273-275]. Resection of
DSBs, stimulated by BRCA1, activates the other checkpoint kinase, ATR [61,63,276],
leading to CHK1 phosphorylation in response to IR [155]. Deletion of BRCA1 exonll
(Brcal#!VAl) causes embryonic lethality [277], but this can be rescued by loss of p53
[277], or deletion of ATM or Chk2 [278]. This indicates a role for BRCA1 in checkpoint
activation, separate from its function in DNA repair.

As described above, ATM-mediated CtIP phosphorylation leads to DNA-end
resection, which also triggers ATR activation [61,63,276], indicating that both ATM
and ATR are required for CHK1 phosphorylation in response to IR [155]. ATR
needs to associate with DNA lesions to efficiently phosphorylate its target proteins
[221,279,280]. Effective RPA-coated ssDNA formation, ATR recruitment, and CHK1
phosphorylation following IR are restricted to the S/G2 phases [155], most likely
because the HR pathway, involving strand resection, is efficiently repressed in GI. In
contrast, ATM autophosphorylation and CHK2 phosphorylation in response to DSBs
occurs with similar efficiency throughout the cell cycle [155].

4.2 Damage at stalled replication forks

ATR signalling through CHKI1 is critical for the regulation of DNA replication. ATR
signalling slows DNA replication [281,282], suggesting that it regulates checkpoint
activation during recombination at stalled and collapsed replication forks. ATR
phosphorylates several proteins that regulate recombination, including BRCA1, WRN,
and BLM [283-286]. RPA coats most forms of ssDNA in the cell, including the ssDNA
formed during DNA replication and DNA repair [287]. RPA-coated ssDNA is important
to localize ATR to sites of DNA repair [280]. ATR recognition of RPA-coated ssDNA
depends on ATRIP (ATR-interacting protein) [229,230]. Although RPA-coated ssDNA
may be sufficient to localize the ATR-ATRIP complex, it is not sufficient for ATR
activation [288-290]. ATR signalling depends on co-localization of the ATR-ATRIP
complex with the RAD9-RAD1-HUS1 complex (9-1-1 complex), a PCNA-like ring-
shaped heterotrimer [228]. The 9-1-1 complex recognizes a DNA end that is adjacent
to a stretch of RPA-coated ssDNA. Subsequently, the 9-1-1 complex brings an activator,
TOPBP1 (topoisomerase IIf} binding protein 1), to ATR [291-294]. At DSB repair sites,
ATR activation also depends on TOPBPI1. In this context, TOPBP1 is phosphorylated
by ATM, and this stimulates its capacity to activate ATR [295]. Loss of ATR results in
a more severe phenotype than loss of either HUSI or RAD9 [296-299], suggesting that
the 9-1-1 complex is not responsible for all functions of ATR, while we cannot exclude
their functional redundancy between the complex. Recruitment of the 9-1-1-TOPBP1
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and ATR-ATRIP complexes to sites of DNA damage at stalled replication forks occurs
as two largely independent events [223,279,300-302]. This independent recruitment
might be important to prevent inappropriate checkpoint activation. Claspin, an
adaptor or mediator protein that is found at replication forks, also plays an important
role in CHK1 activation, since it is crucial to bring ATR and CHK1 together [303,304].
In addition, Claspin binds to phosphorylated RAD17, a clamp loader of the 9-1-1
complex, and this interaction is essential for CHK1 phosphorylation [305].

4.3 Checkpoint effector kinases CHK1 and CHK2

Cell cycle arrest is imposed by the activation of two downstream effector kinases, CHK1
and CHK2 (reviewed in [234]). Activation of the effector kinase CHKI requires its
phosphorylation at $317 and S$345 by ATR [306-308]. Once CHK1 is phosphorylated,
it is released from chromatin to phosphorylate its substrates [309,310]. Key targets of
CHKI to control cell cycle transitions are the CDC25 phosphatases [311]. CDC25 is a
positive regulator of cell cycle progression, and removes inhibitory phosphorylations
from cyclin-dependent kinases (CDKs) during the normal cell cycle (reviewed in
[311,312]). Dephosphorylation activates CDK, allowing the cell cycle to progress
(G1/S checkpoint) and enter mitosis (G2/M checkpoint) [313]. Phosphorylation of
CDC25 by CHKI inactivates its phosphatase activity, leading to maintenance of CDK
phosphorylation, and cell cycle arrest.

Another effector kinase, CHK2, is activated by ATM through phosphorylations on
T68 and other residues in the N-terminal SCD domain, which leads to multimerization
of CHK2 [314,315]. CHK2 plays an accessory role, exerting a partial influence on the
intra-S and G2/M checkpoints [316], also through negative regulation of the CDC25s
via phosphorylation [317-320]. CHK2 is also required for IR-induced apoptosis, and
promotes p53-dependent transcriptional responses in many tissues [321,322]. The
transcription factor p53 is a direct target of ATM and of the effector kinases in the
regulation of apoptosis, but CHK2 and ATM also phosphorylate p53 regulators, leading
to increased stability and activity of the p53 transcriptional activator [323-325].
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ABSTRACT

Chromosome pairing and synapsis during meiotic prophase requires the formation
and repair of DNA double-strand breaks (DSBs) by the topoisomerase-like enzyme
SPO11. Chromosomes, or chromosomal regions, that lack a pairing partner,
such as the largely heterologous X and Y chromosomes, show delayed meiotic
DSB repair and are transcriptionally silenced. Herein, we review meiosis-specific
aspects of DSB repair in relation to homology recognition and meiotic silencing
of heterologous regions. We propose that persistent meiotic DSBs play a role in
inhibiting heterologous synapsis and stimulate meiotic silencing of the X and Y
chromosomes.

INTRODUCTION

Sexual reproduction requires the formation of specialized germ cells by meiosis. Meiosis
consists of two rounds of cell division, preceded by a single phase of DNA replication.
The first meiotic division (MI) is preceded by a special and prolonged prophase,
during which homologous chromosomes align and pair. In many species, including
yeast and mammals, homologous chromosome pairing requires formation and repair
of meiosis-specific DNA double-strand breaks (DSBs). In somatic cells, DSBs may also
arise due to exogenous and endogenous DNA damage. It is evident that correct repair
of DSBs is essential for the maintenance of genome integrity. This is important for
cells undergoing mitosis, but it is even more important for germ cells, because upon
formation of the zygote, the combination of two parental germ cell genomes forms the
basis for a new individual. Therefore, it appears counterintuitive for a cell to generate
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DSBs on purpose upon entrance into meiosis. In yeast and mouse, the formation and
repair of meiotic DSBs, leading to the formation of crossovers (exchange of chromatid
arms between homologs) and noncrossovers, is directly required for proper pairing,
synapsis and also for the segregation of homologous chromosomes during the first
meiotic division. However, in some species, meiotic DSBs are absent in one sex (for
example D. melanogaster males) or occur after completion of chromosome pairing (for
example C. elegans). In this “point of view” we evaluate what is currently known about
the differences in DSB repair in mammalian mitotic and meiotic cells. We relate this
to the ongoing process of homologous chromosome pairing. Next, we discuss how
meiotic DSB-repair may be linked to the transcriptional silencing of nonhomologous
regions that occurs for example for the largely heterologous X and Y chromosome in
the testis.

HOMOLOGOUS CHROMOSOME PAIRING

Initiation of chromosome pairing occurs during leptotene, progresses during zygotene
and is complete in pachytene nuclei. Synapsis is achieved by the formation of the
synaptonemal complex (SC) between the chromosomal axes of the paired homologous
chromosomes. The SC consists of lateral elements along the chromosomal axes of each
homolog, and a central connecting element (Figure 1A). Chromatin loops protrude
from the lateral elements. Prior to synapsis, the lateral elements are called axial
elements. Formation of the central element is defined as the achievement of synapsis.
During diplotene, the SC is gradually disassembled.

THE ROLE OF THE BOUQUET CONFIGURATION AND MEIOTIC
DSB REPAIR

In budding yeast, the designated initiation sites of synapsis appear to colocalize with
designated crossover sites [329]. However, in mammals this may not be the case, since
cytological observations have indicated that synapsis proceeds from the telomeric ends
of the paired homologous chromosomes in humans [330]. Telomeres function during
the initial phase of chromosome pairing in both yeast and mammals. During this
phase, all telomeres cluster on the nuclear membrane, and the chromosomal arms loop
towards the center of the nucleus, forming the transient bouquet stage. The formation
of this configuration and the associated chromosomal movements are essential for
correct chromosome pairing [331]. However, the formation and repair of meiotic DSBs
is also essential to achieve synapsis, as evidenced by the severe chromosome pairing
abnormalities that are observed in mice that lack the enzyme (SPO11) that induces the
meiotic DSBs, and in mice that carry mutations in (meiotic) DSB-repair genes such as
for example Dmcl and Rad51C (see below) [332-334].

The role of components of the SC
The repair of meiotic DSBs in yeast, mouse, and man is accompanied by progression of
synapsis. Synapsis critically depends on the central element and transverse filaments of
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Figure 1. Homologous chromosome pairing and meiotic DSB repair. A) Schematic drawing of the
synaptonemal complex and associated chromatin in pachytene. The SC consists of lateral elements (light
green) that form along the bases of the protruding chromatin loops (red and blue). The homologs are
connected via the transversal and central elements of the SC (dark green). Sister chromatids are connected
via cohesion rings (grey). Cohesin is enriched at the bases of the chromatin loops. SPO11 and associated
proteins mediate the formation of DSBs that are repaired in association with the SC. B) Schematic drawing of
the initiation of meiotic DSB repair. Upon formation of a meiotic DSB, the site of the break is recognized by
the MRN complex. This complex plays an essential role in the removal of SPO11, resection of the break, and
the recruitment of the kinase ATM. This kinase phosphorylates histone H2AX in the chromatin surrounding
the DSB. The long ssDNA tails that have been formed during resection are most likely bound by RPA, which
is subsequently replaced by RADS51. This protein mediates the homology search. In theory, RAD51 filaments
may invade homologous DNA on the sister chromatid, or on one of the two chromatids of the homologous
chromosome. In meiosis, interactions with the sister chromatid are somehow repressed, and interaction with
one of the chromatids of the homologous chromosome is stimulated. C) Possible outcomes of HR repair of
meiotic DSBs. Upon strand invasion, different subpathways of homologous recombination repair using the
homologous chromosome as a repair template (1 + 2) (see main text) can lead to the formation of crossovers
or noncrossovers (gene conversions). If repair occurs using the sister chromatid as a template (3), the original
DNA sequence is restored. D) Localization of RPA (green), SYCP3 (red) and DNA (blue DAPI staining) in
spread leptotene, zygotene and pachytene mouse spermatocyte nuclei. Nuclei were spread and immunostained
with the indicated antibodies as described in [405]. The anti RPA antibody is described in [366].
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the SC. At present, SYCP1, SYCEIL, SYCE2 and TEX12 are known components of this
structure that connects the two lateral elements that have been formed along the axes
of the homologous chromosomes (Figure 1A, reviewed in [335]). Knockout of each of
these genes leads to very similar synaptic defects; the chromosomes align but fail to
synapse, and meiotic DSB repair is stalled [336-339]. The axial/lateral elements, known
to contain SYCP2 and SYCP3 and the meiosis-specific cohesin complex —which keeps
the sisters chromatids tied together— are also important for correct homologous
chromosome pairing and crossover formation [340-342]. For example, in male
Sycp3 knockout mice, many chromosomes remain asynapsed or show heterologous
synapsis, and the spermatocytes become apoptotic around the developmental phase
that corresponds to midpachytene in wild type, the stage at which all autosomal
chromosomes should have achieved complete synapsis [340]. Many mutants that
have pairing and DSB repair abnormalities, show asynapsis at pachytene, resulting in
apoptosis around this stage. This is most likely due to the existence of a midpachytene
checkpoint linked to the synaptic stage of the chromosomes [343].

In contrast, in Sycp3” females, meiosis is not fully blocked. Many oocytes are lost
during the first week of postnatal follicle development, and the ones that survive cause
a high frequency of (maternal origin) aneuploidy in embryos following ovulation and
fertilization [344]. This sex-difference in severity of the meiotic phenotype of this
mutant is illustrative for many genes involved in meiosis [345], and this is thought to
be due at least in part to differential regulation of checkpoints [346].

INDUCTION AND REPAIR OF MEIOTIC DSBS

Meiotic DSBs are induced by the topoisomerase II-like enzyme SPO11. The gene
encoding this enzyme is conserved from yeast to worm, flies, and mammals. In yeast
and mammals, SPO11 is loaded on the chromatin during the final premeiotic S phase,
and disturbance of DNA replication affects meiotic DSB formation in yeast [347]. The
DSBs are formed after the final S phase and depend on several accessory factors that
may help to localize and activate SPO11 (reviewed in [348]). Meiotic DSBs are not
distributed at random in the genome but concentrate in so-called hotspots. Recent
evidence indicates that histone modifications such as H3K4 trimethylation are involved
in creating the chromatin environment that forms a hotspot [349]. SPO11 functions
as a dimer, and one molecule remains covalently attached to each DSB end upon
generation of the break (reviewed in [348]). Subsequently, an endonuclease reaction
releases a SPO11-coupled oligonucleotide. The MRN complex plays an important role
in this reaction. This complex is known to be involved in early steps of DSB repair
in somatic cells, and consists of MRE11, RAD50 and a third, less conserved subunit
named NBSI in mammals. MRE11 contains a nuclease domain, but another nuclease
that is activated by MRE11, named CtIP, most likely performs the cleavage reaction.
End-resection then leads to the formation of long 3’ single strand DNA (ssDNA) tails
on each end of the break [350-353].
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Recognition of meiotic DSBs and formation of the RAD51/DMCI protein filament
In order for breaks to be repaired, they need to be recognized first. The above mentioned
MRN complex is most likely involved in sensing the presence of a DSB, both in mitotic
and meiotic cells (reviewed in [58]). When the MRN complex binds a DSB, it immediately
recruits a special kinase named ATM, that is essential for activation of DNA repair
checkpoints. ATM phosphorylates H2AX at serine 139, forming yYH2AX [354] (Figure
1B). In addition, ATM phosphorylates downstream components of the checkpoint
pathway, and the MRN complex itself [355,356]. In mitotic cells, these recognized DSBs
may be repaired either through the non-homologous end-joining pathway (NHE]) or
via homologous recombination (HR). In meiotic cells, the inaccurate NHE] process is
repressed [357], leaving HR as the only available pathway for repair. HR may lead to the
formation of crossovers, and these are instrumental during the first meiotic metaphase,
when sister chromatid cohesion and crossovers keep the homologs attached until loss of
sister chromatid cohesion along chromosome arms allows separation of the chromosomes.
In mouse and man only a small minority of the DSBs lead to the formation of crossovers,
but each chromosome pair has at least one (obligate) crossover. Repair of most meiotic
DSBs leads to so-called gene conversions or noncrossovers (Figure 1C).

During HR in mitotic cells, the processed 3’ ssDNA ends are first loaded by the
ssDNA-binding heterotrimeric protein RPA. RPA is then replaced by RAD51, with the
aid of mediators such as RAD52 and the breast cancer related protein 2 (BRCA2) [358].
RADS5I forms a protein filament on the DNA that is required for the homology search.
In meiotic cells, RPA foci have been reported to appear as the chromosomes synapse, in
zygotene some time after the formation of RAD51 foci in leptotene [359,360]. Also in
oocytes, RAD51 foci formation precedes the appearance of visible RPA foci [361]. Thus,
RADS51 and RPA seem to accumulate in reversed order on meiotic DSBs, as compared
to DSBs in somatic cells. However, it has been suggested that RPA may be present on
processed meiotic DSBs before RAD51 accumulates, but only transiently, and therefore
not detected by immunocytology [362,363]. In accordance with this suggestion,
mouse mutants with impaired loading of RAD51 and its meiosis-specific paralogue
DMC1, display RPA foci in high abundance on leptotene and zygotene spermatocytes
[332,364,365]. Our own observations, using a RPA antibody that is directed against the
two largest subunits of human RPA [366], indicate that RPA foci appear concomitant
with RAD51 in mouse spermatocytes (Figure 1D). Partial colocalization of RPA and
RAD51/DMCI on meiotic DSB repair sites during pachytene indicates that RPA may
perform an additional function at this later stage. Perhaps RPA and RAD51 filament
formation dynamically switches on ssDNA depending on the types of recombination
intermediates that are formed. RAD51 and its meiosis-specific paralogue DMC1
appear to colocalize at meiotic DSBs in mouse spermatocytes, and their loading does
not require RAD52, but in the absence of BRCA2, the loading of RAD51/DMCI was
severely reduced [364]. BRCA1 performs a similar function in RAD51/DMCI1 loading
[367], and the RAD51 paralogue RAD51C, and a novel testis-specific protein named
TEX15, are also required for this process [332,365,368]. The number of RAD51 foci
that can be observed in leptotene nuclei has been used to estimate the number of
meiotic DSBs to be around 250-300 [369].
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Interhomolog bias

Upon formation of the RAD51/DMCI filament, the coated ssDNA will initiate a search
for homology. In mitotic cells, the sister chromatid is the preferred template for repair.
However, in meiotic cells, repair via the sister chromatid is somehow repressed, and
invasion of one of the chromatids of the homologous chromosome is stimulated.
A meiosis-specific kinase named Mekl that localizes to the chromosomal axes in
yeast, plays a crucial role in mediating this so-called interhomolog bias [370]. Recent
data indicate that Mekl achieves this function at least in part via phosphorylation
of the DNA repair protein Rad54 [371]. This protein interacts with Rad51 and is
important for strand invasion and homologous recombination repair in mitotic cells.
Phosphorylation of Rad54 by Mek1 inhibits the interaction of Rad54 with Rad51, and
this may help to direct repair to the homolog [371]. Another meiosis-specific protein,
Hedl, also binds to Rad51 and inhibits its interaction with Rad54 [372]. Activation
of the Mekl kinase requires the function of two components of the axial/lateral
elements of the SC; Hopl and Redl [370,373]. In budding yeast, a meiosis-specific
Rad54 homolog, named Rdh54 acts together with Dmcl to stimulate the use of the
homologous chromosome as a template for repair [374], and this process is aided by
the meiosis-specific Hop2/Mnd1 complex [375]. DMC1 and HOP2 homologs have also
been identified in mouse [376,377], and both are required for repair of meiotic DSBs
and homologous chromosome pairing, indicating that the functions of these proteins
may be conserved from yeast to mouse [334,377]. In mouse, two RAD54 homologs
have been identified [378], but although these proteins are required for homologous
recombination in somatic cells, neither one is required for the formation of crossovers
[119,379]. This indicates that DSB repair proceeds normally. Still, in mice deficient for
these RAD54 homologs, a few RAD51 foci persist, and RAD51 forms large aggregates
in pachytene and diplotene nuclei. This indicates that RAD54 may play a minor role
in meiotic recombination in mouse, or perhaps it is only involved in repair of a small
subset of the breaks that follow a distinct repair pathway. Taking the yeast data into
account, that indicate that repression of RAD54-RAD51 interaction stimulates the
interhomolog bias, it is tempting to speculate that RAD54 may function at the minority
of sites that still use the sister-chromatid as a template for repair.

Formation of crossovers and noncrossovers

Upon strand invasion of one of the two sister chromatids of the homologous
chromosome, a brief phase of DNA synthesis along the intact template follows.
Subsequently, the invaded strand may be released, and re-anneal to the other ssDNA
end of the DSB. Repair along this pathway, called synthesis-dependent strand
annealing (SDSA), leads to gene conversion events, whereby only a relatively short
stretch of DNA (approximately 200 bp-2KDb) is exchanged between homologs [380].
Alternatively, the second end of the DSB may be captured, and a double-holliday
junction may be formed. Such a double-holliday junction may be resolved by
specific enzymes in two ways, leading to either crossovers or noncrossovers (gene
conversions) (reviewed in [381]) (Figure 1B, C). Most meiotic DSBs are thought
to be repaired via the SDSA pathway, leaving only a small subset —approximately
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5-10% — that will be repaired via the formation double-holliday junctions, and these
may mostly generate crossovers.

Many proteins known to be involved in DSB-repair in somatic cells are required
for the repair of meiotic DSBs, but the major pathway of crossover formation has a
special requirement for proteins involved in DNA mismatch repair. In somatic cells,
this pathway removes mismatched nucleotides that may be formed during DNA
replication. In meiotic DSB repair, mismatches will occur when the repair template
of the homologous chromosome is not identical to the damaged strand of the other
chromosome. In MIh1 mutants, chromosome pairing occurs normally, indicating that
the DSBs that are converted to noncrossovers are normally repaired, but crossovers
hardly form, and the spermatocytes undergo apoptosis during metaphase, because all
chromosomes are univalent. In mice, a small number of crossovers may be formed by
a different pathway that does not require the meiosis-specific mismatch repair proteins
[382]. In this pathway, the endonuclease MUS81 cleaves are combination intermediate
that is most likely formed just prior to double holliday junction formation, and this
cleavage exclusively yields crossovers.

The number and distribution of crossovers is tightly regulated. A special mechanism
ensures that each chromosome pair contains ate least one crossover, and crossover
interference reduces the likelihood of two crossovers occurring in close proximity to
each other. The total number of crossovers varies somewhat between different mouse
strains and between males and females. Kleckner et al. [383] reported that the number
of crossover sites correlates to the length of the SC. This indicates that there is a complex
functional interplay between the formation and processing of meiotic DSBs and the
structure of the chromosomes. It is not clear what the molecular basis is of crossover
interference in mammals. De Boer et al. [384] have shown that two levels of interference
exist in mouse spermatocytes. A first level is observed in so-called early recombination
foci in late zygotene/early pachytene, most of these will be processed as noncrossovers,
and a second level is clear among crossovers marked by MLH1 in mid-to-late pachytene
[384]. The crossover pathway that is mediated by MUS81 appears to lack interference
[382]. Recently, the ATM kinase that is required for yH2AX formation upon induction
of the meiotic DSBs, was found to play a role in the regulation of crossover numbers
and interference [385]. Interestingly, ATM deficiency had both crossover stimulating
and inhibiting effects; the formation of the obligate crossover between X and Y was
reduced, whereas the total number of MLH1 foci was 13% increased. In addition,
crossover interference was mildly affected. These effects were associated with defects in
chromosomal axis structure, providing further proof that meiotic recombination and
axial chromosome structure are intimately related [385]. ATM activation requires the
function of the MRN complex, and hypomorphic mutations in components of this
complex also resulted in an increased crossover frequency, although the effect was smaller
(8% increase) [386]. These data indicate that ATM may perform multiple functions in
meiotic DSB processing, and in propagation of the interference signal. Alternatively, or
in addition, a compensating increase in the activity of the related kinase ATR on the
ATM null background may regulate types and frequencies of crossover events through
phosphorylation of RPA, as has been shown in yeast [387].
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The most outspoken change in crossover frequency is observed in mice that are
deficient for the ubiquitin conjugating enzyme HR6B [388]. HR6B, and the closely
related enzyme HR6A, are involved in mediating post replication repair. This pathway
allows replication to proceed in the presence of DNA damage. In addition, HR6B is
required for ubiquitylation of H2B [389,390] and most likely ubiquitylates many other
substrates. Hr6b knockout male mice are infertile, associated with dysregulation of
chromatin structure in meiotic and post-meiotic cells [388,391,392]. In late pachytene
nuclei of these cells, the SCs are longer, and the number of MLH1 foci is 20% increased
in comparison to controls [388], but crossover interference is not affected [393]. It
might be suggested that Hr6b knockout spermatocytes contain more spontaneous
DSB sites that contribute to the increased crossover rates. However, irradiation does
not lead to a further increase in the number of MLH1 foci in Hr6b knockouts [388],
implying that a reduced capacity to repair damage-induced breaks is not involved in
mediating the increased crossover frequency. In yeast, mutation of the homolog of
HR6B, Radé, also affects the number of crossover sites, leading to increased as well as
decreased frequencies of crossover formation depending on the chromosomal region
[394]. This effect is most likely caused by a decrease in the ubiquitylation of H2B, which
subsequently leads to a decrease in the level of H3K4 trimethylation, a chromatin mark
that has been shown to be associated with hotspot formation [349]. In Hr6b knockout
spermatocytes, the overall levels of H2B ubiquitylation and H3K4 trimethylation are
not changed [392]. However, the regulation of several other histone modifications is
disturbed [392], indicating that changes in chromosome structure may be involved in
mediating the enhanced recombination frequency in Hr6b knockout spermatocytes.
Recent data have shown that in, C. elegans, a species in which pairing precedes
recombination, chromatin condensing complexes regulate meiotic DSB distribution,
directly implicating higher order chromosome structure in the regulation of meiotic
DSB formation and repair [395].

DETECTION AND SILENCING OF NONHOMOLOGOUS REGIONS

Homologous versus heterologous synapsis
In order to ensure that complete genome sets are separated during the metaphase-
to-anaphase I transition, pairing between nonhomologous chromosomes needs to
be prevented. In the worm C. elegans, chromosome movement, and attachment of
so-called pairing centers to the nuclear envelope, play important roles in verifying
homology before synapsis proceeds [396,397]. In mouse, disruption of telomere
attachment during meiotic prophase through targeted disruption of the Sunl gene also
interferes with chromosome synapsis and meiotic DSB repair, but nonhomologous
synapsis is still prevented [331]. In contrast to mammals, worms synapse homologous
chromosomes before meiotic recombination is initiated, and therefore basic aspects of
homology recognition may differ between worms and mammals [398].

In the absence of meiotic DSBs, in SpoI1 knockout mice, nonhomologous synapsis
is observed, in addition to asynapsis [399,400]. Thus, ongoing meiotic DSB repair,
or repair-associated signaling, may inhibit nonhomologous synapsis. Still, when
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DSB repair is stalled in certain mutant mouse models, nonhomologous synapsis also
occurs, indicating that these incompletely repaired DSBs cannot completely prevent
heterologous synapsis [334,401-403].

The X and Y chromosome are largely heterologous, and during midpachytene
in mouse, synapsis is observed only along the short homologous pseudoautosomal
regions, the rest of the chromosomal arms remains unsynapsed. Interestingly, during
early pachytene, XY synapsis appears to include nonhomologous regions, since the Y
has been observed to synapse with X along almost 90% of its length at this stage [404].
Apparently, this is a transient state, and this observation indicates that progression of
synapsis may be dynamic, allowing desynapsis when an unknown control mechanism
detects absence of homology. For the XY pair, this mechanism appears to be efficient,
since persistent heterologous synapsis between X and Y is not observed. Variable
heterologous synapsis is detected when specific translocations cause a pairing
problem. For example, in mice carrying two similar but not identical translocations
between chromosome 1 and chromosome 13, a heterologous region of approximately
40 Mb is present on both the small 1" bivalent and the large 13' bivalent. The small
translocation bivalent shows complete synapsis in only 40% of the nuclei, whereas the
larger bivalent is completely synapsed in more then 95% of the nuclei [405,406]. Such
heterologous synapsis is thought to occur via synaptic adjustment, which most likely
involves adjustment of chromatin loop length to obtain equalization of chromosomal
axes between heterologous regions with a difference in length.

Meiotic sex chromosome inactivation
Already in 1965, Monesi described that the X and Y chromosome show reduced
incorporation of tritiated uridine, compared to autosomes in pachytene spermatocytes
[407]. This provided the first indications for the meiotic inactivation of the sex
chromosomes (MSCI). In addition, it was noted that the X and Y form a more or
less separate “body” in the periphery of the nucleus, named sex body or XY body.
This transcriptionally silenced chromatin is marked by several histone modifications
and associated proteins [392,408-410]. The most well known histone modification
that marks the XY body from late zygotene onwards is YH2AX, the general marker
of DSBs [411]. In mice that lack H2AX, the XY body is not formed [412]. Two other
modifications that mark the XY body are generally associated with transcriptional
silencing but also detected at sites of DSB repair. These are H2AK119 ubiquitylation
and sumoylation of chromatin components [413,414]. H2AK119 ubiquitylation is a
relatively late (taking approximately 10-20 minutes before maximal levels are achieved)
marker of DSB repair in mitotic cells [171,173]. H2A is ubiquitylated by the E3 ligases
RNF8 and RNF168 [171,173,250]. RNF8 recruitment depends on MDC1 [171-173],
and precedes RNF168 that is recruited by the ubiquitylated H2A generated by RNF8
[250]. SUMOylation of H2A.Z is associated with the presence of persistent DSBs in
yeast [415]. Surprisingly, both these modifications do not mark the meiotic DSBs in
leptotene and zygotene nuclei.

The chromatin of the XY body is completely reorganized around midpachytene,
when all nucleosomes are replaced, as visualized by the complete disappearance of
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the replication associated H3.1 variant [410]. Hereafter, during mid-to-late pachytene
and diplotene, XY body chromatin accumulates methylated H3K9, which persists and
remains present in spermatids [410]. During postmeiotic spermatid development,
the X and Y appear to remain globally repressed although a selected set of single-
and multi-copy genes is (re) expressed [409,416-418]. Recently, Cocquet et al. [419]
showed that the multicopy gene Sly is specifically required for the maintenance of
postmeiotic X chromosome repression. In addition to SLY, the above-mentioned
ubiquitin conjugating enzyme HR6B is also required for the maintenance of meiotic
and postmeiotic sex chromosome inactivation [392].

Link between asynapsis and persistence of DSB repair proteins

Chromosomes or chromosomal regions without a pairing partner can only repair their
meiotic DSBs (in these regions) through recombination with the sister chromatid or via
NHE]. Since both these pathways appear to be repressed during early meiotic prophase,
meiotic DSBs in such regions may remain unrepaired. Indeed, persistent RAD51
foci are observed along the unsynapsed arm of the X chromosome in spermatocytes
[369]. Surprisingly, these are only rarely observed along the unsynapsed part of the Y,
suggesting that SPO11 generates only a few breaks in this region of the Y. RNA-FISH
analyses have provided indications that the Y chromosome is already largely inactive in
mouse spermatogonia, and a heterochromatic chromatin structure encompassing most
of the Y chromosome may interfere with access of SPO11 to the DNA [418].

The initial formation of RAD51 foci on all chromatin is accompanied by ATM
induced phosphorylation of H2AX on surrounding chromatin [420]. However, ATM
appears to be gradually replaced by ATR [420]. At DSB sites in somatic cells, ATM
recruits ATR to these sites via phosphorylation of the ATR activator TOPBP1 (reviewed
in [233]). ATR is partially redundant to ATM in somatic cells, although distinct
functions have also been described, for example in activation of the downstream
kinases CHK1, and CHK2, respectively (reviewed in [233]). In general, ATM appears
to be rapidly recruited to DSB sites, followed by later accumulation of ATR. Conversely,
ATR is primarily recruited to stalled replication forks, although ATM may also perform
functions at these sites (reviewed in [233]). In meiotic cells, ATR is first observed on a
subset of the RAD51 foci in zygotene nuclei [359,421]. Eventually, ATR concentrates
along the chromosomal axes of the X and Y chromosome, concomitant with a second
wave of YH2AX formation, selectively on X and Y chromatin, initiating MSCI. This
histone modification accumulates on X- and Y-chromosomal chromatin from late
zygotene until late diplotene. In addition to RAD51/DMCI1, ATR and yYH2AX, several
other checkpoint and DSB-related proteins are known to accumulate specifically on
the XY body. These include BRCA1, BRCA2, BLM, MDC1, TOPBP1, 53BP1, and
RAD1 [422-428]. The above-mentioned post replication repair enzyme HR6B and its
E3 ligase partner RAD18 also accumulate on the XY body [429]. All of these proteins,
except BLM, 53BP1, and the RAD18/HR6A/B complex, also accumulate on the meiotic
DSBs shortly after their formation in leptotene. Apparently, BLM, 53BP1, and the
RAD18/HR6A/B are recruited to DSBs in somatic cells, but not to meiotic DSBs in
leptotene and zygotene nuclei. Only when these breaks persist until pachytene, like

CHAPTER 1.1



on the XY body, these proteins are detected. For 53BP1 this apparently differential
behaviour towards SPO11 and damage-induced DSBs may simply be due to absence
of this protein in leptotene and zygotene spermatocytes; irradiation-induced DSBs in
these cells also do not recruit 53BP1 [428]. For RAD18, the situation is different, since
this protein does accumulate on irradiation-induced DSBs in leptotene and zygotene
nuclei (unpublished). For the BLM helicase, the situation is enigmatic. At DSBs in
somatic cells, this protein accumulates within 10 seconds upon formation of the break,
independent of ATM and NBS1 [430]. Mutation of the Blm gene is embryonic lethal
[431], precluding direct analyses of the function of this gene in meiotic recombination.
Taking these data together, it appears that the stalled repair of meiotic DSBs on the
unsynapsed arms of X (and Y) results in the accumulation of DSB-repair related
proteins that do not respond to the meiotic DSBs that are rapidly repaired. This may
be either because they are not expressed before these breaks are repaired (53BP1),
or because their recruitment to meiotic DSBs is somehow prevented (RAD18, BLM,
H2AK119ubl, SUMOylation). This could occur as part of the pathway that prevents
recombination with the sister chromatid. Alternatively, or in addition, some of these
proteins may accumulate slowly, and reach detectable levels only when repair is stalled,
allowing more time to increase the local concentration.

When meiotic DSB-repair is blocked, due to a genetic defect, MSCI usually cannot
occur and appears to be inhibited [333,334,336,337,364,365,377,432]. From these
observations, it is clear that the DSB-repair pathway and MSCI/MSUC share limiting
components. When meiotic DSBs are not formed at all, in the Spoll knockout, a so-
called pseudo sex body is formed on part of the unsynapsed chromatin in the zygotene-
like nuclei [420]. This structure accumulates YH2AX, and is transcriptionally silenced
[433]. These observations show that meiotic DSBs are not absolutely required for the
formation of a XY body-like structure during meiotic prophase. However, since the
pseudo-XY body forms on only part of the asynapsed chromatin, it also shows that
asynapsis by itself is not enough to recruit ATR and trigger yH2AX formation.

Turner et al. [434] have previously shown that ATR and yYH2AX do not accumulate
on XY chromatin in mice that carry a hypomorphic mutation in the Brcal gene. In
addition, homologous chromosome pairing was severely affected [434]. In a small
subfraction of the nuclei in these mutant mice, ATR and yYH2AX did accumulate on X
and Y and a normal XY body was formed. From these observations it was concluded that
BRCAL is required for the recruitment of ATR to XY body chromatin. Since BRCA1 is
also required for proper repair of meiotic DSBs in mouse, as apparent from the multiple
yYH2AX foci that remain in the vast majority of Brcal mutant nuclei [434], it might also
be suggested that these persistent meiotic DSBs inhibit MSCI, as occurs in many other
spermatocytes carrying mutations in the DSB repair pathway. This could explain why
YH2AX is not formed on XY chromatin in Brcal mutant mouse spermatocytes The
occasional normal XY body formation in Brcal mutant spermatocytes may occur in
cells that manage to repair the (majority) of meiotic DSBs despite the lack of normally
functional BRCA1. In this scenario, BRCA1 would not necessarily be upstream of
ATR/ATM recruitment in meiotic cells.
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Could there be another factor involved in recruiting ATR to XY body chromatin?
In somatic cells, recruitment of ATR requires its interaction partner ATRIP, which
binds to RPA filaments [280]. In order to activate ATR, the 9-1-1 complex and TOPBP1
are most likely also required. It might thus be suggested that a similar sequence of
events occurs at persistent DSBs along the heterologous part of X (and Y). TOPBP1
and at least one component of the 9-1-1 complex, RADI, also accumulate on the XY
body [424,426,427]. RPA- and damage-independent recruitment of ATR to chromatin
in somatic cells has also been reported. For example CDC6, a protein required for
replication initiation, may recruit ATR to stalled replication forks [334]. In a similar
manner, a yet unknown meiosis-specific protein that specifically localizes to unsynapsed
axes may recruit ATR independent of DSB-repair.

Transcriptional silencing of unsynapsed chromatin

When a homologous chromosome pair contains a large heterologous region, for
example due to a translocation, such regions frequently remain unsynapsed. In analogy
to MSCI, this also leads to transcriptional inactivation of this region during meiotic
prophase, in males and females [435,436]. Surprisingly, such heterologous regions
sometimes display heterologous synapsis (through synaptic adjustment, see above),
providing an escape from silencing. Due to the tight coupling between asynapsis and
silencing, this mechanism has been named meiotic silencing of unsynapsed chromatin
(MSUC) [437]. MSCI and MSUC appear to be closely related; unsynapsed autosomal
chromatin colocalizes with the XY body, and the presence of such silenced unsynapsed
autosomal chromatin reduced the efficiency of XY body silencing [438]. In addition,
similar to the XY body, silenced autosomal unsynapsed chromatin retains DSB-repair
markers [406]. When heterologous synapsis and escape from silencing occur, these
DSB-repair markers do not persist at the heterologous regions [406].

MEIOTIC SILENCING PRIOR TO SYNAPSIS AND DSB-REPAIR
IN AVIAN SPECIES

In birds, males have a ZZ sex chromosome constitution, whereas females are ZW.
During oogenesis in chicken, the largely heterologous Z and W chromosome reach
a state of complete synapsis [439]. Previously, it was suggested that this might “save”
the heterologous sex chromosomes from transcriptional silencing during the lengthy
prophase in oocytes [440]. Like the X chromosome in mammals, the Z chromosome is
gene-rich, and it is to be expected that prolonged silencing of the Z chromosome would
be detrimental to oocytes. We wondered how meiotic recombination between Z and
W could be prevented during synapsis, and reasoned that the avian system could be
a good model to discriminate between the roles of chromosome synapsis and meiotic
recombination in the process of meiotic silencing. Surprisingly, we found that the
chicken W chromosome is silenced immediately upon entrance in meiotic prophase
[441]. The Z chromosome appears to be normally transcribed during leptotene and
zygotene. However, when Z and W synapse in pachytene, the Z chromosome is
also transcriptionally silenced. During this phase, repair of meiotic DSBs on the Z
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chromosome appears to be postponed. This is based on the fact that no markers of
DSB repair are detected on the synapsed ZW pair, but during ZW desynapsis, in late
pachytene and early diplotene, the Z chromosome accumulates yYH2AX, and RAD51
foci reappear [441]. Subsequently, repair is completed, YH2AX and RAD51 foci
disappear and the Z chromosome is reactivated. More recently, we have also shown
that the germ cell restricted single chromosome (GRC) that is present in zebra finch
spermatocytes is also silenced upon entry into meiotic prophase [442]. Therefore, we
have named this phenomenon meiotic silencing prior to synapsis (MSPS). We have
proposed that MSCI in chickens involves spreading of heterochromatin from Z onto W.
In a second phase, YH2AX formation may contribute to the maintenance of silencing
of the Z chromosome until repair is completed [441]. These findings indicate that the
initiation of MSPS in birds may be essentially different from the initiation of MSCI in
mammals. In birds this process is most likely independent of DSB repair and the final
achievement of synapsis.

CONCLUDING REMARKS

Persistent DSBs, present in heterologous regions, inhibit synapsis and may stimulate
MSUC [406] (Figure 2). Progression of synapsis starting from homologous regions may
generate a positive feedback system that facilitates further downstream synapsis. Such
a system may overrule the inhibitory effect of DSBs that have not (yet) been repaired.
This may even facilitate homology recognition at persistent DSBs that remain in
regions that are actually homologous, because the chromosomes will be in permanent
close proximity upon synapsis. In addition, repression of inter-sister repair may be
relieved once synapsis has been accomplished.

Based upon the progressively decreasing size of the synapsed regions of X and
Y during pachytene, the synapsis-inhibitory force on these chromosomes must
be large enough to prevent heterologous synapsis and illegitimate recombination
with almost 100% efficiency. For autosomal pairs that carry heterologous regions,
the balance between synapsis promotion and inhibition may be depend on the size
of the homologous regions. Once synapsis has proceeded along a certain threshold
length, it may proceed irrespective of the presence of persistent DSBs. Prevention of
synapsis between X and Y also prevents completion of DSB-repair, most likely until
the repression of intersister-recombination and/or the nonhomologous end-joining
pathway are relieved during late pachytene or diplotene.

Persistent DSBs in yeast evoke specific changes in chromatin that can spread
chromosome wide, such as sumoylation of H2A.Z [415]. Thus, persistent DSBs on the
unsynapsed X (and Y) may be instrumental in the chromosome wide recruitment of
yYH2AX and ubiquitylated H2A, and other downstream DSB-repair and checkpoint
factors. Together, these modifications and factors could mediate transcriptional silencing
of all X- and Y-chromosomal chromatin. Alternatively, asynapsis itself may somehow
specifically allow recruitment of ATR, and subsequent formation of YH2AX then triggers
all downstream events that mediate silencing. In this scenario, the stalled DSB sites are
not required for the initiation of MSCI, but may play a role in inhibition of synapsis.
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Figure 2. Persistent meiotic DSBs homology recognition and transcriptional silencing of heterologous
regions. SPO11-induced DSBs and the bouquet configuration of the chromosomes both contribute to the
homology recognition process. Numerous RAD51 foci in leptotene nuclei mark the initiation of the homology
search. If homology recognition occurs, DSB repair proceeds and this is coupled to stimulation of progression
of SC formation in zygotene nuclei (and SC formation may also help to complete the DSB repair process),
leading to the complete SC with few remaining RADS51 foci in diplotene. If homology recognition does not
occur, the DSB persists, additional DSB repair proteins accumulate, and spread along the chromatin, and
progression of SC formation is inhibited (and lack of SC formation also inhibits invasion of the homologous
template). This is associated with the recruitment of ATR to asynapsed regions, which induces a second
wave of YH2AX formation and transcriptional silencing. The balance between progression and inhibition of
synapsis and DNA repair (black horizontal arrow) determines the final outcome in pachytene. The XY body
in the pachytene nucleus is encircles. Spread mouse spermatocyte nuclei were stained with antibodies against
RAD51 (green) and SYCP3 (red). The DNA was stained with DAPI (blue), with exception of the lower left
and right images of synapsed autosomal chromosomes (left) and the XY body (right). Here, localization of
yH2AX is shown in blue, and the DNA is not stained.

At present it is not possible to determine whether the recruitment of ATR to XY
body chromatin depends primarily on the presence of persistent DSBs, asynapsed
chromosomal axes, or both. Once ATR has been recruited to the XY body chromatin, or
to autosomal unsynapsed regions, the subsequent formation of YH2AX is essential for
the initiation of transcriptional silencing. The accumulation of ubiquitylated H2A(X)
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and SUMOylated chromatin components that occur downstream of YH2AX formation
have been associated with transcriptional silencing in different contexts [435,443-
446]. Therefore, it is tempting to speculate that YH2AX formation and transcriptional
silencing of the XY chromosome pair in meiosis evolved as a specialization of a general
silencing mechanism that prevents ongoing RNA transcription from a damaged
template when DSB repair is ongoing or blocked. Functional analyses of the initiating
events in MSUC and MSCI will reveal the complex interplay between meiotic DSB
repair, chromosome synapsis and silencing of chromatin that lacks a pairing partner.
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ABSTRACT

The ubiquitin ligase RAD18 is involved in different DNA repair processes. Here,
we show that in G1 phase, human RAD18 accumulates in a few relatively large
spontaneous foci that contain proteins involved in double-strand break (DSB)
repair. These foci persist until cells enter S phase, when numerous small foci
appear. At these sites, only 20% of RAD18 colocalizes with PCNA, a known RAD18
substrate. In late G2 phase, RAD18 relocates to nucleoli. After UVC irradiation,
PCNA accumulates at the damaged site, followed by RAD18, independent of the
cell cycle phase. After induction of DSBs, using low-power multi photon laser,
RAD18 accumulated at the DSB sites, but no PCNA accumulation was observed.
Our data show that RAD18 accumulates on DSBs independent of the cell cycle
phase. DSBs marked by RAD18 and RAD51 are also positive for RPA in G1 phase,
and these DSBs persist until S phase. In addition, we show that DSBs generated
in G2 phase are not all repaired, and are observed again in the next G1 phase. We
conclude that repair of induced and spontaneous DSBs that accumulate RAD18
and RAD5I in G1 phase cells is delayed until S phase.

Key words: RAD18, DNA double-strand break repair, PCNA, cell cycle
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1. INTRODUCTION

Cells are constantly exposed to internal and external factors that may cause DNA
damage. Various DNA repair pathways are essential for progress through the cell
cycle and long-term survival. During DNA replication, the presence of unrepaired
DNA lesions threatens to block progression of the replication machinery. Replicative
damage bypass (RDB) is a special pathway that allows progression of DNA replication
in the presence of DNA damage (reviewed in [1]). In Saccharomyces cerevisiae, the
E2 ubiquitin-conjugating enzyme Rad6 is essential for this pathway. Depending on
interactions with downstream components, error-free or error-prone sub-pathways
can be activated. The first step in both pathways involves mono-ubiquitylation of
PCNA by the Rad6-Rad18 complex, in which Rad18 acts as an ubiquitin ligase (E3
enzyme) [2]. PCNA forms a homo-trimer that encircles double-stranded DNA, and
operates as a sliding clamp to keep the DNA polymerase machinery firmly on the DNA
during DNA replication (reviewed in [3]). Mono-ubiquitylation of PCNA by the Radé6-
Rad18 complex recruits specific translesion synthesis polymerases that can incorporate
nucleotides in the strand opposite the site of the DNA lesions. Depending on which
polymerase is recruited, this process may be error-prone or error-free (reviewed
in [4,5]). Alternatively, mono-ubiquitylation by the Rad6-Radl8 complex may be
followed by Rad5-Mms2-Ubcl3-mediated poly-ubiquitylation [2]. The ubiquitin
ligase Rad5 interacts with both the Rad6-Rad18 and the Mms2-Ubc13 complexes to
stimulate poly-ubiquitination of PCNA. Subsequently, Rad5 is involved in error-free
bypass of the damage.

In mammalian cells, RAD18 complexes with the RAD6 homologs HR6A
(UBE2A) and HR6B (UBE2B) [6], and regulates PCNA mono-ubiquitylation [7,8].
RADI8-knockout cells are sensitive to UVC light exposure [9,10], camptothecin, and
ionizing radiation (IR) [11], that induce distortions of DNA geometry, single-strand
breaks (SSBs), and double-strand breaks (DSBs), respectively. Thus, in mammalian
cells, RAD18 is required for survival after the induction of almost any type of DNA
damage, and this appears to be associated with novel RAD18 functions outside the
context of RDB. However, the nature of these functions is still unclear. Nakajima et
al. [12] showed that RAD18 accumulates at sites of SSBs, in an S-phase-independent
manner. Shiomi et al. [11] also provided evidence for RAD18 functions at sites of
SSBs, but restricted to S phase and PCNA independent. In addition, at DSB repair
sites during S phase, RADI18 may facilitate homologous recombination (HR),
independent of PCNA, by suppressing non-homologous end-joining (NHE]) at DSBs
that result from blockage of replication [13,14].

Here, we show that RAD18 has a dynamic localization pattern during the cell cycle,
which is mostly different from that of PCNA but similar to DSB repair-associated
proteins, RAD51 and YH2AX. We conclude that RAD18 accumulates at sites of DSBs,
throughout the cell cycle, in the absence of a detectable increase in local PCNA
concentration. Furthermore, we show that spontaneous and induced DSBs in Gl
persist until the cells enter S phase.

LOCALIZATION OF RAD18 AT DSBs
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2. MATERIALS AND METHODS

2.1 DNA constructs, transfection and cell culture
YFP-taggedRAD18wasgeneratedbycloningacDNA fragmentencodingtheentirehuman
RADI8 gene, except the start codon, into pEYFP-C1 (Clontech). The RAD18 fragment
was amplified using primer set (fw/5’CCGGAA TTCTGACTCCCTGGCCGAGTCTC3’
and rev/5’CGCGGATCCTTAATTCCTGTTTCGTTTATTTCTTGGTTCAATCTCA
GCA3’), digested at the introduced EcoRI and BamHI sites (underlined) and inserted
into the pEYFP-CI vector. To prevent downregulation of YFP-RADI8 by siRNA
treatment, four silent mutations were inserted in the 3’ region of the cDNA (italic).
To generate HeLa cells stably expressing YFP-RADI18, cells were transfected with 2 ug
of the pEYFP-RADI18 plasmid using FuGene6 (Roche). Cells were cultured for 7 days
after transfection with medium containing 1.0 mg/ml of G418. Colonies containing
cells showing YFP signal in the nuclei were selected, and immunoblot analysis was
used to further select cell lines that showed the appropriate level of YFP-RADI8.

A mCherry-PCNA construct was created by cloning a cDNA fragment encoding
the entire human PCNA [15] into mCherry-C1 (kindly provided by Dr. Roger Y.
Tsien, University of California, San Diego, USA). The entire PCNA gene, except the
start codon, was amplified by using primer set (fw/5’CCCAAGCTTCGTTCGAGGC
GCGCCTGGTC3 and rev/5’CCCGGATCCCTAAGATCCTTCTTCATCCTCG?),
digested at the introduced HindIII and BamHI sites (underlined) and inserted into the
mCherry-Cl1 vector. Transient and stable expression of mCherry-PCNA was obtained
as described above for YFP-RADI18.

HelLa cells were cultured at 37°C in DMEM/F12 (GIBCO) supplemented with 5%
v/v fetal calf serum, streptomycin sulfate and penicillin, under 5% CO, in air.

2.2 RNA interference

2 x 10° cells were plated into six-well culture dishes. After 24 hours, cells were
transfected with siRNA and incubated for 48 hours. Each transfection mixture
contained 9 pl HiPerFect Transfection Reagent (Qiagen) and 2 uM siRNA (Ambion)
in 400 pl serum-free DMEM/F12. siRNA132977 (Ambion) was used to downregulate
both YFP-RAD18 and endogenous RAD18 expressions. siRNA28198 (Ambion) was
used to downregulate only endogenous RAD18. siRNA (Ambion) does not target any
gene, and was used as a control.

2.3 Global y-ray irradiation
To induce global ionizing damage, cultured cells were irradiated with y-rays from
a ,,Cs source (0.71 Gy/minute).

2.4 Global UVC irradiation

To induce global UVC damage, cultured cells were irradiated with a Philips TUV lamp
(254 nm) at a dose of 20 J/m? For colocalization analyses, cells were cultured for 1
hour following UVC irradiation, and living cell images were captured with a Zeiss
LSM510NLO confocal microscope (Carl Zeiss, Jena). For immunoblot analysis, cells
were cultured for another 8 hours and whole-cell extracts were prepared.
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2.5 Immunoblot analysis

Whole-cell extracts were prepared from cultured cells collected in a buffer (50 mM Tris-
HCI pH 6.8, 2% w/v SDS, 0.1% w/v bromophenol blue, 10% v/v glycerol and 100 mM
dithiothreitol), and sonicated. After 5 minutes incubation at 100°C, the cell extracts
were separated by sodium dodecyl sulfate 10% polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes. The membranes were incubated with
antibodies to analyse expression of target proteins. The expression was detected using
enhanced chemiluminescence (PerkinElmer).

2.6 Immunocytochemistry

Cells were cultured on 24 mm round coverslips, washed with PBS and fixed in 2%
w/v paraformaldehyde in PBS for 15 minutes. For RAD18 and PCNA detection, cells
were fixed in ice-cold MeOH at -20°C for 10 minutes. Cells were permeabilized for 20
minutes with 0.2% v/v Triton X-100 in PBS. For detection of cyclobutane pyrimidine
dimers (CPDs), cells were subsequently treated with 0.07 M NaOH in PBS for 5
minutes and permeabilized again for 20 minutes with 0.2% Triton X-100 in PBS. Cells
were blocked with PBS* (PBS containing 0.5% w/v BSA and 0.15% w/v glycine) for 30
minutes, incubated with primary antibody for 2 hours, and washed with 0.2% Triton
X-100 in PBS. Subsequently, cells were incubated with secondary antibody for 1 hour,
washed with 0.2% Triton X-100 in PBS. Coverslips were placed on a slide, mounted
with the Prolong Gold reagent (Invitrogen).

2.7 Antibodies

For primary antibodies, we used mouse monoclonal antibodies anti-CPD (Bio-
connect), anti-fibrillarin 38F3 (Abcam), anti-GAPDH (Chemicon), anti-GFP (Roche),
anti-phosphorylated H2AX (Upstate), anti-XRCC1 (Abcam), anti-PCNA PC10
(Abcam), anti-RPA/p34 Ab-1 (Thermo scientific), and rabbit polyclonal antibodies
anti-RADI18 [16], anti-RAD51 [17], anti-XPA [18], and a goat polyclonal anti-Ku86
(Santa Cruz). For secondary antibodies, we used a goat anti-rabbit/mouse IgG-
peroxidase (SIGMA), goat anti-rabbit alexa 488/564/633, donkey anti-rabbit 488/564,
goat anti-mouse alexa 488/564/633, donkey anti-mouse 488/564, or donky anti-goat
alexa 488/555 (Molecular Probes).

2.8 Confocal and time-lapse microscopy

Images of living cells expressing YFP-tagged and mCherry-tagged proteins were
obtained using a Zeiss LSM510NLO microscope (Carl Zeiss, Jena) with a 63x/1.40 NA
oil immersion lens. Cells were maintained at 37°C in a mixture of air with 5% CO,.
YFP-tagged proteins were detected by exciting YFP with a 488 nm Argon gas laser and
monitoring YFP emission through a 500-550 band-pass filter. mCherry-tagged proteins
were detected by exciting mCherry with a 543 nm Helium Neon laser and monitoring
mCherry emission through a long-pass 560 filter. To minimize the effect of photo-
bleaching, images were taken with 10 pW for a 488 nm laser, and with 20 W for a 543
nm laser. For time-lapse experiments, cell images of 6 confocal planes at 1.5 pm intervals
were taken every 10 minutes for 38 hours. All images were captured with a line average of
2. Time-lapse images were analysed using the AIM software (Carl Zeiss, Jena).
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2.9 Foci analysis

A maximum projection of cell images of 6 confocal planes was made using the AIM
software. A single nucleus was selected, aligned, and pixel intensities were measured
with the Image] software (Rasband, W.S., Image]J, U.S. National Institutes of Health,
Bethesda, Maryland, USA [http://rsb.info.nih.gov/ij/]). On the basis of the pixel
intensities, mean (p) and standard deviation (o) were calculated, and the number
and average size of foci were measured with the Image] software. We defined a region
where Pixel intensity (I) is higher than the sum of the mean, and 1.5 times the standard
deviation (I> p + 1.5 * o) as a focus [19]. For colocalization analysis, the AIM software
was used for data analysis.

2.10 Local UV laser DNA damage induction

Local DNA damage induction using ZSI-A200 (Rapp Optoelectronic, Hamburg)
connected to a Zeiss LSM510Meta confocal microscope (Carl Zeiss, Jena) has been
described elsewhere [20]. Cells were locally irradiated with UVC for 0.49 seconds
and images were monitored at 5 seconds intervals for 10 minutes immediately after
irradiation. All images were captured with a line average of 4.

2.11 Local multi-photon DNA damage induction
A Coherent Mira modelocked Ti:Sapphire laser (multi-photon laser, MPL) (Coherent)
connected to the Zeiss LSM510NLO confocal microscope was used at 800 nm with a
pulse length of 200 fs and repetition rate of 76 MHz. For local DNA damage induction,
an area of irradiation was set at 4 pm?*(40 x 40 pixels), and the output of laser power was
set at either 75 mW or 40 mW at pixel-dwell time 1.6 ps with 5 iterations. Two images
were taken before MPL irradiation and monitored at 10 seconds intervals for 10 minutes
immediately after MPL irradiation. All images were captured with a line average of 1.
To detect accumulation of endogenous proteins at irradiated sites in fixed cells,
etched grid coverslips (Bellco Biotechnology) were used to mark the position of
irradiated cells.

2.12 Data analyses following local DNA damage induction

To analyse the data, fluorescence intensity of the irradiated area was measured at
each time point using the AIM software. The data were normalized to obtain the fold
induction of fluorescence intensity by setting the intensity of the area before irradiation
at 1.0. The relative accumulation was normalized by setting the fluorescence intensity of
the irradiated area before damage at 0, and the maximum fluorescence intensity at 1.0.

2.13 Inverse fluorescence recovery after photo-bleaching (iFRAP)

Local damage was applied in a selected region using MPL as described above.
Outside this region, approximately 70% of nuclear area was bleached using the Zeiss
LSM510NLO confocal microscope with a Helium Neon 543 nm laser with 158 pW
with 100 iterations. Cells were bleached 10 minutes after DNA damage had been
induced with MPL irradiation. Cell images were taken before and after bleaching.
For data analysis, the AIM software was used to measure the fluorescence intensity
of the region of interest (1: irradiated with MPL and non-bleached; 2: non-irradiated
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and non-bleached; 3: non-irradiated and bleached region). At each region, the loss of
=L /L, (I(area is the loss of fluorescence

(area) )

intensity, I is the fluorescence intensity after bleaching, and I, is the fluorescence

fluorescence intensity was calculated as I

intensity before bleaching).

3. RESULTS

3.1 Functional analysis of YFP-RAD18 and mCherry-PCNA

We generated a HeLa cell line that stably expresses human RADI18 tagged with
YFP at the N-terminus. On immunoblot, the expression level of YFP-RAD18 was
equivalent to that of endogenous RAD18, and no free YFP or breakdown products
of YFP-RAD18 were detected (Fig. 1A). Next, we tested the capability of YFP-RAD18
to mono-ubiquitylate PCNA in UVC-irradiated cells. Wild-type cells and cells stably
expressing YFP-RAD18 were treated with siRNA targeting both endogenous RAD18
and YFP-RADI1S8, siRNA targeting only endogenous RADI8, or non-targeting
siRNA. Subsequently, these cells were irradiated with UVC to induce PCNA mono-
ubiquitylation. The basal as well as UV-induced PCNA mono-ubiquitylation in cells
expressing both YFP-RAD18 and endogenous RAD18 were slightly higher than
the level in wild-type cells or in cells expressing only YFP-RAD18 (Fig. 1B). After
downregulation of both endogenous RAD18 and YFP-RADI18, UV-induced PCNA
mono-ubiquitylation was strongly reduced. When we specifically downregulated only
endogenous RADI18 in YFP-RADI18 cells, UV-induced PCNA mono-ubiquitylation
was maintained at the wild-type level (Fig. 1B). Together, these results show that the
addition of the YFP tag does not interfere with ubiquitylation of PCNA.

We also generated a HeLa cell line stably expressing human PCNA tagged with
mCherry at the N-terminus. On immunoblot, the expression level of mCherry-PCNA
was equivalent to that of endogenous PCNA (Fig. 1C). Both endogenous PCNA and
mCherry-PCNA were mono-ubiquitylated after UVC irradiation, and their levels of
mono-ubiquitylation were similar (Fig. 1D). This indicates that mCherry-PCNA can
be incorporated into trimeric PCNA rings and ubiquitylated. Together, these results
validate the use of fluorescent-tagged RAD18 and PCNA to study the behavior of these
two proteins in living cells.

3.2 Subnuclear localization of YFP-RAD18 during the cell cycle in living cells

We first characterized the localization pattern of YFP-RAD18 throughout the cell
cycle. To identify the different phases of the cell cycle, mCherry-PCNA was transiently
co-expressed and monitored. The subnuclear localization pattern of PCNA has been
described [15] and we found the same localization for mCherry-PCNA. Images of living
cells with 6 confocal planes were captured every 10 min for 38 h (Fig. 2A). In addition,
the number and size of YFP-RAD18 and mCherry-PCNA foci were determined using
maximal projection of the 6 confocal planes for each image (Fig. 2B, C). In G1 phase,
YFP-RAD18 was excluded from nucleoli, but otherwise homogeneously distributed
in the nuclei, with the exception of one or two relatively large and bright foci in
approximately 84% (94/112) of the cells. These G1 foci are often localized adjacent to
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Figure 1. HeLa cells stably expressing either YFP-RAD18 or mCherry-PCNA. (A) Expression levels of
endogenous RAD18 and overexpressed YFP-RAD18 were analysed in wild-type HeLa cells and HeLa cells
stably expressing YFP-RADI18, on immunoblots with a-RADI18, a-GFP and a-GAPDH. (B) Wild-type
HeLa cells and HeLa cells stably expressing YFP-RAD18 were transfected with siRNA targeting both
YFP-RAD18 and endogenous RAD18 (RAD18), only endogenous RAD18 (endoRAD18) or non-targeting
siRNA (control). Forty-eight hours after addition of the si-RNAs, cells were irradiated with UVC and
whole-cell extracts were prepared 8 hours later. Expression levels of YFP-RAD18, endogenous RAD18 and
mono-ubiquitylated PCNA were analysed on immunoblots with a-RAD18 and a-PCNA, using a-GAPDH
as control.(C) Expression levels of endogenous PCNA and overexpressed mCherry-PCNA were analysed
in wild-type HeLa cells and HeLa cells stably expressing mCherry-PCNA on immunoblots with a-PCNA,
using a-GAPDH as control. (D) Wild-type HeLa cells and HeLa cells stably expressing mCherry-PCNA
were irradiated with UVC as described above. Expression levels of endogenous PCNA, mono-ubiquitylated
PCNA, mCherry-PCNA and mono-ubiquitylated mCherry-PCNA were analysed on immunoblots with
a-PCNA, using a-GAPDH as control.

the nucleoli (181/200) (Fig. S1 in supplementary material). When cells entered S phase,
more YFP-RADIS8 foci appeared and the size of the foci decreased (Fig. 2B, C). At this
stage, it was not possible to determine whether the G1 foci disappeared or decreased
in size and brightness. The number of the foci increased until mid S phase, while the
average size remained constant (Fig. 2B, C). YFP-RAD18 foci were still present during
early G2 phase when mCherry-PCNA foci were no longer detected. At the end of G2
phase, YFP-RAD18 relocated into the nucleoli.

Next, we measured the total intensity of YFP-RADI8 signal throughout the cell
cycle, relative to the level at the beginning of G1 phase. This signal increased two-fold
during G1 and remained constant until cells underwent mitosis. After cell division, the
YFP-RAD18 signal in the two daughter cells was similar to that of the mother cell at
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Figure 2. Dynamics of RAD18 during the cell cycle. (A) Images from time-lapse analysis of a living HeLa
cell stably expressing YFP-RADI18 and transiently co-expressed mCherry-PCNA. To analyse YFP-RAD18
throughout the cell cycle, a cell in G2 phase was selected and this time point of the beginning of the analysis
was set at 0. Subsequently, images were captured every 10 minutes for 38 hours. The time points indicated
above the pictures correspond to the time points shown in B and C. (B, C) The number (B) and average size
(C) of nuclear foci for YFP-RAD18 (green) and mCherry-PCNA (red). (D) Wild-type HeLa cells were fixed

and RAD18 was visualized using the antibody in late G2 phase. Nucleoli were visualized using an antibody
against fibrillarin.
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the beginning of G1 (data not shown). This indicates that the dynamic changes in the
number and size of YFP-RAD18 foci during S and G2 phases are not related to either
synthesis or degradation of YFP-RAD18.

We confirmed that the specific distribution pattern of YFP-RADI18 represents
the behavior of endogenous RAD18 by immunostaining for endogenous RAD18
and PCNA in fixed wild-type HeLa cells (Fig. S2 in supplementary material). The
localization of endogenous RADI18 in the nucleoli at late G2 was verified by co-
immunostaining for the nucleolar protein fibrillarin (Fig. 2D). Fibrillarin is known to
localize to the dense fibrillar component of the nucleolus. The RAD18 immunostaining
immediately surrounded the fibrillarin-positive area, indicating that RAD18 localizes
to the granular component of the nucleolus.

3.3.Limited colocalization of YFP-RAD18 foci with mCherry-PCNA foci in S phase
The function of PCNA during DNA replication is thought to be visualized by the
numerous PCNA foci that form only in S phase [15]. Since we found that YFP-RAD18
forms many foci in S phase (Fig. 2A), we reasoned that the majority of these YFP-
RAD18 foci might reflect sites of PCNA ubiquitylation at stalled replication forks.
Surprisingly, we observed that only a minority of the YFP-RADI18 foci overlapped
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with the mCherry-PCNA foci in early, mid and late S phases (Fig. 3A). In mid and
late S, YFP-RADI18 and mCherry-PCNA obviously displayed different localization
patterns, but in early S, the distribution patterns were more similar (Fig. 3A). At this
stage, approximately 20% of YFP-RADI18 colocalized with mCherry-PCNA. This
colocalization percentage increased to approximately 50% following UVC irradiation
(Fig. 3D). The partial colocalization was visualized with nuclear line scans in a single
focal plane (Fig. 3B for non-irradiated cells, Fig. 3C for UVC-irradiated cells). This
indicates that in S phase, the majority of RAD18 functions separately from PCNA.
However, it is clear that RAD18 cooperates more frequently with PCNA following
UVC irradiation.

3.4.Kinetics of YFP-RAD18 and mCherry-PCNA accumulation at UVC-irradiated
sites in living cells

It has been reported that RAD18 [12] and PCNA [21,22] accumulate at UVC-induced
DNA damage. Here we analysed the kinetics of these accumulations at UVC-irradiated
sites during all cell-cycle phases in living cells. UVC light is known to directly induce
helix-distorting lesions such as cyclobutane pyrimidine dimers (CPDs) and 6-4
photoproducts [23,24]. It is important to note that the UVC laser was set to induce only
NER-specific lesions and no SSBs or DSBs [20]. Cells in G1 phase showed accumulation
of mCherry-PCNA at the irradiated site, followed by YFP-RAD18 (Fig. 3E arrowhead
and lower graph). Maximal levels of accumulation were reached around 10 minutes
after irradiation, and the fluorescence intensities of YFP-RAD18 and mCherry-PCNA
at the irradiated site increased 3.5-fold and 2-fold, respectively (Fig. 3E, upper graph).
Intriguingly, similar accumulation patterns were observed in S and G2 cells (Fig. S3
in supplementary material). The accumulation of RAD18 at these DNA repair sites
throughout the cell cycle may indicate that translesion polymerases are required for
DNA synthesis at these sites. We performed the same experiments using cells stably
expressing mCherry-PCNA and transiently co-expressing YFP-RADI18, and obtained
similar results (data not shown).

3.5.Spontaneous YFP-RAD18 foci in G1 and S phases colocalize with proteins
involved in double-strand break repair

Next, we investigated the colocalization of spontaneous RADI18 foci with repair-
associated proteins. We fixed wild-type HeLa cells, and visualized RAD51, Ku86 and
YH2AX (associated with DSB repair), RPA (single-stranded DNA binding protein
involved in DNA replication and other DNA processing pathways), XRCC1 (associated
with SSB repair), or XPA (associated with nucleotide excision repair (NER)), with
immunofluorescence. In RAD18-positive G1 foci, neither SSB repair nor NER-
associated proteins accumulated. Intriguingly, we found colocalization of the DSB
repair-associated proteins and RPA with RAD18 fociin G1 phase (Fig. 4A). 44% (41/94),
47% (72/153), 26% (39/138), and 63% (78/123) of RAD18 G1 foci colocalized with foci
of RADS51, RPA, Ku86, and YH2AX, respectively. Triple staining of RAD18, RPA and
RAD51 indicated that the majority of RAD18 foci that were positive for RAD51 also
contained RPA (91% (98/105)). In addition, RPA-positive RAD18 foci without RAD51
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Figure 3. Differential distribution of YFP-RAD18 and mCherry-PCNA during S phase, and accumulation
of both proteins following local UVC irradiation. (A) Confocal images of living HeLa cells stably expressing
YFP-RAD18 and transiently co-expressing mCherry-PCNA in early, mid, and late S phases. (B) A confocal
image of YFP-RAD18 and mCherry-PCNA in an early S phase nucleus. White lines correspond to the line
scans (line 1; upper graph, line 2; lower graph). The signal intensities of YFP-RAD18 (green) and mCherry-
PCNA (red) were measured using Image] software. (C) HeLa cells stably expressing YFP-RAD18 and
transiently co-expressing mCherry-PCNA were globally irradiated with UVC and the confocal image was
captured after 1 hour. White lines correspond to the line scans as described above. (D) The percentage
of YFP-RAD18 foci that overlapped with mCherry-PCNA foci in control and globally irradiated nuclei
with UVC; 45 nuclei for control cells and 45 nuclei for UVC-irradiated cells were measured from three
independent experiments. The error bars represent the standard deviation. (E) Nuclei of living HeLa cells
stably expressing YFP-RAD18 and transiently co-expressing mCherry-PCNA were locally irradiated with
a UVC laser, and the fluorescence intensities of YFP-RAD18 and mCherry-PCNA at the irradiated site
were measured every 5 seconds for 10 minutes. The fold induction is shown upper graph and the relative
accumulation is shown in lower graph. The error bars in the graphs represent the standard deviation for 20
nuclei.
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were not observed. When we analysed the RAD51 and RPA positive RAD18 foci in
more detail, we found that RAD51 and RPA were concentrated in the center of the
more diffuse RAD18 signal. Occasionally, RAD18 foci contained multiple RAD51 and
RPA foci (Fig. 4B). Together, these data suggest that the G1 foci may contain either
Ku86 or RAD51, the latter often together with RPA. In addition, it appears that RAD18
does not bind directly to the site of DNA damage but localizes to the surrounding
chromatin area.

In S and G2 phases, RAD51 and yYH2AX accumulated in a large number of
spontaneous foci, and the majority of these colocalized with RAD18 foci (Fig. 4C, D).
These data show that spontaneous RAD18 foci in S and G2 frequently colocalize with
DSB repair-associated proteins. We did not detect any Ku86 foci formation in S/G2
phase nuclei (data not shown). In S phase, DSBs are often generated at sites where the
replication machinery has collapsed, and RAD51 may be recruited to such sites. To
study this, we investigated the colocalization of spontaneous RAD51 and PCNA foci in
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Figure 4. Localization of RAD18 in relation to endogenous repair associated proteins at different cell
cycle phases. Wild-type HeLa cells or HeLa cells stably expressing YFP-RAD18 were fixed, and proteins were
visualized using the antibodies indicated in the pictures. Endogenous RAD51 and XPA were detected in HeLa
cells stably expressing YFP-RAD18. The other endogenous proteins were detected in wild-type cells, together
with endogenous RAD18.(A) Colocalization of the RAD18 G1 focus with RAD51, RPA, yH2AX, and Ku86,
but not with XRCC1 and XPA. Inset in the merge of RAD51 and YFP-RAD18 shows a magnification of
the RAD51-positive RAD18 focus, to visualize the diffuse RAD18 and more concentrated RAD51 signals.
(B) Colocalization of G1 phase RAD18 focus with RAD51 and RPA. Multiple RAD51/RPA foci of different
intensities localize within a single diffuse RAD18 focus. (C) Colocalization of the S phase foci of YFP-RAD18
with RAD51 and yH2AX. (D) Colocalization frequency of RAD51 and yH2AX with RAD18 foci in S/G2
phase (white bars), and colocalization frequency of RAD18 foci with RAD51 and YH2AX (grey bars). The
error bars in the graph represent the standard deviation for 50 nuclei. (E) Colocalization of RAD51 foci with
PCNA in S phase. Colocalization frequency of RAD51 with PCNA was 8%, obtained from the analysis of
30 nuclei.
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S phase. Similar to Tashiro et al. [25], we found that only a few RAD51 foci colocalized
with PCNA (8%) (Fig. 4E).

To investigate whether the formation of RAD51 and yH2AX foci depends on
RAD18, we downregulated RAD18 by siRNA and examined foci formation of DSB
repair-associated proteins throughout the cell cycle. Knockdown of YFP-RAD18 and
endogenous RAD18 did not affect the formation of spontaneous RAD51 and yH2AX
foci at any of the cell cycle phases (Fig. S4 in supplementary material).

3.6.Dynamic analysis of YFP-RAD18 foci induced by global ionizing radiation in
living cells

The RADI18 foci in G1 phase could represent genuine DSB repair sites. To analyse the
dynamics of these spontaneous G1 foci in the presence of (additional) exogenously
induced DSBs, we globally exposed HeLa cells stably expressing YFP-RAD18 to IR (2.5
Gy) during G1, and performed time-lapse experiments. Upon irradiation, numerous
extraRAD18 fociappeared. The number of IR-induced RAD18 foci was dose-dependent
(data not shown). Analyses of fixed cells showed that the vast majority of induced
RAD18 foci contain YH2AX, and a subpopulation is positive for RAD51, indicating
that DSBs were generated (Fig. 5A). In accordance with a previous study [26], global
y-irradiation did not induce visible Ku86 accumulation with different doses (0.5 - 10
Gy) at different time points (0.5 - 4 hours) in all cell-cycle phases (data not shown). To
repair a single DSB site by NHE], most likely only a few molecules of Ku heterodimers
are required [26], and the accumulation of such a small number of molecules could
remain below the level of detection with immunofluorescence. Most of the IR-induced
RAD18 foci gradually disappeared, but a few foci persisted and increased in size (Fig.
5B). Notably, the persisting RAD18 G1 foci included spontaneous G1 foci (Fig. 5B,
arrowhead), and colocalized with RAD51 (Fig. 5C, arrowhead). Upon entrance of S
phase, multiple foci appeared, in a pattern that was similar to what was observed in
non-irradiated S phase cells (Fig. 2A for non-irradiated cells). IR irradiation produces
more SSBs than DSBs [27,28]. Possibly, the IR-induced SSBs are represented by the
RAD18 foci that disappear rapidly, whereas the persistent foci mark DSBs.

Upon irradiation with 2.5 Gy in late G2, RAD18 was recruited from the nucleoli
and formed a large number of foci (Fig. 5A, D), and the majority of IR-induced RAD18
contained RAD51 and YH2AX (Fig. 5A). After a prolonged G2 phase, the IR-induced
RAD18 foci disappeared, and RAD18 relocated into the nucleoli before cells entered M
phase (Fig. 5D). These cells still contain several yH2AX foci (data not shown). After cell
division, the daughter cells contained more spontaneous RAD18 foci than non-irradiated
cells (Fig. 5D), and these foci persisted until cells entered S phase (data not shown).

3.7.Response of DSB repair associated proteins to DNA damage induced by
low-power MPL irradiation

To be able to study RAD18 accumulation at DSBs in more detail during all cell cycle
phases, we optimized a pulsed 800 nm laser (multi-photon laser, MPL) to induce local
DSBs. A pulsed 800 nm laser with three-photon excitation is able to excite molecules
at 266 nm, which is the same wavelength with the UVC laser described above [29].
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Figure 5. YFP-RAD18 accumulation following global IR. HeLa cells stably expressing YFP-RAD18 were
imaged and, subsequently irradiated with IR (2.5 Gy). White and yellow arrowheads represent endogenous
G1 focus and IR-induced DSB sites, respectively. (A) Confocal images of living HeLa cells stably expressing
YFP-RADI18 in Gl and in late G2. 30 minutes after IR irradiation, the same nuclei were fixed and
endogenous RAD51 and YH2AX were visualized using the antibodies. The nucleus is outlined. (B, D) Time-
lapse experiments of living cells were performed after IR irradiation in G1 (B) or late G2 (D). Maximum
projections of 6 confocal planes are shown. Time after IR irradiation (left-top) and cell-cycle phases
(right-bottom) are shown in the pictures. Different phases of the cell cycle were identified by subnuclear
localization of transiently co-expressed mCherry-PCNA. (C) Confocal images of living HeLa cells stably
expressing YFP-RAD18 in G1 before and 6 minutes after IR irradiation. The same nuclei were fixed 5 hours
after IR irradiation and endogenous RAD51 was visualized using the antibodies.

The laser also likely excites molecules with one or two-photon. The MPL at high power
output is known to induce many types of DNA lesions such as helix-distorting lesions
[20,29], SSBs and DSBs (Fig. S5A in supplementary material). Damage induction with
low output power is a new application of this tool. We characterized the accumulation
of different DNA repair proteins using the MPL with output power at 40 mW. Although
the DSB repair-associated proteins RAD51, Ku86 and yH2AX accumulated at the
irradiated site, there was no apparent accumulation of CPDs, XPA (involved in NER),
and XRCCI1 (involved in SSB repair) (Table 1, Fig. S5B in supplementary material).
Accumulation of CPDs, XPA, and XRCC1 was still detected at sites of high-power MPL
irradiation on the same coverslips, providing a positive control for the immunostaining
method (Fig. S5A in supplementary material). This indicates that low-power laser
output preferentially generates DSBs, whereas high-power laser output induces various
additional types of damage.

CHAPTER 2



Table I. Accumulation of repair-associated proteins after MPL irradiation (40mW/75mW)

RAD18 RAD51  Ku86 yH2AX  XRCC1 CPD XPA
40mwW  +? + + + - - -
75 mW + + + + + + +

¥ Positive and negative accumulations of indicated proteins at MPL irradiated sites are presented with +
and -, respectively

3.8.Kinetic analysis of YFP-RAD18 and mCherry-PCNA accumulation in response
to MPL irradiation

To further investigate the damage response of RAD18 and PCNA, we induced DNA
damage using a MPL with either high-power (75 mW) or low-power (40 mW).
Cells stably expressing YFP-RAD18 and transiently co-expressing mCherry-PCNA
were locally irradiated, and images were captured every 10 seconds for 10 minutes.
Cells irradiated with high-power MPL showed accumulation of YFP-RADI8 and
mCherry-PCNA at the irradiated site at all cell-cycle phases (Fig. 6A and Fig. S6 in
supplementary material). mCherry-PCNA accumulated first, reaching plateau level
within 3 minutes, whereas YFP-RAD18 started to accumulate later, with the signal
increasing continuously until 6-8 minutes after damage induction (Fig. 6C, E, F).
Downregulation of RADI18 did not have any effect on PCNA accumulation at high-
power MPL irradiated sites (data not shown), indicating that PCNA accumulates
independent of RAD18. Surprisingly, the low-power MPL irradiation did not induce
detectable mCherry-PCNA accumulation at the damaged site at any cell cycle phases,
in contrast to YFP-RAD18 that did accumulate (Fig. 6B, D and Fig. S6 in supplementary
material).

The maximum accumulation of YFP-RADI18 at high-power MPL exposure was
similar throughout the cell cycle (approximately 9-fold). Using low-power MPL
irradiation, the maximum accumulation of RAD18 was 5-6-fold in G1 and S (Fig. 6D,
E), and 2-3-fold in G2 (Fig. 6F). The relative accumulation in the different situations
show that PCNA exhibited a similar fast accumulation at sites of high-power MPL
damage at all cell-cycle phases. Note that with low-power MPL irradiation, PCNA
accumulation was not detectable. RAD18 accumulated with fast kinetics in G1 after
high-power MPL irradiation, and in S after low- and high-power MPL irradiation. Slow
accumulation of RAD18 was observed in G1 after low-power MPL irradiation, and in
G2 after low and high-power MPL irradiation (Fig. 6G). For cells stably expressing
mCherry-PCNA and transiently co-expressing YFP-RAD18, MPL irradiation showed
the same results as described above (data not shown).

To study whether the accumulation of RAD51 and yH2AX at MPL-induced damage
sites functionally depends on expression of RAD18, we downregulated RAD18 by
siRNA, and checked damage-induced accumulation of RAD51 and YH2AX. Knockdown
of YFP-RAD18 and endogenous RAD18 did not affect the accumulation of RAD51 and
yYH2AX at the damaged sites (Fig. S7 in supplementary material), indicating that these
process can occur independent of normal amount of RAD18.
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3.9.Analysis of mCherry-PCNA accumulation at locally damaged sites using inverse
fluorescent recovery after photo-bleaching

No accumulation of mCherry-PCNA was observed after low-power MPL irradiation
(Fig. 6B). The amount of accumulated mCherry-PCNA may remain below the level of
detection, due to the large total amount of PCNA relative to the number of available
binding sites. Accumulated mCherry-PCNA at the damaged site may become visible
after the free fraction of mCherry-PCNA has been bleached. To test this, we first applied
local damage, using MPL with either low or high power in G1 cells, and subsequently
bleached the mCherry signal (Fig. 7A). The intensity of mCherry-PCNA was measured
at the locally damaged site, and in bleached and non-bleached control sites (Fig. 7B, C).
Following photo-bleaching, the fluorescence intensity at the irradiated site with high-
power MPL decreased only 2% (Fig. 7B, region 1), whereas the intensity level at the
non-irradiated area decreased 31% (Fig. 7B, region 2). This indicates that mCherry-
PCNA is less mobile at the irradiated site than at the non-irradiated site. In contrast,
the intensity level at the irradiated site with low-power MPL decreased 38% following
photo-bleaching (Fig. 7C, region 1) and this was similar to the decrease of 39% at the
non-irradiated site (Fig. 7C, region 2). This confirms that mCherry-PCNA does not
specifically accumulate at the irradiated site with low-power MPL.

We next studied the accumulation of endogenous PCNA at MPL irradiated sites
using fixed cells. Corresponding to the observations for mCherry-PCNA accumulation
in living cells, endogenous PCNA accumulated at the irradiated site when high-power
MPL was used, but not with low power (Fig. 7D).

4. DISCUSSION

4.1 RAD18 functions throughout the cell cycle
In the present work, the use of cells expressing both mCherry-PCNA and YFP-RAD18
provided a powerful tool to study individual living cells at defined phases of the cell
cycle, without the need for cell synchronization.

We found that RAD18 accumulates at multiple types of DNA damage throughout
the cell cycle, but with different kinetics depending on the type of damage and the
cell cycle phases. The kinetic analysis of PCNA and RAD18 at locally UVC-induced
sites showed that PCNA accumulated first at these sites followed by RAD18. This
observation supports the current notion that the RAD18-RAD6 complex is recruited
to the stalled DNA polymerase machinery to mono-ubiquitylate PCNA in S phase [7].
Surprisingly, the kinetics of PCNA and RADI18 accumulation is similar throughout
the cell cycle, and thus independent of ongoing DNA replication. Previously, Essers et
al. [15] have shown that recruitment of PCNA to local UVC damage is independent
of the cell cycle, and requires an intact NER pathway. In contrast, RAD18 has been
shown to accumulate at sites of local UVC damage in XPA and XPC mutant cells [12].
This indicates that the recruitment of PCNA and RAD18 to local UV damage occurs
independently. Surprisingly, RAD18 showed only very limited colocalization with
PCNA throughout the cell cycle, indicating that a large fraction of RAD18 functions
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independently of PCNA, and most likely outside the context of the RDB pathway.
Previously, RAD18 has been shown to accumulate at SSB repair sites throughout the
cell cycle [12]. Herein we provide evidence for RAD18 functions at DSB repair sites.

4.2 RAD18 and DSB-repair in G1 phase

RAD18 forms 1 or 2 spontaneous Gl foci that colocalize with either RAD51 (and
RPA) or Ku86 and that are also positive for YH2AX. We suggest that the Ku86-positive
RAD18 GI1 foci are sites of ongoing NHE] repair, and when the NHE] process has
completed, these foci may disappear. Single IR-induced DSBs are not expected to show
visible Ku heterodimer accumulation, since the number of molecules that bind to the
ends of a single DSB has been estimated to remain below 50 [26]. This suggests that
spontaneous Ku86-positive RADI18 foci may contain multiple DSBs. The presence
of multiple RAD51/RPA foci in some RAD18 foci also indicates that more than one
DSB can be present in a single G1 focus. RAD18 G1 foci that contain RAD51 often
colocalize with RPA, indicating that these DSBs have undergone strand resection and
formation of RPA filaments on the single-stranded DNA, precluding repair by NHE].
These sites may not be able to complete repair during G1, due to the absence of the
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sister chromatid as repair template. To support this hypothesis, we induced extra DSBs
in G1 phase cells by y-irradiation and analysed repair of these induced DSBs. Global
y—irradiation of G1 cells induced the formation of multiple RAD18 foci, and a few
of these persisted into S phase. These persisting foci partially corresponded to the
spontaneous foci that were present prior to irradiation. The increased size of these
foci compared to the size of the foci shortly after irradiation is most likely caused by
the establishment of a new equilibrium between the amount of free YFP-RAD18 and
bound YFP-RAD18, depending on the number of high affinity binding sites. This
phenomenon is reciprocal to the decreased intensity of the spontaneous G1 focus upon
local damage induction (Fig. 3E, 6A, B). A large fraction of these persisting RAD18 foci
are RAD51 and RPA positive. This indicates that both the spontaneous and induced G1
foci reflect DSB repair sites, and that these breaks remain present until the cells enter
S phase. These observations are in accordance with the findings described by Barlow
et al. [30] who suggested that IR-induced DSBs in G1 persist until entry into S phase
in yeast. Zierhut and Diffley [31] have shown that DSB resection, which is required in
HR, is suppressed by NHE], but not absent during G1 in yeast. It is not clear whether
and/or how DSBs generated in Gl can be repaired by HR in S/G2 because DSBs
interfere with DNA replication. Taken together, we suggest that in G1 phase, RAD18
binds to sites containing DSBs that may be recognized by the NHE] or HR pathway.
Depending on the chosen pathway, the DSBs are either repaired (NHE]) or persist
until S phase (HR). All the proteins analysed in this study still accumulate at DSBs in
the absence of RAD18, and therefore, RAD18 most likely functions downstream from
the actual damage recognition components. Since RAD18 recognizes multiple types
of DNA damage, and localizes in a diffuse region surrounding the site of damage, we
suggest that RAD18 does not function as an actual repair protein, but may signal in the
checkpoint pathway or is necessary for DNA repair associated chromatin remodeling.
Identification of the specific ubiquitylation substrates at damaged sites will help to
define this function in more detail.

4.3 RAD18 and DSB-repair in S phase

Recently, different groups have provided evidence for RAD18 functions in DSB
repair. For RAD18-deficient human HCT116 cells, gene integration frequency is ten
times higher than that of control cells [11]. Similarly, gene recombination and sister
chromatid exchange are enhanced in Rad18-knockout mouse ES cells [9]. In RAD18-
deficient cells, DNA lesions may be channeled from disabled RDB into HR. This idea
is supported by the fact that rad18/rad54 double-knockout DT40 chicken cells are not
viable. However, RAD18 may also play a direct role in HR, since DSB-induced gene
conversion frequencies in human and DT40 cells without RADI18 are lower [14,32].
Saberi et al. [14] showed that this phenotype depends on an intact NHE] pathway, and
suggest that RAD18 may suppress toxic effects of NHE] during HR on DSBs induced
at stalled replication forks. In this study, we found that RAD18 formed multiple
spontaneous foci in S and early G2 phases of which only a minority colocalizes with
the known substrate PCNA. Based on recent data obtained in yeast, another candidate
substrate is the 9-1-1 (RAD9-RAD1-HUSI1) checkpoint clamp [33]. However, one of
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the 9-1-1 components, RAD9, does not form spontaneous foci in S phase (data not
shown). Intriguingly, we found that many of the RAD18 foci in S and early G2 contain
RADS51 and yH2AX, and only 8% of RAD51 foci colocalized with PCNA foci in S
phase. In accordance with our observations, previous studies reported the occurrence
of spontaneous RAD51 foci during S phase in asynchronous cells [25,34-37], where
the RADS51 foci colocalize with proteins involved in HR, such as BRCA1 but not with
PCNA [37]. Together with our data, this indicates that RAD18 foci that colocalize with
PCNA in S phase mark sites of RDB, whereas RAD18 foci that colocalize with RAD51
in S and early G2 phases mark sites of HR repair. RAD18 foci that colocalize with both
PCNA and RAD51 might mark sites of DSBs caused by collapsed DNA replication forks
in S phase. In addition, the results obtained with low-power MPL irradiation reveal
that RAD18 always accumulates at sites of DSBs, independent of DNA replication.

4.4 RAD18 moves from persisting DSBs into the nucleolus in late G2 phase, and
reappears at these sites in G1

Near the end of G2 phase, RAD18 relocates into the granular component of the nucleoli.
Notably, we do not find accumulation of either YH2AX or RAD51 in the nucleoli.
The primary function of the nucleolus is ribosome biogenesis, which is maximal in
S and G2 phases. However, possible additional functions of the nucleolus have been
suggested. A number of DNA repair-associated proteins have been reported to localize
in the nucleolus. Upon induction of DNA damage, most of these proteins move out of
the nucleolus and disperse into the rest of the nucleus, or accumulate in DNA repair
foci. On the basis of these observations, the nucleolus may act both as a sensor of DNA
damage, and as a storage site in damage response pathways (reviewed by [38]). RAD18
localizes in the nucleoli only in late G2 phase. From there, it can still be recruited to
sites of local and global DNA damage although the relative accumulation was slowest in
G2 phase after MPL irradiation. This indicates that RAD18 is relatively immobile in the
nucleoli. Surprisingly, RAD18 recruited from the nucleoli to the IR-induced damaged
sites relocates again to the nucleoli before the cell reaches M phase. Furthermore,
the daughter cells subsequently show a higher number of spontaneous G1 foci. This
indicates that RAD18 is released from unrepaired DSB sites before cells enter mitosis,
and relocates to these sites after cell division, in early G1 phase. Recently, Deckbar et
al. [39] showed that there is a threshold below which cells are released from the G2/M
checkpoint and are able to enter M phase in the presence of DSBs. Our time-lapse data
confirm and strengthen the notion that mammalian cells can enter M phase in the
presence of unrepaired DSBs. Furthermore, we show that such DSBs are recognized
by proteins involved in the HR repair pathway and RAD18 in the next G1 phase. The
relocation of RAD18 to the nucleoli before the G2/M transition may be required to
pass the G2/M checkpoint. It is unclear why RADI18 localizes to the nucleoli only in
late G2 phase. Little is known about the mechanisms that regulate cell-cycle-specific
storage of proteins in the nucleolus, and the relevance of RAD18 relocation to the
nucleolus, selectively in G2 phase remains to be determined.
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4.5 RAD18 and DSBs-repair in meiotic prophase

RAD18 is highly expressed during meiotic prophase in mouse spermatocytes [16], in
which approximately 400 DSBs are induced by the topoisomerase-like enzyme SPO11
[40,41]. Normally, a non-sister chromatid on the homologous chromosome is used for
repair, since repair via the sister chromatid is repressed. This creates a problem for the
X and Y chromosomes that are largely heterologous. SPO11-induced DSBs, marked by
RADS5I foci, persist on the XY pair [42]. This is associated with the accumulation of
RAD18,yH2AX [16,40] and other repair-associated proteins. On the basis of our study,
we suggest that the presence of RAD18 on the XY body might be functionally linked
to the persistence of DSBs.
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SUPPLEMENTARY MATERIALS

YFP-RAD18 YFP-RAD18/DAPI

Adjacent to the nucleoli (181 / 200)

YFP-RAD18 YFP-RAD18/DAPi

Not adjacent to the nucleoli (19 / 200)

G1

Late G2

Supplemental figure 1. Sub-nuclear localization of
spontaneous RADI8 focus in GI1 phase. Confocal
images of HeLa cells in G1 stably expressing YFP-RAD18
were captured and localization of spontaneous RAD18
G1 focus was analyzed. Approximately 91% of the RAD18
foci in G1 phase were localized adjacent to the nucleoli
(181/200), visualized by the DAPI-negative areas in the
merged images.

Supplemental figure 2. The subnuclear localization of endogenous RAD18 in wild-type HeLa cells was
visualized by immunostaining using anti-RAD18. The different cell cycle stages were identified based on

the subnuclear localization of endogenous PCNA.
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Supplemental figure 3. YFP-RAD18 and mCherry-PCNA accumulation following local UVC irradiation.
Nuclei of living HeLa cells stably expressing YFP-RAD18 and transiently co-expressing mCherry-PCNA
were locally irradiated with a UVC laser for 0.49 seconds, and the fluorescence intensities of YFP-RAD18
and mCherry-PCNA at the irradiated site were measured immediately thereafter every 5 seconds for 10
minutes. The signal intensity at the irradiated region prior to UVC irradiation was set at 1.0, and the fold
induction is shown in graphs C and D. The signal intensities at the irradiated region before and 10 minutes
after irradiation were set at 0 and 1.0, respectively, and the relative accumulation is shown in graphs E and
E (A, C, E) Cells in S phase. (B, D, F) Cells in G2 phase. The Error bars in the graphs represent the standard
deviation for 20 nuclei.
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G1 focus

Supplemental figure 4. HeLa cells stably expressing YFP-RAD18 were treated with siRNA against both
endogenous RAD18 and YFP-RAD18, and spontaneous RAD51 and YH2AX foci formation were detected.
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Supplemental figure 5. Characterization of damage induction following MPL irradiation. HeLa cells stably
expressing YFP-RAD18 were locally irradiated using a multi-photon laser either at 75 mW (A) or at 40
mW (B) of laser power. 15 minutes after irradiation, cells were fixed and endogenous proteins and CPD, as
indicated in the pictures, were visualized with antibodies. At least 60 nuclei were studied for each protein
and representative images are shown.
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Supplemental figure 6. YFP-RAD18 and mCherry-PCNA accumulation following local MPL irradiation
in S and G2 phase cells. Living HeLa cells stably expressing YFP-RAD18 and transiently co-expressing
mCherry-PCNA in S phase (A, B) or G2 phase (C, D) were locally irradiated with a multi-photon laser with
75 mW (A, C) or 40 mW (B, D) of laser power. The pictures show representative images of cells at time points
0, 1, and 10 minutes after MPL irradiation. Arrowheads indicate sites of MPL irradiation.
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Supplemental figure 7. RAD18 does not affect accumulation of RAD51 and YH2AX at MPL-irradiated
sites. HeLa cells stably expressing YFP-RAD18 were treated with siRNA targeting both endogenous RAD18
and YFP-RADI8 for 48 h. Subsequently, cells were locally irradiated with high or low-power MPL, and
accumulation of RAD51 and YH2AX at irradiated sites were detected with immunostaining using antibody
against RAD51 and yH2AX.
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ABSTRACT

RAD18 is an ubiquitin ligase involved in replicative damage bypass and DNA
double-strand break (DSB) repair processes. We performed functional analyses
of human RAD18 by analyzing mutations in its RING finger, Zinc finger, SAP
domain, and HR6A/B binding domain. Interaction of RAD18 with the ubiquitin-
conjugating enzyme HR6A/B requires not only an intact RING finger and HR6A/
B-binding domain, but also the SAP domain. Surprisingly, and in contrast to the
ubiquitylation of PCNA, mono-ubiquitylation of RAD18 itself occurs independent
of its RING finger, but requires an intact Zinc finger. The RAD18 Zinc finger that
interacts with ubiquitin is also essential for recruitment of RAD18 to chromatin
surrounding DSBs. In addition, we found that RPA is also required for RAD18
accumulation at sites of spontaneous and y-irradiation-induced DNA damage.
In accordance with its ubiquitin-binding property, RAD18 colocalizes with
chromatin-associated conjugated ubiquitin throughout the cell cycle and following
irradiation. We found that RAD18 directly binds to ubiquitylated H2A and
several other unknown ubiquitylated chromatin components, and this interaction
depends on the RAD18 Zinc finger. Regarding the functional relevance of RAD18
localization at DSBs, we found that RAD18 is required for recruitment of RAD9,
one of the components of the 9-1-1 checkpoint complex, to these sites. Recruitment
of RADY requires the RING and Zinc finger domains of RAD18. Together, our
data indicate that association of RAD18 with DSBs through ubiquitylated H2A and
other ubiquitylated chromatin components allows recruitment of RAD9, which
may function directly in DSB repair, independent of downstream activation of the
checkpoint kinases CHK1 and CHK2.

Keywords: RAD18, HR6A/B, ubiquitylated H2A, DNA double-strand break repair,

RPA, RAD9
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1. INTRODUCTION

Mammalian cells require the E3 ubiquitin ligase RAD18 for survival after the induction
of various types of DNA damage. RADI18 knockout cells are sensitive to UVC light
exposure [1-3], camptothecin [1,4], and ionizing radiation (IR) [1,4,5], that induce
distortions of DNA geometry, single strand breaks (SSBs), and double strand breaks
(DSBs), respectively. RAD18 complexes with the two mammalian orthologs of the
yeast E2 ubiquitin-conjugating enzyme Rad6; HR6A (UBE2A) and HR6B (UBE2B)
[6]. Rad6 is most well known for its role in replicative damage bypass (RDB) that allows
progression of DNA replication in the presence of DNA damage (reviewed in [7]). The
first step in the RDB pathway involves mono-ubiquitylation of PCNA by the RAD18-
HR6A/B complex [8]. PCNA forms a homotrimer that encircles double-stranded
DNA, and operates as a sliding clamp to keep the DNA polymerase machinery firmly
on the DNA during DNA replication (reviewed in [9]). Mono-ubiquitylation of PCNA
by the RAD18-HR6A/B complex recruits specific translesion synthesis polymerases
that can incorporate nucleotides in the strand opposite the site of the DNA lesions [10].
RADI18 contains a RING finger that has been shown to be required for ubiquitylation
of PCNA [1,10]. In addition to this domain, HR6A/B interacting domains [11-13],
and a so-called SAP domain that shows binding affinity to single-stranded DNA
(ssDNA) in vitro [14] have been identified. The SAP domain is also required for PCNA
ubiquitylation [1]. Finally, it was recently described that RAD18 also contains a Zinc
finger that functions as an ubiquitin binding domain [14-17].

In addition to the RDB pathway, RAD18 also functions in DSB repair. DSBs may
arise from exogenous factors such as ionizing radiation. In addition, DSBs can arise
when the replication fork collapses during S phase. Two distinct DSB repair pathways
have been identified in mammalian cells; non-homologous end-joining (NHE]),
and homologous recombination (HR). NHE] is an error-prone form of DSB repair,
in which the two ends of the broken DNA are processed for direct ligation. This
mechanism is thought to be operative mainly during the G1 phase. In contrast, HR is
an error-free mechanism, in which a homologous sequence of the sister chromatid is
used as a template to process repair in S and G2 phases. All HR pathways are initiated
by 5’-3'degradation of one strand at both sides of the break; the so-called DNA-end
resection, generating stretches of ssDNA, that are subsequently coated by the ssDNA
binding protein complex RPA (reviewed in [18]). RPA is a heterotrimeric protein
complex composed of RPA1, RPA2 and RPA3, and is essential for DNA replication
and various DNA repair pathways [18-23]. RPA is subsequently replaced by RAD51
on the single stranded tails, which allows efficient RAD51-mediated recombination
[24]. Previous analyses in S. cerevisiae and human cells have shown that RADI18
interacts directly with RPA [25,26]. Furthermore, it has been suggested that exposure
of ssDNA at stalled replication forks results in accumulation of RPA, which is essential
for PCNA ubiquitylation both in S. cerevisiae and mammalian cells [25,27], followed
by recruitment of RAD18 [26].

RADI18 accumulates at DSBs at all cell cycle phases [1,5,28], and this was found to
be independent of PCNA [28]. During S phase, RAD18 may facilitate HR independent
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of PCNA, by suppressing NHE] at DSB repair sites that result from blockage of
replication [29,30]. Recently, two novel interaction partners of RAD18, RAD51C and
53BP1, were discovered that might be involved in possible functions of RAD18 at DSB
repair sites [1,5].

The chromatin surrounding DSBs undergoes various modifications. One of the
first modifications is phosphorylation of histone H2A variant H2AX (yH2AX) [31].
Subsequently, histone H2AX and H2A are highly ubiquitylated by the E3 ligases RNF8
[32] and RNF168 [33,34]. Concomitantly, a number of DNA damage response factors,
including RAD18, associate with chromatin enriched in YH2AX and ubiquitylated
H2A/H2AX [32,35-39]. The 9-1-1 complex, which consists of RAD9, RAD1 and HUSI,
forms a PCNA-like heterotrimer [40-42], and functions as checkpoint protein. Cell
cycle arrest is imposed by the activation of two downstream effector kinases, CHK1 and
CHK?2 [43]. It has been shown that the 9-1-1 complex is required to activate CHK1 to
mediate UV-induced S phase arrest [44-47]. The 9-1-1 complex is also loaded at DSBs
after IR [45,48,49], and depletion of RADY induces hypersensitivity to IR [45,50,51]. In
contrast to 9-1-1 complex-dependent CHK1 phosphorylation following UV, depletion
of any of the 9-1-1 components does not cause impairment of either G2/M checkpoint
activation [44,46,51] or CHK2 phosphorylation [44,45,47,51] following IR, suggesting
that the role of the 9-1-1 complex in DSB repair may involve a function outside the
context of checkpoint activation [45,51]. In S. cerevisiae, Rad18 was reported to interact
with Rad17, a component of the 9-1-1 complex (an ortholog of mammalian RAD1),
and to mediate its ubiquitylation [52]. However, more recent results indicate that all
components of the 9-1-1 complex are ubiquitylated, but independent of RAD18, and
without any effect on the DNA damage response [53].

Herein, we aim to determine how RADI18 is recruited to DSBs, and the
downstream effects of RAD18 functions at DSBs. We report that RAD18 requires its
Zinc finger domain to bind to ubiquitylated H2A and other ubiquitylated chromatin
components that are enriched in the regions surrounding DSBs, and colocalize with
RAD18 throughout the cell cycle. Furthermore, we reveal that RAD18 facilitates the
accumulation of RAD9 at DSBs.

2. MATERIALS AND METHODS

2.1. DNA constructs, transfection and cell culture

Design of the YFP-RAD18 construct containing four silent mutations, and generation
of the HeLa cell line stably expressing YFP-RADI18 were described elsewhere [28].
All mutant RAD18 constructs were generated by PCR reactions (30 sec at 90 °C, 1
min at 55 °C, and 12 min at 68 °C for 25 cycles) with primers carrying mutations
(Supplementary Table I). The YFP-RAD18 construct was used as template DNA. 50 pl
of the PCR products were mixed with 2 ul of Dpnl (Bio England) for 2 hours at 37 °C.
XL1-blue (Strategene) was transformed with 2 pl of the Dpnl digested PCR products.
Plasmids containing appropriate mutants were digested with EcoRI and BamHI and
sub-cloned into pEYFP-C1 (Clontech) and mCherry-C1 (Clontech). pEGFP-RAD9
construct was kindly provided by Daniel Warmerdam [54].
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For yeast two-hybrid assays, open reading frames of human RADI18, PCNA, RAD?9,
HUSI and RADI, and mouse Hr6a and Hr6b genes were amplified using primer sets
(Supplementary Table II) from cDNA and sub-cloned into pGADT7 and pGBKT7
plasmids (Clontech).

To stably downregulate RAD18, two complementary nucleotides (Supplementary
Table III) containing a hairpin loop structure which targets endogenous RADIS
(shRAD18) were annealed (1 min at 94 °C, 4 min at 65 °C, 5 min at 30 °C and 2 h at 4 °C)
and sub-cloned into pSuper-puro vector (OligoEngine). To generate HeLa cells stably
expressing pSuper-shRAD18, cells were transfected with 2 pg of the pSuper-shRAD18
plasmid using FuGene6 (Roche). Cells were cultured for 7 days after transfection with
medium containing 0.1 mM of puromycine. Surviving colonies were selected, and
RT-PCR and immunoblot analysis were used to further select cell lines that showed
downregulation of RAD18. As a control, the empty pSuper-puro vector was transfected
followed by the same selection procedure. In order to transfect mutant RADI18 in the
RADI18 knockdown cell line, five silent mutations were introduced in the RADIS8
gene in the region that is targeted by pSuper-shRAD18 (Supplementary Table I), and
this construct was subcloned into pEYFP-C1 and mCherry-C1. All constructs were
verified by sequencing (Base Clear, The Netherlands). HeLa cell line stably expressing
H2A-GFP was described elsewhere [55,56].

To express YFP-tagged mutant RAD18, cells were transfected with 2 ng of the
pEYFP-mutantRADI18 plasmids using FuGene6 (Roche)

HeLa cells were cultured at 37°C in DMEM/F12 (GIBCO) supplemented with
5% v/v fetal calf serum, streptomycin sulfate and penicillin, under 5% CO, in air.
Female human primary fibroblast was cultured at 37 °C in DMEM/F12 (GIBCO)
supplemented with 15% v/v fetal calf serum, 1% non essential amino acid (GIBCO),
0.1 mM B-mercaptoethanol, and penicillin, under 5% CO2 in air.

2.2. Antibodies

For primary antibodies, we used mouse monoclonal antibodies anti-GAPDH
(Chemicon), anti-GFP (Roche), anti-RPA2 (Thermo Scientific), anti-FK2 (Millipore,
#04-263), anti-PCNA PC10 (Abcam), anti-ubiquitylated histone H2A (Millipore,
#05-678), and rabbit polyclonal antibodies anti-RAD18 [28], anti-GFP (Abcam), anti-
phosphorylated CHK1 Ser-345 (Cell Signaling), anti-phosphorylated CHK2 at Tyr-68
(Cell Signaling), and anti-HR6A/B [57]. For secondary antibodies, we used a goat
anti-rabbit/mouse IgG-peroxidase (Sigma), IgM-peroxidase (Sigma), IRDye680 goat-
anti-rabbit/mouse IgG (Li-cor), IRDye800 goat-anti-rabbit/mouse IgG (Li-cor), goat
anti-rabbit alexa 488/564, or goat anti-mouse alexa 488/564 (Molecular Probes). The
antibody anti-GFP (Abcam) was also used to detect YFP, and was described in the text
and figures as anti-YFP to avoid the confusion.

2.3. RNA interference

Portions of 2 x 10° cells were plated into six-well culture dishes. After 24 hours, cells
were transfected with siRNA and incubated for 72 hours. Each transfection mixture
contained 9 ul HiPerFect Transfection Reagent (Qiagen) and 2 uM siRNA (Ambion) in
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400 pl serum-free DMEM/F12. siRNA28198 (si-endoRAD18) (Ambion) was used to
downregulate only endogenous RAD18 but not YFP-RAD18 or mutant YFP-RAD18.
siRPA1 (Ambion) [22] and siRPA2 (Ambion) were used to downregulate RPA70, and
RPA34, respectively. The sequences of all siRNAs are shown in Supplementary Table I'V.
A si-control (Ambion) which does not target any gene, was used as a control.

2.4. Real-time RT-PCR

For real-time RT-PCR, RNA was prepared by Trizol from HeLa cells stably expressing
shRADI18 or non-targeting shRNA, DNase-treated and reverse transcribed using
random hexamer primers and Superscript II reverse transcriptase (Invitrogen). PCR
was carried out with the iQ SYBR green PCR mastermix (Applied Biosystems) in the
DNA engine Opticon 2 real-time PCR detection system (Bio-Rad) with RAD18 primer;
forward/ TCTGTATGCATGGGACAGGA, reverse/ TCAGGTTCCAATTCCTCTGG.
PCR of B-actin mRNA was included in each reaction and used to normalize the
data. Three independent experiments were performed and each real-time PCR was
performed in duplicate. All -RT reactions were negative.

2.5. Global y-ray irradiation
To induce global ionizing damage, cultured cells were irradiated with y-rays from a
B7Cs source (0.71 Gy/minutes).

2.6. Global UVC irradiation

To induce global UVC damage, cultured cells were irradiated with a Philips TUV lamp
(254 nm) at a dose of 20 J/m?. For immunoblot analysis, cells were cultured for another
6 hours and whole-cell extracts were prepared.

2.7. Protein immunoprecipitation analysis

HeLa cells expressing either wild type or mutant YFP-RAD18 were lysed in 2.0 ml
Lysis buffer 1 (50 mM Tris-HCI pH 8.0, 450 mM NaCl, 5 mM MgCl,, 0.5 mM EDTA,
0.2% Nonidet P-40, 10% (v/v) glycerol, 0.5 mM dithiothreitol, and protease inhibitors
(Roche)). The cell suspension was left on ice for 1 h, sonicated 5 times for 5 sec.
Subsequently the lysate was treated with 0.125 U/ul of benzonase nuclease (Novagen)
for 2 h, and centrifuged for 30 min (full speed at 4°C). The efficiency of nuclease was
checked by DNA precipitation. The cell lysate was diluted with Lysis buffer 2 (50 mM
Tris-HCl pH 8.0, 5 mM MgCl,, 0.5 mM EDTA, 0.2% Nonidet P-40, 10% (v/v) glycerol,
0.5 mM dithiothreitol, and protease inhibitors (Roche)) to decrease the concentration
of NaCl to 150 mM. The cell lysate was pre-cleared with 20 pl of protein A-agarose beads
(GE Healthcare) for 2 hours at 4 °C. To cross-link antibodies with beads, antibodies (1
ng) were first incubated with 20 pl of beads for 2 hours at 4 °C. The beads were washed
three times with lysis buffer and subsequently incubated with borate buffer pH 8.0
containing 20 uM dimethyl pimelimidate (Sigma) for 1 hour at RT. The beads were
washed once with ethanol amine pH 8.0 and incubated for 1 hour at RT. The beads
were washed three times with lysis buffer and incubated with lysis buffer containing 5%
BSA for 2 hours at 4 °C. Subsequently, the beads were used for immunoprecipitation
analysis. Each immunoprecipitation analysis contained 2 mg of soluble lysate and 25 ul
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of protein A-agarose, and the mixture was incubated overnight at 4 °C. After washing
three times with 500 ul of Lysis buffer, bound proteins were analyzed by SDS-PAGE
and immunoblots.

2.8. Immunoblot analysis

Whole-cell extracts were prepared from cultured cells collected in a Tris buffer (50
mM Tris-HCI pH 6.8, 2% w/v SDS, 0.1% w/v bromophenol blue, 10% v/v glycerol and
100 mM dithiothreitol), and sonicated. After 5 minutes incubation at 100 °C, the cell
extracts were separated by SDS 10% polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes. The membranes were incubated with antibodies to
analyze expression of target proteins. The expression was detected using enhanced
chemiluminescence (PerkinElmer). The target proteins detected using IRDye680 or
IRDye800 were quantified with Odyssey (Li-cor).

2.9. Immunocytochemistry

Cells were cultured on 24 mm round coverslips, washed with PBS and fixed in 2% w/v
paraformaldehyde in PBS for 15 minutes. To detect ubiquitylation of histone H2A, cells
were pretreated with 0.2% v/v Triton X-100 in PBS for 30 seconds before the fixation
step. Cells were permeabilized for 20 minutes with 0.2% v/v Triton X-100 in PBS. Cells
were blocked with PBS* (PBS containing 0.5% w/v BSA and 0.15% w/v glycine) for 30
minutes, incubated with primary antibody for 2 hours, and washed with 0.2% Triton
X-100 in PBS. Subsequently, cells were incubated with secondary antibody for 1 hour,
washed with 0.2% Triton X-100 in PBS. Coverslips were placed on a slide, mounted
with Prolong Gold reagent (Invitrogen).

2.10. Confocal and time-lapse microscopy

Images of living cells expressing YFP-tagged and mCherry-tagged proteins were
obtained using a Zeiss LSM510NLO microscope (Carl Zeiss) with a 63 x /1.40 NA
oil immersion lens. Cells were maintained at 37 °C in a mixture of air with 5% CO,.
YFP-tagged proteins were detected by exciting YFP with a 488 nm Argon gas laser
and monitoring YFP emission through a 500-550 band-pass filter. mCherry-tagged
proteins were detected by exciting mCherry with a 543 nm helium neon laser and
monitoring mCherry emission through a long-pass 560 filter. To minimize the effect
of photo-bleaching, images were taken with 10 pW for a 488 nm laser, and with 20
uW for a 543 nm laser. For time-lapse experiments, cell images of 6 confocal planes at
1.5 um intervals were taken every 20 minutes for 27 hours. All images were captured
with a line average of 2. Time-lapse images were analysed using the Image] software
(Rasband, W.S., Image], U.S. National Institutes of Health, Bethesda, Maryland, USA
[http://rsb.info.nih.gov/ij/]).

2.11. Local multi-photon DNA damage induction

A Coherent Mira mode-locked Ti:Sapphire laser (multi-photon laser, MPL) (Coherent)
connected to a Zeiss LSM510NLO confocal microscope was used at 800 nm with a
pulse length of 200 fs and repetition rate of 76 MHz. For local DNA damage induction,
an area of irradiation was set at 4 um?(40 x 40 pixels), and the output of laser power was
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set at 75 mW at pixel-dwell time 1.6 ps with 5 iterations. Two images were taken before
MPL irradiation and monitored at 10 seconds intervals for 10 minutes immediately
after MPL irradiation. All images were captured with a line average of 1.

2.12. Yeast two-hybrid analysis

Saccharomyces cerevisiae AH109 (Clonetech) were cultured in YPD medium (1% (w/v)
yeast extract (Difco), 2% peptone (w/v) 2% glucose (w/v)) at 30 °C. When the density
of the medium was 1.0, cells were harvested and washed twice with distilled water,
mixed with transformation buffer (240 pl 50% v/v PEG1500, 36 ul 1M LiAc), 5 pl
10 mM salmon sperm DNA (Clontech), 50 ul H,O, 4 pug of pPGADT7 vector carrying
target DNA with Gal4 activation domain, and 4 pg of pGBKT?7 carrying target DNA
with Gal4 binding domain), incubated 30 min at 30 °C, and subsequently 30 min at 42
°C. The transformation buffer was discarded and 10% of transformed cells were spread
onto the selection drop medium SD-L-W (Clontech). Interactions were determined
by spot assay on SD-L-W-H (Clontech) and SD-L-W-H-A (Clontech) indicator plates.

3. RESULTS

3.1. Ubiquitylation of human RAD18 is independent of its own RING finger domain
We performed functional analyses of human RADI8 mutants to discriminate which
domains are required for interaction with HR6A/B, RAD18 ubiquitylation, PCNA
ubiquitylation, and localization at DSB repair sites. RAD18 contains several distinct
functional domains; a C3HC4 type RING finger, a C2HC type Zinc finger, a SAP
domain, and a HR6A/B binding domain (HR6BD) (Fig. 1A) [14]. We generated several
mutations in human RADI18 tagged with YFP at the N-terminus, as shown in Fig. 1A.

In the analysis of the immunoblots, HeLa cells stably expressing YFP-RAD18 at a
level similar to endogenous RAD18 (Fig. 1B) [28] were used as a control. It has been
shown that RAD18 is monoubiquitylated [2,14] in a HR6A/B-dependent manner
[14]. In agreement with these findings, both endogenous and overexpressed wild-type
YFP-RAD18 appeared as a double band separated by 7 kDa on immunoblots (Fig.
1B), and the upper band was recognized by an antibody against conjugated ubiquitin
(FK2) (Fig. 1C). In the experiments presented in Fig. 1D, endogenous RAD18 was
downregulated by siRNAs in HeLa cells as previously described [28]. The knockdown
of RAD18 is very efficient, and the protein was no longer detectable on immunoblots;
suggesting >90% downregulation [18]. For YFP-RAD18, a RAD18 double band was
still formed for both RING finger mutants (Fig. 1D, input), but not for the Zinc
finger or HR6BD mutants. These findings suggest that the ubiquitylation of RAD18
is independent of the RING domain, but does depend on the Zinc finger and the
HR6BD. A mutant carrying mutations in all putative autoubiquitylation sites (K161R/
K261R/K309R/K318R) (Aubi) [14] still appeared as a doublet that was identical to
the doublet observed for wild type RADI18 (Supplementary Fig. S1A). In addition,
based upon evolutionary conservation of lysines between species, we induced single
mutations at 4 additional candidate lysines (K197R, K230R, K241R, and K245R) that
might represent autoubiquitylation sites. The results suggest that none of these sites is
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Figure 1. Functional analyses of human RAD18. (A) Schematic primary structure of human RAD18. All
four putative ubiquitylation sites indicated with green circles were mutated in the Aubi construct. In the
RING finger, C28 was mutated to phenylalanine (C28F), to abolish the E3 ligase activity [2]. In addition,
a complete RING finger deletion mutant (ARING, aa25-63) was generated. Two different point mutations
were generated in the Zinc finger; C207 was mutated to phenylalanine (C207F) [2], and a conserved
aspartic acid D221, present in all Zinc finger domains that have been shown to bind to ubiquitin to date,
was mutated to alanine (D221A). The whole Zinc finger (aa201-225) was also deleted (AZINC). In the SAP
domain we generated combined mutations that have been shown to have a reduced binding activity for
single-stranded and double-stranded DNA in vitro [14]. mSAP1 contained mutations at H263, G264, and
L265, and mSAP2 was mutated at G269 and K271; all these residues were mutated to an alanine residue.
The entire SAP domain (aa248-282) was also deleted (ASAP). In the HR6BD, A357 was mutated to arginine
(A357R) to disrupt the binding to HR6A/B. Finally, a double mutation in the RING finger and the HR6A/B
binding domain (C28F/A357R) was also generated. (B) Expression levels detected on immunoblots with
aRAD18, for endogenous RAD18 and stably expressed YFP-RAD18 in HeLa cells. (C) HeLa cells stably
expressing YFP-RAD18 or transiently expressing YFP-mutant RAD18, and wild-type HeLa cells were lysed
and immunoprecipitation with YFP antibody (IP o.YFP) was performed. The results of immunoprecipitation
of RAD18 (aRAD18) or ubiquitylated RAD18 (aFK2) were detected on immunoblots. (D) HeLa cells
stably expressing YFP-RADI18 or transiently expressing YFP-mutant RAD18, and wild-type HeLa cells
were transfected with siRNA targeting endogenous RAD18 (si-endoRADI18). Forty-eight hours later, cells
were lysed (input) and immunoprecipitation with YFP antibody (IP o.YFP) was performed. The expression
levels of RAD18 and HR6A/B in the lysate, detected with aRAD18 and aHR6A/B, are shown as input. (E)
Quantification of the amount of co-immunoprecipitated HR6A/B in the IP results of (D). The amount of
HR6A/B that co-precipitated with wild-type RAD18 was set at 1.0. The error bars in the graph represent the
standard deviation of three independent experiments.

required for RAD18 ubiquitylation (Supplementary Fig. S1B), indicating the presence
of another unknown putative ubiquitylation site in RAD18 that is required for mono-
ubiquitylation in vivo. However, it cannot be excluded that the autoubiquitylation site
changes when the preferred lysine is mutated.

3.2. Binding of HR6A/B to RAD18 requires not only an intact RING finger and
HR6A/B binding domain, but also the SAP domain in vivo

In Saccharomyces cerevisiae, Rad6 binds to Rad18 via the C-terminal domain of Rad18,
as shown in a yeast two-hybrid assay [13]. In addition to the C-terminal domain, the
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RING finger seems to be also essential for binding of mammalian RAD18 to HR6A/B, as
found in an in vitro assay [14] and yeast two-hybrid assay [58]. In the present study, we
performed pull-down assays using HeLa cells expressing YFP-tagged RAD18 carrying
different mutations, while endogenous RAD18 was downregulated by siRNAs (Fig.
1D), and analyzed the interaction between RAD18 and HR6A/B (Fig. 1E). A 40-fold
reduction in amount of co-precipitated HR6A/B was observed for the RAD18 A357R
mutant (HR6BD), compared with wild-type. In addition, the RING finger mutants
also showed a 5-10 fold decreased efficiency of HR6A/B co-precipitation (Fig. 1D
and 1E), suggesting that both the RING finger and HR6BD mediate interaction with
HR6A/B in vivo. Indeed, a double mutant RAD18 (C28F/A357R) completely failed to
co-precipitate HR6A/B, confirming that HR6A/B interacts with RAD18 via both the
HR6BD and the RING finger domains in vivo (Fig. 1D and 1E). SAP domain mutants
also showed a reduced co-precipitation efficiency for HR6A/B, whereas the Zinc finger
mutants and Aubi mutant behaved similar to the wild type protein with respect to co-
immunoprecipitation of HR6A/B (Fig. 1D and 1E, Supplementary Fig. S1 for Aubi).

To analyze the E3 ligase function of RADI18, we examined the ability of RAD18
mutants to ubiquitylate PCNA, which is a well known substrate of RAD18 [10,59]. In
accordance with the findings of Huang et al. (2009) [1], mutations in the SAP domain
precluded PCNA ubiquitylation as well as mutations in the RING finger or the HR6BD
(Supplementary Fig. S3). Together with the data obtained for co-immunoprecipitation
of RAD18 mutants with HR6A/B, this suggests that interaction of HR6A/B with
RAD18 is crucial for PCNA ubiquitylation, since the level of PCNA ubiquitylation
correlated with the amount of HR6A/B that coprecipitated with the different YFP-
RADI18 mutants.

We next examined which domains of RAD18 are essential for RAD18 foci formation
during the cell cycle. In accordance with the results of Huang et al. (2009) [1], we found
that accumulation of RAD18 in foci depends on its Zinc finger, and is independent
of its RING finger domain, the SAP domain, or the HR6BD (Supplementary Fig. S2).
To analyze the localization of the Zinc finger mutant of RAD18 throughout the cell
cycle, we performed time lapse analyses (images of living cells with six confocal planes
were captured every 30 min for 27 hours), and found no foci at any cell cycle stage
(Supplementary Movie 1 for wild type and Supplementary Movies 2 and 3 for Zinc
finger mutant D221A). These results indicate that neither the E3-ligase function nor
the DNA binding function of RAD18 is required to accumulate at damaged sites or
replication foci.

3.3. RAD18 accumulation at DSBs depends on RPA
Having established that the Zinc finger domain of RAD18 is required for the formation
of RADI18 foci throughout the cell cycle and upon irradiation, we next investigated
which proteins are required for RAD18 recruitment to chromatin. It has been suggested
that exposure of ssDNA at stalled replication forks results in accumulation of RPA
followed by recruitment of RAD18 [26].

In order to examine whether RPA is required for RAD18 accumulation at sites
of y-irradiation-induced DNA damage, RPA2 was depleted using siRNA, and foci
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formation of RAD18 was analyzed. Downregulation of RPA2 expression (Fig. 2A) also
reduced the expression level of RPA1, and no PCNA mono-ubiquitylation was detected
following UV irradiation. It needs to be taken into account that RPA-deficient cells are
very likely blocked in G1 phase, since RPA is essential for DNA replication. In these
RPA-deficient cells, we were no longer able to detect spontaneous or IR-induced foci
formation of RAD18 (Fig. 2B), although the expression level of RAD18 did not change
(Fig. 2A). Note that RAD18 is able to form IR-induced foci in G1 phase of wild type
cells [28]. Since downregulation of RAD18 did not influence either RPA expression
(Fig. 2C) or localization (Fig. 2D), RPA most likely acts upstream of RAD18 at IR-
induced DSBs. It probably functions at a very early stage of the DNA damage response
signaling pathway, since accumulation of conjugated ubiquitins, a known early step in
the DNA damage response [32], was also RPA dependent (Fig. 2E).

These results, together with the mutation analyses, and the fact that RAD18 did
not show exact colocalization with RPA (Fig. 2D) [28], prompted us to examine the
localization pattern of conjugated ubiquitins in comparison with that of RADIS.
We found an overall colocalization of RAD18 with conjugated ubiquitins at all cell
cycle phases, and after IR (Fig. 2F). This localization pattern of conjugated ubiquitins
was independent of RAD18 expression (Fig. 2F). These observations suggest that the
localization of RAD18 to chromatin is preceeded by ubiquitylation of an unknown
chromatin component.

3.4. RAD18 binds to ubiquitylated chromatin components including histone H2A

Following induction of DSBs, the surrounding chromatin at the break sites undergoes
various modifications. One of the first modifications is phosphorylation of histone H2A
variant H2AX (yH2AX) by ATM (serine/threonine protein kinase ataxia telangiectasia
mutated) [31]. MDCI, a mediator protein, is immediately recruited to sites of DSBs,
interacts directly with yH2AX via its BRCT domains [60], and plays a crucial role in
the DNA damage response pathway [39,61]. Subsequently, histone H2A and H2AX
are ubiquitylated in the chromatin surrounding DSBs by the E3 ubiquitin ligases
RNF8 and RNF168 in a MDCl-dependent manner [32-34]. Since RAD18 carrying
a mutation in its ubiquitin-binding Zinc finger did not form any DSB-associated foci
(Fig. S2, Supplementary Fig. S2, and Supplementary Movies 2 and 3), we hypothesized
that RAD18 is recruited to the chromatin surrounding a DSB through binding to
ubiquitylated H2A and/or H2AX. This idea is supported by the recent finding that
the accumulation of RADI18 at sites of DSBs is dependent on RNF8 [1]. To investigate
this hypothesis, we examined the physical interaction of wild-type RAD18 with
ubiquitylated H2A by an immunoprecipitation assay in HeLa cells with and without
IR exposure. Cell lysates were pretreated with nuclease (Fig. 3A), to exclude that any
co-immunoprecipitation observed resulted from indirect interactions via DNA. On
immunoblots, we did not observe a clear increase in the amount of either ubiquitylated
H2A or conjugated ubiquitin recognized by the FK2 antibody in cells treated with
IR compared to controls (Fig. 3B and 3E, input). This might be due to the abundant
amounts of ubiquitylated H2A that localize to silenced genomic regions, independent
of DNA damage, and has also been observed by others [62]. Upon immunoprecipitation
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of YFP-RAD18, we could clearly co-immunoprecipitate ubiquitylated H2A (Fig. 3B, IP
aYFP), and the amount was somewhat increased after IR (Fig. 3B, IP aYFP). This
suggests that RAD18 is recruited to DSB repair sites at least in part via interaction with
mono-ubiquitylated H2A. Note that FK2 antibody recognizes not only ubiquitylated
H2A but also other ubiquitylated proteins, indicating that RAD18 interacts with many
additional ubiquitylated proteins (Fig. 3B). Non-ubiquitylated H2A was not specifically
co-precipitated (Fig 3B, IP alYFP). The H2A antibody detected ubiquitylated H2A only
upon overexposure in the input fraction (Fig. 3C), and not in the IP, most likely because
the low molecular weight of IgG band co-migrated with the ubiquitylated H2A band
(Fig. 3B, IP a.YFP). Using a HeLa cell line that overexpresses H2A-GFP [55,56], we
detected increased ubiquitylation upon irradiation (Fig 3D, input), as well as increased
co-immunoprecipitation of endogenous RAD18 (Fig. 3D, IP aGFP). Intriguingly,
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Figure 2. RPA2-dependent RAD18 accumulation at sites of DNA damage. HeLa cells stably expressing
YFP-RAD18 were transfected with siRNA against RPA2 (siRPA2) (A, B, E), or RADI18 (siRAD18) (C, D,
F) for 48 hours. Non-targeting siRNA (si-control) was used as a control. (A, C) Cells were irradiated with
20 J/m? UV-C and whole-cell extracts were prepared 8 h later. Expression levels of RPA1, RPA2, mono-
ubiquitylated PCNA, and RAD18 were analyzed with immunoblots using different antibodies as indicated.
GAPDH was used as a loading control. (B) Confocal images of living YFP-RAD18 HeLa cells in all cell cycle
phases as indicated above the pictures. For cells treated with siRPA2, it was not possible to determine the cell
cycle phase. Subsequently, cells were exposed to IR (5 Gy), and living cell nuclear images were captured 30
min after IR. (D, E, F) Cells were exposed to IR (5 Gy), and fixed 30 min later. Antibodies recognizing RPA
and RAD18 where used to visualize the proteins as indicated. Anti-FK2 was used to visualize conjugated
ubiquitins. Cell cycle phases are indicated on the left of each panel.
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ubiquitylated H2A-GFP interacted only with the non-ubiquitylated form of RAD18
(Fig. 3D, IP aGFP). In order to analyse whether RAD18 interacts with ubiquitylated
H2A through the Zinc finger of RAD18, we performed co-immunoprecipitation
assays using HeLa cells in which endogenous RAD18 was stably downregulated
via shRNA expression (see Material and Methods and Fig. 5F and 5G), and that
transiently expressed either wild-type or Zinc finger mutant YFP-RAD18 (Fig. 3E).
Ubiquitylated H2A was only co-precipitated by wild type YFP-RAD18 and not by the
RAD18 Zinc finger mutant D221A, and the amount of co-precipitated ubiquitylated
H2A was increased in cells treated with IR (Fig. 3E, IPaYFP). Another RADI18 Zinc
finger mutant (C207F) also did not show any interaction with ubiquitylated H2A (data
not shown). In addition to the interaction of RAD18 with ubiquitylated H2A, our
immunoprecipitation results also indicate that RAD18 interacts with many additional
ubiquitylated proteins, in a Zinc finger-dependent way, making it highly likely that
apart from H2A and H2AX, other ubiquitylated chromatin components will also be
used by RAD18 to bind to chromatin near DSB repair sites. Note that these unknown
ubiquitylated proteins which interact with RAD18 show distinct banding patterns
on immunoblots compared to the input materials, indicating that RAD18 does not
randomly bind to any ubiquitylated protein (Fig. 3B). As a control for the assay, co-
immunoprecipitation of HR6A/B was checked, and both wild-type RAD18 and the Zinc
finger mutant were able to co-precipitate HR6A/B (Fig. 4D, IP aYFP). RAD18 carrying
mutations in either the RING finger, SAP domain, or HR6BD was still capable to
interact with ubiquitylated H2A, although these RAD18 mutants showed considerably
reduced amounts of co-precipitated ubiquitylated H2A (Fig. 4F). Taken together, these
data support the notion that the accumulation of RAD18 at damaged sites depends on
interaction between the Zinc finger domain of RAD18 and ubiquitylated chromatin
components, including ubiquitylated H2A.

3.5. RAD18 always colocalizes with ubiquitylated H2A during the cell cycle in
HeLa cells, but rarely with ubiquitylated H2A at the Barr body in human female
fibroblasts
The immunocytochemical analyses of conjugated ubiquitin in relation to the
localization of RAD18 in HeLa cells indicate that RAD18 localization to chromatin
is dependent on the presence of ubiquitylated chromatin components (Fig. 2F). The
immunoprecipitation analyses indicate that RAD18 interacts with mono-ubiquitylated
H2A as well as other ubiquitylated substrates in a RAD18 Zinc finger-dependent
manner (Fig. 3E). To examine whether RAD18 localizes with ubiquitylated H2A or
some other ubiquitylated substrates recognized by FK2 antibody, we examined the
localization of RAD18 and ubiquitylated H2A during the cell cycle and after IR in
HeLa cells (Fig. 4A). Throughout the cell cycle and following IR, we detected the
colocalization of RAD18 with ubiquitylated H2A (Fig. 4A). These results confirm that
ubiquitylated H2A is one of the main ubiquitylated chromatin components.

Next, to analyze whether RADI8 always colocalizes with regions that show
enhanced H2A ubiquitylation, we analyzed human female primary fibroblast cultures.
In these cells, dosage compensation has resulted in the inactivation of one of the two
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X chromosomes, and the inactivated chromosome, forming the Barr body, is known
to be enriched for ubiquitylated H2A and trimethylation of histone H3 at lysine 27
(H3K27me3). Immunocytochemical analyses of ubiquitylated H2A, conjugated
ubiquitins, H3K27me3, and RAD18 signals in these cells revealed that the Barr body,
visible by dense DAPI staining, and H3K27me3 (data not shown) was mostly not
enriched for RAD18, even if uH2A staining was enhanced in this region. In a small
percentage of the nuclei (6%), RAD18 enrichment was detected at the Barr body (Fig.
4B). Sometimes, the cells displayed accumulation of uH2A in two separated areas;
one representing the Barr body, and the other positive for RAD18 (Fig. 4B, the lowest
panels), suggesting that the interaction between RADI18 and uH2A depends on the
context; i.e. the presence or absence of specific chromatin-associated factors.

3.6. RAD18-dependent accumulation of RAD9 at damaged sites

Next, we attempted to analyze the downstream effects of RAD18 localization to DSB
repair sites. In eukaryotes, RAD9, RAD1 and HUS1 form the PCNA-like heterotrimeric
9-1-1 checkpoint complex, which plays a crucial role in cell cycle checkpoint signaling
following endogenous and exogenous DNA damage [63,64]. The 9-1-1 complex is
known to be activated by replication fork stalling and to initiate checkpoint signaling
cascade during S phase [22], whereas RAD18 facilitates the RDB pathway at stalled
replication sites [10,59]. It has been shown that both RAD18 and the 9-1-1 clamp loader
directly interact with the RPA complex [25,65,71], suggesting a functional interaction
at stalled replication sites. However, a possible functional interaction between the 9-1-1
complex and RAD18 at DSBs has not been studied. One of the components of the 9-1-1
complex, RADY, is known to associate with chromatin at sites of DSBs in human cells
[48,66]. Therefore we investigated the possible functional interaction between RAD9
and RADI18 in mammalian cells. First, their dynamic localization was examined by

Figure 3. Interaction of RAD18 with ubiquitylated histone H2A via its Zinc finger following IR. (A)
Cell lysates from wild type HeLa cells and HeLa cells stably expressing YFP-RAD18 were treated with or
without benzonase nuclease for 2h on ice. In the presence of benzonase, DNA was absent from the cell
lysates that were used for the immunoprecipitation assay shown in (B). M in the figure indicates DNA ladder.
(B) HeLa cells stably expressing YFP-RAD18 were exposed to IR (10 Gy). One hour later, cells were lysed
and immunoprecipitation (IP) was performed using an YFP antibody. Subsequently, co-precipitation of
ubiquitylated histone H2A (uH2A), conjugated ubiquitin (FK2), histone H2A, and HR6A/B was detected
on immunoblots using antibodies as indicated. The expression level of YFP-RAD18, ubiquitylated H2A,
FK2, H2A, and HR6A/B in the input samples is shown in the left panel. Wild-type HeLa cells were used
as a control. The asterisk indicates the presence of a nonspecific band (light chain of IgG in IP aYFP,
aH2A). (C) Expression level of H2A and ubiquitylated H2A was analysed in HeLa cells using two different
antibodies as shown in the figures. Detection of ubiquitylated H2A with the antibody directed against H2A
requires a long exposure. (D) Under the same experimental conditions as in (B), HeLa cells stably expressing
H2A-GFP were analyzed for their interaction with endogenous RAD18. (E) Wild type or Zinc finger mutant
(D221A;YFP-ZnF) YFP-RADI18 were expressed in HeLa cells in which endogenous RAD18 was stably
downregulated (see Materials and Methods and Fig. 5F and 5G). Both wild type and mutant YFP-RAD18
contain 5 silent mutations at the shRNA target site to prevent downregulation. Under the same experimental
condition as in (B), interaction of either YFP-RAD18 or YFP-ZnF with ubiquitylated H2A was analyzed
by immunoprecipitation. Subsequently, co-precipitation of uH2A, conjugated ubiquitin, and HR6A/B was
detected on immunoblots using antibodies as indicated. The expression level of YFP-RAD18, YFP-ZnF,
uH2A, conjugated ubiquitin, and HR6A/B in the input samples is shown in the left panel. Wild-type HeLa
cells were used as a control. (F) Under the same experimental conditions as in (B) but without benzonase
treatment, several RAD18 mutants as indicated were analyzed for their interaction with ubiquitylated H2A.
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Figure 4. RAD18 always colocalizes with uH2A in HeLa cells throughout the cell cycle and after IR, but
only very rarely with the uH2A-enriched Barr body. (A) Localization of RAD18 and uH2A was visualized
using the indicated antibodies. Cell phases were determined by the subnuclear distribution pattern of
RAD18. To induce DSBs, HeLa cells were exposed to IR (5 Gy) and fixed 30 min later. Cell cycle phases
are indicated on the left of the pictures. (B) Localization of RAD18 and uH2A in human primary female
fibroblast cells. Arrowheads indicate the Barr body, based on the intense DAPI staining.
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Figure 5. RADI18 facilitates RAD9 localization at induced damaged sites. (A) A confocal image of a living [>
HeLa cell expressing GFP-RAD9 and mCherry-RAD18 in G1 phase. The enlarged G1 foci are shown in the
lower panels. (B) Images from time-lapse analysis of living HeLa cells expressing GFP-RAD9 and mCherry-
RAD18 in G1 phase. The first moment at which RAD18 was found to colocalize with RAD9 was set at time
0. Arrows in the pictures indicate the G1 foci. (C) HeLa cells expressing GFP-RAD9 and mCherry-RAD18
were locally irradiated with a multi-photon laser (MPL) at 75 mW. (D, E) The expression of RAD18 was
downregulated with siRNA against RAD18 (si-RAD18) in HeLa cells stably expressing GFP-RAD9 and
transiently co-expressing mCherry-PCNA. Subsequently, the cells were locally irradiated with MPL at 75
mW. As a control, mCherry-PCNA was also analyzed. (F) The level of RAD18 mRNA and protein expression
in three different HeLa cell lines stably expressing shRNA targeting RAD18. The control level, in HeLa cells
stably expressing non-targeting shRNA, was set at 1.0. (G) Expression of endogenous RAD18 was detected
by immunostaining using antibody against RAD18 in control and RAD18 knockdown cell lines (sShRAD18).
Cells were irradiated with IR at 5 Gy, and fixed after 1hour. (H) GFP-RAD9 was overexpressed in HeLa
cells stably expressing either shRNA against RAD18 or non-targeting shRNA. Subsequently, cells were
irradiated with IR (5 Gy) and confocal images of living cells were captured 2 hours later. (I) mCherry-tagged
RAD18 variants and GFP-RAD9 were co-expressed in RAD18 knockdown cell lines. Subsequently, cells
were irradiated with IR at 5 Gy and fixed 2 hours later. Nuclei expressing both mCherry-RAD18 variants and
GFP-RADY were analyzed and the number of nuclei containing IR-induced RAD9 foci is shown in the graph.
100 nuclei in each mutant and in each RAD18 knockdown cell line were counted (300 nuclei per mutant).
RAD18 mutations shown in the graph are RING = C28F, ZnF = D221A, SAP = mSAPI1, HR6BD = A357R,
and RING/HR6BD = C28F/A357R. (J) Representative pictures of nuclei expressing both mCherry-RAD18
variants and GFP-RAD9 examined in (I) are shown.
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time-lapse experiments in living cells. In G1 phase, RAD18 forms a few foci which
also contain RAD51, RPA and yH2AX [28]. In these so-called G1 foci, we observed
RAD9 accumulation (Fig. 5A). The higher magnification in the lower panels of Fig. 5A
shows that RAD9 accumulates as multiple foci, whereas RAD18 shows a more diffuse
accumulation, surrounding RAD9 foci. This pattern of RAD9 localization in G1 is very
similar to what has been observed for RPA and RAD51 [28]. This might reflect the
previously reported interaction between RAD18 and RPA[65] and RAD51 [51], and
or direct binding of RAD9 to DNA. The localization of RAD9 foci within the RAD18-
positive chromatin area in G1 was found for only a few hours (1-2h). Subsequently,
RAD9 foci disappeared (Fig. 5B), although the RAD18 foci remained present until the
cell entered S phase [28]. In S and G2 phases, RAD9 showed a homogeneous distribution
in the nucleus and did not form any foci. In contrast, RAD18 accumulates in many foci
in S and G2 phases [28]. To further analyze the functional relation between RAD18 and
RAD9Y at damaged sites, local damage was induced with a multi-photon laser (MPL)
[28]. This revealed that both RAD18 and RAD9 accumulated at the damaged sites (Fig.
5C). Interestingly, using HeLa cells in which RAD18 was transiently downregulated
with siRNA (Fig. 5D) or stably downregulated with shRNA (Fig. 5F and 5G), RAD9 no
longer accumulated at damaged sites following MPL (Fig. 5E) or IR exposure (Fig. 5H).
To analyze the ability of different RAD18 mutants to recruit RAD9 following IR, wild
type and mutant RAD18 (mutation in either the RING finger, Zinc finger, SAP domain,
or HR6BD, and a double mutant in the RING finger and HR6BD) were transiently
co-expressed with GFP-RAD?9 in three different RAD18 knockdown HeLa cell lines
(Fig. 51 and 5]). Wild type RAD18 was able to rescue foci formation of RAD9 after IR
in approximately 80% of the cells (Fig. 5I and 5]). Expression of RAD18 containing the
SAP domain mutation (mSAP1) or a mutation in the HR6BD (A357R) also rescued
RAD9Y accumulation, RAD18 carrying a point mutation in the RING finger (C28F), or
the Zinc finger (D221A), and the double mutant in the RING finger and the HR6BD
(C28F/A357R) showed severely reduced IR-induced RAD9 accumulation compared to
the wild type (Fig. 5T and 5]). In control experiments, we observed RAD9 accumulation
in approximately 5-10% of RADI8 knockdown cells (Fig. 5I), in accordance with a
more than 90% downregulation of RAD18 expression in the RADI8 knockdown cell
lines (Fig. 5F). In addition, RAD18 knockdown HeLa cells expressing RAD18 mutants
used in this experiment showed an equivalent cell growth rate and time span of the
cell cycle compared to RADI8 knockdown HeLa cells expressing wild-type RAD18
(data not shown). Taken together, these data suggest that recruitment of RAD9 to IR-
induced DSBs requires the Zinc finger domain of RAD18 and its E3 ligase activity. To
analyze this further, we studied physical interactions between RAD18 and components
of the 9-1-1 complex by the yeast two-hybrid assay in the absence and presence of DNA
damage (HU, CPT, MMS, and IR). In accordance with recent data concerning yeast
RAD18 and the 9-1-1 complex [53], no direct interaction between human RAD18
and the 9-1-1 complex was detected (Supplementary Fig. S3A), although interactions
among the 9-1-1 complex components (Supplementary Fig. S3B), between RAD18 and
HR6A/B, and also between RAD18 and PCNA (Supplementary Fig. S3C) were detected.
These results suggest that RAD18 might not interact stably or directly with the 9-1-1
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complex. Next, we investigated whether knockdown of RAD18 and the subsequent
lack of foci formation of RAD9 upon IR also affected activation of the downstream
checkpoint kinases CHK1 and CHK2, but the response to 10 Gy IR was identical in
control and Rad18 knockdown cells (Supplementary Fig. $4).

4. DISCUSSION

4.1. RPA is required for RAD18 foci formation, and PCNA ubiquitylation occurs
independent of the Zinc finger domain of RAD18

Two distinct manners of recruitment of RADI8 to sites of DNA damage can be
observed. First, RAD18 has a direct DNA binding ability mediated by the SAP domain,
and/or RPA bound to ssDNA mediates recruitment of RAD18 to the ssDNA. RPA and
the SAP domain of RAD18 are both required for PCNA ubiquitylation in the RDB
pathway [25]. Second, recruitment of RAD18 to the chromatin surrounding DSB sites
depends on the ubiquitin-binding Zinc finger domain of RAD18. This type of RAD18
recruitment also requires RPA, but perhaps more indirectly, since RAD18 shows a
more diffuse localization compared to RPA at DSB sites, and RPA and RAD18 show
relatively little colocalization during the cell cycle.

RPA is a single-stranded DNA (ssDNA) binding protein, essential for both
DNA replication and recombination [18-23]. According to current models [25,26],
stalled replication forks expose ssDNA covered by RPA which is required for PCNA
ubiquitylation [25,27] and the recruitment of RAD18 [25,26]. Once RAD18 is bound
to RPA, or to ssDNA, or to both, it may ubiquitylate PCNA. RAD18 (complexed with
HR6A/B) carrying mutations in the Zinc finger most likely is still capable of binding to
ssDNA via the SAP domain, and could be present at stalled replication forks, perhaps
undetectable due to the small number of molecules present, below the threshold for
foci formation. Since the interaction between RAD18 and HR6A/B partially depends
on an intact SAP domain, we were unable to determine whether the SAP domain
functions in PCNA ubiquitylation by mediating RAD18 binding to DNA in vivo, or as a
third domain required for RAD18-HR6A/B interaction, or both. Our observations on
the differential requirement of the Zinc finger and the SAP domain in mediating PCNA
ubiquitylation nicely mirror the results described by Nakajima et al. (2006) who found
that the Zinc finger domain of RAD18 is required for focal localization of RAD18 in
undamaged cells and at damaged sites in cells irradiated with an UVA or UVC laser. In
addition, RAD18 carrying a mutation in the Zinc finger domain could restore Poln foci
formation at sites of stalled replication, whereas a SAP domain mutant could not [67].

4.2. RAD18 is recruited to sites of DSB-repair via binding to ubiquitylated H2A and
other ubiquitylated chromatin components

In a previous study, we have shown that RAD18 colocalizes with yYH2AX in G1, S and
early G2 phase cells and also following damage induction by IR [28]. Kinetics studies
of a number of DNA-damage response proteins including mediator and repair proteins
revealed that RNF8, NBS1, and MDC1 show fast accumulation at DSBs, followed by
53BP1 and BRCALI [32]. RNES8 depletion did not affect accumulation of MDC1 and
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NBS1, indicating that these are among the first proteins that recognize DNA damaged
sites following IR [32]. In the present study, we found a physical interaction between
RAD18 and ubiquitylated H2A via its Zinc finger. In addition to the interaction of
RAD18 with ubiquitylated H2A, the immunoprecipitation results also indicate that
RAD18 interacts with additional ubiquitylated proteins in a Zinc finger-dependent
manner, suggesting that other ubiquitylated chromatin components will also be used
by RADI8 to bind to chromatin near DSB repair sites. The distribution pattern of
conjugated ubiquitin during the cell cycle was identical to that of RAD18. This finding
is substantiated by the evidence that RAD18 foci formation is dependent on H2AX,
MDC1, and RNFS8, but not on BRCA1, or 53BP1 [1]. Ubiquitylation of histones occurs
in an RNF8/RNF168-dependent manner, and depletion of RNF8/RNF168 ablates the
formation of conjugated ubiquitin on chromatin, even after IR [32-34]. Since RNF8
functions upstream of RNF168, it might be interesting to study whether RADI18
recruitment at DSBs also depends on RNF168.

Taken together, RAD18 interacts with ubiquitylated chromatin components in
an RNF8-dependent manner, and one of these components is ubiquitylated H2A.
Intriguingly, immunocytochemical analyses in human female primary fibroblast cells
revealed that the Barr body, known to be marked with uH2A, was mostly not enriched
for RAD1S, even if uH2A and FK2 staining was enhanced in this region. These data
indicate that the interaction of RAD18 with ubiquitylated chromatin components
including uH2A is related to DNA damage, and possibly regulated. Such regulation
might occur via phosphorylation of RAD18 by ATM kinase, similar to what occurs for
many other proteins involved in the DNA damage response pathway.

4.3. Autoubiquitylation of RAD18 depends on the Zinc finger domain, but does not
require the RING finger domain

Previous work has shown that ubiquitylated RAD18 is found mainly in the soluble
fraction, and not in the chromatin-associated fraction of cell extracts [25]. It is,
therefore, intriguing that the Zinc finger, that was found to be required for localization
of RAD18 to chromatin, is also essential for mono-ubiquitylation of RAD18 in vivo.
In RNF8-knockdown cells, in which RAD18 is no longer recruited to DSB repair sites,
RADI18 ubiquitylation is still observed [1], indicating that it is unlikely that it is the
aberrant localization of the Zinc finger mutant that causes the lack of ubiquitylation
of RAD18.

Surprisingly, the RING finger is not required for RAD18 ubiquitylation [2] (and
present results). It might be suggested that ubiquitylation of RAD18 is performed by
a different E3 ligase, but this would then also depend on interaction of RAD18 with
HR6A/B. Alternatively, the residual interaction between RAD18 and HR6A/B through
the HR6BD domain in the RING finger mutant may still allow RAD18 ubiquitylation,
independent of E3 activity, in a mechanism described by Hoeller et al. (2007) [68] for
ubiquitin binding domain (UBD) containing proteins. In this mechanism, the UBD
can directly cooperate with the Ub-charged E2 enzyme, and allow ubiquitylation
of the host protein, in the absence of an E3 ligase [68]. In RADI18, the Zinc finger
represents a UBD [14], and is required for RAD18 ubiquitylation. Thus, interaction
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of RAD18 with Ub-charged HR6A/B, via the HR6BD and the Zinc finger UBD, most
likely allows RAD18 ubiquitylation even if the E3-ligase function of RAD18 is absent.
In accordance with this notion, RAD18 mutants that are unable to bind HR6A/B are
not ubiquitylated. This E3-independent ubiquitylation of UBD-containing proteins is
thought to lead to their inactivation due to intra- or inter-molecular association of the
covalently attached ubiquitin moiety with the UBD (reviewed in [69]). This would fit
with the idea that mono-ubiquitylation of RAD18 occurs when it is not functionally
engaged in the ubiquitylation of a substrate, for example when it is freely diffusing in
the nucleoplasm. It is also in accordance with our observation that precipitation of
(ubiquitylated) H2A co-precipitates only the non-ubiquitylated form of RAD18.

4.4. RAD18 facilitates RAD9 recruitment selectively to G1 foci and DSB repair sites
In the present study, we showed that human RAD9 localizes at IR-induced damaged
sites in a RAD18-dependent manner. This function depends on the Zinc finger and
ubiquitin ligase activity of RAD18. In accordance with our findings, Huang et al. [1]
also showed that the role of RAD18 in HR requires the Zinc finger and RING finger
domains of RAD18, although their data indicated that the E3 ligase activity of RAD18
is not required to promote HR [1]. RAD18 may play several roles in DSB repair,
some of which may be dependent on or independent from its E3 ligase activity. In
this context, it is also somewhat surprising that the HR6BD is not required for RAD9
recruitment to DSBs. This may point to a structural requirement for the RING finger
domain instead of a functional requirement, although it is not very likely that RAD18
structure is severely disrupted by the C28F mutation. Alternatively, in the absence of
the HR6BD, the RING finger could still be sufficient to maintain the RAD18-HR6A/B
interaction in this context. At present, it is not possible to distinguish between these
two possibilities. We have not detected a direct stable interaction between RAD18
and the 9-1-1 complex (Supplementary Fig. S3A), and could not obtain evidence for
RADI18-dependent ubiquitylation of the 9-1-1 complex (data not shown).

Earlier reports have also shown association of human RAD9 with chromatin
after DNA damage [49], and depletion of mammalian RAD9 leads to IR sensitivity
[45,50,51] in particular in the S and G2 phase of the cell cycle [51]. Loading of the
9-1-1 complex to damaged sites depends on the mammalian clamp loader RAD17,
but occurs independent of ATM/ATR localization [70]. One of the known functions
of the 9-1-1 complex is to activate CHK1, a kinase which is involved in the checkpoint
signaling pathway [44-47]. Surprisingly, RAD9 deficient cells are not defective in
activating S [45] or G2 checkpoints [45,51] following IR exposure. Since hRAD9
function does not influence IR-induced ATM phosphorylation [51] or ATM-mediated
CHK?2 phosphorylation at Tyr68 [45,51], it was suggested that RAD9 has a direct role
in DNA damage repair rather than cell cycle checkpoint control following IR [45,51].
However, Hopkins et al. (2004) find a mild defect in IR-induced G2 checkpoint control
in RADY deficient ES cells, but their data also indicate that RAD9 performs additional,
checkpoint independent functions, that promote ionizing-radiation resistance [50]. We
have shown in the present study that depletion of RAD18, and thereby of RAD9 from
the damaged site, does not cause any deficiency in phosphorylation of CHK1 or CHK2,
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also suggesting a role for RAD18 and RAD9 at IR-induced DNA damage, independent
from the function of cell cycle checkpoint control by the 9-1-1 complex. RAD9 might
function directly in HR repair through interaction with hRAD51 [51] and/or RPA
[65,71]. Based upon our data, it is likely that RAD18 somehow (via ubiquitylation of
an unknown substrate) facilitates the interaction of RAD9 with RPA and/or RAD51.
Thereafter, they may stimulate HR at damage-induced DSBs throughout the cell cycle,
and in Gl foci in the absence of damage. Previously, we have shown that part of these
RAD18-positive G1 sites represent DSBs that have been processed for HR, based on
the colocalization with RAD51 and RPA. Most likely, these DSBs persist because no
template for repair is available [28]. Other RAD18-positive G1 foci colocalize with
KU86, which is involved in NHE], and these sites may reach complete repair before
entry into S phase [28]. The localization pattern of RAD9 within the RAD18-positive
area in G1 shows a striking resemblance to the RPA and RAD51 pattern, indicating
that RAD9 localizes to the G1 foci that are attempting to perform HR, where it may
interact with RPA and/or RAD51. In addition, Warmerdam et al. [48] have shown
that IR-induced RAD9 foci depend on the presence of CTIP, which stimulates DSB-
resection, again pointing to a role of RAD9 in HR instead of NHE].

CONCLUSION

Taken together, our data suggest that RPA is required for RAD18 localisation at DSBs.
This most likely occurs through indirect recruitment of RNF8/RNF168 to DSBs, and
subsequent ubiquitylation of H2A and other chromatin components. RAD18 binds
to ubiquitylated H2A and other ubiquitylated chromatin components via its Zinc
finger domain and this facilitates RAD9 recruitment via the ubiquitin ligase activity of
RADI18. The role of RAD18 in stimulating HR may thus be mediated in part through
direct actions of RAD9 interacting with RAD51 and/or RPA.
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SUPPLEMENTARY MATERIALS

A YFP-tagged RAD18 variants B YFP-tagged RAD18 variants
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Supplementary Figure 1. (A) HeLa cells stably expressing YFP-RAD18 or transiently expressing YFP-Aubi
were transfected with siRNA against endogenous RAD18. Forty-eight hours later, cells were lysed (input)
and immunoprecipitation with YFP antibody (IP o YFP) was performed. The expression levels of RAD18 and
HR6A/B in the lysate are shown as input. Immunoprecipitated RAD18 and co-immunoprecipitated HR6A/B
were detected on immunoblots (IP aYFP). (B) HeLa cells transiently expressing YFP-mutant RAD18 in
putative auto-ubiquitylation sites were transfected with siRNA against endogenous RAD18 (si-endoRAD18).
Forty-eight hours later, auto-ubiquitylations of YFP-RAD18 was analyzed on immunoblots. GAPDH was
used as a loading control. (C) HeLa cells stably expressing YFP-RAD18 or transiently expressing YFP-
mutant RAD18 (the different mutations are explained in A), and wild-type HeLa cells were transfected with
siRNA against endogenous RAD18 (si-endoRAD18). The expression level of wild-type and mutant RAD18
(not shown) was similar to that in Fig. 1C (input). Forty-eight hours later, cells were irradiated with 20 J/m?
UV-C, and whole-cell extracts were prepared 8 h after irradiation. Expression levels of mono-ubiquitylated
PCNA were analyzed on immunoblots using aPCNA. Arrows point at mono-ubiquitylated PCNA (ubi-
PCNA). The panels show the results of a representative experiment, where three independent experiments

yielded similar results.
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Supplementary Figure 2. Subnuclear localization of wild type and mutant YFP-RAD18 during the cell
cycle and after irradiation. Confocal images of living HeLa cells expressing wild-type or mutant YFP-RAD18
in G1, S, and late G2 phases, and after irradiation with IR (5 Gy). Endogenous RAD18 was downregulated by
siRNA (si-endoRAD18). RAD18 carrying mutations in its Zinc finger (C207F, D221A) and a deletion of the
Zinc finger (AZINC) showed no cell cycle specific localization. In contrast, RAD18 carrying either mutations
of the RING finger (C28F, ARING) or SAP domain (mSAP1, mSAP2, ASAP) showed a localization pattern
identical to that of wild-type RAD 18 (WT).
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Supplementary Figure 3. Yeast two-hybrid assay. Yeast carrying both pGADT7-target DNA and pGBKT?7-
target DNA were spotted on SD-L-W plates to confirm the yeast transformation. The interaction was
confirmed by growth on selective medium plates, SD-L-W+X-Gal, SD-L-W-H and SD-L-W-H-A. The
protein expression of transformed plasmids was examined on immunoblots by different antibodies as
indicated. pGADT?7 vector contains a HA-epitope tag, and the pGBKT7 vector contains a c-myc epitope tag.
Three independent experiments were performed and representative results are shown. (A) Yeast two hybrid
assay between RAD18 and all 9-1-1 components. Various types of DNA damage were induced by irradiation
with 50 Gy, or growth on the selective medium plates containing 25 mM HU, 0.05% MMS, or 8 uM CPT.
Different concentrations of HU (6.25 mM, 12.5 mM, 50 mM, 100mM), MMS (0.005% ,0.01%, 0.1%, 0.2%),
CPT (2 uM, 4 uM, 16 uM, 32 uM) were examined and showed similar results (data not shown). (B) Yeast
two hybrid assay between the 9-1-1 components. (C) Yeast two hybrid assay between RAD18, and HR6A,
HR6B or PCNA.

FUNCTIONS OF RAD18 AT MITOTIC DSBs 127



128

wt shRAD18 wt shRAD18

0 05 1

- - - W e S s . | p-CHK1

uv

—-——— - - v s < . GAPDH

2 4 8 0051 2 4 8 0051 2 4 8 0051 2 4 8

~ p-CHK1 - — — —

 — ——— — v —— -  D-CHK2

———— —— — — — —— @w» GAPDH

"~ p-CHK2

,"""- CAPDH | e s s e s s s 9 508 S S e 4 GAPDH

Supplementary Figure 4. HeLa cells stably expressing non-targeting shRNA or shRNA targeting RAD18 were
exposed either with UV at 20 J/m2 or IR at 10 Gy. Prior to irradiation, and after certain time points indicated
in the figure, phosphorylation of CHKI at Ser 354 and CHK2 at Tyr 68 was analyzed on immunoblots.
GAPDH was used as a loading control.

Supplementary Table I. Designed primers to create mutant RAD18

RING finger aa 25-63

C28F

forward
reverse
Deletion
forward
reverse

GATTTGCTGCGGTGTGGAATTTTICTTCGAGTATTTCAACATTGC*
GCAATGTTGAAATACTCGAAGAAAATTCCACACCGCAGCAAATC

CAATAGATGATTTGCTGCGGTGTGTGACTGTCACAGAG
CTCTGTGACAGTCACACACCGCAGCAAATCATCTATTG

Zinc finger aa 201-225

C207F
forward
reverse
D221A
forward
reverse
Deletion
forward
reverse

CTAAAGTGGATTGTCCTGTTTTCGGGGTTAACATTCCAGAAAG
CTTTCTGGAATGTTAACCCCGAAAACAGGACAATCCACTTTAG

GTCACATTAATAAGCATTTAGCCAGCTGTTTATCACGCGAAGA
TCTTCGCGTGATAAACAGCTGGCTAAATGCTTATTAATGTGAC

CCACTTTGAAACAAGTTACTCGCGAAGAGAAGAAGGAAAG
CTTTCCTTCTTCTCTTCTCGAGTAACTTGTTTCAAAGTGG

SAP domain aa 248-282
G269A+K271A (mSAP1)

forward
reverse

GCATGGATTATCTATTCAAGCAAATGCACAACAGCTCATTAAAAGGC
GCCTTTTAATGAGCTGTTGTGCATTTGCTTGAATAGATAATCCATGC

H263A+G264A+L265 (mSAP2)

forward
reverse
Deletion
forward
reverse

GAAAAAGCTAAAAGAGGCTGCAGCATCTATTCAAGGAAATARACAACAGC
GCTGTTGTTTATTTCCTTGAATAGATGCTGCAGCCTCTTTTAGCTTTTTC

GCTGCCCAAAACTGTACACATGTACAATGCCCAATG
CATTGGGCATTGTACATGTGTACAGTTTTGGGCAGC

Auto-ubiquitylation sites

K161R
forward
reverse
K197R
forward
reverse
K230R
forward
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CAAATTCAGCCCTCAAAGAGAGGCGAGCCCTGCTG
CAGCAGGGCTCGCCTCTCTTTGAGGGCTGAATTTG

CACCCTCGACATCCACTTTGAGACAAGTTACTAAAGTGGATTG
CAATCCACTTTAGTAACTTGTCTCAAAGTGGATGTCGAGGGTG

GTTTATCACGCGAAGAGAAGAGGGAAAGCCTCAGAAGTTCTG



reverse CAGAACTTCTGAGGCTTTCCCTCTTCTCTTCGCGTGATAAAC

K241R

forward GAAGTTCTGTTCACAAAAGGAGGCCGCTGCCCAAAACTG

reverse CAGTTTTGGGCAGCGGCCTCCTTTTGTGAACAGAACTTC

K245R

forward CAAAAGGAAGCCGCTGCCCAGAACTGTATATAATTTGCTCTC

reverse GAGAGCAAATTATATACAGTTCTGGGCAGCGGCTTCCTTTTG

K261R

forward CGTGATTTAAAGAAAAAGCTAAGAGAGCATGGATTATCTATTCAAG
reverse CTTGAATAGATAATCCATGCTCTCTTAGCTTTTTCTTTAAATCACG
K309R

forward GAAATCGAAAATATAGAGAGGACTAGGATGCGTCTTGAAGC

reverse GCTTCAAGACGCATCCTAGTCCTCTCTATATTTTCGATTTC

K318R

forward GGATGCGTCTTGAAGCTAGTAGACTCAATGAAAGTGTAATGG

reverse CCATTACACTTTCATTGAGTCTACTAGCTTCAAGACGCATCC

HR6A/B binding domain

A357R

forward GAATTTCAGCTTCTGGTGGATCAGCGTAGAAAAGGATACAAGAAAATTG
reverse CAATTTTCTTGTATCCTTTTCTACGCTGATCCACCAGAAGCTGAAATTC

Silent mutation against shRAD18
forward CACGCGAAGAGAAGAAGGAGAGTCTGAGGAGCTCTGTTCACAAAAGGAAGCCG
reverse CGGCTTCCTTTTGTGAACAGAGCTCCTCAGACTCTCCTTCTTCTCTTCGCGTG

* Mutated amino acid codons are shown in bold, and the introduced mutations are underlined.

Supplementary Table II. Primers used to generate Y2H vectors

RAD18

forward GAATTCGACTCCCTGGCCGAGTCTC (EcoRI)*
reverse GGATCCTTAATTCCTATTACGCTTGTTTCT (BamHI)
PCNA

forward CATATGTTCGAGGCGCGCCTGG (Ndel)

reverse GGATCCCTAAGATCCTTCTTCATCCTCG (BamHI)
RADY

forward CATATGAAGTGCCTGGTCACGGGCG (NdeTI)
reverse GGATCCTCAGCCTTCACCCTCACTGT (BamHI)
HUS1

forward CATATGAAGTTTCGGGCCAAGATCGTG (Ndel)
reverse GGATCCCTAGGACAGCGCAGGGATGA (BamHI)
RADI1

forward CATATGCCCCTTCTGACCCAACAGAT (Ndel)
reverse GGATCCTCAAGACTCAGATTCAGGAACTT (BamHI)
Hr6a

forward CATATGTCGACCCCGGCCCGG (NdeI)

reverse GGATCCTCAACAGTCGCGCCAGCTTT (BamHI)
Hréb

forward GAATTCATGTCGACCCCGGCCCGT (EcoRI)
reverse GGATCCTTATGAATCATTCCAGCTTTGC (BamHTI)

* Restriction enzyme sites used for subcloning are underlined
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Supplementary Table III. Primers used to generate a vector carrying shRAD18

shRAD18
forward GATCCCCGGAAAGCCTCAGAAGTTCTTTCAAGAGAAGAACTTCTGAGGCTTTCCTTTTTC
reverse TCGAGAAAAAGGAAAGCCTCAGAAGTTCTTCTCTTGAAAGAACTTCTGAGGCTTTCCGGG

Supplementary Table IV. siRNAs used in this study

endoRAD18 GGAAAUAGAUGAAAUCCAC
RPA1 CACUCUAUCCUCUUUCAUG
RPA2 CCUAGUUUCACAAUCUGU

Supplementary Movies 1-3. Time lapse images of nuclei expressing (1) wild type YFP-RADI18 or (2, 3)
mutant YFP-RADI18 in its Zinc finger (D221A). Images were captured every 30 min for 27 hours, a single
nucleus was selected, aligned, and 5 frames of the images are shown per second. Endogenous RAD18 was
downregulated by siRNA. (1) Analyses began in S phase, and the cell went through G2, M and G1 phases.
(2) Analyses started in G1 phase, and the cell went through S, and most likely G2 phases. (3) Analyses began
in G2 phase and the cell went through, M, G1, and most likely S phases. The cell cycle phases of mutant
YFP-D221A were inferred from the time passed since the previous M-phase or the time span until the next
M-phase, and the duration of G1, S, G2 and M phase in wild type cells. The growth rates of wild type and
mutant cells were not different (data not shown).
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ABSTRACT

RAD18 is an ubiquitin ligase involved in replicative damage bypass and DNA
double strand break (DSB) repair processes in mitotic cells. Herein, we investigated
the testicular phenotype of Radl8 knockdown mice to determine the function of
RAD18 in meiosis. We found that RADI18 is recruited to persistent meiotic DSBs,
induced by the meiosis-specific topoisomerase-like enzyme SPO11. In addition,
RAD18 is recruited to the chromatin of the XY chromosome pair, that forms the
transcriptionally silent XY body. At the XY body, RAD18 mediates the chromatin
association of its interaction partners, the ubiquitin-conjugating enzymes HR6A
and HR6B. Moreover, RAD18 was found to regulate the level of dimethylation of
histone H3 at lysine 4 and the maintenance of meiotic sex chromosome inactivation,
in a manner similar to what was previously observed for HR6B. In addition, we
show that RAD18 and HR6B are required for the efficient repair of a small subset of
meiotic DSBs. Our data suggest that RAD18 may function to stimulate inter-sister-
mediated repair of meiotic DSBs at synapsed autosomal regions.

Key words: RAD18, HR6B, meiosis, DNA double-strand break repair, XY body
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INTRODUCTION

The E3 ubiquitin ligase RADI8 is crucial for cell survival after induction of various
types of DNA damage in mammalian somatic cells [1-5]. RAD18 functions in complex
with HR6A (UBE2A) and HR6B (UBE2B), the two mammalian orthologs of the
Saccharomyces cerevisiae E2 ubiquitin-conjugating enzyme Rad6 [6]. In S. cerevisiae,
Rad6 and Radl8 are most well known for their role in replicative damage bypass
(RDB). This pathway allows progression of DNA replication by translesion synthesis
polymerases in the presence of DNA damage (reviewed in [7]). Functional orthologs of
proteins involved in the RDB pathway have been identified in mammals, implying that
this pathway is generally well conserved. In addition to its function in the RDB pathway,
RAD18 also acts at double-strand break (DSB) repair sites in mammalian mitotic cells
[1,5]. The exact function of RAD18 in DSB repair in mammalian cells is not fully clear.
Recent data indicate that RAD18 may facilitate homologous recombination through
binding of RAD51C, a RAD51 paralogue, via the RING finger of RAD18 at ssDNAs [1].
RAD18 is expressed in multiple tissues, but the highest level is found in spermatocytes,
developing germ cells in meiotic prophase in the testis [8], suggesting that RAD18
may function in meiosis. In S. cerevisiae, the RADI8 gene expression increases during
meiosis, also suggesting a specific function in this process [9], although the radi8
deletion does not affect either meiosis or meiotic recombination [10-12]. However,
double mutants of rad18 and various excision-repair-involved genes show drastic
reduction in spore viability, compared to the single mutants [10], suggesting that
Rad18 does perform a specific function during meiosis in yeast.

Meiotic DSBs are induced by the meiosis-specific topoisomerase II-like enzyme
SPO11 in prophase [13,14], and are required for proper homologous chromosome
pairing and meiotic recombination in yeast and mammals [15-17]. The chromatin
surrounding mitotic and meiotic DSBs undergoes a series of orchestrated modifications.
One of the first modifications is phosphorylation of histone H2 A variant H2AX (YH2AX)
[18,19], which is accompanied by the formation of RAD51 foci on chromatin [20,21].
In mitotic cells, DSBs can be repaired via two distinct repair pathways; homologous
recombination (HR) and non-homologous DNA end-joining (NHE]). HR is an error-
free mechanism, in which a homologous sequence of the sister chromatid is used as a
template to process repair. NHE] is an error-prone form of DSB repair, in which the
two ends of the broken DNA are processed for direct ligation, with increased chance of
small deletions or insertions. In meiotic cells, this NHE]-repair mechanism is repressed
[22], leaving HR as the only available pathway for repair. In meiotic prophase, HR has
been specially adapted to stimulate the use of one of the chromatids of the homologous
chromosome as the template for repair; the use of the sister chromatid as a template
to process repair is most likely repressed [23,24]. HR may lead to the formation of
crossovers, although repair of most meiotic DSBs generates noncrossovers. Each
chromosome pair forms at least one crossover, and this is required to ensure correct
segregation of homologous chromosomes during the first meiotic division. The repair
of meiotic DSBs is accompanied by progression of synapsis, which is achieved by the
formation of the synaptonemal complex (SC) between the chromosomal axes of the
paired homologous chromosomes (reviewed in [25]).

FUNCTIONS OF RAD18 AT MEIOTIC DSBs

135



136

During meiotic prophase, all homologous chromosomes initiate pairing and
synapsis in zygotene. In pachytene nuclei, all chromosomes have completely
synapsed, and this can be visualized using antibodies that recognize components
of the SC. SYCP3, a major protein component of the SC, is present in the axial and
lateral elements of the SC, and it can be used to distinguish the substages of meiotic
prophase in nuclear spread preparations of primary spermatocytes [26]. The X
and Y chromosomes are largely heterologous, and during midpachytene in mouse,
synapsis is observed only along the short homologous pseudoautosomal regions. The
rest of the chromosomal arms remains unsynapsed, and form a subnuclear region
called XY body (or sex body), which is first seen around early pachytene and persists
into diplotene [27]. XY body formation is associated with meiotic sex chromosome
inactivation (MSCI) [28]. The chromatin surrounding the XY body undergoes various
modifications reminiscent of DSB repair in mitotic cells, such as phosphorylation of
H2AX [19], and ubiquitylation of histone H2A at lysine 119 [29]. In addition, many
DSB-related factors accumulate specifically on the XY body (reviewed in [25]). The
RDB enzyme HR6A/B and its E3 ligase partner RAD18 also accumulate on the XY
body [30]. Single HR6A and HR6B knockout mice are viable, while double knockout
mice are embryonic lethal [31]. Spermatogenesis of Hr6b knockout mice is markedly
affected during postmeiotic steps, leading to male infertility. In addition, Hré6b
knockout spermatocytes show an increased rate of apoptosis, longer synaptonemal
complexes, and an increased frequency of crossover formation [32]. HR6B exerts
control over different histone modifications in spermatocytes and spermatids. In
Hr6b knockout spermatocytes, the level of H3K4 dimethylation increases on the X
and Y chromosomes in diplotene, and this persists in postmeiotic round spermatids.
This function contributes to the postmeiotic maintenance of X chromosome silencing
[33,34]. It is not known which E3 enzymes are required for the different functions
of HR6B in meiotic and postmeiotic germ cell development. Herein, we investigated
the function of the well-known HR6A and HR6B interaction partner, RAD18 in
mammalian meiosis using Rad18 knockdown mice.

MATERIALS AND METHODS

Mice

Generation of Rad18 knockdown and control mice

The recombinase mediated cassette exchange (RMCE) for the efficient generation of
targeted transgenes has been previously described [35]. Into the exchange vector for
RMCE (pRMCE-U6) the following oligonucleotides representing the shRNA sequence
against the Rad18 mRNA were cloned using the restriction endonucleases Bbs1/Ascl:
(20-1  s:CCGCTGAAACAGTATGGCTTATTCAAGAGATAAGCCATACTGTTTC
AGCTTTTTGG) and (20-1 as;CGCCAAAAAGCTGAAACAGTATGGCTTATCTC
TTGAATAAGCCATACTGTTTCAG). The resulting vector is called pshRad18 and
contains the following elements in 5’ to 3’ direction: a synthetic polyA signal, an F3-
site, a neomycin-resistance gene lacking the start ATG, the Pgk polyadenylation signal,
the human U6-promoter, shRNA-20-1 and an FRT-site.
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A control plasmid, called empty vector, contains the following elements in 5’ to
3’ direction: a synthetic polyA signal, an F3-site, a neomycin-resistance gene lacking
the start ATG, the Pgk polyadenylation signal and an FRT-site. ES cell culture was
carried out as described before [36]. The generation of ES cells carrying the RMCE
configuration at the Rosa26 locus with the Radl8 shRNA expression vector or the
control vector was performed as described [35].

Mice heterozygote for the targeted allele with the Radl8 shRNA and mice
heterozygote for the control vector at the Rosa26 locus were generated via tetraploid
embryo complementation as described [35]. Founder mice were backcrossed to C57/
bl6 mice. Mice were genotyped using specific primers for the targeted control sequence
and Radl8 shRNA; forward: CATCAGAAGCTGACTCTAGATGGC, reverse:
CTTGTCCCTCCAATTTTACACC with condition of 95 °C 5 min, 35 cycle of 95 °C
30 sec, 60°C 30 sec, 72 °C 1 sec, and 72°C 5 min. Amplification of DNA from Rad18
shRNA mice resulted in a 688 bp PCR fragment and from the targeted control in a 250
bp PCR fragment

Spoll mutant mice

We used a Spoll knockin mouse model in which the catalytically active Tyr 100
residue is replaced by a Phe (A. Inagaki, unpublished). Identical to the SpoI1 knockout
[37], male and female double-knockin mice (ki) are infertile, and meiotic prophase is
blocked, with spermatocytes and oocytes reaching a zygotene-like stage with variable
degrees of (heterologous) synapsis (data not shown).

Sycpl knockout mice and Rad54 knockout mice
Sycpl knockout mice were generated and described previously [38] and Rad54
knockout mice have also been described [39].

Analyses of fertility

Adult heterozygous male and female control and Rad18 knockdown (kd) mice were bred
with control females and males, respectively for a maximum of 6 weeks. Litter number
and litter size were recorded. To analyse spermatogenesis, adult males were sacrificed
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 (Greiner bio-one) containing 0.5 ml Dulbecco’s medium (Gibco)
with 0.5 % w/v 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 times. At
least 200 sperm in 2 different samples from three animals were counted.

Irradiation of mice

Adult wild type mice were subjected to whole body y-irradiation with Elekta linear
accelerator (Crawley). Mice received a total dose of 5 Gy and were sacrificed at 3 h
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after irradiation. Testes were collected and used to prepare spread nuclei preparations
as described below.

Antibodies

For primary antibodies, we used mouse monoclonal antibodies anti-phosphorylated
H2AX (Upstate), anti-ubiquitylated histone H2A (Millipore, #05-678), and anti-MLH]1
(Becton and Dickinson), rabbit polyclonal antibodies anti-RAD18 [40], anti-RAD51
[41], anti-HR6A/B [32], anti-SYCP3 (gift from C. Heyting), and anti-H3K4me2
(Upstate), and rat polyclonal antibody anti-SYCP3 [33]. For secondary antibodies,
we used a goat anti-rabbit/mouse IgG-peroxidase (Sigma), goat anti-rabbit IgG Alexa
488/564, goat anti-mouse Alexa IgG 488/564, or goat anti-mouse IgM Alexa 564
(Molecular Probes).

Protein isolation and immunoblot analysis

Cell lysates from testes were prepared in 2.0 ml lysis bufter (50 mM Tris-HCI pH 8.0,
150 mM NacCl, 5 mM MgClz, 0.5 mM EDTA, 0.2% v/v Nonidet P-40, 10% v/v glycerol,
0.5 mM dithiothreitol, and protease inhibitors (Roche)). Testis tissue was homogenized,
and the cell suspension was left on ice for 30 min and sonicated. The expression level
of protein from whole cell lysate was analyzed by SDS-PAGE and immunoblots. Cell
extracts were mixed with 4x SDS sample buffer (200 mM Tris-HCI pH 6.8, 8% w/v
SDS, 0.4% w/v bromophenol blue, and 40% v/v glycerol), added dithiothreitol to a
final concentration of 100 mM, and sonicated. After 5 minutes incubation at 100 °C,
the cell extracts were separated by sodium dodecyl sulfate 10% polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes. The membranes were
incubated with antibodies to analyse expression of target proteins. The expression was
detected using enhanced chemiluminescence (PerkinElmer).

Meiotic spread nuclei preparations and immunocytochemistry

Testis tissues were processed to obtain spread nuclei for immunocytochemistry
as described by Peters et al [42]. Spread nuclei of spermatocytes were stained with
antibodies mentioned above. Before incubation with antibodies, slides were washed
in PBS (3x10 min), and non-specific sites were blocked with 0.5% w/v BSA and 0.5%
w/v milk powder in PBS. Primary antibodies were diluted in 10% w/v BSA in PBS, and
incubations were overnight at room temperature in a humid chamber. Subsequently,
slides were washed (3x10 min) in PBS, blocked in 10% v/v normal goat serum (Sigma)
in blocking buffer (supernatant of 5% w/v 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 hours. Finally, slides were washed (3x10
min) in PBS (in the dark) and embedded in Prolong Gold with DAPI (invitrogen).

Histological analysis

Testes were isolated from control and heterozygous Rad18 kd mice that were 4 and
19 weeks old. Testes were fixed in Bouins’ fixative for morphological analysis, and
embedded in paraffin according to standard procedures. Mounted sections were
deparaffinized, rehydrated, and stained with hematoxylin and eosin.

CHAPTER 4



Confocal microscopy
Images of cells were obtained using a Zeiss LSM510NLO microscope (Carl Zeiss) with
a 63 x /1.40 NA oil immersion lens. Proteins stained with Alexa 488 were detected by
exciting the probes with a 488 nm Argon gas laser and monitoring the emission through
a 500-550 band-pass filter. Proteins stained with Alexa 564 were detected by exciting
the probes with a 543 nm helium neon laser and monitoring the emission through a
long-pass 560 filter. To minimize the effect of photo-bleaching, images were taken with
10 uW for a 488 nm laser, and with 20 uW for a 543 nm laser. For quantification of
immunofluorescent signal, slides were analyzed on the same day. Fluorescent images
were taken under identical conditions for all slides, and images were analysed using
the Image] software

(Rasband, W.S., Image], U.S. National Institutes of Health, Bethesda, Maryland,
USA [http://rsb.info.nih.gov/ij/]). Nuclei were selected and the mean (p) and standard
deviation (o) was calculated by Image J software, and the threshold was determined
[43]. To select the HR6A/B or H3K4me2 positive area on the XY body, threshold was
set by using the formula; p + 1.5*%c. The intensity of selected area was measured by
Image J. To count the number of RADS51 foci, threshold was set by using the formula;
p + 2.5*%c, To further prevent counting non-specific background as RAD51 foci, areas
with a signal above the threshold that was less than 2 pixels in size were not counted.
The number of foci was counted using Image J.

Real-time RT-PCR

For real-time RT-PCR, RNA was prepared from testes by Trizol, DNase-treated
and reverse transcribed using random hexamer primers and Superscript II reverse
transcriptase (Invitrogen). PCR was carried out with the iQ SYBR green PCR
mastermix (Applied Biosystems) in the DNA engine Opticon 2 real-time PCR
detection system (Bio-Rad). The names of examined genes, primer sequences, and
annealing temperatures are shown in supplementary Table S1. PCR of -actin mRNA
was included in each reaction and used to normalize the data. Three independent
experiments were performed and each real-time PCR was performed in duplicate. All
-RT reactions were negative.

Statistics
The Mann-Whitney U test or Chi-squared test was used for the significance tests.

RESULTS

RAD18 expression is efficiently downregulated following transgenic expression of
shRNA

Rad18 knockdown (kd) and control mice were generated through targeted insertion
of a Radl8 specific and shRNA construct, and a control construct not encoding
shRNA, respectively, driven by the U6 promoter in the Rosa26 locus (see Materials
and Methods) [35]. It is important to note that in these animals, only one allele of the
Rosa26 locus is targeted. We first investigated the expression level of Rad18 mRNA in
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Figure 1. Characterization of Radl8 knockdown mice. (A) Rad18 mRNA expression in testis, kidney,
brain, thymus, spleen and liver of 3 control mice and 3 Rad18 knockdown mice. Error bars indicate standard
error of the mean (SEM) for 3 mice of 3 independent experiments with duplicate measurements. Blue and
red bars indicate control and Rad18 knockdown, respectively. (B, C) RAD18 expression in total cell extracts
from testis of 4-week-old (B) and 19-week-old (C) from control (ctr) and Radl8 knockdown mice (kd)
was detected on immunoblots. B-tubulin was used as loading control. (D) Average litter size obtained from
matings between control and wild type (ctr), knockdown and wild type (kd), and two knockdowns (kd x kd).
Error bars indicate SEM from 6, 9 and 6 independent breedings of ctr x wt, kd x wt, and kd x kd, respectively.
(E, F) Body, testis and epididymis weights (E, F) and the number of sperm (F) from 4-week-old (E) and
19-week-old (F) control and Rad18 kd mice. Error bars indicate SEM from 3 control and 3 knockdown
mice. Blue and red bars indicate control and Rad18 knockdown, respectively. (A, D, E, F) Single and double
asterisks indicate p<0.05 and p<0.01, respectively (Mann-Whitney U test).
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testis, brain, kidney, liver, spleen and thymus from 4-week-old mice (4 kd and 3 control
mice). Rad18 mRNA was most highly expressed in testis (Fig. 1A) in agreement with
previous analyses [30], and the expression was significantly downregulated in kd mice,
although the efficiency of downregulation varied between tissues. In Rad18 kd testis,
RADIS8 protein expression appeared to be even more efficiently downregulated than
the mRNA (Fig. 1B and C). In the rest of the tissues mentioned above, we were not able
to detect RAD18 expression on immunoblots in both control and Rad18 kd samples
(data not shown).

Subfertility and reduced testis and body weights of Rad18 kd mice

Repeated breeding experiments to obtain homozygous Radl8 kd mice were so far
unsuccessful (Fig. 1D). Breeding experiments using the heterozygous Rad18 kd males
and females in combination with wild-type C57/bl6 females and males, respectively,
revealed that RadI8 kd mice are subfertile. The average litter size of RadI8 kd males
and females was smaller than that of control (kd: 4.7 +/- SD (standard deviation)
2.9; control: 9.5 +/- SD 1.3; p = 0.004) (Fig. 1D), although there was no significant
difference in the litter size born from female or male Rad18 kd mice (female: 3.8 +/-
SD 3.0; male: 5.4 +/- SD 2.9; p=0.5). To further analyze the possible role of RAD18 in
spermatogenesis, we first compared the weights of reproductive organs in Rad18 kd
and control mice. On average, testis weights were 33% reduced in 4-week-old Rad18
kd mice, and the epididymis weight was even 50% reduced. Since the body weight
of the RadI8 kd mice was also reduced compared to controls, these effects might be
caused by delayed testicular development (Fig. 1E). However, when we examined adult
(19-week-old) mice, Rad18 kd testis, epididymis and body weight were also reduced
compared to controls (Fig. 1F). In addition, the number of sperm was 29% reduced,
which corresponds to the 22% reduced testis weight in Rad18 kd males, although the
differences were not statistically significant (Fig. 1F).

RAD18 deficient mice produced aberrant elongating spermatid heads

Histological analysis of cross-sections of control and Radl8 kd testes, revealed no
overall differences (Fig. 2A for control, 2B for Rad18 kd). Complete spermatogenesis
was apparent in both genotypes. However, in Rad18 kd mice, elongating spermatids
frequently showed an aberrant head shape (Fig. 2B, arrows and enlarged insets). This
was quantified on spread nuclei preparations (Fig. 2C, D, and G). In 19-week-old
animals, the overall frequency of aberrant spermatid heads was highly reduced (Fig.
2E and F), but still significantly increased in Rad18 kd mice versus controls (Fig. 2G).

Reduced XY synapsis in Rad18 kd mice

The X and Y chromosomes are largely heterologous, but they share a small homologous
region, called the pseudo-autosomal region (PAR), where X and Y synapse during
pachytene (Fig. 3A, arrow in the enlarged panel). RAD18 associates with the largely
unpaired X and Y chromosomes, that form the transcriptionally inactive so-called XY
body in pachytene and diplotene spermatocytes [28] (Fig. 3A), but the exact role of
RAD18 on the XY body remains unclear. In spermatocytes of Rad18 kd mice, the RAD18
expression was considerably decreased (Fig. 3B), with a level of RAD18 staining on the
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Figure 2. Morphological analysis of testes from Radl8 knockdown mice and controls. (A, B, E, F)
Histological sections of 4-week-old (A, B) and 19-week-old (E, F) control (A, E) and Rad18 kd (B, F) testes
were stained with hematoxilin and eosin. (B) Elongated spermatids indicated with arrows are shown in
enlarged pictures in the inserts. (C, D) DAPI staining of spread nuclei from elongated spermatids of control
(C) and Radi8 kd (D). (G) Graph depicts the percentage of elongated spermatids with aberrant shape in
control and Radl18 kd mice. Blue and red bars indicate control and Rad18 knockdown, respectively. 300
nuclei from 3 different mice were examined. Double asterisks indicate p<0.01 (Chi-squared test).

XY body that was approximately 80% lower than in control mice (Fig. 3C). An increased
frequency of XY asynapsis was found in pachytene spermatocyte of Rad18 kd mice
(Fig. 3D). When X and Y were not synapsed, they were still adjacent to each other in
66% of these nuclei (Fig. 3E), whereas in the rest of the nuclei that displayed asynapsed
X and Y chromosomes, they were at a larger distance (Fig. 3F). The asynapsed X and
Y chromosomes did not lead to increased frequency of XY aneuploidies in spermatids
in the Rad18 kd mice, as verified using DNA FISH with X and Y painting probes (data
not shown). To examine whether this function is dependent on HR6B, we examined
XY synapsis in spermatocytes of Hr6b knockout mice. However, the frequency of XY
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RADI18 in control nuclei was set at 1.0. Error bars indicate SEM from 45 nuclei in 3 O "Wt Hrobko
independent mice. Blue and red bars indicate control (ctr) and Rad18 knockdown (1n0=0228d2i=f%9n -

(kd), respectively. Double asterisks indicate p<0.01 (Mann-Whitney U test).
(D) The percentage of unsynapsed X and Y chromosomes in mid-pachytene
of 4-week-old and 19-week-old mice. Blue and red bars represent control (ctr) and Rad18 knockdown
(kd) mice, respectively. 600 nuclei from 3 independent mice for 4-week-old mice, and 300 nuclei from 3
independent mice for 19-week-old mice were examined. Double asterisks indicate p<0.01 (Chi-squared
test). (E, F) Immunostaining of Rad18 kd pachytene spermatocyte nuclei with anti-SYCP3 (red). The insert
shows a larger magnification of the area containing the XY body. X and Y chromosomes are indicated in the
enlarged pictures. (G) As mentioned in (D) in 4-week-old wild-type and Hr6b knockout mice. 200 nuclei in
2 independent mice were examined.

asynapsis in Hr6b knockout pachytene spermatocytes was not different from that of
controls (Fig. 3G).

RAD18-dependent HR6A/B localization at the XY body

We previously found that the ubiquitin-conjugating enzymes HR6A and HR6B associate
with the XY body in pachytene and diplotene spermatocytes [30,34]. In mitotic cells,
the mammalian RAD18-HR6A/B complex is known to ubiquitylate PCNA during
replication damage bypass [44,45]. This complex is highly stable, even under high salt
conditions (1 M NaCl) (data not shown). We examined whether the association of
HR6A/B with the XY body depends on RAD18. In Rad18 kd mice, a decreased level of
HR6A/B was detected in whole nuclei and on the XY body (Fig. 4A and B), although
the expression level of HR6A/B in Rad18 kd testis extracts was similar to that of control
extracts (Fig. 4C), indicating that RAD18 mediates the chromatin association of
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Figure 4. Reduced HR6A/B and increased dimethylation of histone H3 at lysine 4 in Rad18 knockdown
spermatocytes. (A) Double immunostaining of control and Radl8 knockdown pachytene spermatocyte
nuclei with anti-SYCP3 (red) and anti-HR6A/B (green). (B) The intensities of HR6A/B in the nucleus and on
the XY body were measured with Image J software. The intensity of HR6A/B in control nuclei was set at 1.0.
Error bars indicate SEM for 10 nuclei from 3 independent mice. Blue and red bars indicate control (ctr) and
Rad18 knockdown (kd), respectively. Double asterisks indicate p<0.01 (Mann-Whitney U test). (C) HR6A/
HR6B expression in total cell extracts from testis of 4-week-old from control (ctr) and Rad18 knockdown
mice (kd) was detected on immunoblots. B-tubulin was used as loading control.

CHAPTER 4



HR6A/B in meiosis. The residual binding of HR6A/B to the XY body may result from
the residual amount of RAD18 that is still present, or may be RAD18-independent.

Overall increased di-methylation of histone H3 lysine 4 in Rad18 kd mice

The reduced level of HR6A/B in Rad18 kd spermatocytes prompted us to analyze several
aspects of meiotic prophase that were found to be aberrant in Hr6b knockout mouse
spermatocytes, to investigate which meiotic HR6B functions depend on RAD18. In
Hr6b knockout mice, increased dimethylation of histone H3 at lysine 4 (H3K4me2)
was found on the XY body of diplotene spermatocytes and round spermatids [33].
In addition, increased histone H2A phosphorylation at tyrosine 120 (H2AT120p) was
also found on the XY body [33]. In control mice, H3K4me2 was more or less evenly
distributed in the nucleus in zygotene (data not shown), in accordance with previous
observations [33]. In early-mid pachytene, this modification disappeared from the XY
body but remained present in the rest of the nucleus (Fig. 4D and E in EP). In diplotene,
H3K4me2 reappeared on the XY body and became enhanced in comparison to the rest
of the nucleus (Fig. 4D in MD). In Rad18 kd mice, the H3K4me2 signal was increased
on the XY body as well as in the rest of the nucleus in diplotene nuclei, compared with
controls (Fig. 4E in MD, and 4F). In haploid round spermatids, either the X or the Y
chromosome is located adjacent to the chromocenter, and localization of H3K4me2 on
the X or Y chromosomes has been verified using FISH [33]. In round spermatids of
Rad18 kd males, H3K4me?2 levels were increased on the sex chromosomes, compared
to controls (Fig. 4G). The expression level and pattern of H2AT120p did not show any
significant differences between Rad18 kd and control mice (data not shown).

De-repression of X-linked genes

An increased level of H3K4me2 on the sex chromosomes of Hr6b knockout
spermatocytes and spermatids is associated with an overall increase in X-linked gene
expression in spermatids, indicating that the post-meiotic maintenance of meiotic
sex chromosome inactivation (MSCI) is disturbed in Hr6b knockout mice [33,34]. To
analyze whether this function of HR6B also depends on RAD18, the gene expression
level of selected X-, Y-, and autosome-linked genes was examined by using mRNA
isolated from total testes of 19-week-old control and Rad18 kd mice. Genes were
selected based on our previous observations made in mRNA preparations of isolated
spermatocytes and spermatids from Hr6b knockout and control mice [33,34]. We
selected two Y-linked genes that were reported to be expressed only in postmeiotic
spermatids. In addition, we analysed seven X-linked genes; one of these is expressed
in meiotic and postmeiotic cells (4930408F14Rik), three of these are expressed in

> (D, E) Double immunostaining of spermatocyte nuclei with anti-SYCP3 (red) and anti- H3 dimethylated
at lysine 4 (H3K4Me2) (green) in control (D) and Rad18 knockdown mice (E). EP; early-pachytene. MD;
mid-diplotene. The XY body is shown in the white circle. (F) The intensities of H3K4me2 in the nucleus and
on the XY body from 4-week-old and 19-week-old mice were measured using Image J software. The intensity
of H3K4me?2 in control nuclei was set at 1.0. Error bars indicate SEM from 60 nuclei in 3 independent mice.
Blue and red bars indicate control (ctr) and Rad18 knockdown (kd), respectively. Double asterisks indicate
p<0.01 (Mann-Whitney U test). (G) Immunostaining of spermatid nuclei with anti-H3K4me2 (green) in
Rad18 kd and control mice. Arrows indicate sites of the accumulation of H3K4me?2.
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premeiotic cells but repressed in meiotic and postmeiotic cells (Atp7a, Gla and Hprt),
two of these genes show postmeiotic reactivation (Eiflay and Gmé614), and one gene
is mainly expressed in Sertoli and peritubular myoid cells (Pgkl) [46] (Mammalian
Reproductive Genetics database). We also selected six autosomal genes that are
expressed in peritubular myoid cells (Lzp-s), or at premeiotic (Cd24a), meiotic (Spoll
and Sycp3) and postmeiotic (Hils and Creb3l4) spermatogenic developmental steps
[46] (Mammalian Reproductive Genetics database). Both analyzed Y-linked genes Sly
and Ssty showed increased expression in Radl8 kd testes compared with the control
(Fig. 5). Three X-linked genes, Gm614, FI14Rik, and Eiflay, expressed at meiotic and
postmeiotic stages also showed increased expression in Rad18 kd testes. However, for
four other X-linked genes, Atp7a, Hrpt, Gla, and Pgkl, expressed highly in premeiotic
or somatic cells, we did not observe an effect of RAD18 depletion, except a decreased
expression of Gla. Thus, in Radl8 kd total testes, only X- and Y-linked genes that
are normally induced during postmeiotic germ cell development, showed increased
expression. Note that for genes that are also expressed in premeiotic and somatic cells, a
selective effect on the expression in meiotic and postmeiotic cells, may be not apparent
if the expression in premeiotic cells and somatic cells is also high, since all these cells
are present in the total testis samples. For the autosomal genes, all five genes that were
analysed did not show any significant differences between control and Rad18 kd cells.

Normal formation of meiotic crossover sites in Rad18 knockdown mice

Another major meiotic phenotype previously observed in Hr6b knockout spermatocytes
is an increased number of MLH1 foci, and resultant crossovers [32]. In Rad18 kd mice,
the average number of MLH1 spots was 23.5 (n=120), which was not significantly

21 Y-linked X-linked autosome

Sly Ssty Gm614 Eiflay F14Rik Atp7a  Hprt Gl

a Pgk1 Creb3l4 Hils1 Spo11 Sycp3 Cd24a Lzp-s

Figure 5. Derepression of X- and Y-linked genes in Radl8 knockdown mice. Real-time RT-PCR
quantification of mRNA levels of X-, Y-, and autosome-linked genes in total testes from Rad18 kd mice. The
amount of PCR products was normalized to Actb (-actin) mRNA. The level of mRNA expression in control
is set as 1.0, and mRNA expression levels of indicated genes in Rad18 kd testes relative to the control are
shown in the graph. Error bars show SEM for two independent experiments from 3 mice. Dark blue bars
indicate genes mainly expressed in postmeiotic cells, blue bars indicate genes mainly expressed in meiotic
prophase cells, light blue bars represent premeiotic genes, and the light green bars that are mainly expressed
in somatic cells. Single asterisk indicates p<0.05 (Mann-Whitney U test).
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different from control mice (24.0, n=90), indicating that knockdown of Rad18 does not
influence the number of crossover sites (not shown).

RAD?51 localization to meiotic DSBs does not depend on RAD18

During meiotic prophase, DSBs are induced by the topoisomerase II-like protein SPO11
in leptotene nuclei [13,14], and these DSBs can be visualized as RAD51 foci. RAD5I is
an essential DSB repair protein involved in mitotic and meiotic HR. In leptotene nuclei
of control mice, many RAD51 foci accumulated at meiotic DSB sites, and the number
of foci gradually decreased through zygotene and pachytene ([47], and Supplementary
Fig. S1A). In mid-pachytene, the majority of RAD51 foci had disappeared from
autosomes, while RAD51 foci persisted on the axial elements of the unsynapsed X
chromosomal arms (Supplementary Fig. S1A, enlarged picture in pachytene). In Rad18
deficient mitotic MEF cells, Huang et al. [1] found that the number of IR-induced
RADS5I foci depends on intact RAD18. To examine whether RAD18 influences the
number of SPO11-induced RAD51 foci in meiosis, we counted the number of RAD51
foci in Rad18 kd leptotene nuclei. We observed similar numbers of the SPO11-induced
RAD?51 foci in control and kd mice, suggesting RAD18-independent accumulation of
RAD51 at SPO11-induced DSBs in meiosis (Fig. 6A).

RADI18 localizes to a small subfraction of meiotic DSB sites

In mitotic HeLa cells, RAD18 accumulates as foci and colocalizes with both RAD51
and YH2AX at DSBs [40]. In wild type meiotic cells, RAD18 accumulates as RAD51-
like foci on the SC only in late zygotene, but not in either leptotene or early zygotene
(Fig. 6B), suggesting that RAD18 does not immediately recognize the SPO11-induced
DSBs, but may be recruited at a later stage, when some persistent meiotic DSBs are
still present. The RAD18 foci at autosomes gradually disappeared during pachytene.
Concomitantly, RAD18 started to accumulate on the chromatin surrounding the XY
body (Fig. 6B). It is of interest to note that on the XY body of control early pachytene
nuclei, RADI18 appears to localize first to the X chromosomal chromatin, which
contains the persistent RAD51 foci, followed by a spread over the rest of the XY body
(Fig. 6B). RAD51 foci on the unpaired X chromosome disappear in late pachytene/early
diplotene, whereas RAD18 and yH2AX remain on the XY body until late-diplotene
(Fig. 6B, and Supplementary Fig. S1).

In order to study whether the RAD18 localization pattern depends on the presence
of SPO11-induced DSBs, localization of RAD18 in Spoll mutant mice was examined.
These mice carry a null-mutation at the catalytic site (D100Y), and the meiotic
phenotype is morphologically indistinguishable from the Spo11 knockout, no meiotic
DSBs are generated (Fig. 6C; A. Inagaki, unpublished) [15,17]. In Spoll mutant
mice, we could not detect RAD18 foci, whereas we still observed a very low level of
accumulation of RADI18 in a mostly single large chromatin region that colocalized
with the YH2AX positive area (Fig. 6C). This region has been called the pseudo XY
body [48]. The intensity of RAD18 that accumulated at the pseudo XY body was 90%
reduced compared to the level on the XY body in wild type controls (Fig. 6D), and
only a subfraction of the nuclei contained RAD18-positive pseudo XY bodies (42%),
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Figure 6. Localization of RAD18 during meiotic prophase. (A) The
number of RAD51 foci in leptotene nuclei was counted (see Materials and
Methods) in control and Rad18 kd mice. Error bars indicate SEM from 40 WT  Spottko
nuclei in 2 independent mice. Blue and red bars indicated control (ctr) and njzznudei x";iﬁce
Rad18 knockdown (kd), respectively. (B) Accumulation of RAD18 from

leptotene to diplotene in wild type spermatocytes. In early pachytene, the

XY body is shown in an enlarged picture, and X and Y chromosomes are indicated as X and Y. (C) Triple
immunostaining of Spoll mutant spermatocyte nuclei with anti-SYCP3 (red), anti-RADI18 (green), and
yYH2AX (light blue). The pseudo XY body is shown in the circle. (D) Graph showing the intensity of RAD18
on the XY body in wild type spermatocyte nuclei and on the pseudo XY body in SpolI mutant spermatocyte
nuclei. The intensity of RAD18 on the XY body in wild type was set as 1.0. Error bars indicate SEM from 32
nuclei in 2 independent mice. Double asterisks indicate p<0.01 (Mann-Whitney U test).
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whereas the vast majority of the nuclei (80%) contained a pseudo XY body identified
by YH2AX staining. This result shows that RAD18 accumulation at the pseudo XY
body (in the absence of functional SPO11) is reduced compared to the accumulation of
RAD18 on the XY body in wild type spermatocyte nuclei. The RAD18 foci on synapsed
chromosomes in late zygotene and early pachytene, are SPO11-dependent, and thus
most likely represent sites of (persistent, see also below) meiotic DSBs.

Recruitment of RAD18 to IR-induced DSBs in spermatocytes

The lack of RAD18 recruitment to SPO11-induced DSBs in leptotene nuclei may be
caused by specific factors that inhibit RAD18 recruitment to these sites. Alternatively, it
may results from low expression of RAD18 at these stages. To examine this possibility,
wild type mice were exposed to ionizing radiation with 5 Gy, and RADI18 foci
formation was analysed after 3 hours. RAD18 was found to accumulate at radiation-
induced DSBs from leptotene until late diplotene (Fig. 7), indicating that the amount
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Figure 7. Accumulation of RAD18 at IR-induced DSBs. Localization of RAD18 in spermatocyte nuclei of
wild type mice irradiated with IR at 5Gy. Three hours later, spread spermatocyte nuclei were prepared, and
doublestained with anti-SYCP3 (red) and anti-RAD18 (green). The white line in the early pachytene image
indicates the boundary of the nucleus.

of RADI18 that is present in leptotene nuclei is sufficient for recruitment to DSB sites.
Intriguingly, we observed two different patterns of RAD18 accumulation. In leptotene,
zygotene, and early pachytene nuclei, RAD18 accumulated as distinct foci, whereas
a more diffuse accumulation pattern, similar to what is observed for YH2AX, was
observed in pachytene and early- to mid-diplotene (Fig. 7). These data suggest that
depending on the substage of meiotic prophase, RAD18 accumulation in response to
the formation of DSBs varies. Interestingly, the time point at which RAD18 localization
changed from a focus-like pattern to a diffuse chromatin-associated pattern coincided
with the accumulation of RAD18 at the XY body (Fig. 7). When RAD18 was lost from
the XY body in late diplotene, RAD18 accumulated again as RAD51-like foci.

RADI18 accumulates as foci at persistent DSBs in SycpI knockout mice

Our finding that RAD18 localizes to only a small subfraction of SPO11-induced DSBs,
atarelatively late time point following the formation of these breaks, and the subsequent
recruitment to the chromatin surrounding the persistent DSBs on the X, indicated that
the recruitment of RADI18 to meiotic DSBs may only occur if these breaks persist.
To study this further, we investigated RAD18 localization in spread spermatocyte
nuclei from Sycp! knockout mice. SYCP1 is a transverse filament protein that connects
the lateral elements to form a SC. In Sycpl knockout mice, chromosomes align, but
synapsis is not achieved. In addition, repair of meiotic DSBs is stalled, as visualized by
persistent YH2AX and RAD51 staining, and no XY body is formed [38] (Fig. 8A and
B). Intriguingly, in SycpI knockout spermatocytes, RAD18 showed RADS51-like foci
formation on all SCs in late zygotene (Fig. 8C). We also found foci-like accumulation

FUNCTIONS OF RAD18 AT MEIOTIC DSBs

149



150

of RAD18 along the X chromosome, while RAD18 did not accumulate on the DSB-
surrounding chromatin (Fig. 8C).

RAD18 at persistent meiotic DSBs in Rad54 knockout mice

RAD54 is a homologous recombination repair protein that may also function in
meiosis. In yeast meiosis, meiosis-specific proteins appear to attenuate Rad54 functions,
to facilitate interhomolog repair [49]. In mammals, two yeast Rad54 orthologs,
RADS54 and RAD54B, have been identified [50]. Both Rad54 single [39], and Rad54/
Rad54b double knockout mice [51] are viable, fertile and show normal development.
However, persistent RAD51 foci and their aggregation have been reported in diplotene
spermatocyte of both Rad54 and Rad54/Rad54b-double knockout mice [51]. Since this
phenotype of persistent breaks in diplotene spermatocytes is somewhat reminiscent
of what we observed in Radl8 kd spermatocytes, we also examined accumulation of
RAD18 in Rad54 knockout mice. In early diplotene spermatocytes, more frequent
accumulation of RADI8 at several areas of autosomal chromatin was found in Rad54
knockout mice, compared to control wild type (Fig. 9A arrows, and B). Here, RAD18
does not accumulate as foci, but displays a more diffuse pattern on the chromatin,
similar to the pattern that is observed at radiation induced breaks at this stage (late
pachytene/early diplotene) (Fig. 7) [52]. At these RADI18 positive sites in Rad54
knockout diplotene spermatocytes, YH2AX accumulation was also observed (data
not shown). Taken together, RAD18 is recruited to the sites where the DNA damage
persists due to the lack of repair associated proteins, RAD54.

Persistent YH2AX on autosomal chromatin in late diplotene spermatocytes of
Rad18 kd and Hr6b” mice

Similar to DSB-repair sites in mitotic cells, the surrounding chromatin of SPO11-induced
DSBs is marked by YH2AX in leptotene and zygotene nuclei [19] (Supplementary Fig.

A B MP

Sycp1 ko

Figure 8. RAD18 accumulation in Sycpl knockout
spermatocytes. (A-C) Double immunostaining of
wild type and Sycpl knockout spermatocyte nuclei
with anti-SYCP3 (red) and (A) anti-yH2AX (green),
(B) anti-RAD51 (green), and (C) anti-RADI18
(green). MP; mid-pachytene. X and Y chromosomes
are indicated as XY, or X and Y, respectively. The X
and Y chromosomes are shown in the white circles in

Sycp1 ko pictures of Sycpl knockout spermatocytes.
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Figure 9. RAD18 accumulation in Rad54 knockout spermatocytes. (A) Double immunostaining of wild
type and Rad54 knockout late-pachytene nuclei with anti-SYCP3 (red) and anti-RADI18 (green). Arrows
indicated persistent RAD18 staining at autosomes. (B) The percentage of nuclei containing persistent RAD18
foci in late-pachytene is shown. 100 nuclei were examined in a control and a Rad54 knockout mouse. Double
asterisks indicate p<0.01 (Chi-squared test).

S1B).Inaddition,yH2AX isknown as the earliest marker of the XY body (Supplementary
Fig. S1B, arrowhead) [19]. As pachytene progresses, the intensity of YH2AX decreases
at autosomes but not on the XY body, and yH2AX has disappeared from autosomes in
diplotene [19] (Supplementary Fig. S1B). We observed that yYH2AX was still present on
the XY body just before entering metaphase (Supplementary Fig. S1B). In young as well
as adult Rad18 kd mice, the yH2AX staining pattern was similar to that of control mice
from leptotene to pachytene. However, YH2AX positive sites still marked autosomes in
60% of late diplotene nuclei in Rad18 deficient mice (Fig. 10A and B). This was much
less frequently observed in control mice. To examine whether this function depends
on the presence of a functional RAD18-HR6A/B complex, we examined yH2AX
staining in Hr6b knockout mice. Similar to Rad18 kd mice, approximately 40% of late
diplotene nuclei showed accumulation of yYH2AX at autosomal chromatin, compared
to approximately 20% of the nuclei in wild-type testis (Fig. 10C).
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Figure 10. Increased number of unrepaired meiotic DSBs in Radl8 knockdown spermatocytes. (A)
Double immunostaining of control (ctr) and Rad18 knockdown (kd) spermatocyte nuclei with anti-SYCP3
(red) and anti-yH2AX (green). Arrows point to YH2AX, indicating persistent DSBs at autosomal regions. (B,
C) Graphs showing the percentage of persistent YH2AX foci in late-diplotene of 4-week-old (B, C) and 19-
week-old (B) mice. Blue bars indicate control, and red bars indicate Rad18 knockdown (B) or Hr6b knockout
(C), respectively. The number of analyzed mice is indicated in the graph. Double asterisks indicate p<0.01
(Chi-squared test).
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DISCUSSION

RADI18 and HR6A/B

RADI18 is most well known for its role in replicative damage bypass (RDB) that allows
progression of DNA replication in the presence of DNA damage in mitotic cells
(reviewed in [7]). In addition, RAD18 is also required for DSB repair [1,5]. Herein, we
analyzed Radl8 knockdown mice to study the role of RADI18 in meiotic DSB repair.
RADI18 and HR6A/B function as a complex. It is thought that RAD18 may bind to
DNA directly via its SAP domain, or indirectly via its Zinc finger, which may interact
with ubiquitylated chromatin components such as ubiquitylated histones [53]. HR6A/B
does not have any known direct DNA or chromatin binding properties. As expected,
based on these properties of the proteins, we found that the localization of HR6A/B
to chromatin, including the XY body, is at least partially dependent on RAD18. The
intimate functional and physical relation between the two proteins would suggest that
loss of the proteins may lead to similar phenotypes, and identification of overlapping
phenotypic characteristics could help to distinguish between RAD18-dependent, and
RAD18-independent functions of HR6A and HR6B. Previously, we have shown that
HR6B at the XY body functions to decrease the H3K4me?2 level, in association with a
role in the maintenance of MSCI [33,34]. Herein, we show that the regulation of the
H3K4me2 level at the XY body appears to be RAD18 dependent. None of the other
previously identified meiotic phenotypic characteristics of the Hr6b knockout mice
were observed in the Rad18 kd mice. Apart from RAD18, HR6A/B also functions with
other E3 ligases, such as RNF20 and RNF40 to ubiquitylate histone H2B at lysine 120
(H2BK120ubi) [54]. In addition, HR6A/B functions together with members of the
UBR family of E3 ligases [55-57]. Thus, most likely the other functions of HR6B in
meiosis depend on these, or yet unknown E3 ligases.

HR6B apparently also functions during postmeiotic spermatid differentiation,
since condensing spermatids of Hr6b knockout mice showed severe morphological
disturbances [58]. In addition, the expression of many genes (approximately 25% of
the annotated genes) becomes disturbed in Hr6b round spermatids [34]. In Rad18
kd mice, we noted a milder disturbance of postmeiotic spermatid development.
It is not excluded that a low level of remaining RAD18 expression in spermatids of
Rad18 kd mice, generates a partial phenotype. However, the postmeiotic expression
of X- and Y-linked genes may be affected in a similar way as in Hr6b knockout mice.
Using immunocytology we do not detect RAD18 protein in postmeiotic spermatids,
but on immunoblots the amount of RAD18 appears to be approximately equal in
spermatocytes and spermatids [30]. Together, this indicates that part of the postmeiotic
HR6B functions depend on RAD18.

Surprisingly, we observed an increased frequency of XY asynapsis in Radl8
knockdown mice. This phenotype is not present in Hr6b knockout mice. It cannot
be excluded that RADI18 carries out some HR6B-independent functions that may
not require protein ubiquitylation. Still, we presume that it is more likely that this
phenotype is related to systemic dysregulation in Rad18 kd mice that is evidenced by
the overall decrease in body weight. Interestingly, in Atm knockout mice, a similar
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effect on XY synapsis was described [59]. Atm deficient mice also display reduced
body weight compared to their littermate controls [60]. In these mice, overall meiotic
recombination was increased [59], indicating that the XY asynapsis could not be
caused by decreased meiotic recombination. It is highly likely that the observed
asynapsis results from premature desynapsis instead of a complete lack of synapsis.
This conclusion is based on the fact that we did not observe any aberration in the
frequency of MLH1 foci formation on the XY pair, and on the normal frequencies of X
and Y bearing spermatids.

Sun et al. (2009) [61] described the testicular phenotype of Rad18 knockout mice.
They reported normal spermatogenesis in young mice, and progressive loss of stem
cells in old (>12 months) RadI8 knockout mice. Since they did not study meiotic
prophase in detail in their mouse model, and the meiotic defects that we observed
in the Radl8 kd mice are rather subtle, it is not excluded that similar defects will
be present in these males. Conversely, we do not exclude that upon aging, Rad18
knockdown mice will show a similar loss of stem cells as was described for the Rad18
knockout mice. The average litter size of the control mice in the study of Sun et al.
(2009) is much lower compared to what we observed, indicating that the genetic
background may also be different. Finally, the Rad18 knockout allele was generated
through insertional mutagenesis, and it cannot be excluded that (truncated) RAD18
is expressed in some tissues in the knockout mouse model, leading to a hypomorphic
phenotype.

Recruitment of RAD18 to persistent meiotic DSBs and chromatin of the XY body
In the present study, we found that RAD18 accumulates only at a small subset of
meiotic DSBs in late zygotene to early pachytene, but not in leptotene, in a SPO11-
dependent manner. This subset of meiotic DSBs may represent persistent DSBs,
since in Sycpl knockout mice, in which many DSBs remain unrepaired due to the
failure of complete chromosome pairing, many more RADI18 foci appear along the
chromosomal axes. Our finding that RAD18 is able to associate with IR-induced DSBs
in leptotene when the mice were irradiated with 5 Gy, indicates that the amount of
RAD18 is not limiting at this stage. Thus, it appears that factors involved in recruiting
RAD18 to damage-induced DSBs are absent or masked at SPO11-induced DSBs in
leptotene. In mitotic cells, ubiquitylation of histone H2A at lysine 119 (uH2A) by
the ubiquitin E3 ligase RNF8 functions as a key modification to transmit the signal
further to downstream components of the DSB recognition pathway [62-64]. RNF8
deficient cells show no accumulation of RAD18 at IR-induced DSBs [1]. In leptotene
and zygotene spermatocytes, we have not found uH2A accumulation at IR-induced
DSBs (unpublished data), and it is also not present at SPO11-induced breaks at these
stages [32]. Thus, most likely, some other component of the DSB-recognition pathway
is capable of recruiting RAD18 to IR-induced DSBs in leptotene spermatocytes. In
late zygotene, this unknown component may also have accumulated, or has become
“unmasked” at SPO11-induced DSBs that have not yet been repaired. We suggest that
the two known RAD18 interaction partners RPA [65] and RAD51C [1] are somehow
involved in the recruitment of RAD18 only to the persistent meiotic DSBs.
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Chromosomes or chromosomal regions without a pairing partner can only repair
their meiotic DSBs in the unpaired regions through recombination with the sister
chromatid or via NHE]. Since both these pathways appear to be repressed during
early meiotic prophase, meiotic DSBs in such regions may remain unrepaired. Indeed,
persistent RAD51 foci are observed along the unsynapsed arm of the X chromosome in
pachytene [47]. Surprisingly, these are only rarely observed along the unsynapsed part
of the Y, suggesting that SPO11 generates only a few breaks in this region of the Y, or
that these breaks are repaired via an alternative, rapid pathway. Corresponding to these
persistent meiotic DSBs on the X chromosome in pachytene, RAD18 accumulates
first on the chromatin regions of the X chromosome, and subsequently spreads to
the synapsed chromatin and the region of the Y chromosome. This suggests that the
persistent DSBs on the X may stimulate recruitment of RAD18 to the X chromosome,
followed by spreading to the Y chromosome. Notably, uH2A shows a similar pattern of
accumulation on the XY body, suggesting that uH2A may function to facilitate RAD18
recruitment to the chromatin surrounding the meiotic DSBs on the XY body.

Possible role of RAD18 in intersister-mediated repair of persistent meiotic DSBs
The repair mechanism for DSBs on the X and Y chromosomes remains unclear. Recent
analyses of radiation-induced DSB repair in spermatocytes revealed that the NHE]
pathway is reactivated in late pachytene spermatocytes, and most damage-induced
DSBs appear to be repaired via this pathway, although the HR pathway takes over
when NHE] is compromised [34]. For the persistent breaks at the XY body, it is not
known whether NHE] or HR (using the sister chromatid as a template for repair) is
the favoured pathway. Since we did not observe a change in the dynamics of RAD51
foci on the XY body in Rad18 kd mice, it is unlikely that RAD18 is required for the
repair of these breaks. Moreover, the fact that RAD51 foci disappear from the XY body
before YH2AX, suggests that the NHE] pathway may mediate repair of persistent DSBs
on the unsynapsed XY axes. This would fit with the idea that intersister-mediated DSB
repair should be inhibited as long as synapsis is not achieved, which maintains the
interhomolog bias to stimulate chromosome pairing. In yeast, a protein named Hopl
triggers dimerization and activation of a kinase Mekl [66,67]. Mekl subsequently
mediates phosphorylation of Rad54, which inhibits its activity, and is involved in
mediating the interhomolog bias [49]. In mammals, two possible Hopl homologs,
Hormadl and Hormad2 have been identified [68]. HORMADI1 and 2 preferentially
accumulate on unsynapsed chromosome axes in spermatocytes, and are removed upon
synapsis. This is consistent with the idea that the interhomolog bias could be relieved
upon synapsis. Thus, at synapsed autosomal sites, on paired chromosomes that repaired
most of the breaks and formed at least a single crossover, the inhibition to repair via the
sister may be relieved. At such DSB sites, RAD18 and RAD54 may function together to
mediate inter-sister repair.

Taken together, our data indicate that RAD18, together with HR6B, may ubiquitylate
an unknown substrate to facilitate repair of persisting meiotic DSBs at synapsed
regions using the sister chromatid as a template for repair in late zygotene and early
pachytene. In the absence of RAD18, these DSB sites persist until the NHE] pathway
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is reactivated in diplotene. At the XY body, the function of the RAD18-HR6B complex
may be different. At the DSB sites along the unsynapsed X, it may try to stimulate
HR, but fails to succeed due to the inhibition of inter-sister mediated repair. On the
surrounding chromatin RAD18 may be involved in regulating chromatin structure and
thereby help to maintain MSCL
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SUPPLEMENTARY MATERIALS
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Supplemental Figure S1. (A, B) Double staining of SYCP3 (red) and RAD51 (green) (A), or double staining
of SYCP3 (red) and gH2AX (green) (B) from leptotene to diplotene in wild type spermatocytes. In pachytene,
the XY body is shown as an enlarged picture (A), and indicated with arrows (A, B).
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Table S1. Primer sets used for gJPCR

gene name  fw/rev sequence annealing temperature

Sly forward GTCAGAACCAGACCCTGGAA 59
reverse GTTCTTGGTCCCCAAGTTCA

Ssty forward ATACCACAGCAAGGCTACAG 59
reverse TCAGGGTGTTGGAAGAAGAC

Gm614 forward AGACTCTGCCAGCAAATTCC 53
reverse TTCAGCATGGGCACAATAGC

F14Rik forward ACCTGGAGCTTGTGGATGG 61
reverse CGAGGTACACTCTAGGTTTGG

Eiflay forward CACTTCTCGGCGTTGCCCGT 60
reverse GCCTCTACGCCGGTTTTTGCCT

Pgkl forward GCACGCTTCAAAAGCGCACG 60
reverse CACCCTCATCACGACCCGCT

Atp7a forward GTGTCCGGACCATTGAACAG 61
reverse GGGGGTTAGCATTGTGGAGA

Hprt forward GTTAAGCAGTACAGCCCCAAA 61
reverse AGGGCATATCCAACAACAAACTT

Gla forward TCCCCAACGCTTTCCTAGTG 63
reverse CCCCAGTCAGCAAATGTCTG

Sycp3 forward TGGGATAATTGAAGATGTTGGA 59
reverse GGCTTTGAAAGAAGCTTTGG

Hils1 forward GCCAGGACAGACAGAAGAGC 60
reverse CACCCTACGGACTCCTTTGA

Cd24a forward TTCTGGCACTGCTCCTACCC 63
reverse CTGGTGGTAGCGTTACTTGG

Spoll forward GCTCCTGGACGACAACTTCT 60
reverse ATCTGCATCGACCAGTGTGA

Creb314 forward CCTCCGATTCGCATAGACAT 60
reverse GCCAGCAGTTGCTTTTCTTC

Lzp-s forward GCCTGTGGGATCAATTGC 59
reverse CATGCTCGAATGCCTTGG

Radl18 forward TCTGTATGCATGGGACAGGA 59
reverse TCAGGTTCCAATTCCTCTGG

actin forward CCGTGAAAAGATGACCCAG 50 - 65
reverse TAGCCACGCTCGGTCAGG
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ABSTRACT

Proliferating cell nuclear antigen (PCNA) is known to be modified by either
ubiquitin(s) or small ubiquitin-like modifier(s) (SUMO) at the conserved lysine 164
residue (K164) in S. cerevisiae, while no SUMOylated PCNA has been detected in
mammalian cells to date. Previous studies have shown that homozygous Pcna*' e
KI6fR knockin mice display severe defects in germ cell development. Here we have
analysed the function of PCNA modification in spermatogenesis in more detail. We
show that the essential role of PCNA modification for primordial germ cell survival
and/or proliferation is independent of a functional HR6B/RAD18 complex, that
functions upstream of PCNA ubiquitylation. In addition, mutation of Polymerase n
or double knockout of Htfl/Shprh, that are enzymes known to function downstream
of the PCNA ubiquitylation, do not affect primordial germ cell development.
However, we cannot exclude partial redundancy between different enzymes
involved in translesion synthesis.

In heterozygote Pcna™*!*f knockin mice, we observed an increase of 20% in
meiotic recombination frequency in comparison to wild type controls. We show
that although HR6B also modifies meiotic recombination, PCNA modification and
HR6B most likely act independently in this mechanism. HR6B regulates the number
of meiotic DSBs, whereas PCNA modification regulates the choice between crossover
and noncrossover formation. We propose that PCNA SUMOylation rather than
ubiquitylation is required to recruit an anti-recombinogenic downstream helicase
in meiotic prophase nuclei. Increased meiotic recombination is the only phenotypic
defect that has been observed to date in heterozygote Pcna"7%!¢*® knockin mice.
This points to a possible requirement for SUMOylation of all three subunits of the
homotrimeric PCNA ring, whereas ubiquitylation of a single PCNA subunit may
be sufficient for functionality.

Key words: PCNA K164, meiosis, recombination, ubiquitylation, SUMOylation
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INTRODUCTION

Proliferating cell nuclear antigen (PCNA) is a processive clamp for DNA polymerases
and an essential binding platform for numerous proteins involved in DNA replication,
repair, and cell cycle regulation. PCNA forms a homotrimer that encircles double-
stranded DNA, and operates as a sliding clamp to keep the DNA polymerase machinery
firmly on the DNA during DNA replication (reviewed in [1]).

During DNA replication, the presence of unrepaired DNA lesions threatens to
block progression of the replication machinery, which might result in the formation
of DNA double-strand breaks (DSBs) and gross chromosomal rearrangements, or even
to a permanent cell-cycle arrest and cell death. Replication damage bypass (RDB) is a
special pathway that allows progression of DNA replication without actually removing
the lesion (reviewed in [2]).

In Saccharomyces cerevisiae, the E2 ubiquitin-conjugating enzyme Rad6 is essential
for this pathway. Depending on interactions with downstream components, error-free
or error-prone sub-pathways can be activated. The first step in both pathways involves
mono-ubiquitylation of PCNA at conserved lysine residue 164 (K164) by the Rad6-
Rad18 complex, in which Rad18 acts as an ubiquitin ligase (E3 enzyme) [3]. Mono-
ubiquitylation of PCNA by the Rad6-Rad18 complex recruits specific translesion
synthesis (TLS) polymerases that can incorporate nucleotides in the strand opposite
the site of the DNA lesions, and this process may usually be error-prone (reviewed in
[4,5]). Alternatively, mono-ubiquitylation by the Rad6-Rad18 complex may be followed
by Rad5-Mms2-Ubcl3-mediated poly-ubiquitylation [3]. This polyubiquitylation
involves the formation of K63-linked polyubiquitin chains. Ubc13 is the only known
enzyme that can stimulate the formation of K63-linked polyubiquitin chains. K48-
linked polyubiquitylation usually targets substrates for degradation by the proteasome,
whereas K63-linkage does not. The E3 ubiquitin ligase Rad5 interacts with both the
Rad6-Radl8 and the Mms2-Ubcl3 complexes to stimulate poly-ubiquitylation of
PCNA. Subsequently, polyubiquitylated PCNA enables template switching to the intact
sister chromatid and as a consequence an error-free damage bypass pathway can be
activated [6]. In S. cerevisiae, K164 residue of PCNA is known to be modified not only
by ubiquitin but also by small ubiquitin like modifier (SUMO) [3]. This modification
is mediated by the SUMO ligase Sizl and causes the recruitment of a helicase Srs2
to replication forks during S phase in order to prevent unwanted crossover events
through its ability to disrupt Rad51 nucleoprotein filaments [7-11]. Srs2 was originally
identified as a suppressor of rad6 and rad18 mutants, and has been previously proposed
to be a regulator of the Rad6-dependent pathways [12].

Functional orthologs of proteins involved in the RDB pathway have been identified
in mammals, implying that this pathway is generally well conserved [13]. In mammalian
cells, RAD18 complexes with the mammalian orthologs of yeast Rad6, HR6A (UBE2A)
and HR6B (UBE2B) [14], and mediates PCNA mono-ubiquitylation at K164 when the
replication machinery is stalled by UV-induced DNA damage to recruit one of the
TLS polymerase families, Poln [15]. Mammalian orthologs of yeast Rad5, HLTF and
SHPRH, mediate PCNA polyubiquitylation with mammalian MMS2-UBC13, and
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maintain genomic stability probably via the conserved error-free pathway of RDB [16-
19]. PCNA is highly conserved as is K164, suggesting that PCNA might be regulated
by SUMOylation as well as ubiquitylation in mammals, in a manner similar to that in
S. cerevisiae. However, no SUMOylated forms have so far been detected in mammalian
PCNA.

Recently, mice carrying a lysine (K) to arginine (R) mutation at lysine residue
164 of PCNA (K164R) were generated, using two different approaches [20,21]. In the
first approach, knockin mice carrying the K164R mutation in Pcna were generated
[20], whereas in the second approach a transgene carrying the K164R mutation was
expressed on a Pcna knockout background [21]. Both K164R mouse models showed
reduced somatic hypermutation and male infertility, but the K164R knockin mice
showed a much severer phenotype, in particular in the testis [20] than the K164R
transgenic mice. The latter displayed meiotic arrest in early pachytene with elongated
chromosome axes [21], whereas no germ cells were detected in testes from K164R
Pcna knockin mice [20]. The difference in phenotypes might be caused by differences
in expression level of mutant PCNA; if the transgene is overexpressed, this may
somehow help to overcome the lack of PCNA modification, resulting is a less severe
phenotype. The role of PCNA modification in gametogenesis is at present unknown.
The mammalian Rad6 orthologs HR6A and HR6B have essential functions in female
and male gametogenesis, respectively [22,23], but it is not known whether any of the
reproductive functions of HR6A and HR6B depends on the ability of HR6A and HR6B
to ubiquitylate PCNA. Elongated chromosomal axes in spermatocyte nuclei as described
for the transgenic K164R mice [21] have also been observed in Hr6b knockout mice
[24]. In Hr6b knockout mice, these elongated axes are associated with increased meiotic
recombination frequency ([24], see also below). This fits with the general correlation
between chromosomal axis length and meiotic recombination frequency that has been
described [25]. Meiotic recombination is initiated with the induction of meiotic DSBs
by the topoisomerase II-like enzyme SPO11. In mitotic cells, DSBs may be repaired
either through the non-homologous end-joining pathway (NHE]) or via homologous
recombination (HR). In meiotic cells, the error-prone NHE] process is repressed [26],
leaving HR as the only available pathway for repair. HR, using one of the chromatids
of the homologous chromosome as a template for repair, may lead to the formation of
crossovers. In mouse and man only a small minority of the DSBs lead to the formation
of crossovers, but each chromosome pair has at least one (obligate) crossover. Repair
of most meiotic DSBs leads to so-called gene conversions or noncrossovers (reviewed
in [27]). Repair of meiotic DSBs is accompanied by, and essential for, chromosome
paring and synapsis of homologous chromosomes. Synapsis is achieved through the
formation of the synaptonemal complex (SC) along the chromosomal axes of the paired
chromosomes. The SC consists of two lateral elements that follow the chromosomal
axes of each chromosome, connected by a central element. Before synapsis, the lateral
elements are called axial elements, and these start to form in the leptotene stage of
meiotic prophase, when the DSBs have just formed. In zygotene, the axial elements are
complete and synapsis is initiated. In pachytene, synapsis is complete. At this stage,
the crossover sites can be visualized through immunocytochemical analysis of the
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mismatch repair enzyme MLHI. This protein forms a single focus at each crossover
site on the SC. Subsequently, the SC is disassembled in diplotene, and in metaphase
I, the actual crossovers are visible as chiasmata. The number of crossovers is tightly
regulated. A mechanism termed crossover interference reduces the likelihood of two
crossovers occurring in close proximity of one another. Furthermore, it is ensured that
each chromosome pair contains at least a single crossover site. The most outspoken
change in crossover frequency is observed in mice that are deficient for the ubiquitin
conjugating enzyme HR6B [24]. Hr6b knockout male mice are infertile, associated
with dysregulation of chromatin structure in meiotic and post-meiotic cells [23,24,28].
In late pachytene nuclei of these cells, the SCs are longer, and the number of MLH1
foci is 20% increased in comparison to controls [24], but crossover interference is not
affected [29].

Herein, we analyzed the mice carrying a point mutation at lysine K164 (K164R)
in Pcna to study the role of K164 modification of PCNA during spermatogenesis.
In addition, we analysed the meiotic phenotype of several knockout mouse models
that carry mutations in genes that function downstream or upstream of PCNA
ubiquitylation in the RDB pathway.

MATERIALS AND METHODS
Mice
Generation of PCNA K164R knockin mice [20] and Poin knockout mice [30] has been

described. HLTF/SHPRH double knockout mice were kindly provided by Kyungjae
Myung (National Institute of Health, USA).

Antibodies

For primary antibodies, we used the mouse monoclonal antibodies anti-MLH1 (Becton
and Dickinson), the rabbit polyclonal antibodies anti- RAD51 [31], and anti-SYCP3
(gift from C. Heyting). For secondary antibodies, we used a goat anti-rabbit IgG alexa
488/564 or goat anti-mouse alexa IgG 488/564 (Molecular Probes).

Meiotic spread nuclei preparations and immunocytochemistry.

Testis tissues were processed to obtain spread nuclei for immunocytochemistry
as described by Peters et al [32]. Spread nuclei of spermatocytes were stained with
antibodies mentioned above. Before incubation with antibodies, slides were washed
in PBS (3x10 min), and non-specific sites were blocked with 0.5% w/v BSA and 0.5%
w/v milk powder in PBS. Primary antibodies were diluted in 10% w/v BSA in PBS, and
incubations were overnight at room temperature in a humid chamber. Subsequently,
slides were washed (3x10 min) in PBS, blocked in 10% v/v normal goat serum (Sigma)
in blocking buffer (supernatant of 5% w/v 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 hours. Finally, slides were washed (3x10
min) in PBS (in the dark) and embedded in Prolong Gold with DAPI (invitrogen).
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Histological analysis and TUNEL assay

Testes were isolated from control, Hitf/Shprh double knockout, Poln knockout,
heterozygous PCNAVTXIR “and homozygous PCNAK#VKIER mjce that were 2 and 4
weeks old. Testes were fixed in 4% paraformaldehyde (TUNEL) or Bouins’ fixative for
morphological analysis, and embedded in paraffin according to standard procedures.
For histological analysis, mounted sections were deparaffinized, rehydrated, and
stained with hematoxylin and eosin. For TUNEL assay, sections were mounted on
aminoalkylsilane-coated glass slides, dewaxed, and pretreated with protease K (Sigma)
and peroxidase as described elsewhere [33]. Slides were subsequently washed in terminal
deoxynucleotidyl transferase (TdT) buffer for 5 min [34] and then incubated for at least
30 min in TdT buffer containing 0.01 mM Biotin-16-dUTP (Roche) and 0.4 U of TdT
enzyme (Promega). The enzymatic reaction was stopped by incubation in TB buffer,
and the sections were washed [33]. Slides were then incubated with StreptABComplex-
horseradish peroxidase conjugate (Dako) for 30 min and washed in PBS. dUTP-biotin
labelled cells were visualized with 3,3-diaminobenzidine tetrahydrochloride-metal
concentrate (Pierce, Rockford). Tissue sections were counterstained with nuclear
fast red-5% (wt/vol) (AL(SO,),. For each animal, the number of TUNEL (terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling)-positive cells
was counted in at least 200 tubule sections, and the average number of positive cells
per 100 cross sections was calculated. Data were analyzed by using the Mann-Whitney
U test.

Confocal microscopy

Images of cells were obtained using a Zeiss LSM510NLO microscope (Carl Zeiss) with
a 63 x /1.40 NA oil immersion lens. Proteins stained with alexa 488 were detected by
exciting the probes with a 488 nm Argon gas laser and monitoring the emission through
a 500-550 band-pass filter. Proteins stained with alexa 564 were detected by exciting
the probes with a 543 nm helium neon laser and monitoring the emission through a
long-pass 560 filter. To minimize the effect of photo-bleaching, images were taken with
10 uW for a 488 nm laser, and with 20 uW for a 543 nm laser. For quantification of
immunofluorescent signal, slides were analyzed on the same day. Fluorescent images
were taken under identical conditions for all slides, and images were analysed using the
Image] software (Rasband, W.S., Image], U.S. National Institutes of Health, Bethesda,
Maryland, USA [http://rsb.info.nih.gov/ij/]). Nuclei were selected and the mean signal
(n) and standard deviation (o) was calculated by Image ] software, and threshold
was determined [35]. To count the number of RAD51 foci, threshold was set at; p +
2.5%c, and the number of foci was calculated using Image J. To prevent counting of
non-specific background as RAD51 foci, areas less than 2 pixels were excluded from
counting.
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RESULTS

Lack of primordial germ cells in homozygous PCNAX!/#4R/KI64R mjce, and increased
apoptotic cells in heterozygous PCNAVT/XI®R mjce

We previously found that mutation of lysine 164 of PCNA (K164R) leads to infertility
in both female and male mice, in association with complete absence of germ cells [20].
All wild-type, heterozygous, and homozygous mice showed similar body weight, while
the testis of PCNAKI##/KISR mice weighed only 20% of testis of wild type and PCNAY"
K164k mice (Figure 1A). Next, we analyzed young mice to study whether some germ
cells, including cells in meiotic prophase, might still be present in immature testes.
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Figure 1. Characterization of wild-type, heterozygous, and homozygous
50 PCNAK164R mice. (A) Body and testis weight from 4-week-old wild
type, heterozygous Pcna“V"¥'*® and homozygous Pcna*'*WKIeR mice,
604 Error bars indicate SEM values from 7 wild type, 8 heterozygous, and 4
homozygous mice. (B, C) Histological sections of embryonic day 18 (B)
40+ and 4-week-old (C) wild type, heterozygous Pcna™"*!¢* and homozygous

Pcna®ietRvKIsR mouse testes were stained with GCNA. (D) The number of

apoptotic cells per 100 tubuli from 4-week-old wild type and heterozygous

PcnaVK1%Rmijce. Error bars indicate SEM values from 2 wild type and 2
Wt hetero heterozygous mice.

apoptotic cells/100 tubuli
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However, similar to our previous observations [20], already in 4-week-old mice,
the seminiferous tubules were devoid of germ cells. To investigate this further, we
decided to analyse testes before birth. Primordial germ cells arise outside the gonads
and migrate into the gonads around day 11 of mouse embryonic development (E11).
During this period, the primordial germ cells increase in number through mitotic
proliferation. Around E13, the germ cells enter a mitotic arrest, which is maintained
until the process of spermatogenesis is initiated shortly after birth. In E18, neither
seminiferous tubules formation nor primordial germ cells were found in PCNAX!®®
KI68R ‘mice, suggesting a developmental retardation of gonads as well as primordial
germ cells (Figure 1B). The lack of germ cells in homozygous PCNAX®R/KIOR mice
indicates that modification of PCNA is essential for the proliferation or survival of
primordial germ cells. Heterozygous PCNAYTX®R mice did not show any phenotype
with respect to the number of germ cells compared with wild-type (Figure 1B and
C). However, we observed an approximately 1.5-fold increase in the number of
apoptotic spermatocytes in heterozygous PCNAVTX1R mijce by TUNEL at age of 4
weeks (Figure 1D). Downstream of PCNA monoubiquitylation by HR6A/B-RAD18,
Pol 1 can be recruited to mediate error-prone RDB. Alternatively, RAD5 orthologs
may mediate PCNA polyubiquitylation together with UBC13, to allow error free RDB.
To analyse whether impairment of any of these downstream events may cause the loss
of germ cells in the homozygous PCNA knockin mice, and the increased apoptosis
of the heterozygote, we analysed testes from mice that carried mutations in both
mouse RAD5 orthologs, HItf/Shprh double knockout mice (Figure 2A) and from Poln
knockout mice (Figure 2B). The total number of germ cells as well as the number of
apoptotic spermatocytes was not different from controls in testis sections from these
mice (Figure 2C and D).

Normal SYCP3 length in pachytene spermatocytes of PCNAW/X!64R mjce

Although we could not identify meiotic prophase cells in Pcna®/®*®/KI®® testes, the
increased apoptosis of spermatocytes in the heterozygotes suggested a meiotic
phenotype in these mice. Since elongated chromosomal axes have been reported for
spermatocytes from transgenic Pcna” tg®'**® mice [21], we analysed this parameter in
our heterozygous PCNAWTKI®R mjce. The length of SYCP3 was measured in MLH1-
positive mid-pachytene nuclei. In contrast to transgenic PCNA K164R mice, we did
not find elongation of SYCP3 length in PCNAWTKI®R mijce (Figure 3A).

PCNA modification regulates meiotic recombination frequency

In S. cerevisiae, PCNA SUMOylation is mediated by the SUMO ligase Sizl and this
modification causes the recruitment of the helicase Srs2 to replication forks during S
phase. At these sites, Srs2 prevents unscheduled crossover events through its ability
to disrupt Rad51 nucleoprotein filaments [7-11,36]. To investigate whether PCNA
modification may control meiotic crossover frequency in mice, we examined the
nuclear localization of RAD51 and MLHI1 in meiotic spread preparations of wild type
and PCNAWTKISR spermatocytes. RAD51 functions as a single-stranded DNA-binding
protein that has DNA-dependent ATPase activity and stimulates strand exchange.
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This protein accumulates in foci in leptotene and zygotene spermatocyes. These
foci depend on the presence of the DSB-inducing enzyme SPO11, and are therefore
thought to represent meiotic DSB repair sites. We observed no abnormalities in the
overall pattern of RAD51 localization in PCNAWTKI¢R gpermatocytes (data not shown).
In addition, the number of RAD51 foci in leptotene nuclei was not different between
wild type and PCNAWTKISR spermatocytes (Figure 3B). Subsequently, MLH]1 foci were
counted in mid-to-late pachytene spermatocytes to determine the crossover number.
Intriguingly, we detected an increased number of MLH1 foci in PCNAWTK!¢4R pachytene
spermatocytes (27.0 +/- 0.1) compared to wild type pachytene spermatocytes (22.3 +/-
0.2) (Figure 3C and D). The same analyses were performed for testes from HItf/Shprh
(Figure 4A), and Poln (Figure 4B) deficient mice, but no differences in the number of
MLH]1 foci between the knockouts and control mice were observed. Previously, we
have shown that spermatocytes from Hr6b knockout mice also show a significantly
increased number of MLH1 foci [24]. To analyse whether these effects on meiotic
recombination could occur through the same pathway, we also analysed the number
of RAD51 foci in Hr6b knockout mice. In contrast to the normal number of RAD51
foci in leptotene PCNAWTKISR spermatocytes, an increased number of RAD51 foci
was found in leptotene and zygotene Hr6b knockout spermatocytes compared with
wild type spermatocyte (Figure 3E). This indicates that in Hr6b knockout mice, an
increased number of meiotic DSBs can explain the increased number of MLH1 foci. In
addition, we found that the increased number of RAD51 foci in Hr6b knockout mouse
spermatocytes was not damage-induced but SPO11 dependent (Figure 3E). Taken
together, these results suggest that the increased number of crossover sites observed in
PCNAWTKIR and Hr6b knockout mice are regulated by distinct mechanisms.

DISCUSSION

In yeast, K164 of PCNA is known to be modified by ubiquitin, and also by SUMO,
depending on the context [3]. PCNA SUMOylation is a key regulator to suppress
unwanted homologous recombination and to facilitate error-free RDB during
replication in yeast somatic cells [8,9]. Here we have analysed the role of PCNA K164
modification during spermatogenesis in mice.

PCNA modification is crucial for proliferation of primordial germ cells

Our results show that disruption of the modification of PCNA at K164 residue results
in the complete absence of primordial germ cells. The number of primordial germ cells
was not reduced in the heterozygote, in Poln—deficient testes nor in testis of a double
mutant for the mouse Rad5 homologs. This raises the question whether this defect is
caused by defective SUMOylation or ubiquitylation. PCNA ubiquitylation is thought
to depend on the HR6A/B-RAD18 complex. Mice deficient for HR6A or HR6B have
normal numbers of primordial germ cells (our own unpublished observations), and
double-mutant mice are not viable. Rad18 knockout mice show no overt defects in
spermatogenesis in young adults, indicating that the number of spermatogonial stem
cells is normal [37]. We have analyzed Rad18 knockdown mice, and also observed that
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Figure 2. Characterization of HItf/Shprh double knockout and Poln knockout mice. (A, B) Histological
sections of 4-week-old wild type and knockout testes of Hitf/Shprh double knockout (A) and Poln knockout
(B) mice were stained with GCNA. (C, D) Body and testis weight from 4-week-old wild type and knockout
testes of Hitf/Shprh double knockout (C) and Poln knockout (D) mice. Error bars indicate SEM values from
3 wild type and 3 knockout mice.

the number of spermatogonial stem cells was normal (Inagaki et al., manuscript in
preparation). These data indicate that primordial germ cell proliferation/survival might
be independent of PCNA ubiquitylation. Alternatively, another E2/E3 complex may
mediate basal PCNA ubiquitylation required for primordial germ cell proliferation/
survival. In this context it is of interest to note that a severe reduction of stem cells
has also been observed in RevI-deficient mice (our own unpublished observations).
These mice display transient growth retardation, and defects in C/G transversions in
hypermutating immunoglobulin genes [38]. Similar to POLn, REV1isa Y polymerase
that can be recruited to a damaged replication template by mono-ubiquitylated PCNA
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Figure 3. Increased number of MLH1 foci in PCNAVKI¢R mijce. (A) The SC length was measured in
pachytene nuclei (see materials and methods) of 4-week-old wild type (wt) and heterozygous PCNA""
KI6iR (het) mice. Error bars indicate SEM values from 20 nuclei of 4 independent mice. (B) The number of
RAD51 foci in leptotene nuclei was counted (see materials and methods) in 2-week-old wild type (wt) and
heterozygous PCNA"TXI#®® (het) mice. Error bars indicate SEM values from 30 nuclei of 2 independent
mice. (C) The number of MLH1 foci in pachytene nuclei was counted in 4-week-old wild type (wt) and
heterozygous Pcna“W'<1¢*R (het) mice. Error bars indicate SEM values from 20 nuclei of 4 independent mice.
(D) Double immunostaining of 4-week-old wild type and heterozygous PcnaV'/k1®? spermatocyte nuclei
with anti-SYCP3 (red) and anti-MLHI1 (green). (E) The number of RAD51 foci in leptotene (L) and zygotene
(Z) nuclei was counted (see materials and methods) in 4-week-old wild type (BB), Hr6b knockout (bb),
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Error bars indicate SEM from 16 nuclei in 2 independent mice.
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[38-40]. Another DNA repair enzyme that is required for primordial germ cell survival
and proliferation is FANCC [41]. This protein is part of an E3 ubiquitin ligase complex
that ubiquitylates FANCD2/FANCI complex in the Fanconi anaemia (FA) pathway of
DNA damage signalling. Apparently, primordial germ cells have special requirements
for the RDB and FA pathways.

Roa et al. showed that in Pcna” tg®'**F mice, germ cells are able to reach the early
pachytene stage [21]. Although it is possible that the number of stem cells is also
reduced in these mice, the phenotype is obviously milder. This difference may be
explained by possible differences in genetic background (FVB versus C57BL/6]) of the
two strains, or the two- to eight-fold overexpression of the mutant PCNA transgene in
the Pcna”tg®'*"® mice may somehow rescue part of the defect [21].

HR6B modifies meiotic recombination frequency through regulation of the number
of meiotic DSBs

Crossovers are crucial for faithful meiotic chromosome segregation, and their
formation requires the formation of programmed DSBs by SPO11 [42], followed by
HR repair using one of the chromatids of the homologous chromosome as a template
for repair. When DSB formation is reduced in S. cerevisiae spoll mutants, normal
meiotic crossover frequencies are maintained. This phenomenon is referred to as
crossover homeostasis [43]. Overexpression of Spoll in S. pombe does not increase
meiotic frequency above wild type levels [44], and in C. elegans there are indications
that crossover homeostasis also quenches the effect of extra (radiation)-induced DSBs
on crossover frequencies. In mice, the induction of approximately 100 extra DSBs
through irradiation leads to only 1 extra crossover site on average, indicating that
these breaks are preferentially repaired via noncrossover pathways. Previously, we
had shown that Hr6b-deficient spermatocytes show an approximately 20% increase in
meiotic recombination frequency. Here we show that this increase can be explained by
a 15% increase in SPO11-induced DSB formation. Lynn et al. have shown that there
appears to be a positive correlation between normal length of the SC and the number of
meiotic recombination sites, indicating that the length of the SC reflects genetic rather
than physical distance [25]. In Hr6b knockout mice, in accordance with the increased
recombination rate, we also measured an increase in SC length in comparison to
wild type, but this effect was only seen in late pachytene nuclei. This suggests that the
increased SC length may be a manifestation of aberrant chromatin structure caused
by Hr6b deficiency [24,28]. Still, aberrant chromatin structure, leading to a more open
chromatin configuration, may allow the formation of more DSBs in leptotene, and
subsequent extra crossover sites. In C. elegans, chromosome axis length is determined
by condensin [45], which in turn controls the number of meiotic DSBs. Introducing
extra DSBs with ionizing radiation or eliminating meiotic DSB formation altogether
using a Spoll mutation had no effect on axis length in either the wild type or in the
condensin I complex mutants [45], indicating that axis length is not influenced by
DSBs, but axis structure regulates DSB frequency. If this mechanism is conserved
from worm to mouse, it might be suggested that HR6B may functionally interact with
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condensin, regulating chromosome structure and hence, the number of DSBs, SC
length, and crossover frequency.

PCNA modification at K164 regulates crossover frequency

In contrast to the positive correlation between the number of DSBs, SC axis length and
crossover frequency in Hr6b knockout spermatocytes, we observed a 19% increase in
the number of MLHI foci in Pcna W7¥¢? mice compared to controls, but no effect on
the number of DSBs or SYCP3 length. Thus, although this indicates that both PCNA
K164 modification and HR6B activity regulate meiotic crossover frequency to the
same extent, they may operate via distinct and independent mechanisms. In support of
this conclusion, we have not found an effect of RAD18 depletion in testes on meiotic
recombination frequency (Inagaki et al., manuscript in preparation), indicating that
HR6B regulates crossover frequency independent of the RDB pathway, possibly
involving functional interaction with condensins, as described above. For PCNA,
the regulation of crossover frequency through its modification at K164, most likely
involves modification of the choice between crossover and noncrossover pathways,
since the number of meiotic DSBs in leptotene was not different from controls. PCNA
has been implicated in the suppression of recombination events during replication
[8,9]. This function of PCNA requires its SUMOylation at K164. This modification
recruits the helicase Srs2 [8,9]. Srs2 functions as an anti-recombinase through different
mechanisms during separate stages of HR. At an early stage, Srs2 dismantles the RAD51
presynaptic filament. During the next stage of HR, when RAD51 coated ssDNA has
invaded the homologous template, Srs2 disrupts the D-loop intermediate [7,46]. It
has not yet been established whether this mechanism is also operative in mammals,
but several possible functional homologs of Srs2 have been identified. Three different
proteins, named RecQL5, FBH1 and BLM have been shown to be able to displace
RADS5I from ssDNA and to suppress recombination [47-49]. BLM and an additional
possible functional Srs2 homolog named RTELI have been shown to dissociate D-loop
recombination intermediates [47,50]. In C. elegans, mutation of RtelI leads to elevated
numbers of crossover [51]. Taking these data into account it may be suggested that
the effect of K164 mutation on recombination frequency that we observed is caused
by a lack of PCNA SUMOylation, leading to decreased function of downstream
anti-recombinogenic helicases at sites of meiotic DSB repair. An attractive candidate
helicase that may function downstream of PCNA SUMOylation in meiosis is BLM.
BLM localizes as foci in leptotene and zygotene nuclei. Using a conditional knockout
approach, it was recently shown that deletion of Blm leads to a dramatic increase in
meiotic recombination frequency in affected cells [52]. To obtain more insight in the
possible anti-recombinogenic effect of the K164R mutation we analyzed RAD51 and
RPA foci in zygotene and pachytene spermatocytes of wild type and Pcna" " '**mice,
but no overt change in the patterns of RAD51 and RPA foci was observed (data not
shown). However, it must be noted that the foci pattern were highly dynamic, making
it impossible to detect subtle shifts in the appearance and disappearance of RAD51 and
RPA foci. Further investigations are required to determine which, if any, helicase is
recruited to regulate meiotic crossover frequency via SUMOylated PCNA. In addition,
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it will be important to establish whether the distribution of crossovers is similar in
spermatocytes of wild type and heterozygote mice.

PCNA ubiquitylation and SUMOylation

Due to the virtually complete absence of germ cells from Pcna X164#*KI64R mouse testes,
we were unable to analyse the effect of complete absence of K164 modification on
recombination frequency. Considering the homotrimeric structure of PCNA, wild type
PCNA from control mice and mutated PCNA from homozygous Pcna*'¢*®¥i¢R mice
will form monomorph PCNA trimers that can be normally modified in the wild type,
and for which all K164 modification is prevented in the homozygous mutant mice.
In Pcna7KI#k heterozygotes, four distinct compositions of the trimeric PCNA ring
are possible from the combination of 3WT PCNA molecules, 2WT+1K164R PCNA
molecule, IWT+2K164R PCNA molecules, and 3K164R PCNA molecules at a ratio of
1:3:3:1. Langerak et al. described that the presence of only a single wild type Pcna allele
might be enough for a normal damage tolerance function of ubiquitylated PCNA rings,
since seven out of eight PCNA trimer complexes can be ubiquitylated at one site at least
in heterozygous mice [20]. From this perspective, it is very surprising that we observed
a relatively strong increase in meiotic recombination frequency in the heterozygote
mice. The detrimental effect of the presence of 50% of K164R mutated and 50% wild
type PCNA indicates that perhaps for this function of PCNA, all three subunits of the
PCNA trimer need to be modified in order to function properly. Since this is expected to
happen for only 1/8" of the trimeric PCNA rings, this may explain why the heterozygote
displays such a dramatic effect on recombination frequency. Taken together with the
above described data that point to a function of PCNA SUMOylation instead of PCNA
ubiquitylation in the regulation of meiotic recombination, it might be suggested that
SUMOylation is only effective when all three PCNA subunits are modified, whereas the
ubiquitylation of a single PCNA in the ring is sufficient to stimulate the RDB pathway.
SUMOylation of PCNA has not been reported for mammalian cells. So far, we have
also been unable to establish that PCNA is modified by SUMO in wild type testes.
This may be caused by active deSUMOylation during protein isolation, lack of proper
antibody recognition, or actual lack of PCNA SUMOylation.

In summary, we have shown that PCNA modification at K164 is essential for the
survival and/or proliferation of primordial germ cells. This most likely involves PCNA
ubiquitylation, since the phenotype is similar to what we observed in RevI-deficient
mouse testes. However, since RAD18-deficient mouse testis appear to contain normal
numbers of primordial germ cells, and the mutation in catalytic site of REV1 does not
interfere the interaction with ubiquitylated PCNA, the observed lack of primordial
germ cells in the Pcna mutant mice could be caused by defective SUMOylation
instead of ubiquitylation. Moreover, it might be suggested although the phenotype
of Revl catalytic mutant mice and the PCNA K164 mutant are similar, they are not
functionally related. Heterozygote Pcna W7X1**f mouse testes have normal numbers of
spermatogonial stem cells, indicating that a single wild type allele is sufficient to rescue
the primordial germ cells, similar to the wild type properties of Pcna "7/%1%f mouse
cells with respect to DNA repair. In contrast, meiotic recombination frequency is 20%
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higher in heterozygote K164R mutant mouse spermatocytes compared to wild types.
We speculate that this phenotype is caused by defective PCNA SUMOylation, resulting
in reduced recruitment of a downstream anti-recombinogenic helicase, possibly BLM
protein. We propose that this function requires SUMOylation of all three subunits of
the homotrimeric PCNA ring.
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ABSTRACT

The formation and repair of meiotic DNA double-strand breaks (DSBs) are required
for homologous chromosome pairing and formation of the transcriptionally
silenced XY body during male meiotic prophase in the mouse. These breaks are
induced by the topoisomerase-like enzyme SPO11. Herein we show that haplo-
insufficiency for functional SPOI11 reduces the number of meiotic DSBs in
leptotene, but not in zygotene. In addition, the number of MLH1 foci, that localize
to future crossover sites, was not different from wild type in spermatocytes of
heterozygote mice. In SPO11 deficient spermatocytes as well as oocytes, a so-called
pseudo XY body, highly enriched for the DSB-repair marker YH2AX, forms on
part of the asynapsed chromatin although meiotic DSBs are completely absent. A
few foci of the homologous recombination repair protein RAD51 were detected in
both spermatocyte and oocyte nuclei, indicating that some spontaneous DSBs were
present. One or more of these spontaneous RAD51 foci frequently localized within
the pseudo XY body, suggesting that spontaneous DSBs may trigger the formation
of the pseudo XY body. In addition to RAD51 foci, many other DSB repair proteins
accumulated on the chromatin of the pseudo XY body in spermatocytes. However,
the complete histone replacement that accompanies normal XY body formation
does not occur in the pseudo XY body in spermatocytes.

In the absence of functional SPO11, we find that heterologous synapsis is more
extensive in spermatocytes compared to oocytes. Upon the induction of DSBs
by irradiation in leptotene and zygotene nuclei, the pseudo XY body no longer
forms. Instead, DSB repair proteins relocalize to the DSB repair sites. This process
stimulates synapsis both in oocytes and spermatocytes.

We conclude that the amount of SPO11 in mouse spermatocytes is limiting,
resulting in either delayed or reduced formation of meiotic DSBs in spermatocytes
that are heterozygote for a null mutation in Spoll. In addition, radiation-
induced DSBs can partially replace SPO11-induced DSBs for the achievement of
chromosome synapsis. Our data are also consistent with the idea that persistent
DSBs, damage- or SPO11-induced, facilitate recruitment of the machinery that
initiates meiotic sex chromosome inactivation (MSCI) and meiotic silencing of
unsynapsed chromatin (MSUC).

Key words: DNA double-strand break, SPO11, MSCI, MSUC, meiosis, XY body,
pseudo-XY body
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INTRODUCTION

During meiotic prophase in yeast and mammals, the formation of DNA double-strand
breaks (DSBs) by the topoisomerase-like enzyme SPO11 precedes the pairing and
synapsis of homologous chromosomes [1]. Synapsis between chromosomes is achieved
by the formation of a specific protein complex, consisting of lateral elements along the
chromosomal axes that contain SYCP2, SYCP3 and cohesin, connected by a central
element containing SYCP1 and several other meiosis-specific proteins (reviewed by
[2]). In males, the X and Y chromosome form a very special pair; they synapse only
in the short pseudoautosomal region in pachytene, and localize to the periphery of
the nucleus. Furthermore, the chromatin is silenced by a process named meiotic sex
chromosome inactivation (MSCI). This process requires the phosphorylation of H2AX
[3], forming YH2AX, by the checkpoint kinase ATR [4]. yH2AX is the earliest known
marker of MSCI. This specific histone modification is also found in somatic cells, usually
at sites of DNA DSB repair [5]. At the XY body, many DNA repair proteins accumulate,
and histone modifications such as specific methylation, sumoylation and ubiquitylation
marks also concentrate on the XY body (reviewed by [6]). The accumulation of DSB-
repair proteins may be caused by delayed or stalled DSB repair in regions that fail
to synapse. In early meiotic prophase cells, homologous recombination repair via the
sister chromatid is thought to be repressed. In addition, essential components of the
error-prone repair mechanism of nonhomologous end-joining (NHE]) are suppressed
in these cells [7]. Therefore, meiotic DSBs need to be repaired via homologous
recombination, using one of the chromatids of the homologous chromosome as
a template. Thus, in the absence of a homologous partner, meiotic DSBs will most
likely persist. The specialization of the DSB-repair mechanism in meiotic prophase is
necessary to stimulate the formation of crossovers between homologous chromosomes.
These crossovers, in combination with the persistence of sister-chromatid cohesion
along chromosome arms, provide the connection between homologous chromosomes
at metaphase and are essential for correct chromosome segregation. Most meiotic DSBs
are repaired as noncrossovers and a special mechanism, named crossover interference,
reduces the chance of two crossovers occurring in close proximity. In addition, each
chromosome must have at least one crossover event. It has been established that the
length of the synaptonemal complex (SC) correlates to the number of crossover events
[8]. For example, the average number of crossovers in FVB males and females is 22.5
and 32.1, respectively [9], and the average length of the SC is also increased in females
compared to males [8]. However, it is not known if this correlation between SC length
and crossover frequency is related to the number of induced meiotic DSBs. In fact,
very little is known about the factors that regulate the number of DSBs. It has been
suggested that the amount of SPO11 could be limiting, due to the fact that the meiotic
block in spermatocytes that lack the checkpoint kinase ATM is partially suppressed on
a Spol1* background [10].

In the complete absence of meiotic DSBs, synapsis is severely affected [11,12]. Some
heterologous synapsis can occur, but the spermatocytes and oocytes do not proceed
beyond the zygotene stage [11,12]. In Spoll knockout spermatocytes, a specific
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chromatin structure that resembles the XY body, named pseudo XY body is formed
[10]. This chromatin domain is marked by YH2AX and ATR, and is transcriptionally
silenced [13]. However, it does not localize to the XY pair, but to part of the unsynapsed
chromatin. Based upon these characteristics, it has been proposed that the pseudo
XY body is a manifestation of the process named meiotic silencing of unsynapsed
chromatin (MSUC) [13], of which MSCI is though to be a specialization. MSUC
silences unsynapsed chromatin in male and female meiotic prophase cells. The exact
cascade of events that leads to the transcriptional silencing is not known, but it has
been established that there is a tight correlation between the presence of asynapsed
chromosomal axes, the accumulation of ATR along these axes, the formation of
yYH2AX, and the transcriptional silencing. Recently, two mammalian homologs of
the yeast protein Hopl, named HORMADI1 and HORMAD?2 have been identified
[14-16]. The S. cerevisiae Hopl is a component of the axial element protein cores in
synaptonemal complexes [17]. Hop1 is involved in biasing meiotic DSB repair to occur
between homologous chromosomes rather than between sister chromatids [18], and
is important for effective chromosome segregation and for the meiotic recombination
checkpoint [19]. The HORMA-domain is found in proteins that act as adapters on
chromatin to recruit checkpoint or DNA repair proteins [20]. In meiosis of a wide
range of species, HORMA-domain containing proteins regulate synapsis [21-24]. In
mouse meiotic prophase, the HORMA-domain proteins localize to asynapsed axes of
wild type as well as Spol1” spermatocytes [25]. Based upon these results, it has been
suggested that the HORMAD proteins function upstream of ATR and yYH2AX in the
regulation of MSCI and MSUC [25].

In Spol1” spermatocytes, the pseudo XY body forms only on part of the asynapsed
chromatin. Somehow, the MSUC response is not complete. The restriction of MSUC
to only part of the asynapsed chromatin is very surprising and raises the possibility
that apart from asynapsis, also other mechanisms may contribute to the activation of
MSCI and MSUC. Since all known players in these processes function also in DNA
repair, it is tempting to speculate that persistent spontaneous DSBs on asynapsed axes
may contribute to the activation of MSCI and MSUC. This notion is supported by the
fact that irradiation-induced DSBs in leptotene cells enhance the efficiency of MSUC
of a small translocation bivalent that carries a heterologous region of approximately
35-40 Mb [26]. In addition, recent data also provide a link between DSB-repair, the
checkpoint kinase ATM, and transcriptional silencing of surrounding chromatin in
somatic cells [27].

Herein we have investigated whether the amount of SPOI11 limits the number
of DSBs, and whether irradiation-induced DSBs can replace SPO11 with respect to
its role in the stimulation chromosome synapsis. In addition we have studied the
accumulation of DNA repair proteins on the pseudo XY body and asked how its
formation is influenced by the presence of irradiation-induced DSBs.
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Figure 1. Half the normal dose of functional SPO11 reduces the number of RAD51 foci in leptotene,
but not in zygotene spermatocytes. (A - C) Double immunostaining of wt (A), hz (B), and ki (C) of Spo11
mutant spermatocyte nuclei with anti-SYCP3 (red), anti-RAD51 (green). (D) The number of RAD51 foci
was counted in wt, hz, and ki leptotene and zygotene nuclei of Spoll mutant mice. White, gray, black
bars indicate wt, hz, and ki SpolIl mutant mice, respectively. Error bars indicate SEM for 20 nuclei from 2
independent mice. (E) The number of MLHI1 foci in pachytene nuclei was counted in 4-week-old wt and hz
Spoll mutant mice. Error bars indicate SEM for 30 nuclei from 2 independent mice.
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MATERIALS AND METHODS

Mice

Spoll mutant mice were generated through a two-step recombination strategy. First,
two heterospecific lox sites flanking the selectable marker hygromycin, replacing exons
4-8, were placed in the Spoll gene, in ES cells by homologous recombination. Next,
a targeting vector containing the same heterospecific lox sites flanking exon 4-8 of
Spoll with the point mutation generating Y100F at exon 4 was used to replace the
selection marker by a site-specific double cross-over event (data not shown). The final
modified Spoll locus carries a loxP site between exons 3 and 4, the point mutation
generating Y100F at exon 4, and a lox511 site between exons 8 and 9. ES cells carrying
a single modified Spo11 allele were used for blastocyst injection to generate chimeras,
and heterozygotes were obtained upon germ line transmission of the mutated allele.
Correct targeting was verified using Southern blotting with 5’and 3’probes outside the
targeted region (data not shown).

Wild type, heterozygote and homozygote Spoll mutant mice were kept on a FVB
background. To genotype the animals, the following primers were used: Forward,
5CTGGTCGATGCAGATCCCTACGG3’; reversed, 5 TAGATGCACATTATCTCG-
ATGCC3

Adult Spo11 mutant males were irradiated with 5 Gy with Elekta linear accelerator
from a ¥’Cs source (Crawley). Pregnant heterozygote females were irradiated with the
same dosage of irradiation at E15.5. At 24h (females), 48h, and 120h (males) following
irradiation, males and females were sacrificed. Testes were collected and spread as
described below. Embryos were collected from the pregnant females and oocytes were
spread from the ovaries. Tails from each embryo were used to genotype the embryos.

Antibodies

For primary antibodies, we used mouse monoclonal antibodies anti-phosphorylated
H2AX (Upstate), anti-ubiquitylated histone H2A (Millipore, #05-678), anti-BRCA1,
anti-TOPBP1, anti-MDC1, anti-phospho H2A, anti-phospho H2AX (all from Upstate),
anti-GMP1 (Zymed), and anti-MLH1 (Becton and Dickinson), rabbit polyclonal
antibodies anti-H2AT119ph, anti-H2BT120ph, anti-H3.1 [28], anti-RAD18 [29], anti-
RAD51 [30], anti-SYCP3 (gift from C. Heyting), and anti-H3K4me2 (Upstate), and
rat polyclonal antibody anti-SYCP3 [28]. For secondary antibodies, we used a goat
anti-rabbit/mouse IgG-peroxidase (Sigma), goat anti-rabbit IgG alexa 488/564, goat
anti-mouse alexa IgG 488/564, or goat anti-mouse IgM alexa 564 (Molecular Probes).

Meiotic spread nuclei preparations and immunocytochemistry

Testis tissues were processed to obtain spread nuclei for immunocytochemistry
as described by Peters et al [31]. Spread nuclei of spermatocytes were stained with
antibodies mentioned above. Before incubation with antibodies, slides were washed
in PBS (3x10 min), and non-specific sites were blocked with 0.5% w/v BSA and 0.5%
w/v milk powder in PBS. Primary antibodies were diluted in 10% w/v BSA in PBS, and
incubations were overnight at room temperature in a humid chamber. Subsequently,
slides were washed (3x10 min) in PBS, blocked in 10% v/v normal goat serum (Sigma)
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in blocking buffer (supernatant of 5% w/v 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 hours. Finally, slides were washed (3x10
min) in PBS (in the dark) and embedded in Prolong Gold with DAPI (invitrogen).
Fluorescent images were observed by using a fluorescence microscope (Axioplan 2;
Carl Zeiss) equipped with a digital camera (Coolsnap-Pro; Photometrics). Fluorescent
images were taken under identical conditions for all slides, and images were analyzed
using the Image] software (Rasband, W.S., Image], U.S. National Institutes of Health,
Bethesda, Maryland, USA [http://rsb.info.nih.gov/ij/]).

RESULTS AND DISCUSSION

A two-fold reduction in the amount of functional SPO11 reduces the number of
RAD51 foci at leptotene but not at zygotene

We used a Spoll knockin mouse model in which the catalytically active Tyrosine (Tyr)
100 residue is replaced by a Phenylalanine (Phe). In yeast and plants, mutation of
the analogous Tyr residue abolished meiotic DSB formation [32,33]. Identical to the
Spoll knockout, male and female double-knockin mice (ki) are infertile, and meiotic
prophase is blocked with spermatocytes and oocytes reaching a zygotene-like stage
with variable degrees of heterologous synapsis (data not shown). First we analyzed the
formation of meiotic DSBs in wild type (wt), heterozygote (hz) and ki mice through
immunocytochemical analyses of the formation of RAD51 foci. RAD51 is a DNA-
dependent ATPase that forms filaments on single-stranded resected DNA-ends at
DSB-repair sites. It is essential for homologous recombination repair in mitotic cells
[34,35]. In meiosis, RAD51 localizes to meiotic DSB sites, together with its meiosis-
specific paralog DMCI1 [36]. The number of RAD51 foci was analyzed in leptotene and
zygotene nuclei (Figure 1). In leptotene, SPO11 is activated, and many DSBs are formed,
concomitant with the assembly of short patches of axial element formation along
the chromosomal axes (Figure 1A). In zygotene, repair of meiotic DSBs progresses,
concomitant with homologous chromosome pairing and synapsis of the axial elements
(now termed lateral elements), that occurs through the formation of the central element
of the synaptonemal complex (SC) (Figure 1A). In wt spermatocyte nuclei, the number
of RAD51 foci gradually decreases from leptotene to zygotene, and by mid-pachytene
only the asynapsed axis of the X chromosome contains a few remaining RAD51 foci
[36]. In hz Spoll mutant leptotene spermatocyte nuclei, the number of RAD51 foci
was lower compared to wt (Figure 1B, D). However, in zygotene nuclei, no difference
in the number of RAD51 foci between wt and hz nuclei was observed (Figure 1D). In
the ki animals, only very few (approximately 13 on average) RADS51 foci were observed
in leptotene and zygotene (Figure 1C, D).

These data indicate that in the hz mice, half of the normal amount of functional SPO11
is not capable of inducing the normal number of meiotic-DSBs in leptotene. However,
the reduced SPO11 concentration may alter the kinetics of DSB formation, leading to a
relative peak in DSB formation in zygotene in the heterozygote, and this may explain why
the total number of RAD51 foci at this stage is near normal, and not reduced compared
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Figure 2. Accumulation of DSB repair proteins and histone modifications on
the pseudo XY body of Spoll null mutant spermatocytes and oocytes. (A)
Double immunostaining of wt and Spol1 mutant oocytes at day E16 and E17.5
nuclei with anti SYCP3 (red), anti RAD51 (green), and anti-yH2AX (blue). The
asynapsed axis showing enhanced yH2AX-positive region (wt, left nucleus)
and the pseudo XY body (E17.5 Spoll ki, right nucleus) are indicated with
a square, and an enlargement of this area, showing only the RAD5I staining
is shown in the lower right corner of the images. Note that at E16, hardly any
RADS51 foci or yH2AX, and no pseudo XY bodies were detected in Spoll ki
oocytes. (B-C) Double immunostaining of Spol1 ki spermatocytes with anti-
SYCP3 and different DNA repair proteins or histone modifications. Antibodies
used for immunostaining are indicated. Arrows indicate the localization of the
pseudo XY body. (D-E) Double immunostaining of wild type (D) and Spol1l
mutant spermatocytes (E) with RAD18 (green) and H3.1 (red). The upper
panel shows the result of the staining with H3.1, the lower panel shows the
merge with the RAD18 signal. In early pachytene in the wild type (D, left
images), the RAD18-positive XY body is also positive for H3.1, whereas in
midpachytene, when the RAD18 signal is further increased (D, right images),
H3.1 has been removed. In the Spoll mutant, a low level of RAD18, when
present on the pseudo XY body, always covered a H3.1-positive area.
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Figure 3: RAD5]1 foci frequently localize to the pseudo XY body, and colocalize with YH2AX and other
DSB repair proteins in multiple chromatin domains following irradiation. (A-F) Immunostaining of
wild type and Spoll mutant spermatocyte (A-D) and oocyte (E) nuclei. Spermatocytes and oocytes were
immunostained with anti-SYCP3 (red), anti-RAD51 (green), and yYH2AX (blue). (A) Upper image, Spoll
mutant late-zygotene-like spermatocyte with RAD51 foci in the pseudo XY body. Lower image, wild type
pachytene spermatocyte, showing many persistent RAD51 foci on the X chromosome, and some on the
autosomes, frequently colocalizing with yH2AX. (B) Late-zygotene-like spermatocyte with a pseudo XY
body that does not contain RAD51 foci. (C-E) Localization of YH2AX and RAD51 in spermatocyte (C, D)
and oocyte nuclei (E) of wild type and Spoll mutant mice irradiated with IR at 5Gy, and analyzed 48h (C),
120h (D), and 24h later (E). (D) Pseudo XY body is indicated with a square, and the enlarged image of the
pseudo XY body is shown at the right. (E) Irradiated Spoll mutant (left) and wt (right) oocyte.

to the leptotene stage. Analyses of the number of MLH1 foci revealed that indeed, the
crossover frequency is not different between wt and hz pachytene spermatocytes (Figure
1E). In wt female leptotene oocytes, we found approximately 140 RAD51 foci (Figure
1D), which is somewhat lower compared to male wt leptotene nuclei. This is a surprising
finding in light of the fact that oocytes have approximately 30% more MLHI foci and
corresponding crossovers compared to spermatocytes. It cannot be excluded that the
dynamics of DSB repair differ between oocytes and spermatocytes. The time span
between leptotene (induction of DSBs) and early pachytene (synapsis) is approximately
48 h in spermatocytes [37]. In oocytes, this time span is shorter (15-20h) [38], indicating
that repair might occur somewhat faster, leading to an underestimation of the number
of induced DSBs. Still, it is unlikely that the increased crossover number in wild type
females compared to males is caused by an increase in the number of meiotic DSBs.
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Known markers of the XY body accumulate on the pseudo XY body in Spo11 null
spermatocytes, but this is not associated with histone eviction.

The formation of the pseudo XY body has been described as an incomplete MSUC
phenomenon, caused by the presence of asynapsed axes [13]. If this is the case, it
would be expected that pseudo XY body formation also occurs during female meiotic
prophase. Surprisingly, we did not observe a YH2AX-positive chromatin domain in
oocytes isolated from Spo11 ki ovaries at embryonic day 16 (Figure 2A, ki, E16), despite
the fact that pachytene oocytes are present in ovaries from wild type embryonic day
16 (Figure 2A, wt). Next, we analyzed Spol1 ki ovaries at embryonic day 17.5 and did
find a pseudo-XY body like, yH2AX-positive region (Figure 2A, ki, E17.5). In addition,
we detected spontaneous RAD51 foci which frequently colocalize with the pseudo XY
body in Spoll ki oocytes.

We next asked whether known components of the DNA repair machinery
accumulate on the asynapsed axes of the pseudo XY body (BRCA1, TOPBP1), or the
surrounding chromatin (MDC1) in Spoll ki spermatocytes. Figure 2B shows that
BRCA1, TOPBP1, and MDCI1 all concentrate on the pseudo XY body of spermatocytes.
However, for BRCA1 and TOPBPI, the signal is somewhat less pronounced compared
to the intense marking of the axial elements of the X and Y in wild type nuclei (data
not shown). In addition to these DNA repair proteins, several histone modifications
are also known to accumulate on the XY body, and some of these also mark DSB repair
sites; histone ubiquitylation and sumoylation (reviewed by [6]). The results shown in
Figure 2C revealed that phosphorylation of histone H2A threonine 119 (H2AT119ph),
phosphorylation of histone H2B theronine 120 (H2BT120ph), mono-ubiquitylation
of histone H2A lysine 119 (H2AK119ubl) and chromatin SUMOylation all mark
the pseudo XY body. However, the complete replacement of H3 that occurs on XY
bodies and during MSUC [39], was never observed for the pseudo XY body (Figure
2D, E). We co-stained spermatocytes for H3.1, that normally disappears from the XY
body in early-to-mid pachytene [39], and for RAD18, a ubiquitin ligase that starts to
accumulate on the XY body in early pachytene and reaches its maximum during mid-
to-late pachytene [40]. In wild type spermatocytes, a low level of RAD18 on the XY
body was observed when H3.1 was still present (Figure 2D, left). Upon histone eviction,
the RADI8 level has increased (Figure 2D, right). In the Spoll null spermatocytes,
RAD18 levels on the pseudo XY body were very low, and we never observed depletion
of H3.1 from the RADI18-positive region (Figure 2E). Together, these data indicate
that DSB-repair proteins accumulate on the pseudo XY body in the absence of SPO11-
induced meiotic DSBs. The slightly lower level of some proteins that is observed on the
pseudo XY body compared to the level that is observed on the XY body, might be due
to the fact that the cells never reach the stage that corresponds to mid-pachytene in wt
spermatocytes, since histone eviction does not occur. Alternatively, the cells may reach
this stage without performing the histone eviction, and this may be associated with less
pronounced accumulation of BRCA1, TOPBP1, H2AK119ubl and RAD18.
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RAD51 foci frequently localize to the pseudo XY body

The DNA repair-like response at the pseudo XY body may be a special adaptation of
the DNA repair pathways in spermatocytes, triggered by the meiosis-specific processes
associated with the formation of the SC. Asynapsed regions somehow recruit these
proteins to elicit the MSUC response, independent of meiotic DSBs. Alternatively, or
in addition, naturally occurring DSBs may play a role in nucleating the formation of
the pseudo XY body in one or maximally two regions of the nucleus. To investigate
this further, we performed co-immunostaining experiments for RAD51 to visualize
DSB-repair sites, YH2AX to visualize the pseudo XY body, and SYCP3 to assess the
stages of the cells. We found that the pseudo XY body frequently contains several
RADS5I foci in late-zygotene-like spermatocytes (Figure 3A, ki). At this stage, one or
more RADS5I foci localized in the pseudo XY body in 89% (n=80) of the nuclei. The
average number of RAD51 foci at this stage was 4.1, and 66% of these RAD51 foci was
associated with the pseudo XY body. Note that some RAD51 foci were not located in
the vicinity of the pseudo XY body, and were not marked by yH2AX on the surrounding
chromatin (Figure 3A, ki). Also in wild type nuclei, YH2AX and RAD51 do not always
colocalize in pachytene nuclei at autosomal regions (Figure 3A, wt). In later stages,
RAD51 disappeared from the nuclei, while the pseudo XY body remained (Figure 3B),
similar to what was observed in wt (data not shown). Together, this indicates that in
accordance with what is observed on the normal XY body, naturally occurring RAD51
foci in Spoll null mice may persist in the pseudo XY body. This result suggests that
naturally occurring DSBs may perform a functional role in nucleating the formation of
the pseudo XY body in a certain sub-region of the nucleus. Alternatively, persistence
of naturally occurring RAD51 foci may occur preferentially in the pseudo XY body.
Real time analyses of the dynamics of RAD51 and YH2AX would be required to define
the actual sequence of events during pseudo XY body formation, but based on the
SYCP3 patterns that we observed in Spoll ki spermatocytes with and without RAD51
foci, we favour the hypothesis that the formation of the pseudo XY body is triggered
by a combination of the presence of naturally occurring DSBs and the presence of
asynapsed chromatin. Furthermore, this hypothesis is supported by the fact that we did
not detect any RAD51 foci nor any pseudo XY body in Spol1 ki oocytes at embryonic
day 16 (Figure 2A, ki, E16), while RAD51 foci and pseudo XY body appeared in Spol1
ki oocytes at embryonic day 17.5, suggesting that spontaneous DSBs may trigger the
formation of the pseudo XY body in the absence of SPO11-induced DSBs. Moreover,
in these E17.5 Spoll ki oocytes, the colocalization between RAD51 foci and yH2AX
accumulation is striking in the pseudo XY body and also in other chromatin regions.
In the pseudo XY body, RAD51 appears to coat the axial elements, instead of forming
distinct foci. It is tempting to speculate that this may be related to the chromosome
wide spreading of RAD51 that has been observed in chromatin immuno-precipitation
experiments upon the induction of a single persistent DSB in yeast [41].

Induction of radiation-induced DSBs abolishes formation of the pseudo XY body
Next, we introduced irradiation-induced DSBs in Spoll null mouse spermatocytes
and oocytes to analyse the effect on the behaviour of DSB repair proteins, the pseudo
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Figure 4: Irradiation-induced DSBs stimulate synapsis in SPO11-deficient oocytes but not in spermatocytes.
(A-E) Spread spermatocyte (A-C) and oocyte (D, E) nuclei of Spol] mutant mice, non-irradiated (A, D), or
exposed to 5Gy IR (B,C,E) and fixed at 48h (B) or 120h (C) after irradiation, or for the oocytes (E), at 24h
following irradiation. Synapsis was analyzed via double-immunostaining for SYCP1 (green) and SYCP3 (red).
(F) The total SC length (measured via SYCP1-signal analyses) in zygotene-like nuclei of Spoll mutant mice
described above was measured. Error bars indicate SEM for 30 nuclei from 2 independent mice.

XY body, and synapsis. Adult male ki mice were subjected to 5 Gy of irradiation and
sacrificed 48h or 120 h following irradiation. Pregnant hz female mice that had mated
with a hz male, were irradiated at E15.5 and sacrificed at E16.5 to prepare spread oocyte
nuclei. Based upon previous experiments, 5 Gy is expected to generate approximately
60 DSBs in leptotene and zygotene spermatocytes and oocytes. Spread spermatocyte
and oocyte nuclei were first analysed for RAD51 and YH2AX staining. At 48h following
irradiation, Spo11 null zygotene-like spermatocytes lacked pseudo XY bodies. Instead,
YH2AX was present in multiple nuclear areas (Figure 3C, ki) that also contained many
RAD51 foci (Figure 3C, ki). At 120h following irradiation, many nuclei displayed
a single YH2AX positive area, resembling the pseudo XY body (Figure 3D, ki). The
number of RAD51 foci was higher at 48h compared to 120h, and RAD51 foci and
linear aggregates localized to the pseudo XY body at 120h following irradiation in
70% (n=40) of nuclei. The IR-induced pseudo XY body may be the result of clustering
of persistent-DSB-containing-chromosome domains (Figure 3D). A similar effect has
been observed in mitotic G1 cells, in which DSBs formed at distant locations were
able to subsequently be brought together to form a cluster [42]. Furthermore, during
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meiosis, areas that are subject to MSCI or MSUC also frequently colocalize to form a
single chromatin domain that is YH2AX-positive [43-47].

Previously, it has been shown that MSCI is impaired when meiotic DSB repair
is stalled, for example in Dmcl knockout mice [13] and in mice lacking the central
element component of the synaptonemal complex SYCP1 [48]. Our data confirm and
extend these observations, showing that there is a dynamic interplay between the
pseudo XY body and DSB repair sites, irrespective of the fact that they are induced
by SPO11 or irradiation. In Spoll null oocytes, at 24h following irradiation, a spread
YH2AX staining pattern and multiple RAD51 foci were induced upon irradiation
(Figure 3E, ki), similar to what was observed in spermatocytes at 48h after irradiation.
Further analysis needs to be performed to determine whether Spol1 ki oocytes can
form an IR-induced pseudo XY body at later time points following irradiation. In wild
type pachytene oocytes, an MSUC response efficiently occurs when 1-3 chromosome
pairs remain unsynapsed [49]. This occurs spontaneously in approximately 15% of
the oocytes. However, if asynapsis is more extensive, such as in mouse mutants that
display synaptic failure, YH2AX accumulation is more diffuse and does not reach the
high intensity that is normally observed at the XY body. In addition, in such nuclei,
transcriptional silencing of the asynapsed regions does not occur [49]. We find pseudo
XY bodies in E17.5 Spol1 ki oocytes, in the presence of massive asynapsis (Fig 2A),
indicating that in these nuclei, the MSUC-inducing proteins are not recruited to all
the asynapsed axes, and are therefore still capable of inducing an MSUC response.
The overall colocalization between RAD51 and YH2AX accumulation in these nuclei,
indicates that the presence of persistent naturally-occurring DSBs restrict the MSUC
response to those regions that are both asynapsed and contain persistent DNA damage.
For spermatocytes, we propose that the mechanism occurs in a similar fashion, although
the MSUC response may be somewhat different from oocytes, as illustrated by the
more prominent RAD51 accumulation on axes of the pseudo XY body in oocytes as
compared to spermatocytes. A similar mechanism of induced transcriptional silencing
of chromatin surrounding persistent DSBs was recently shown to be operative and has
been termed DSB-Induced Silencing in Cis (DISC) [27].

Induction of radiation-induced DSBs stimulates synapsis in Spo11 null oocytes and
spermatocytes

To analyse the effect of the induction of irradiation-induced DSBs on synapsis, we
analysed SC formation using antibodies directed against the axial/lateral element
component SYCP3 and the central element component SYCPI. In Spoll null
spermatocytes and oocytes, the degree of synapsis is variable, with some nuclei
showing no synapsis, whereas others show variable degrees of partial heterologous
synapsis (Figure 4A, D). Occasionally, in spermatocytes, homologous synapsis between
one or two chromosome pairs appears to occur, based upon the complete synapsis
between lateral elements of equal length (Figure 4A, arrows). On average, the degree of
heterologous synapsisis more extensivein Spo11 null spermatocytes compared to oocytes
(Figure 4F). Subsequently, we measured the total length of synapsed SC per nucleus in
spermatocytes and oocytes upon irradiation. Both in Spoll null spermatocytes and
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oocytes, the degree of synapsis was increased upon irradiation. In spermatocyte, the
SYCP1 length was increased 1.5 fold and 2.3 fold compared to non-irradiated control,
at 48h and 120h after irradiation, respectively (Figure. A-C, F). In oocytes, the SYCP1
length increased approximately two-fold compared to non-irradiated oocytes at 24h
after irradiation (Figure 4 D-F). In addition, some homologous synapsis might occur,
based upon the complete SCs that were occasionally observed (Figure 4B, C, E, arrows).
These data show that irradiation-induced DSBs may replace SPO11-induced DSBs in
stimulating synapsis in both oocytes and spermatocytes. Our data also indicate that
in the absence of meiotic DSBs, spermatocytes achieve more extensive synapsis than
oocytes. This may be due to the broader time period during which spermatocytes
can attempt to complete synapsis compared to oocytes. However, the maximal levels
of synapsis were higher at 24h after irradiation in oocytes, compared to 120h after
irradiation in spermatocytes. Although complete synapsis was never observed, some
oocytes reached a total SYCP1 length of 140 um, whereas a maximal length of 90 pm
was observed in the spermatocytes at 120h after irradiation (data not shown). This may
be related to the fact that total synaptonemal complex length in oocytes is also higher
in oocytes compared to spermatocytes.

The number of irradiation-induced breaks in our model (around 60) is approximately
25% of the normal amount of SPO11-induced DSBs. It is not known what the minimal
number of SPO11-induced breaks is that is necessary to allow normal chromosome
pairing. In contrast to the non-random distribution of SPO11-induced breaks,
irradiation-induced DSBs are randomly distributed. Based on a random distribution,
it is expected that each chromosome will obtain on average between 1 (chromosome
19) and 4 (chromosomes 1 and 2) DSBs, with one or more chromosomes lacking a DSB
in approximately 70% of the nuclei. Based on the minimal effect of this number of extra
DSBs on crossover frequencies in wild type mouse spermatocytes (only approximately 1
extra crossover upon induction of 60 DSBs) [26], it might be expected that irradiation-
induced breaks may be not as efficient in stimulating homology recognition compared
to SPO11-induced DSBs. Our data confirm and extend the observations made by
Romanienko et al. (2000) that showed that cisplatin-induced DSBs could promote
synapsis in Spoll knockout spermatocytes, providing a partial rescue of the synaptic
failure in the absence of SPO11 [11]. Moreover, in yeast, irradiation-induced DSBs
can also partially rescue the spoll mutant phenotype, although in this case, some cells
appear to be able to perform correct meiotic segregation, based on the production of
some viable spores [50]. The smaller size of the yeast genome compared to the mouse
genome may explain the differential effects of irradiation on synapsis on a SPO11-
deficient background in the two-species.

CONCLUSIONS

A point mutation in the SpolI gene that leads to the replacement of a single Tyr by a
Phe in the catalytic site of the enzyme leads to a complete lack of DSB formation in
mouse oocytes and spermatocytes. Half the amount of functional SPO11 is sufficient
to generate a normal number of crossovers, although the number of DSBs that are
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generated in leptotene is reduced. In the absence of meiotic DSBs as in Spol1 ki, DSB
repair proteins accumulate on the so-called pseudo XY body in male and female nuclei.
These proteins can be recruited from the pseudo XY body to actual DSB-repair sites
upon irradiation, and this then abrogates the formation of the pseudo XY body in
spermatocytes, due to the limiting amounts of components that function in both DNA
repair and MSUC.

It is known that meiotic prophase is differentially regulated in males and females.
One aspect is the 30% difference in the number of crossovers. Our data show that
this difference is most likely not caused by an increased number of meiotic DSBs in
oocytes. In addition, we can conclude that, similar to what has been observed in yeast,
irradiation-induced DSBs can stimulate synapsis in both male and female SPO11-
deficient meiotic prophase nuclei.
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DISCUSSION

The aim of the work described in this thesis was to analyse RAD18 functions in mitotic
and meiotic DNA repair pathways. RAD18 is most well known for its role in replication
damage bypass (RDB). We have analysed the dynamic localization of RADI18 at sites
where RDB is activated during S phase (Chapter 2), and also determined which RAD18
domains are required to ubiquitylate PCNA, which is the main substrate in the RDB
pathway (Chapter 3). Although it has been known for some time that RAD18 also
localizes to sites of DNA double-strand breaks (DSBs) (see also Chapter 2), and that
Rad18 deficient cells are sensitive to agents that induce DSBs [1-3], the functions of
RADI8 at DSB repair sites remain elusive. To gain insight into these functions, it is
important to understand what triggers recruitment of RAD18 to DSBs, and most
essential, to identify interacting proteins that may be substrates for RAD18-mediated
ubiquitylation. Here we will discuss the possible relevance of RAD18 recruitment
to DSB-repair sites in mitotic and meiotic cells, and finally focus on the candidate
substrates for RAD18 ubiquitylation that were identified in this context.

RECRUITMENT OF RAD18 TO DSB REPAIR SITES IN MITOTIC
CELLS

Two distinct modes of recruitment of RAD18 to sites of DNA damage can be discerned.
First, RAD18 appears to have direct DNA binding properties mediated by the SAP
domain. This binding requires the protein RPA, which binds to ssDNA and mediates
recruitment of RAD18 to the DNA. RPA and the SAP domain of RAD18 are both
required for PCNA ubiquitylation in the RDB pathway [4]. Second, recruitment of
RAD18 to the chromatin surrounding DSB sites depends on the ubiquitin-binding
Zinc finger domain of RAD18 (Chapter 3). Still, this mode of RAD18 recruitment also
requires RPA (Chapter 3), although it is not clear whether in this situation RPA plays
a direct role in RADI18 recruitment or acts further upstream. RAD18 localizes as a
diffuse cloud to the region surrounding DSB sites within 2 minutes throughout the
cell cycle (Chapter 2). Most likely, the Zinc finger domain mediates the binding of
RAD18 to ubiquitylated chromatin components. The most well known ubiquitylated
chromatin components that are enriched at sites of DSB-repair are ubiquitylated H2A
and ubiquitylated H2AX [5-10]. The localization of ubiquitylated H2A and/or H2AX
can be visualized using an antibody that targets conjugated ubiquitin (FK2; Biomol,
PW 8810) or an antibody that recognizes ubiquitylated H2A (05-678, Upstate). The
FK2 antibody recognizes all ubiquitylated proteins, mono-and poly- ubiquitylated. A
related antibody, named FK1, recognizes only poly-ubiquitylated proteins, and another
antibody (HWA4C4; eBioscience and Millipore, or Apu3.A8; Genetech and Millipore)
recognizes only poly-ubiquitylated proteins that are linked via K63. Using such
antibodies, it was shown that the majority of polyubiquitylated proteins at DSB sites are
linked via K63 [11-13]. The antibody against ubiquitylated H2A is a mouse monoclonal
IgM antibody that was fortuitously discovered in a screen for monoclonal antibodies
that showed enhanced immunoreactivity in SV-40 transformed human fibroblasts
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compared to the normal fibroblasts. Sequencing fragments of the immunoreactive
band revealed that the recognized protein represented ubiquitylated H2A [14]. Still
the specificity of this antibody for ubiquitylated H2A in immunocytochemistry has
not been demonstrated unequivocally, and it is also not certain which ubiquitylated
forms of H2A are recognized. The fact that the genome encodes many copies of the
H2A gene complicates targeted mutagenesis studies, although a combined knockdown
and transgenic approach might yield informative results. Huen et al.(2007) have shown
that ubiquitylation of H2AX does not depend on K119/120, the major site for mono-
ubiquitylation of H2A outside the context of DNA repair [6].

Our own immunoprecipitation experiments have shown that RAD18 interacts with
mono-ubiquitylated H2A, and that the amount of co-precipitated mono-ubiquitylated
H2A increases upon induction of DSBs (Chapter 3). This strongly suggests that
RADIS is recruited to DSB repair sites at least in part via interaction with mono-
ubiquitylated H2A. This is also consistent with the fact that recruitment of RAD18 to
DSB repair sites requires the function of RNF8, one of the main E3 ligases for H2A
ubiquitylation [8]. In addition to the interaction of RAD18 with ubiquitylated H2A,
our immunoprecipitation results also indicate that RAD18 interacts with many other
ubiquitylated proteins, in a Zinc finger dependent way, making it highly likely that
apart from H2A and H2AX, other ubiquitylated chromatin components will also be
used by RAD18 to bind to chromatin near DSB repair sites. Our immunocytochemical
analyses of FK2 in relation to the localization of RAD18 in HeLa cells indicate that
RAD18 localization to chromatin is indeed dependent on the presence of ubiquitylated
chromatin components (Chapter 3). To analyze whether RAD18 always localizes to
regions that show enhanced H2A ubiquitylation, we analyzed human female primary
fibroblast cultures. In these cells, dosage compensation has resulted in the inactivation
of one of the two X chromosomes, and this chromosome is known to be enriched
for ubiquitylated H2A. Immunocytochemical analyses of FK2 and RAD18 signals in
these cells revealed that the Barr body was mostly not enriched for RAD18, even if
FK2 staining was enhanced in this region. In a small percentage of the nuclei, RAD18
was detected at the Barr body (Chapter 3). Together with our immunoprecipitation
experiments, that show a very different banding pattern of the input of ubiquitylated
proteins compared to the output of ubiquitylated proteins whose precipitation by the
RAD18 antibody depends on the presence of an intact Zinc finger domain, these data
indicate that the interaction of RAD18 with ubiquitylated chromatin components is
specific, and possibly regulated. Such regulation might occur via phosphorylation by
ATM kinase, similar to what occurs for many other proteins involved in DNA damage
response pathways (DDR). Using anti-Flag-tagged RAD18 co-immunoprecipitation
followed by mass-spectrometry, we have found that RADI18 interacts with 14-3-3
proteins (data not shown), which recognize phosphorylated serine or threonine
residue of substrates [15]. In addition, autoubiquitylation of RAD18 may render the
protein inactive, since we did not observe an interaction between ubiquitylated H2A
and ubiquitylated RAD18; only non-ubiquitylated RAD18 was co-immunoprecipitated
upon precipitation of GFP-tagged H2A (Chapter 3).
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INTERACTING PROTEINS AND POSSIBLE DOWNSTREAM
EFFECTS OF RAD18 RECRUITMENT TO DSB SITES IN
MITOTIC CELLS

Recently, RAD51C was identified as a new interacting partner for RADIS in
mammalian cells [1]. RAD51C binds to the RING finger domain of RAD18, isa RAD51
paralog, and functions to stabilize RAD51 after DNA damage by protecting it from
ubiquitin-mediated degradation [16]. It is not clear whether RAD51C is a substrate
for RAD18. Huang et al. (2009) found that the number of irradiation-induced RAD51
foci is decreased in the absence of RAD18 [1], indicating that lack of interaction of
RADS51C with RAD18 might somehow reduce the protective function of RAD51C
and/or RAD51C is required for efficient loading of RAD51, like other RAD51 paralogs.
Instead, we have found that RAD51 can still accumulate at sites of locally induced
damage in the absence of RAD18, indicating that there is no absolute requirement
for RAD18 in RADS5I1 foci formation (Chapter 2). Huang et al. (2009) found that the
RING finger domain, but not its enzymatic activity, is required for the function of
RAD18 in DSB repair, indicating that RAD18 may have a structural rather than an
enzymatic function in DSB repair. However, we have found that the enzymatic activity
of RADIS is required for the recruitment of the checkpoint-related protein RAD9 to
DSB repair sites (Chapter 3). Since we observed no direct interaction between RAD18
and RADY, and also could not detect any ubiquitylated RADY, the enzymatic role of
RADI18 in this context may be indirect, involving a yet unknown substrate. Another
known interaction partner for RAD18 is 53BP1 [3]. This protein plays an important
role in the choice between HR and NHE]J; it stimulates NHE] through interfering
with DNA-end resection (Chapter 1). Watanabe et al. (2009) showed that RAD18 and
53BP1 are interdependent for foci formation after IR in G1 [3]. In this phase of the cell
cycle, NHE] is thought to be the preferred pathway for DSB repair, in the absence of
a sister chromatid as the template for HR. We have found that RAD18 accumulates in
one or two relatively large foci in G1 that may contain either Ku80 or RAD51 protein,
suggesting that HR is initiated and probably persisted in approximately 47% of the
spontaneous DSBs in G1 (Chapter 2). It is tempting to suggest that RAD18 may interact
with 53BP1 to inhibit its NHE]J-stimulatory role, since Rad18 in yeast and chicken
DTA40 cells also inhibits NHE]J [17], and the interaction of RAD18 with RAD51C may
facilitate HR. Intriguingly, 53BP1 interacts with RAD18 via the Zinc finger of RAD18
[3], suggesting that RAD18 may interact with ubiquitylated 53BP1.

Using two separate approaches we have also tried to identify novel RAD18 interacting
proteins. As described above, we analysed RAD18-interacting proteins through a co-
immunoprecipitation approach using FLAG-tagged wild type RAD18, and RAD18
mutated in the Zinc finger, expressed in HeLa cells. Co-immunoprecipitated proteins
were identified through mass spectrometry. This approach yielded not only the 14-3-3
protein (see above), but also several other interesting candidate proteins such as the
tumor suppressor protein JunB, and the breast cancer gene product BRCA2 [18].
BRCA2 protein interacts directly with the RAD51 recombinase [19,20] and regulates
recombination mediated DSB repair by stabilizing the RAD51 filaments. In a second
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approach, we performed a yeast two-hybrid screen, using full length mouse RAD18 as
the bait and a cDNA library generated from mouse testis as the prey. This experiment
yielded many clones encoding the protein MTBP for MDM?2 (two)-binding protein.
MTBP is highly expressed in testis and ovary, and was identified based on its MDM2-
binding property [21]. MDM?2 is an oncogene that functions as an ubiquitin E3
ligase, it controls the activity of p53 as a transcription factor [22], and regulates the
stability of p53 and MDM2 itself through ubiquitin-mediated proteasomal degradation
[23,24]. MTBP may stabilize MDM2 by inhibiting autoubiquitylation of MDM2. This
would enhance polyubiquitylation of p53 by MDM2 followed by the proteasome
mediated degradation [25]. Knockout of MTBP leads to embryonic lethality [26],
but haploinsufficiency increases tumor metastasis, indicating that MTBP may act as a
tumor suppressor. To analyze a possible regulatory relationship between RAD18 and
MTBP, we analyzed expression of MTBP and MDM?2 in wild type and Hr6b knockout
mouse spermatocytes and spermatids, and found that both proteins were upregulated
in the knockout (data not shown). Together with the two-hybrid data, this suggests
that HR6B, together with RAD18, may ubiquitylate MTBP, leading to its degradation,
and concomitant destabilization of MDM2. This could then lead to stabilization of p53.

The two-hybrid system was also used to investigate possible interactions between
RADI18 and components of the 9-1-1 complex. This complex is essential for the
activation of cell cycle checkpoints at sites of DNA damage, and Rad18-mediated
ubiquitylation of the Radl component of the 9-1-1 complex was reported to stimulate
the activity of the 9-1-1 complex upon the induction of damage [27]. We did not detect
any direct interaction between the components of the 9-1-1 complex and RAD18. Very
recently, Davies et al. (2010) [28] reported that ubiquitylation of the 9-1-1 complex is
independent of damage and the Rad6-Rad18 complex. Based on these observations,
it appears that it is unlikely that RAD18 mediated ubiquitylation of some of the
components of the 9-1-1 complex at sites of DNA repair. Most interestingly, although we
have not found a direct interaction between RAD18 and the 9-1-1 complex, our results
revealed a functional interaction; recruitment of RAD9 to G1 foci and to damage-
induced DSBs requires RAD18. Based upon the fact that knockdown of RAD18 does
not interfere with the activation of the checkpoint kinases that are downstream of 9-1-1
activation, CHK1 and CHK2, we propose that RAD9 performs a direct role in HR at
these sites (Chapter 3).

RAD18 RECRUITMENT TO MEIOTIC DSBS

In contrast to mitotic DSBs which may arise due to exogenous and endogenous DNA
damage, meiotic DSBs are programmed and induced by the topoisomerase II-like
enzyme SPO11. As discussed in Chapter 4, the processing of meiotic DSBs shows some
resemblance to the processing of damage-induced DSBs, but specific aspects have been
adapted to stimulate repair via homologous recombination, using the homologous
chromosome as a template for repair, instead of the sister chromatid. RAD18 is not
directly recruited to these DSBs, but only to a subset of approximately 30-40 breaks,
based upon the number of foci that appears in zygotene. In these nuclei, RAD18 has a
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focal appearance, and ubiquitylated H2A does not accumulate at these sites, indicating
thatRAD18isrecruited to these breaks independent of H2 A ubiquitylation, and possibly
also independent of its Zinc finger domain. This focal recruitment of RAD18 may
depend on RPA that is loaded at many meiotic DSB-repair sites at this stage. Somehow,
recruitment of RADI18 to SPO1ll-induced DSBs in leptotene is prevented, since
radiation does induce focal RAD18 accumulation in these cells, indicating that RAD18
is present in sufficient amount. In pachytene, RAD18 accumulates as a diffuse cloud
on the XY body, and colocalizes with ubiquitylated H2A. Interestingly, the presence
of damage-induced DSBs in these cells also leads to a more diffuse accumulation
of RAD18 to the region surrounding the DSBs, and this region is also enriched for
ubiquitylated H2A. Taken together, this indicates that, similar to the situation in
mitotic cells, two modes of RAD18 recruitment, a focal mode and a diffuse mode,
are operative in meiotic cells. The difftuse mode of RAD18 accumulation most likely
depends on the interaction between RAD18 and ubiquitylated H2A and/or possibly
additional ubiquitylated chromatin components. Recently, the function of RNF8 in
spermatogenesis has been examined and it was found that the ubiquitylation of H2A
and H2B by this enzyme is essential for the histone-to-protamine transition that allows
the tight packaging of the sperm genome [29]. Surprisingly, meiosis proceeds normally
in Rnf8 knockout mice, despite the fact that ubiquitylation of H2A on the XY body is
disrupted [29]. It will be very intriguing to investigate whether RAD18 accumulates on
the XY body in the Rnf8 knockout mice.

INTERACTION PARTNERS OF RAD18 IN MEIOTIC DSB REPAIR

RAD51C is one of the interaction partners of RADI8 in somatic cells [1]. In male
spermatocytes, the pattern of RAD51C staining is strikingly similar to that of MLH1 [30].
In pachytene, one or two distinct RAD51C foci associated with each synapsed bivalent,
and many of these RAD51C foci persist through diplotene, indicating that RAD51C
targets crossover sites. Rad51c knockout mice are embryonic lethal [31]. To overcome
the early embryonic lethality, a viable mouse model carrying a hypomorphic and null
allele of Rad51c produced mice expressing 5-30% of the wild type level of RAD51C
protein [32]. These Rad5Ic deficient mice are subfertile, and the number of RAD51
foci in leptotene and zygotene is significantly decreased, in association with abnormal
synapsis between homologous chromosomes, and a decreased number of crossover
sites and meiotic arrest [32]. This observation is surprising, in light of the fact that foci
formation of RAD51C is not observed in leptotene and zygotene spermatocyte in wild
type [30]. The decreased number of RADS51 foci is not due to a decrease in the number
of SPO11-induced DSBs because the number of RPA foci is similar in both mutant and
control mice [32]. Taken together, Rad51c deficient mice show clear defects in HR-
mediated repair of meiotic DSBs. Spermatocytes of Rad18 knockdown mice do not show
such dramatic defects in HR repair, and RAD18 displays a different localization pattern,
indicating that RAD51C and RAD18 may function independently in meiosis.
53BP1isanother obvious candidate interacting protein for RAD18 in spermatocytes.
It colocalizes with RAD18 on the XY body in pachytene and diplotene spermatocytes.
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However, 53BP1-/- mice are fertile and the males have no noticeable defect in
spermatogenesis [33,34]. In addition, the 53BP1 localization pattern is not different in
Rad18 knockdown spermatocytes compared to controls (unpublished data), indicating
that RAD18 is not required for the localization of 53BP1 to the XY body.

As described above, MTBP may interact with RAD18 in spermatocytes, since both
proteins are highly expressed in testis, and the level of MTBP protein was upregulated
in Hr6b knockout spermatocytes and spermatids. To investigate this possibility further,
it will be necessary to directly co-precipitate MTBP and RAD18 from testicular
samples, and to study the effect of Rad18 knockdown on MTBP protein expression in
spermatocytes and spermatids.

POSSIBLE ROLE OF RAD18 IN INTERSISTER MEDIATED
HOMOLOGOUS RECOMBINATION REPAIR OF PERSISTENT
MEIOTIC DSBS

In RADI8 deficient spermatocytes, and also in Hr6b knockout spermatocytes, we noted
persistence of a few diffuse YH2AX foci in diplotene (Chapter 4). This result indicates
that the HR6B/RAD18 complex is required for repair of a small subset of meiotic DSBs.
At the XY body, we do not observe any change in the dynamics of yYH2AX removal in
Radl8knockdown spermatocytes compared to controls. It may be suggested that RAD18
stimulates HR at the XY body, but fails to succeed since repair via the sister chromatid
and NHE] are repressed. When NHE] is reactivated in late pachytene spermatocytes
[35], repair may occur via this pathway, independent of RAD18. This hypothesis is
supported by the fact that both RAD51 and RAD18 disappear from the XY body before
YyH2AX. At autosomal sites, where RAD18 shows a transient focal accumulation in late
zygotene, RAD18 may be recruited to a small subset of meiotic breaks that has failed
to initiate repair using the homologous chromosome as a template. On the autosomal
chromosomes, synapsis may proceed in the presence of some persisting damage, once
a certain threshold number of sites have progressed through the strand-invasion steps,
and crossing-over sites have been designated. Synapsis may result in the removal of
proteins that inhibit sister chromatid mediated HR, and thus persisting DSBs may
then be repaired via the “normal” mitotic pathway. This process may be stimulated
by RAD18, and on the Rad18 knockdown background such breaks may persist until
NHE] is reactivated. Thus, RAD18 may stimulate intersister-mediated DSB repair at
persisting DSBs on autosomes as well as on the X chromosome. At the X chromosome,
this activity is inhibited since synapsis is not achieved (maintaining the interhomolog
bias to stimulate chromosome pairing). However, at autosomal sites, where synapsis is
achieved, this inhibition is relieved, and RAD18 helps to mediate the inter-sister repair.
Based upon the number of RADIS8 foci in late zygotene nuclei, it might be suggested
that approximately 30-40 such sites of inter-sister repair occur per spermatocyte
nucleus. RAD51C and BRCA2 are two putative interaction partners that could help
to mediate this function of RAD18, although it remains to be established whether this
also involves their ubiquitylation.
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PUTATIVE RAD18 FUNCTION IN TRANSCRIPTIONAL
SILENCING COUPLED TO DNA REPAIR

In Rad18 knockdown mice, the maintenance of meiotic sex chromosome inactivation
(MSCI) appears to be impaired (Chapter 4), similar to what was observed for Hr6b
knockout mice [36,37]. MSCI is thought to be triggered by the presence of asynapsed
axial elements, but the process also resembles the DNA damage and requires ATR-
induced YH2AX formation. Recently, Shanbhag et al. (2010) elegantly showed
that DSBs induce transcriptional silencing in cis, and that this requires ATM and
ubiquitylation of H2A by RNF8 as well as additional K63-linked polyubiquitylation
by RNF168. Since the X chromosome contains several persisting DSBs in pachytene,
it is tempting to speculate that MSCI, and DSB-dependent silencing in cis, termed
DISC, are evolutionary related ([38] and see also Chapter 4). Shanbhag et al. (2010)
speculate that mono-ubiquitylation of H2A may be most directly involved in mediating
DISC, whereas the formation of K63 polyubiquitin chains may function more in DNA
damage recognition. Since we have observed a direct interaction between RAD18 and
mono-ubiquitylated H2A, and observed an impairment of MSCI in RAD18 deficient
spermatocytes, it might be suggested that RAD18 also functions in DISC in somatic
cells. Perhaps its recruitment of RAD9 to DSB-repair sites is also functionally relevant
in this context. The protein RAD1, a component of the 9-1-1 complex, has been shown
to accumulate on the XY body [39]. For RADY, this is not known. So far we have
been unable to obtain specific antibodies that are useful for detecting components of
the 9-1-1 complex at the XY body, and therefore, we cannot determine whether their
recruitment is impaired in Rad18 knockdown spermatocytes. To obtain more insight
in the putative roles of RAD18 in DSB-repair, DISC and MSCI, it will be important to
identify the (ubiquitylated) proteins that interact with RAD18 as observed in Chapter
3 by mass-spectrometry.
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SUMMARY

Cells are constantly exposed to internal and external factors that may cause DNA
damage. To maintain genomic integrity, cells have developed elaborate DNA repair
systems and various cell cycle checkpoints that ensure the repair of DNA lesions before
cell cycle progression resumes. One of the most genotoxic lesions is a DNA double
strand break (DSB). In mitotic cells, DSBs can arise when the replication fork collapses
during S phase. In meiosis, DSBs are induced by the enzyme SPOL11, as a first step in
meiotic recombination. In addition, DSBs may arise, both in mitotic and meiotic cells,
from exogenous factors such as ionizing radiation.

In this thesis, we focused on the role of RAD18 in DSB repair in mitotic and
meiotic cells. RADI18 is an ubiquitin E3 ligase, which is most well known for its role
in replication damage bypass (RDB), where it mono-ubiquitylates proliferating cell
nuclear antigen (PCNA), in a cascade of events that allows DNA replication to proceed
in the presence of damage. The function of RAD18 in DSB repair is much less clear.
First, we analysed the dynamic localization pattern of YFP-tagged RAD18 during the
cell cycle in living cells (Chapter 2). We show that the distribution pattern of YFP-
RAD18 is mostly different from that of PCNA, but similar to that of the DSB repair-
associated proteins RAD51 and yH2AX. After induction of DSBs, using low power
multi-photon laser irradiation, RAD18 accumulated at DSB sites, but PCNA did not.
These findings suggest that RAD18 functions in DSB repair outside the context of RDB,
and independent from PCNA mono-ubiquitylation. Next, we performed functional
studies of RAD18 through analyses of the effects of mutations in the RAD18 RING
finger, Zinc finger, SAP domain, and HR6A/B binding domain in Chapter 3. We
show that RAD18 associates with DSBs via its Zinc finger domain through association
with ubiquitylated H2A and other ubiquitylated chromatin components, which are
enriched at chromatin surrounding DSBs. The association of RAD18 with DSBs allows
recruitment of RAD9, one of the components of the 9-1-1 checkpoint complex. RAD9
may function directly in homologous recombination repair at DSBs, independent of
downstream activation of the checkpoint kinases CHK1 and CHK2,

In meiotic cells, programmed DSBs are induced by an endogenous meiosis-
specific topoisomerase-like protein called SPO11, at various locations in the genome
at the beginning of the first meiotic prophase. The repair of SPO11-induced meiotic
DSBs leads to the formation of crossovers and noncrossovers through homologous
recombination. The role of mouse RADI8 in meiotic DSB repair is described in
Chapter 4. We show that RAD18 is recruited to persistent meiotic DSBs in a SPO11
dependent manner. Analyses of the meiotic phenotype of Rad18 knockdown mice
revealed that RADIS is required for the efficient repair of a small subset of meiotic
DSBs. In addition, RAD18 is recruited to the chromatin of the XY chromosome pair
that forms the transcriptionally silent XY body. The accumulation of RAD18 on the
silenced chromosomal regions in meiosis occurs at least partially independent of
SPO11-induced DSBs. At the XY body, RAD18 mediates the chromatin association of
its interaction partners, the ubiquitin-conjugating enzymes HR6A and HR6B. HR6B
is involved in regulation of histone modifications at the XY body, and required for
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maintenance of sex chromosome silencing. We showed that this function is RAD18-
dependent, since the level of dimethylation of histone H3 at lysine 4 in spermatocytes,
and the maintenance of meiotic sex chromosome inactivation in spermatids were also
affected in Rad18 knockdown testes. Since PCNA is the most well known substrate
for ubiquitylation by RAD18, it was also interesting to compare the phenotype of the
Rad18 knockdown mice with that of mice that carried a targeted mutation at the lysine
(K164) that is normally ubiquitylated by RAD18 (Chapter 5). Surprisingly, homozygous
Pcng®teiRKIsR knockin mice display severe defects in germ cell development, indicating
an essential role of PCNA modification during primordial germ cell survival and/
or proliferation. Also, in heterozygous mice, carrying one mutated PCNA allele
(Pcna®'®*¥+), we observed an increase in meiotic recombination frequency. This
phenotype appeared to be independent of other components of the RDB pathway,
indicating that perhaps not PCNA ubiquitylation, but PCNA sumoylation might be
involved in the regulation of meiotic recombination frequency.

As described in Chapter 6, we have also analysed whether irradiation induced
breaks can replace SPO11 to stimulate chromosome pairing during meiotic prophase. In
addition, we have performed a detailed analysis of the relation between the accumulation
of DNA repair proteins and the formation of the so-called pseudo-XY body in Spoll
mutant spermatocytes. The pseudo-XY body is characterized by the formation of a
transcriptionally silenced and yH2AX-positive area, covering part of the asynapsed
chromatin (not necessarily X and Y) in Spol1-deficient spermatocytes. We found that
irradiation-induced breaks stimulate synapsis of synaptonemal complex formation in
spermatocytes and oocytes. Shortly after irradiation, formation of the pseudo-XY body
was not observed. Instead, multiple yYH2AX-positive areas, colocalizing with RAD51
foci, could be observed. In the absence of irradiation, spontaneous RAD51 foci also
frequently colocalized with the pseudo-XY body. Taken together with our observation
that a pseudo-XY body is formed in Spo11 mutant oocytes, in association with RAD51
accumulation, we suggest that meiotic silencing may be triggered by the presence of
persistent DSBs in oocytes and spermatocytes.

In Chapter 7, we discuss the possible relevance of RAD18 recruitment to DSB
repair sites in mitotic and meiotic cells, and finally focus on the candidate substrates of
RAD18 whose final identification will help to obtain more insight in the putative roles
of RAD18 in DSB repair, DSB-dependent silencing in cis, and meiotic sex chromosome
inactivation.
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SAMENVATTING

Cellen worden voortdurend blootgesteld aan interne en externe factoren die DNA
schade kunnen veroorzaken. Om genomische integriteit te behouden hebben cellen
daarom de beschikking over diverse DNA reparatie mechanismen. Daarnaast is er een
controle-systeem dat ervoor zorgt dat schade aan het DNA gerepareerd wordt voordat
de celdeling plaatsvindt. Eén van de meest genotoxische soorten DNA schade is de
DNA dubbel-strengs breuk (DSB). In mitotische cellen kunnen DSB’s ontstaan als
de replicatie vork instort tijdens de S-fase. Verder kunnen DSB’s ook ontstaan door
externe factoren zoals ioniserende straling.

In dit proefschrift concentreren we ons op de rol van RAD18 in DSB reparatie in
mitotische en meiotische cellen. RAD18 is een E3 ubiquitine ligase, en is vooral bekend
vanwege zijn rol bij het passeren van DNA schade tijdens replicatie (replication damage
bypass, RDB). Daar ubiquitineert het proliferating cell nuclear antigen (PCNA), in
een reeks gebeurtenissen die ervoor zorgen dat DNA replicatie ondanks de schade
kan doorgaan. Hoe RAD18 functioneert bij reparatie van DSB’s is nog niet helemaal
duidelijk.

Allereerst hebben we de dynamische lokalisatie van YFP-gekoppeld RADI18
gevolgd in levende cellen (Hoofdstuk 2). We laten zien dat het distributie patroon
van YFP-RAD18 anders is dan dat van PCNA, het lijkt meer op het patroon van de
DSB-reparatie eiwitten RAD51 en YH2AX. Na inductie van DSB’s met multi-foton
laser bestraling accumuleert RAD18, maar niet PCNA, op DSB’. Dit suggereert dat
RAD18 een rol heeft in DSB reparatie die onathankelijk is van zijn rol in RDB en PCNA
mono-ubiquitinatie.

Vervolgens hebben we functionele studies op RAD18 uitgevoerd door de effecten te
bestuderen van mutaties in de RING-vinger, zink-vinger, SAP en HR6A/B domeinen
(Hoofdstuk 3). We laten zien dat RAD18 via het zink-vinger domein aan DSB’s bindt
door associatie met geubiquitineerd H2A en met andere geubiquitineerde chromatine
componenten die verrijkt zijn rondom DSB’s. De associatie van RAD18 met DSB’s zorgt
ervoor dat RADY, één van de componenten van het 9-1-1 checkpoint complex, wordt
gerekruteerd. RAD9 zou een directe rol in homologe recombinatie kunnen spelen, die
onafhankelijk is van activering van de checkpoint kinases CHK1 en CHK2.

In meiotische cellen worden geprogrammeerde DSB’s gemaakt door het topo-
isomerase-achtige eiwit SPO11. Dit gebeurt op verschillende plekken in het genoom
in de vroege meiotische profase. De reparatie van SPO11-geinduceerde DSB’s leidt via
homologe recombinatie tot producten waarbij een hele chromosomale arm wisselt
van chromosoom, of een product waarbij slechts een klein DNA fragment wordt
uitgewisseld (respectievelijk genaamd crossovers en non-crossovers). De rol van
RAD18 in meiotisch DSB herstel wordt beschreven in Hoofdstuk 4. Wij laten daar
zien dat RAD18 wordt gerekruteerd naar persisterende DSB’s, en dat dit athankelijk
is van SPO11. Analyses van het meiotische fenotype van Rad18 knockdown muizen
laten zien dat RAD18 nodig is voor efficiénte reparatie van een kleine subset van
meiotische DSB’s. Bovendien wordt RADI18 gerekruteerd naar het chromatine van
het XY chromosoompaar, dat de transcriptioneel inactieve XY body vormt. De
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opeenhoping van RADI18 in transcriptioneel inactieve chromosomale regio’s tijdens
de meiose is tenminste deels onafthankelijk van SPO11-geinduceerde DSB’s. Op de
XY body zorgt RAD18 voor de chromatine associatie van zijn interactie partners; de
ubiquitine-conjugerende enzymen HR6A en HR6B. HR6B is betrokken bij de regulatie
van histon modificaties op de XY body en bij het handhaven van transcriptionele
inactivatie van de geslachtschromosomen. Wij hebben laten zien dat deze rol van
HR6B afthankelijk is van RAD18, omdat het niveau van dimethylering op histon H3 op
lysine 4 in spermatocyten, en het handhaven van geslachtschromosoom inactivatie in
spermatiden ook aangedaan waren in testes waarin RAD18 uitgeschakeld was.

Omdat PCNA het bekendste ubiquitinatie substraat van RADI18 is, was het
interessant om het fenotype van RAD18 knockdown muizen te vergelijken met dat
van muizen met een mutatie in het lysine op PCNA (K164) dat normaal door RAD18
geubiquitineerd wordt (Hoofdstuk 5). Onverwachts lieten Pcna®'®*/Xi4R knock-in
muizen een ernstig defect zien in de ontwikkeling van de geslachtscellen, wat suggereert
dat PCNA een essentiéle rol heeft in de overleving en/of proliferatie van geslachtscellen.
Bovendien zagen we dat heterozygote muizen met een enkel gemuteerd PCNA allel
(Pcna®'*¥*) een verhoogde recombinatie frequentie in meiose hadden. Dit fenotype
leek onafthankelijk van andere RDB-componenten, en doet suggereren dat niet PCNA
ubiquitinatie, maar PCNA sumoylatie een rol zou kunnen spelen in het reguleren van
de meiotische recombinatie frequentie.

In Hoofdstuk 6 hebben we geanalyseerd of breuken die door straling worden
geinduceerd de functie van SPO11 kunnen vervangen en of deze breuken chromosoom-
paring kunnen induceren in meiose. Verder hebben we een gedetailleerde analyse
uitgevoerd van de relatie tussen de accumulatie van DNA reparatie eiwitten en de
vorming van het zogenoemde pseudo-XY body in Spoll mutant spermatocyten.
Het pseudo-XY body wordt gekenmerkt door een transcriptioneel inactief gebied
dat positief is voor yH2AX en dat een deel van het niet-gesynapste chromatine in
spermatocyten bedekt. Wij zagen dat stralings-geinduceerde breuken synapsis en
vorming van het synaptonemale complex in spermatocyten en oocyten stimuleren.
Vorming van een pseudo-XY body kort na bestraling werd niet gezien, maar wel zagen
we verschillende YH2AX-positieve gebieden die samenvielen met RAD51 foci. Zonder
bestraling vallen spontane RAD51 foci ook regelmatig samen met het pseudo-XY
body. Onze waarnemingen dat het pseudo-XY body wordt gevormd in Spoll mutant
oocyten en dat dit samenvalt met RAD51 accumulatie, geven samen aan dat meiotische
inactivatie van transcriptie zou kunnen worden veroorzaakt door persisterende DSBs
in oocyten en spermatocyten.

In Hoofdstuk 7 bespreken we de mogelijke relevantie van RAD18 rekrutering
naar DSB-reparatie gebieden in mitotische en meiotische cellen, en richten we ons
op kandidaat-substraten van RAD18. De identificatie van deze substraten zou meer
inzicht kunnen verschaffen in de mogelijke functies van RAD18 in de reparatie
van DSB’s, in DSB-athankelijke transcriptionele inactivatie in cis, en in meiotische
geslachtschromosoom inactivatie.

(Kindly translated by Daphne B. Pontier)
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BER base excision repair

BIR break-induced replication

bp base pairs
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DNA deoxyribonucleic acid
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El ubiquitin-activating enzyme
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HR6BD HR6A/B binding domain
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SDSA synthesis-dependent strand annealing

shRNA short hairpin RNA

siRNA small interfering RNA

S. pombe Schizosaccharomyces pombe
ssDNA single-stranded DNA

SUMO small ubiquitin-like modifier
TLS translesion synthesis
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uv ultra violet

YFP yellow fluorescent protein
Y2H yeast two-hybrid

UBM ubiquitin binding motif
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