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ABSTRACT

Meiotic recombination enhances genetic diversity as well as ensures proper segregation of homologous
chromosomes, requiring Spoll-initiated double-strand breaks (DSBs). DNA deaminases act on regions of
single-stranded DNA and deaminate cytosine to uracil (dU). In the immunoglobulin locus, this lesion will
initiate point mutations, gene conversion, and DNA recombination. To begin to delineate the effect of
induced base lesions on meiosis, we analyzed the effect of expressing DNA deaminases (activation-induced
deaminase, AID, and APOBEC3C) in germ cells. We show that meiotic dU:dG lesions can partially rescue a
spolIA phenotype in yeast and worm. In rec12 Schizosaccharomyces pombe, AID expression increased proper
chromosome segregation, thereby enhancing spore viability, and induced low-frequency meiotic crossovers.
Expression of AID in the germ cells of Caenorhabditis elegans spo-11 induced meiotic RAD-51 foci formation
and chromosomal bivalency and segregation, as well as an increase in viability. RNAi experiments showed
that this rescue was dependent on uracil DNA-glycosylase (Ung). Furthermore, unlike ionizing radiation-
induced spo-11rescue, AID expression did not induce large numbers of DSBs during the rescue. This suggests
that the products of DNA deamination and base excision repair, such as uracil, an abasic site, or a single-
stranded nick, are sufficient to initiate and alter meiotic recombination in uni- and multicellular organisms.

EIOSIS is a specialized form of cell division in
sexually reproducing organisms, which can be
divided into different stages. Following premeiotic DNA
replication, homologous chromosomes are aligned and
crossovers between homologous chromosomes are
generated by meiotic recombination during meiosis I.
This permits accurate segregation of homologous
chromosomes into daughter cells at the first meiotic
division. During the second meiotic division, the sister
chromatids are segregated and haploid gametes are
formed. Most meiotic recombination is thought to
initiate viaa double-strand break (DSB) in DNA, induced
by the evolutionary conserved protein Spoll (or Recl2
in Schizosaccharomyces pombe) (KLAPHOLZ et al. 1985; LIN
and Sm1TH 1994; KEENEY ¢/ al. 1997; WHITBY 2005) . In all
organisms studied, loss of Spoll has a partial or full
detrimental effect on gamete formation. This deficiency
can be partially rescued by the artificial introduction of
double-strand breaks, such as treatment with gamma
radiation (THORNE and ByERrs 1993; DERNBURG et al.
1998) orinactivation of proper DNA processing (FARAH
et al. 2005). In fission yeast, loss of Recl2 has a 3-fold

Supporting information is available online at http:/www.genetics.org/
cgi/content/full/genetics.109.101683/DC3.

' Corresponding author: London Research Institute, Clare Hall Labora-
tories, DNA Editing Lab, South Mimms EN6 3LD, United Kingdom.
E-mail: skpm@cancer.org.uk

Genetics 182: 41-54 (May 2009)

effect: tetrad formation in the asci is decreased almost
50% with a concomitant increase in dyad formation (a
consequence of failed meiosis I), spore viability is
decreased almost 4-fold, and meiotic recombination is
reduced by atleast 100-fold (DE VEAUX et al. 1992; SHARIF
et al. 2002). In Caenorhabditis elegans, Spoll deficiency
has a comparable effect on the organism, manifested in
reduced viability and increased frequency of male
offspring due to the lack of crossovers and impaired
segregation of chromosomes. The importance of Spol1-
induced DSBs for proper germ cell formation is clear, yet
there has been little progress in understanding how DNA
lesions other than DSBs can influence meiosis or how
these lesions alter meiotic recombination in the absence
of Spoll—although recent data may imply a role for
them (CROMIE et al. 2006).

In somatic cells most DNA damage is derived from
chemical (oxygen, radicals, or alkylating molecules) or
physical (e.g., UV or gamma radiation) agents and is
repaired by numerous evolutionary conserved pathways.
Recently though, protein-induced DNA deamination,
almost exclusively found in vertebrates (CONTICELLO
et al. 2005), has been shown to provide physiological
benefits and has been implicated in systems as diverse as
the development of acquired immunity (D1 Nora and
NEUBERGER 2002; PETERSEN-MAHRT et al. 2002; RADA
et al. 2002; BRANSTEITTER et al. 2003; CHAUDHURI ¢t al.
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2003; NEUBERGER ¢/ al. 2003; CHAUDHURI and ALT 2004;
MaizeLs 2005), active viral inhibition in innate immu-
nity (SHEEHY et al. 2002; HARRIS et al. 2003; HUTHOFF
and MariM 2005; CuLLEN 2006), and the reprogram-
ming of epigenetic markers (MORGAN el al. 2004).
Acting on single-stranded DNA, DNA deaminases rec-
ognize cytosine and catalyze a hydrolytic deamination,
producing uracil. This foreign DNA base can be a
substrate for a number of different DNA repair path-
ways. In the acquired immune system a dU:dG mismatch
induced by activation-induced deaminase (AID) can
lead to somatic hypermutation (SHM) in the variable
region, presented as point mutations at the lesion and
the surrounding bases (CHAUDHURI and Art 2004;
NEUBERGER et al. 2003, 2005; Ma1zers 2005). Further-
more, dU:dG lesions near the constant region, if
recognized by mismatch repair (MMR) proteins or base
excision repair (BER) proteins and the nonhomologous
end-joining pathway (NHE]), lead to intrachromosomal
DNA recombination and class switch recombination
(CSR) (MANT1Ss et al. 1998; RADA et al. 2002, 2004; Imarx
etal. 2003) . In some vertebrates, the postrecognition and
processing of dU:dG can be mediated through the RAD-
51c paralogs (XRCC2 and XRCC3), leading to immu-
noglobulin gene conversion (iGC) in the variable region
(SALE et al. 2001). Targeting of AID outside the immu-
noglobulin locus can induce mutations, but at a much
reduced frequency (PasqQuarucct et al. 2001). Impor-
tantly, dU lesions do not generally lead to DSBs, as DSBs
have been implicated only during CSR and only if AID is
recruiting specific cofactors (BARRETO et al. 2003). It is
therefore the targeting region (variable vs. constant vs.
nonimmunoglobulin), chromatin configuration, AID
recruited cofactors, and cell state that will determine
how the dU:dG will be processed leading to mutation,
recombination, or repair.

Because the catalytic activity of DNA deaminases is
independent of its host and has been demonstrated by
exogenous addition in Escherichia coli (HARRIS et al. 2002;
PETERSEN-MAHRT et al. 2002) and yeast (POLTORATSKY
et al. 2004; MAYOROV et al. 2005; SCHUMACHER et al. 2005;
KRrAUSE et al. 2006; RocoziN and Paviov 2006), we
wanted to know if a DNA deaminase-induced dU:dG
mismatch could be processed by the meiotic nuclei to
trigger meiotic recombination. Our data indicate that
expression of AID and APOBEC3C during meiosis of
S. pombe can partially rescue the recI2A phenotype, as
seen by an increase in tetrad formation, spore viability,
and meiotic recombination. Furthermore, AID expres-
sion in the germline of C. elegans spo-11 revealed that dU
lesions induce postreplicative meiotic RAD-51 foci,
which was dependent on the BER protein Ung. These
lesions are also processed to give rise to crossovers and
accurate chromosome segregation at the first meiotic
division. Importantly, AID’s induced rescue does not
appear to be due to excessive DSB formation. These data
lead us to conclude, that the products of DNA deaminases

and/or BER, adU, an abasicssite, or a single-stranded DNA
nick, are sufficient to initiate meiotic recombination.

MATERIALS AND METHODS

Strains and media: The genotypes of the S. pombe strains
used in this study were JCF108 (h— ade6-M210 his3-D1 lewI-32
ura4-D18), JCF109 (h+ wt ade6-M216 his 3D1 leul-32 ura4-
D18), FO1693 (h— rec12-171:: ura4+ ura4-D18 leul-32 arg3-D4
ade6+), FO1694 (h+ rec12-171:: ura4+ ura4-D18 lewl-32 his3-
D1 ade6-M216), FO1695 (h— rec12-167 leul-32 his3-D1 arg3-D4
ade6-M216), and FO1696 (h+ recl12-169::HA6HIS-KanMX
ura4-D18 leul-32 adeb+). S. pombe strains were grown vegeta-
tively in liquid/solid yeast extract with supplements (YE5S) or
liquid/solid Edinburgh minimal medium (EMM) with supple-
ments at 30° as described previously (MORENO et al. 1991).
Diploids were distinguished from haploid cells by adding
2.5 mg/liter phloxin B (Sigma) to the YE5S media or EMM
plus supplements. In the presence of phloxin B, diploid
colonies stain dark pink whereas haploid colonies stain light
pink. Strains were crossed on EMM low nitrogen lacking
leucine * thiamine at 25°.

Constructs for fission yeast experiments: Exogenous
expression of the human AID was achieved by using the
PREPI and pREP41 expression vectors described previously
(MAUNDRELL 1990, 1993). These vectors contain the nmt (no
message in thiamine) promoter, allowing efficient repression
of gene expression by thiamine. In this study, a final concen-
tration of 15 wm thiamine was used to repress the nm{ promoter.
pREP41 has a weaker promoter compared to pREPI and
therefore less protein is produced by this expression vector.
The protocol for lithium acetate transformation of fission
yeast was used as described previously (BAHLER et al. 1993).

Tetrad analysis: Tetrad analysis was performed as described
(MORENO et al. 1991), with slight modifications. Asci from
3-day-old matings were suspended in 0.5 ml of dH,O. A drop
of water with asci was run down the side of YE5S plates and
left to dry at room temperature. Thereafter plates were incu-
bated at 37° for 4-5 hr until the asci walls were nearly
disrupted. During this process, the lid of the plate was kept
partially open to dry the agar surface to facilitate the picking of
the spores. Spores from tetrads, triads, or dyads were in-
dividually picked and sequestered with a micromanipulator.
YEB5S plates were then incubated at 30° until colonies were
visible. The colonies were counted to estimate the viabilities of
spores from tetrads, triads, and dyads. Missegregation was
assessed in mature asci by the presence of more than four
spores, less than two spores, or asci in which there were clearly
detectable aberrances in the DNA content according to DAPI
staining and in the relative sizes of the spores.

Random spore analysis: Approximately 1 X 10° cells from
3-day-old matings were suspended in 250 pl of water contain-
ing 1500 units of B-glucuronidase (Sigma) and were incubated
overnight at 30° to digest vegetative cells. Spores were centri-
fuged for 20 sec at 13,000 rpm, the supernatant was aspirated,
and cells were resuspended in 1 ml of dH5O. After spores were
counted with a hemocytometer, 1000 spores were grown on
YE5S or YE5S with 15 wm of thiamine plates for 2-3 days at 30°
and the corresponding total number of colonies was counted.

Recombination assay: A loop-full of 3-day-old matings was
treated with B-glucuronidase to digest asci and kill vegetative
cells. The liberated spores were then counted and plated
(50,000 spores per plate) on selective media EMM —Leu —Ade
—Ura +Phloxin B with or without thiamine and nonselective
media EMM —Leu +Ade +Ura +Phloxin B with thiamine.
Plates were incubated at 30° for 5 days. Light pink colonies
representing haploid cells were counted, and dark pink
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colonies representing diploid cells were excluded from the
counting. For detection of the reciprocal recombinatorial
phenotype (ade6-M216 ura4D18), spores were plated on low
adenine (10 mg/liter) and 5-FOA (0.1%) EMM —Leu plates.

Analysis of GFP-AID expression during nmt promoter
activation or repression: To analyze the activation of nmt
promoter, the following procedure was carried out. Cells were
vegetatively grown in 4 ml EMM —Leu +thiamine at 30° to an
OD of ~1.0 and then centrifuged at 3000 rpm for 5 min. The
supernatant was removed and the cell pellet washed with 1 ml of
dH5O. Cells were centrifuged again and strains were mixed to
start the cross. The cross was carried out on EMM low nitrogen
plates in the absence of thiamine at 25°. To analyze the
repression of nmi promoter by thiamine, cells were first
vegetatively grown in the absence of thiamine and strains mixed
together in water containing 15 wm thiamine to promote
efficient nmt repression. Thereafter, the cross was performed
on EMM low nitrogen plates containing 15 um thiamine. Every
hour, aloop-full of cross was fixed in 1 ml of cold 70% ethanol to
track the changes of GFP signal strength. Cells were vortexed
and stored at 4° until the last time point. Cells were spun at
13,000 rpm for 30 sec, the supernatant was removed, and the
cell pellet was washed in 1 ml 50 mm sodium citrate buffer pH
7.0 and then harvested in 300 pl 50 mm sodium citrate buffer
pH 7.0. Samples were analyzed using a Beckton-Dickinson
FACScan, counting a total of 50,000 cells per sample.

Nocodazole-induced block during meiosis: Cells were
grown vegetatively and crossed in the presence of thiamine
for 24 hr to promote the fusion of the cells from opposite
mating types. Thereafter cells were treated with nocodazole
(final concentration 300 pwm) for 24 hr to finish DNA rep-
lication of the fused cells and to block other cells from entering
meiosis. Cells were then washed extensively to remove thia-
mine, but continuously treated with nocodazole, while in-
ducing AID expression for 24 hr. GFP-AID induction was
confirmed by flow cytometry (data not shown). Nocodazole
was then removed to induce spore formation while inhibiting
AID expression with the addition of thiamine. Spores were
liberated by B-glucuronidase treatment and plated on EMM
media with thiamine lacking adenine, uracil, and leucine to
assess recombinants or EMM with thiamine lacking leucine to
assess the overall numbers of live spores.

Worm strains and culture conditions: C. elegans strains were
cultured as described previously (BRENNER 1974). The strains
wild-type Bristol N2 and spo-11 (0k79) (DERNBURG et al. 1998)
were kindly provided by the Caenorhabditis Genetics Center
(University of Minnesota, St. Paul, MN). RNAi for ungl
(Y56A3A.29a) was performed for 24 hr by feeding, as described
previously (FIRE et al. 1998; BOULTON et al. 2002; DENGG et al.
2006). The ung-1 strain was kindly provided by Hilde Nilsen
(University of Oslo) (DENGG et al. 2006).

Worm viability analysis and hermaphrodite/male identifi-
cation: Worm viability was determined by counting viable
progeny generated by individual hermaphrodites. The per-
centage of male progeny was determined by sex-specific
counting. Statistical analysis of worm viability was done using
chi-square analysis, with the following modification: in the
wild-type worm we arbitrarily set the count of dead eggs to two,
even though we did not observe any. This alteration was to
facilitate statistical analysis (in effect being more conservative
than the observed data).

Irradiation of worms: Irradiation of nematodes was per-
formed in a "*"Cs Irradiator (IBL437, Cis Bio International)
with low-dose (15 Gy) irradiation. Animals were analyzed for
TUNEL staining 30 min postirradiation and for RAD-51
staining 4 hr postirradiation.

Generation of human AID-expressing worm strain: Human
AID sequence was cloned into the Gateway System (Invitro-

gen, Carlsbad, CA) entry vector p221, followed by cloning into
pID3 vector, generating an AID:: GFP fusion protein under the
control of the piel promoter (TENENHAUS el al. 1998). The
AID::GIP transgenic worm line was generated by microparti-
cle bombardment of unc-119 (ed3) animals (PRrAITIS el al.
2001) with pID3_AID::GFP. spo-11 AID::GFP worms were
generated by crossing unc-119 AID::GIFP worms with a GFP
balanced spo-11 strain. The genotype of the worms was verified
by single-worm PCR, using primers for AID and spo-11 as
described below.

Single-worm PCR: Five microliters of lysis buffer (50 mm
KCl, 10 mwm Tris pH 8.3, 2.5 mm MgCls, 0.45% IGEPAL CA 630,
0.45% Tween-20, 0.01% gelatin) with proteinase K (1 mg/ml)
were placed into 0.2 ml DNase- and RNase-free PCR tubes or a
96-well PCR plate. Single worms were washed in a drop of PBS
and then transferred into lysis buffer and frozen at —80° or on
dryice for atleast 20 min. Tubes were then incubated at 65° for
90 min to lyse the worms. Proteinase K was inactivated by
heating the tubes to 95° for 15 min. Thereafter, a nested PCR
reaction was performed. For the first PCR reaction, 1 pl of
worm lysate was added to a 12.5-pul PCR reaction that included
the primers at 0.5 uMm, 1X buffer, 1 mm MgCly, 0.2 mm dNTPs
and 1.25 unit of Platinum Taq DNA polymerase. The second
PCR reaction was performed using 1 ul of the first PCR
reaction in a 12.5-pl PCR reaction mixture as indicated for the
first reaction. AID-GFP fusion construct was detected by
nested PCR, using external primer sequences 5 TAGACCC
TGGCCGCTGCTACC 3’ and 5’ CAAAAGGATGCGCCGAAGC
TGTCTGGAG 3’ and nested primers 5' GAGGCAAGAAGA
CACTCTGG 3’ and 5" GTGACATTCCTGGAAGTTGC 3'. spo-
11 deletion was detected with nested PCR using external
primers 5" CGTGTTTCCCAAGATGCTC 3" and 5" CGGAATG
CGTGCAAGTG 3’ and nested primers 5 CCGAACAGCATA
TTGAAGAGG 3’ and 5" GCGCATATAAAACACGGAGAC 3,
as previously described (DERNBURG et al. 1998).

Visualization of GFP in C. elegans: Molten 4% agarose was
placed on prewarmed (55°) slides with a final thickness of ~1 mm.
The agarose was left to solidify before five worms were placed
on the agar surface in 10 ul of PBS. Slides were left to dry for
5 min before covering with a coverslip and analyzed using a
Deltavision microscope (Applied Precision).

Cytological preparation and immunostaining of C. elegans:
Gravid hermaphrodites were transferred to 30 pl of phosphate-
buffered saline (PBS) on poly-L-lysine-coated slides to remove
bacteria from worm bodies. Thereafter, worms were trans-
ferred to 50 pl of 10 mM levamisole. Germlines were extruded
by removing the head and tail with a fine needle (27 gauge).
Levamisole was replaced with 1% paraformaldehyde in PBS
for 10 min. After fixation, the germlines were permeabilized
for 5 min in Tris-buffered saline, 0.5% bovine serum albumin,
and 0.1% Triton X-100 (TBSBT) and washed with TBSBT at
least three times for 5 min each time, followed by blocking in
TBSBT for 30 min. Primary antibodies were diluted in TBSB
[1:50 for both 4.18.1 and 4.26.1 (AouroucHI et al. 2008) anti-
AID, 1:200 for anti-ung (ab13668; Abcam, Cambridge, UK),
1:200 for anti-RAD-51 antibody (MARTIN et al. 2005)] and
incubated overnight at 4° in a humid chamber. Germlines
were subsequently washed at least three times for 5 min each
time with TBSB before incubation with secondary antibodies
conjugated with Cy3 [anti-rabbit, 1:10,000 (Sigma, United
Kingdom); anti-mouse, 1:10,000 (Sigma)] for 1-2 hr at room
temperature. Finally, the germlines were washed at least three
times with TBSB for 5 min before adding ProLong Gold
Antifade with DAPI (Molecular Probes) and mounted with
coverslips.

TUNEL assay: The terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) assay was carried
out as described before (PARUSEL et al. 2006), with minor
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modifications. For the assay, gravid nematodes were washed in
PBS on poly-L-lysine-covered slides and dissected in PBS,
followed by fixation in 4% formaldehyde in PBS at room tem-
perature (RT) for 20 min. Gonads were rinsed in PBS, 0.4%
Triton X-100 (PTX) three times, incubated in 100 mm sodium
citrate, 0.1% Triton X-100 at 65° for 20 min, and then washed
twice in PTX. Gonads were incubated for 30 min at RT in 0.1 m
Tris-HCI (pH 7.5) containing 3% BSA and 20% bovine serum
and washed twice with PBS at RT, and excess fluid was drained
off. Thereafter, the gonads were incubated in TUNEL reaction
mixture (Roche, Indianapolis) at 37° for 1.5 hrin the dark. The
reaction was stopped by rinsing three times in PTX, before
adding ProLong Gold Antifade with DAPI (Molecular Probes,
United Kingdom) and mounting the samples with coverslips.

Fluorescence microscopy: Delta-vision microscopy was used
to examine germlines with a X40 or a X63 1.4-NA Planapo-
chromatlens on an Olympus inverted microscope (IX71), and
images were captured using SoftWorx computer software
(Applied Precision). Three-dimensional data sets were com-
putationally deconvolved if needed, and regions of interest
were then projected into one dimension. Merged or single-
color images were recorded using GIMP software.

RESULTS

To determine how dU:dG mismatches can influence
recombination and chromosome segregation during
meiosis, we expressed DNA deaminases in two geneti-
cally tractable organisms: S. pombe and C. elegans. In both
organisms, DNA deaminase activity was analyzed on a
Spoll (Recl2)-deficient background, which produced
low but sufficient offspring for analysis. Since the AID/
APOBEC3 DNA deaminase family has been identified
only in vertebrates (CONTICELLO et al. 2005), it is highly
unlikely that either organism used in this study possesses
such enzymes in its germline, providing precisely con-
trolled systems to delineate the effect of cytosine to
uracil deamination in meiotic nuclei.

Induction of base mismatches rescues tetrad
formation in S. pombe rec12A: As previously published
(DEVEAUX ¢l al. 1992), recI 2A mutants are deficientin tetrad
formation (Figure 1B); asci analysis showed that only
50% formed tetrads (94% in wild type), with an increase
to 30% dyads (1-2% dyads wild type, supporting in-
formation, Table S1), indicative of impaired meiotic
recombination. Expressing AID under the thiamine
repressor promoter nmt¢ (Figure 1A) during meiosis in
the rec12A strain significantly rescued tetrad formation
with a concomitant decrease in dyad formation (Figure
1C). Tetrad formation was increased from 50 to 73%,
while dyad formation decreased from 30 to 12%. Strains
repressed for AID expression by addition of thiamine
did not show any rescue (Table S1). To determine if the
catalytic activity of AID is required for recI2A rescue, we
generated a catalytically inactive mutant of AID, by
mutating the zinc coordinating amino acid histidine
56 (H56L) (ParavasiLiou and ScHATZ 2002; CHAUDHURI
et al. 2003; PHAM et al. 2003; MORGAN et al. 2004) (Figure
1A). Expression of AID H56L in the recl2A background
failed to rescue the deficiency in tetrad formation

(Figure 1D), even though similar levels of H56L and
wild-type AID protein were produced (data not shown).
To visually follow protein expression, we also generated
a GFP-AID fusion protein (Figure 1A), which induced a
similar phenotype to the untagged AID (Figure 1E and
Table S1).

AID expression in recI2A increases spore viability:
The rescue of spoll mutant phenotypes by gamma
radiation can be at the expense of overall cell viability
(THORNE and Byers 1993). Therefore to confirm that
improved tetrad formation is not due to excessive
amounts of AID-induced DNA damage, which could
impair survival, we directly analyzed spore viability by
dissecting tetrads, triads, and dyads into individual
spores and plated them for growth. The average spore
viability of a tetrad of recI2A was raised from 22 to 51%
after AID expression (Figure S1). This is shown asamore
than twofold increase in Figure 2A. We also observed a
significant increase in viability when spores were picked
from dyads or triads (Figure 2A) or when we performed
random spore analysis from cultures (Figure 2B). As in
the tetrad formation assay, the catalytic inactive AID
mutant was unable to rescue the viability. We noted a
slight effect on cell numbers during vegetative growth
after AID expression, but the rate of doubling was not
markedly changed (data not shown).

AID induces meiotic recombination: Double-strand
breaks generated by Spoll/Recl2 induce interhomo-
log recombination, which can promote proper chromo-
some segregation through the establishment of chiasmata
(BAHLER ¢t al. 1993; GERTON and HAWLEY 2005; WHITBY
2005). To see whether upon AID expression the forma-
tion of dU could lead to meiotic crossovers, we analyzed
the recombination frequency between ade6-M216 and
ura4-D18, two auxotrophic markers (>50 cM apart) on
chromosome III. Meiotic recombination frequency
between these two marker loci was enhanced 15-fold
after AID expression, from 0.11 to 1.7% (Figure 3 and
Table S2). Again, this was dependent on the expression
of AID (no recombination was detected in the presence
of thiamine; Figure 3D) and its catalytic activity (AID
H56L did not significantly increase recombination;
Figure 3, B and D). The effect was also unlikely due to
an enhanced number of diploid cells after meiotic re-
combination, as rec12A cells with vector alone had ~2.1%
diploid cells (13 red /615 total) and rec12A cells with AID
produced 0.32% diploid cells (18 red /5640 total). At the
same time, screening recombinant cells on low adenine
and 5-fluoroorotic acid (5-FOA), we could determine
that reciprocal crossovers (double mutant of ade6-M216
and ura4-D18) were also generated. Again, AID expres-
sion enhanced crossovers by >10-fold, since vector
alone produced 0.20% and AID 2.3% recombinants.

It was also possible that AID-induced lesions that
conferred meiotic rescue were DSBs resulting only from
replication fork collapse in premeiotic S phases. To ex-
clude this possibility, we used nocodazole (known to
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tive. (B—-G) Relative distri-
bution of tetrads (I), triads
(I), dyads (III), and misse-
gregations (IV) that are
formed during meiosis in
a recI2A background trans-
fected with an empty vector
(B), with human AID (C),
with a catalytically mutant
Tetrad  human AID (D), with
GFP-human AID (E), with
human APOBEC2 (F),
and with human APO-
BEC3C (G). Cells were
transfected, grown in the
presence of thiamine for
24 hr, washed, grown in
the absence of thiamine
for 6 hr, and crossed for
2 days on thiamine (—)
plates. Tetrads, triads, dy-
ads, and missegregations

Mis-Seg

Mis-Seg

n=525

Mis-Seg

were quantitated by micros-

significant increase in the frequency of meiotic recom-
bination between the two loci if AID was induced after
the nocodazole block. Again, this effect required both
AID expression and AID catalysis (Figure 3D). Although
we cannot fully exclude the possibility that the AID-
induced rescue was solely due to collapsed replication
forks, we think this is unlikely on the basis of the
significant proportion of postreplication arrested cells
that underwent meiotic division after AID induction
(see p1scuUssION for details).

APOBEC3C can rescue recI2A meiosis and initiate
recombination: In its physiological environment, cyto-
plasmic AID is known to enter and function in the nu-
cleus, whereas the APOBEC3 family members (except
for APOBEC3B) are usually confined to the cytoplasm
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FIGURE 2.—Deaminases increase spore viability after meio-
sis. (A) Ascus dissection analysis: relative viabilities of recI2A
single spores from tetrads, triads, and dyads in control-
transfected cells (white), in AID catalytic mutant expressing
cells (orange), and in catalytically active AID expressing cells
(red). The numbers of the spores that were isolated are indi-
cated at the bottom of each column, and the viability of the
vector-only recI2A strain was set to one. (B) Percentage of vi-
ability of random spore analysis, from recI2A cells expressing
different deaminases during meiosis.

(MANGEAT et al. 2003; MARIN et al. 2003). This sub-
cellular restriction may be a means of regulating the func-
tion of DNA deaminases (COKER and PETERSEN-MAHRT
2007). On the other hand, expression of cytoplasmic
APOBEC3G in yeast was able to inhibit the movement of
retrotransposable elements, by a mechanism involving
APOBEC3G possibly entering the nucleus (DUTKO et al.
2005; SCHUMACHER et al. 2005; ESNAULT et al. 2006). We
therefore wanted to know if other DNA deaminases
could be used to induce dU:dG mismatches during
meiosis, leading to rescue of the recI2A phenotype as
well as homologous recombination (HR).

We constructed expression vectors of APOBEC3C [a
DNA deaminase known to inhibit SIV and Linel retro-
transposons (HARRIS et al. 2002; YU et al. 2004; DuTKO
et al. 2005; MUCKENFUSS ¢l al. 2006) ] and APOBEC2 [a
DNA deaminase family member with no apparent
catalytic activity toward polynucleotides (HARRIS et al.
2002; JarMmuUZ et al. 2002; CONTICELLO ef al. 2005; MIKL
et al. 2005)]. Expression of APOBEC2 failed to rescue
tetrad formation (Figure 1F), increase viability (Figure
2B), orincrease meiotic recombination (Table S2). Anal-

ogous to AID, expression of APOBEC3C did increase
tetrad formation (Figure 1G) and viability (Figure 2B),
as well as meiotic recombination (Table S2), indicating
that dU from other DNA deaminases can also induce
meiotic recombination events.

AID expression in C. elegans spo-11 rescues RAD-51
focus formation and bivalency: Genetic analysis in S.
pombe has revealed that ectopic AID expression during
meiosis is capable of inducing meiotic recombination in
asingle-cell organism. To extend this analysis to a multi-
cellular organism we employed C. elegans as a model
system. Here, the spatial and temporal arrangement of
the worm’s germline allows for a visual determination of
the various stages of meiosis [e.g.,, DNA replication is
limited to the distal tips: the premeiotic zone (WooD
1988) ]. Furthermore, in C. elegans, meiotic recombina-
tion is limited to a single crossover event per homologous
chromosome pair (VILLENEUVE 1994). At the molecular
level, spo-11 mutants are devoid of meiotic RAD-51 foci
and fail to generate the obligate crossover per homolog
pair; cytologically, this manifests as chromosome univa-
lency atdiakinesis (DERNBURG et al. 1998). We generated
worms expressing AID via the pie-1 promoter, a gene that
is expressed throughout meiotic prophase (TENENHAUS
et al. 1998). We used RAD-51 focus formation as a mea-
sure for meiotic recombination initiation (Figure 4).
Wild-type worms exhibit the normal distribution of
Spoll-induced meiotic RAD-51 foci (Figure 4, A and
G), with the majority of foci present in late leptotene to
pachytene. As expected, the spo-11 mutants are devoid
of RAD-51 foci (Figure 4B). Analogous to our observa-
tions in fission yeast, ectopic germline expression of AID
partially rescues the spo-11 deficiency, as seen by the
presence of meiotic RAD-51 foci (Figure 4C). The
distribution of foci was broader and less numerous than
in the wild-type organism, but interestingly was most
abundant near the leptotene/zygotene zone (Figure
4G). The absence of AID-induced RAD5I1 lesions in the
premeiotic zone would indicate that the dU lesions are
induced postreplication.

In wild-type animals, 6 bivalents are detectable by
DAPI staining in oocyte nuclei arrested at diakinesis
(Figure bA). Each bivalent represents a condensed
homologous chromosome pair held together by a single
chiasma (the physical manifestation of crossing over). In
a spo-11 worm, there was no manifestation of bivalency,
leading to the formation of 12 univalent chromosomes
(Figure 5B). In contrast, AID-induced mismatches in the
spo-11 mutant were correctly processed to induce mei-
otic recombination leading to a substantial recovery of
bivalency (Figure 5, C and E).

AID increases viability and decreases males in spo-11
worms: While RAD-51 focus formation and bivalency
are a good measure of some of the molecular events
taking place during meiosis, we wanted to know if AID
could also increase the viability of the spo-11 mutant
worms. Due to aberrant chromosome segregation, spo-11
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FIGURE 3.—Meiotic recombination initiated by
AID. (A) Representative plates showing the in-
crease in recombinants after meiosis of recI2A
cells transfected with empty vector (left plate)
or with AID (right plate). Cells auxotrophic for
either adenine (ade6) or uracil (ura4) were
crossed on EMM low N and spores were plated
on EMM media supplemented with phloxin B
and in the absence or the presence of both ade-
nine and uracil, to assess the relative number of
recombinants compared to the total number of
viable spores. Shown are the EMM plates lacking
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worms usually produce <1% viable offspring when
compared with wild-type worms (Figure 6A and Table
1). The elevation in chromosome nondysjunction also
manifests as an increased frequency of male offspring.
The frequency of males is significantly increased from
~0.1% in wild type to >40% in spo-11 mutants (Figure
6B and Table 1) (DERNBURG et al. 1998). As seen with
S. pombe, where AID increased tetrad formation as well as
the viability, C. elegans spo-11 expressing AID exhibit a
>10-fold increase in viable brood size (Figure 6A and
Table 1) and a 2.5-fold reduction in males (Figure 6B
and Table 1). This suggests that the induction of meiotic
recombination in spo-11 mutants by ectopic expression
of AID is sufficient to confer increased viability to
progeny.

AID-induced rescue of spo-11 is dependent on Ung:
To begin to determine which of the above mentioned
DNA repair pathways may be involved in processing the
AID-induced dU:dG lesion, we used RNAI to inactivate
UNG-1, the single uracil DNA glycosylase encoded in
the C. elegans genome (DENGG et al. 2006), in AID-
expressing spo-11 worms. RNAi depletion of UNG-1

adenine and uracil. (B) Fold increase in ade6 ura4
recombinants after the expression of AID cata-
Iytic mutant, functional AID, GFP-AID, APO-
BEC2, or APOBEC3C during meiosis compared
to the empty vector (set to one) control. (C)
Time line of postreplicative induction of AID-
induced recombination. Time points represent
the relative timing of changing the media or
the addition of the indicated compounds noco-
dazole (noco), leucine (leu), and thiamine
(thia); + and — indicate the presence or the ab-
sence of the compounds starting from the corre-
sponding time point. Cell ploidy, visualized with
propidium iodide in FACS, is shown as a solid line
(solid circles, 4n) and a shaded dashed-dotted
line (shaded squares, 1n), and AID expression, vi-
sualized by GFP in FACS, is shown as a dashed
line (based on Figure S2, open triangle). (D)
DNA deaminase-mediated recombination events
can be initiated after DNA replication. Cells were
treated as indicated in the time line (C). The
graph shows the recombinants obtained when
AID, mutant (H56L) AID, and the APOBEC pro-
teins were expressed after removal of thiamine
(— thia) at a 48-hr time point compared to the
results when deaminase expression is repressed
during meiosis by thiamine (+ thia). For details
see MATERIALS AND METHODS.

T 1

completely abolished AID-induced RAD-51 focus for-
mation in spo-I1 mutants (Figure 4, D and G). This
indicates that AID-induced dU lesions are predomi-
nantly processed through the BER pathway to produce
abasic sites, and that these lesions are sufficient to
generate HR substrates in meiosis. As indicated in
Figure 4C, the RAD-51 foci in AID-expressing worms
peak at the zygotene stage. The density of RAD-51 foci in
this region could be due to limited expression of AID,
limited expression of BER proteins such as UNG, or
other novel aspects of the meiotic recombination
pathway. Immunohistochemical analysis of AID expres-
sion indicated that AID was expressed during the
mitotic stage and throughout meiosis (Figure 7, A and
B), as would be expected from the pie-1 promoter. Using
an UNG-specific antibody, we were able to demonstrate
expression of endogenous UNG during oogenesis in a
multicellular organism (Figure 7, C and D), highlight-
ing the potential role for BER in meiosis after DNA
replication. Although the distribution of UNG ap-
peared partially overlapping but different from AID
expression, there is no clear indication that the AID-
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Ficure 4.—AID induces
RAD-51 foci during meiosis
in the spo-11 worm. Repre-
sentative pictures of germ-
lines visualized for RAD-51
foci, using anti-RAD-51
antibodies (red) as well as
DAPI staining to visualize
the nuclei, are shown: (A)
wild-type animals, (B) spo-
11, (C) spo-11 worm ex-
pressing AID, (D) spo-11
worm expressing AID with
RNAI treatment for ung-1,
(E) spo-11 worm irradiated
with 15 Gy and analyzed
after 4 hr, and (F) ung-1 de-
fective nematode. Dashed
squares represent the pro-
posed location of zygotene
stage in the germline. The

—

germlines were divided in-
to six zones according to

Rad51 foci per nuclei

WT (N2) spo-11 spo-11 spo-11
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5 zones (30 nuclei per zone
per worm, analyzing three
j worms per genotype). (H)
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induced RAD-51 foci are formed solely due to a limited
localized expression of UNG.

As with the RAD-51 focus formation, AID-induced
bivalency was dependent on the BER protein UNG (Fig-
ure 5, D and E), since RNAi of ung-I reverted the AID-
expressing nematode back to univalent chromosomes.
Furthermore, the AID-induced increase in viability is fully
dependent on the expression of UNG-1 during meiosis, as
is the decrease in male formation (Figure 6 and Table 1).

To what extent BER proteins play a role in meiosis is
still to be determined, but analysis of ung-I (RNAi)-

2
1
0 ot M

spo-11
IR 15 Gy

the developmental stage
n=3 of the germline. (G) The
number of RAD-51 foci
per nucleus was counted
in worm germlines with re-
spective genotypes (A-F) in

developmental

stains per nucleus in the

was counted from the
germline of the indicated
worms (for details see Fig-
ure S3). The fold differ-
ence between spo-11 (IR
15 Gy) and spo-11 + AID
was >20-fold and >50-fold
for the wt.

treated wild-type (wt) worms showed a minor but signif-
icantincrease in dead eggs and male formation (Table 1).
Extending this analysis to the ung-1 worm (DENGG et al.
2006), we observed an even larger and statistically sig-
nificant increase in dead eggs and male formation. Fur-
thermore, in a SPO-11-deficient background siRNA of
ung-1 decreased the viability even further (Table 1).
Together this indicates that BER proteins can play a role
in meiosis.

AID- and gamma radiation-induced rescue proceed
differently: In previous studies, ionizing radiation has
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FiGure 5.—AID alters the chromosome mor-
phology during the diakinesis stage. Representa-
E number of DNA bodies in diakinesis tive pictures are shown of DAPIstained
chromosomes during diakinesis from (A) wild
o1-5 me QO7-1 O 12 type, (B) spo-11, (C) two nuclei of an AID-expressing
n =54 n=43 n=45 n=46 spo-11 worm, and (D) an AID-expressing spo-11
100 . worm after treatment with wung-1 (RNAi). (E)
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been used to artificially induce DNA damage in spo-11,
mimicking some of the functions of Spoll (DERNBURG
et al. 1998). Gamma radiation-induced RAD-51 focus for-
mation in spo-11worms is distributed randomly through-
out meiotic prophase (Figure 4E), which is in contrast to
the AID-induced lesions, which peaked around zygotene
(Figure 4G). As stated above, only under certain circum-
stances can AID-induced lesions become DSBs. To di-
rectly observe the formation of DSBs as well as accessible
DNA ends, we employed a previously published TUNEL
assay (PARUSEL et al. 2006). Although we could observe a
large number of TUNEL positive cells after gamma
radiation treatment (sublethal dose), we did not detect
fociin the AID-expressing worms (Figure 4H and Figure
S3). This demonstrated that AID did not induce a large
number of DSBs or accessible DNA ends, unlike the
ionizing radiation treatment (see DISCUSSION).

DISCUSSION

DNA lesions derived from chemical or physical
damage need to be removed by DNA repair mechanisms
to maintain the integrity of the genome. One of the most
common single-base-altering lesions in nonreplicative
DNA is deaminated cytosine, resulting in the formation

of a dU:dG mismatch. It has been hypothesized that
DNA lesions other than Spoll-induced DSBs may
initiate meiotic recombination (FARAH et al. 2005;
CRrROMIE et al. 2006). What, therefore, is the effect of a
dU:dG mismatch during meiosis, or, more precisely, (1)
Can DNA deaminases such as AID function in a meiotic
nucleus?, (2) Is the dU:dG product recognized by DNA
repair machinery and processed in a meiotic nucleus?,
(3) Can processing of the lesion affect meiosis?, and (4)
Do the involved processing pathways lead to meiotic
recombination? Expression of DNA deaminases in the
rec12A strains of S. pombe leads to a rescue of tetrad
formation (Figure 1), increased spore viability (Figure
2), and increased meiotic recombination (Figure 3).
More importantly, the partial rescue of C. elegans spo-11
by AID demonstrates that in multicellular organisms the
meiotic nucleus is also capable of processing a dU lesion
for recombination. The formation of RAD-51 foci near
the leptotene/zygotene zone in the worm clearly in-
dicates that AID-induced dU lesions are processed by the
postreplicative meiotic nucleus to HR substrates (Figure
4). Furthermore, the increased formation of bivalents
(Figure 5), viable offspring (Figure 6A), and decrease in
males (Figure 6B) demonstrate that AID-induced base
mismatches can give rise to crossovers that are capable of
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F1cure 6.—AID increases viability and hermaphrodite fre-
quency in spo-11 worms. (A) Worm viabilities for the indicated
genotypes were assessed by counting viable offspring and
dead eggs in a brood from young adults. (B) The frequencies
of males among viable progeny from the sample in A were as-
sessed by microscopic analysis of tail morphology and move-
ment. A total of at least 2000 worms were counted per
genotype (for extended data see Table 1).

guiding chromosomal segregation at the first meiotic
division.

Similar to the AID-induced diversification of the
acquired immune system (via mutation and recombi-
nation), meiosis does induce DNA recombination and
potentially mutations. Importantly, in both instances,
external selection forces drive the survival of the altered
genome. How these alterations are achieved is depen-
dent on the way DNA lesions are processed by the
different DNA repair pathways. In the immunoglobulin
locus different DNA repair pathways can process the
dU:dG lesion, leading to various phases of SHM, iGC,
and CSR (PETERSEN-MAHRT et al. 2002; NEUBERGER et al.
2003, 2005; CHAUDHURI and ALT 2004; Ma1zeLs 2005).
The outcome of a dU:dG mismatch leading to class
switching relies on BER (UNG) as well as MMR (Msh2/
Msh6, MLH1-PMS2, and MSHb5) proteins to initiate the
recombination (RADA et al. 2004; LARSON et al. 2005;

SEKINE ¢t al. 2007) and NHE] (Ku70/Ku80 DNA PKs) to
complete the process (MANIS et al. 1998; ROONEY et al.
2004). Both mouse knockout and yeast genetic studies
have implicated MMR proteins to play a critical role in
meiosis (HUNTER et al. 1996), which include the Msh4—
Mshb, Mlh1-Pms2, and Mlh1-Mlh3 complexes (PROLLA
et al. 1998; L1PKIN ef al. 2002; Kunz and ScHAR 2004;
SNOWDEN et al. 2004). Regardless of which of the DNA
repair pathways is initiated by the dU lesion, the
potential of using AID as a tool will allow us to readdress
if and how HR can proceed from a single-stranded nick
(see references in SmiTH 2004). This could provide
analogous analysis of how the RAG proteins have been
used to study single-stranded nicks as HR substrates in
mammalian cells (LEE et al. 2004).

There are of course other possible pathways that could
induce the formation of HR substrates (RAD-51 foci)
from a dU lesion. In worms BER seems to be an early
necessary step. This also seems to be the case in S. pombe,
as the work by the group of Primo Schar indicates, where
removal of the BER protein TDG inhibited the rescue by
AID (P. SCHAR, personal communication). It still needs
to be determined how the abasic site and subsequent
processing steps can lead to the formation of HR sub-
strates. In line with this, we observed that missegrega-
tions did not decrease significantly upon AID induction
whereas dyads did. Improper dyad formation is possibly
due to a defect in meiosis I, whereas missegregation can
be derived from defects in meiosis I and II. Therefore,
where AID is expressed and during which cell stage will
determine if the lesion can “relieve” the chromosomal
abnormality.

In both organisms AID induction led to significant
rescue of the SPO-11 deficiency, which is, in light of the
different lesions generated (AID, a dU, and SPO-11, a
DSB), quite remarkable. That we did not detect a
complete rescue is perhaps not surprising, as SPO-11
may have auxiliary functions during meiosis, and the
different lesions may have been processed to different
extents. In the worm, we detected RAD-51 foci after AID
induction, albeit at a slightly reduced level (Figure 4G),
yet the viability and male rescue were not complete nor
to the same extent to which the RAD-51 foci would have
indicated (Figures 4 and 6). As each chromosome pair
has to acquire at least one RAD-51 focus, AID-induced
lesions may not have allowed for sufficient HR substrate
formation; this in turn may also have contributed to the
formation of irregular bivalency numbers (Figure 5E).
Future work will be able to delineate if this difference is
due to alack of auxiliary function of AID or a difference
in lesion processing. It also remains to be determined if
the zygotene-limited AID-induced RAD-51 foci are due
to a lack of ssDNA access for AID in the premeiotic
phase, lack of processing of the dU in the premeiotic
phase, or a difference in DNA repair between the
premeiotic and meiotic phases, even though UNG-1
appears to be present in both stages (Figure 7). It is
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TABLE 1

Brood viability and male frequency

Dead Live Total % % %
Strain eggs  progeny counts lethality viability Male  Hermaph. % male hermaph.
wt 0 4333 4333 0.0 100.0 0 4333 0.0 100.0
spo-11 4797 42 4839 99.1 0.9 151 208 42.1 57.9
wt + AID 17+# 2043 2060 0.8 99.2 2 2041 0.1 99.9
spo-11 + AID 4401 440 4841 90.9 9. 1% 64 376 14.5%%* 85.5
spo-11 + AID si-UNG 2267 13 2280 99.4 0.6 80 97 45 2 54.8
wt si-UNG 5 2027 2032 0.3 99.8 2 2025 0.1 99.9
spo-11 si-UNG 4853 25%% 4878 99.5 0.5 159 184 46.4 53.6
wt + AID si-UNG 59 1962 2021 2.k 97.1 37 1925 1.9k 98.1
ung-1 12% 2134 2146 0.6 99.4 9% 2125 0.4 99.6
wt IR 15 Gy 134 2119 2253 6.0 94.1 5 2114 0.2 99.8
spo-11 IR 15 Gy 2291 25 2316 98.9 1.1 96 163 37.1 63.9

Viability (% viability) is based on the number of viable offspring/ (dead eggs + viable offspring); % lethality = 1/viability; male
frequency (% male) is based on the numbers of animals with a male phenotype (hook, slim torso, more active movement) among
at least 170 viable offspring; hermaphrodite frequency (% hermaph.) = 1/% male; wt, N2 or uncl19; si-UNG, siRNA UNG-treated
worms; IR 15 Gy, 15 Gy of ionizing radiation; *P < 0.01 (to wt); **P < 0.05 (to spo-11); ***P < 0.001 (to spo-11); ****P<0.01 (to wt

si-UNG); *¥*##%P < 0.01 (to spo-11 + AID).

possible that the dU lesions are repaired during DNA
replication without leading to DSBs, whereas postrepli-
cative dU lesions are preferentially processed into HR
substrates. The latter possibility is analogous to recent
work on B cells, where inactivation of error-free repair is
required for proper SHM to proceed (ARAKAWA et al.
2006; SIMPSON et al. 2006).

It is important to note that ectopic germline expres-
sion of AID did notinduce RAD-51 foci in the premeiotic
zone of the germline (Figure 4), which contains the only
actively proliferating cells in the germline. This would
suggest that the majority of RAD-51 foci induced by AID
in spo-11mutants occur in postreplicative cells. Our work
in S. pombe (Figure 3D) is possibly in agreement with an
AID-induced meiotic recombination rescue indepen-
dent of DNA replication. This is based on (Figure 3, C
and D, and Figure S2) the following: (1) the total
number of 1n (ploidy) cells after nocodazole release
(96 hr) was 60% of the 4n cells during AID expression,
suggesting that the majority of the spores were derived
from the 4n cells; (2) there is a reciprocal relationship

anti-AlD

spo-11

spo-11
+AID

of simultaneous loss of 47 cells and gain of 17 cells; (3)
after 48 hr there are <5% of 1n cells remaining (cells
that could have undergone fusion after nocodazole
release and therefore could be a source of replication-
dependent AID damage); and (4) a significant portion
of the 2n peak is derived from vegetative cells, which
were removed with glucuronidase prior to plating.

It is interesting to note that in the yeast rescue
experiments, there appears to be a numerical discrep-
ancy between the rescue of tetrad formation/viability
and meiotic crossovers. Spore viability in a rec12 mutant
is ~22%, which is better than expected from a solely
random process of chromosome segregation, and has
been attributed to achiasmata segregation (Davis and
SmrtH 2005). With AID, spore viability increases to ~50%.
However, the frequency of crossing over in the adeb—ura4
interval, while increasing 10-fold, is still only 1.7%. The
adeb—ura4 interval is ~10% of the overall genome size,
and therefore if we assume that this interval is represen-
tative of crossing over induced by AID genomewide,
then one might speculate that AID-induced lesions

anti-UNG

wt
ung-1 (RNAI)

FIGURE 7.—Expression of AID and Ung during oogenesis. AID was detected with anti-AID antibodies (red) in (A) a spo-11 worm
and (B) an AID-expressing spo-11 worm. UNG was detected with anti-Ung antibody (red) in (C) a wild-type worm germline and
(D) a wild-type worm treated with ung-I (RNAi). Nuclei were counterstained with DAPI.
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result in a crossover event in only 17% of meioses. This
would seem to be insufficient to account for the im-
provement in spore viability. Again a possible explana-
tion for this is that AID might induce distinct types of
lesions (e.g., single-strand breaks and double-strand
breaks), which could be differently disposed to give rise
to crossover recombination, but are both capable of
promoting correct chromosome segregation. Perhaps
recombination acting at single-strand breaks aids homo-
log pairing and alignment without generating crossovers.
Future studies using AID will allow us to investigate this
possibility.

In B cells, the formation of DSBs from AID-induced
lesions seems to be dependent on the genetic loci, the
cell state, AID cofactors, and the chromatin status, as
DSBs are limited to the highly repetitive switch regions
during class switch recombination, but are less likely to
occur during somatic hypermutation of the variable
regions (WUERFFEL el al. 1997; PETERSEN et al. 2001;
STAVNEZER et al. 2008) . Because gamma radiation can be
an alternative source of DSB, we could compare the
potential AID-induced DSB with other DSBs. Using low
dose (15 Gy) gamma-irradiated worms, we observed
extensive TUNEL staining throughout the germline.
Importantly, although gamma radiation has been shown
to induce apoptosis, due to the cellular physiology of the
nematode, apoptosis and genome fragmentation do not
happen until late stages of meiosis (cellularization; zone
6 in Figure 4) (LETTRE and HENGARTNER 2006). Al-
though the TUNEL assay has a detection limit, it is not
clear if this lack of signal is due to the infrequency of
breaks or their transient nature, and therefore below the
threshold of detection, or if the Spoll-induced DSBs are
inaccessible. The latter is plausible, since not only has it
been shown that Spoll is temporarily covalently bound
to the DSB during meiosis (KEENEY ¢t al. 1997), but also
Spoll can colocalize with the lesion to recruit down-
stream processing pathways, thereby possibly “hiding”
the available DSB until other repair factors are present.
From the TUNEL staining, there did not appear to be an
excessive number of AID-induced DSBs or free ends
during meiosis. This implies that, although base mis-
matches are processed into recombination events (in-
dicated by RAD-51 foci and chromosome bivalency), the
lesions seem to be different in their accessibility to
TUNEL staining. Importantly, the lack of TUNEL stain-
ing and the enhanced efficiency of the rescued viability
of AID-induced base mismatches over irradiated (IR)
ones (Table 1) indicated that random DNA DSB gen-
eration is not an efficient or a viable means of rescue,
and AID is unlikely to have induced such lesions in large
numbers.

This study has for the first time demonstrated that
DNA lesions other than DSBs (as has been suggested by
CROMIE et al. 2006), such as dU, abasic site, or ssDNA
nicks, can initiate meiotic recombination in yeast and
the multicellular organism C. elegans. This suggests an

evolutionary conserved mechanism of DNA repair for
dU lesions in the meiotic nucleus of organisms as diverse
as fission yeast and the nematode. Neither of these
organisms expresses members of the DNA deaminase
family physiologically, indicating that the simple expres-
sion of such an enzyme in meiotic nuclei can lead to
proper processing and initiation of meiotic recombina-
tion, paralleling the notion that the immune system’s
acquisition of SHM may have been a “simple” addition
of DNA deaminases to already existing DNA repair
processing pathways. In extension, because of AID’s
expression (aswell as other DNA deaminases) in oocytes
(MORGAN et al. 2004) and during spermatogenesis
(ScHRECK et al. 2006), one should not fully disregard
the potential that protein-induced DNA deamination
can affect meiotic recombination in vertebrates. This
warrants a reevaluation of meiosis in AID-deficient mice,
with respect to recombination, crossover, and chromo-
some segregation analysis.
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Spore viability in rec]2A

AVERAGE Tetrad Triad Dyad

Nr % Nr % NR %
Wt pREP1 34.5 85.6 8.0 60.4 6.0 75.0
ARecl2 pREPI 9.5 21.9 2.5 16.7 2.5 31.3
ARec12 AID(mut) 11.0 27.5 2.0 12.5 2.5 31.3
ARecl2 AID 20.0 51.3 3.0 31.3 4.5 53.1
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FIGURE S1.—Deaminase induced viability rescue of Arec12 S. pombe. (A) Table of spore viability after asci
dissection in absolute percentage terms, which were expressed as relative increases in viability in Figure 2A.

(B) Bar graph of values from the table.
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FIGURE S2.—FACS analysis of nocodazole treatment. Cells, as described in the time
course experiment of Figure 3C & 3D, were analyzed for AID expression (EGFP-AID)
by FACS analysis. DNA content of the same cells was visualized with propidium-iodide

FACS analysis.
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Figure S3.—TUNEL staining of C. elegans germline. Worms were isolated and processed as described in Material
and Methods. One representative germline from each strain, wt (A), wt (IR 15 Gy) (B), spo-11 + AID (C), and spo-11
(IR 15 Gy) (D) is shown for TUNEL (I - upper) and merged with DAPI (II - middle) fluorescence. Over-saturation of
the TUNEL fluorescence indicated no further nuclear staining was detected in either the wt or spo-11 + AID worm
(IIT - lower).



S. Pauklin e/ al. 5 SI

TABLE S1

Spore formation in recl12A

49.8 50.1 12.5 12.2 31.2 31.5

51.4 50.9 13.2 13.6 29.7 30.2 5.7 5.3 508 512
74.6 52.4 10.5 11.8 10.7 29.3 4.9 6.5 536 502
69.5 51.2 11.8 12.2 14.3 29.9 4.4 6.7 525 5492
50.6 50.2 12.3 12.6 30.8 31.2 6.3 6.0 506 558
pREP1 APOBEC3C 64.8 51.3 12.1 12.7 17.2 30.8 5.9 5.2 542 523

All vectors are expressed in rec12A; Thiamine is added to 15 uM final; n - number of asci analysed.
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TABLE S2

Meiotic recombination

Vector % Recombination Fold Change
pREPI 0.11 1.0

pREP1 AID (H56L) 0.18 1.5

pREPI AID 1.74 15.0
pREP41 GFP-AID 1.38 12.0

pREP1 APOBEC2 0.13 1.2

pREP1 APOBEC3C 0.46 4.0

All vectors were expressed in rec12A; % recombination = wt

phenotype/ total input



