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Figure 2 A defect in homologous recambination and endoreduplication in XRCC3™/~ cells. (A) Growth curve, (B) Sensitivity to MMC. The
error bars in (A) and (B) represent the standard error of the mean for three independent experiments. (C) Rad51 focus formation. Cells were
nontreated or irradiated with 8 Gy and stained at 1.5h afier irradiation with anti-Rad5! antibody. Dex was added in the complementation
experiment. (D) Endoreduplicated metaphase spread from XRCC3~/~ cells. (E) A microscopy image of interphase FISH on XRCC3 ™/~ cells
using a probe for chromosomel? (green) and a probe for chromosome 3 (orange). Magnification x 1000.

Table 1 Frequencies of homologous recombination in HCT116 cell lines

SCEs/cell® Targeted integration®
Cell line Spontaneous® MMC-induced (P-valued) RAD54B-bsd RADSIC-pur
XRCC3™™ 3.640.3 8.9+0.3 (<0.0001) 247% (7/283) 0.26% (5/1930)
XRCC3™™ 35102 6.54+0.3 1.72% (6/349) 0.22% (3/1361)
XRCC3/~+wWte 4.030.2 9.34+0.3 (<0.0001) ND ND
XRCC3 ™~ +Var® 36102 8.2104 (0.022) ND ND

“Number of SCEs per cells represents the mean+s.e.m. from at least 100 mitotic cells.

*The frequency of targeted integration is shown as a percentage of correctly targeted clones refative to the total number of drug-resistant clones
analyzed; absolute numbers are given in parentheses,

°There is no statistically significant difference between XRCC3™/~- and XRCC3-expressing cell lines.

YBased on Mann-Whitney U-tests, comparing either XRCC3™/* with XRCC3~'~ or the XRCC3-ransfected cell lines with XRCC3™/™,
“Complementation experiments were performed in the absence of Dex. ND, not deiermined.

of unsynchronized cells treated with nocodazole. Both wild- Cells Jacking p53, Rb and cyclin-dependent kinase inhibi-
type and XRCC3™/~ cells showed accumulations of cells with tors undergo micretubule inhibitor-induced endoreduplica-
condensed chromosomes characteristic of a sustained mitotic tion (Cross et al, 1995; Di Leonardo et af, 1997; Hussain Khan
block, suggesting that the mitotic checkpoint is intact in and Wahl, 1998; Lanni and Jacks, 1998). Therefore, the

XRCC3~/~ cells (data not shown). Gl tetraploidy checkpoint pathway was investigated by
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Table 11 Chromosome aberrations in HCT116 cell lines

Cell line Chromatid Chromosome Abnormal cells® (exclud- Tetraploidy®
type® type® ing tetraploidy)}

XRCC3™/* 9 1 8 0.26% (5/19386)
XRCC3*/~ 1 1 10 0.28% (2/708)
XRCC3I ™/~ #26 19 3 20 1.50% (15/1000)
XRCC3™/~#83 20 4 23 1.80% (27/1496)
XRCC3™/ w1 22 6 24 1.58% (16/1012)
XRCC3™/man17 18 8 23 1.21% (14/1161)
XRCCI~/~#119 22 1 22 1.44% (13,902}
XRCC3™/~#B3 + Wtr18 10 1 10 0.29% (3/1034)
XRCCI ™/~ 183 + Wtn26 ? ¢ 6 0.19% (2/1063)
XRCCI™/~ 83 + Var#2 3 o 3 2.32% {23/993)
XRCC3™/~#83 + Var#3 9 o 9 3.86% (46/1192)
XRCC3I*/* + RPATO 7 1 7 2.91% {43/1478)
XRCC3*!* + RPATO+ Wi 6 0 4 0.93% (20/2141)
XRCC3*/* + RPA70 + Var 2 1 2 3.06% (46/1501)
XRCC3™/™ + REA32 9 0 9 3.30% (37/1122)
XRCC3*/* +RPA32 + Wi 3 0 2 1.08% (15/1395)
XRCC3™*/* +RPA32 + Var 1 0 1 2.89% (36/1244)
XRCC3*/* + RPAl4 17 0 ) 2.91% (31/1065)
XRCC3*/* + RPAL4+ W1 2 0 2 0.71% (15/2109)
XRCC3*/* + RPA14 + Var 2 0 2 2.01% (50/2492)
XRCC3*/* + RPA14+ Rad52#1 4 0 4 0.67% (7/1051)
XRCC3™*/* + RPA14 + Rad52#2 7 1 8 0.56% (5/885)
XRCC3~/~#83 + Rads2#l 6 0 5 0.79% {24/3041)
XRCC3™/~#83 + Rad52#9 12 ] 10 0.73% (10/1379)
XRCC3~/~#83 + Var#3 + RadS2#14 4 1 5 0,93% (15/1621)
XRCC3~/~#83 + Var#3 + Rad52#17 7 ] 7 0.30% (2/665)
XRCC3™/~u83 + Rad51C#2 7 4 10 3.45% (36/1043)

24 total of 100 cells were scored for each line.

he frequency of tetraploidy is shown as a percentage of tetraploid cells to the total number of metaphase analyzed; absolute numbers are

given in parenthesis.
All experiments were performed in the absence of Dex.

Table 1} Distribution of chromosome numbers in HCT116 cell lines

Cell line Number of FISH signals per cell (%)
1 2 3 4
Chromosome 9
XRCC3™*/* ER Y 94.4 1.9 0.6
XRcc3~/? 58+14 89.0+1.4 23304 29403
Chromosome 17
XRCC3Y/* 4.4 93.8 1.5 0.4
XRCC3™' 3.94+0.4 91.0+04 27402 2.5+04
XRCC3~/~ + Wi 3.5 94,0 2.0 0.5
XRCC3™/™ + Var® 34 92,0 1.0 3.7

*Data are presented as the meanzs.e.m. of the pools of five
individual clones.

Data are presented as the mean of two individual clones.
At least 500 cells were scored for each cell line.

examining the DNA content in unsynchronized cell popula-
tions treated with nocodazole, Although a small proportion
of wild-type cells and XRCC3™/~ cells acquired 8N DNA
content after up to 72h in the presence of nocedazole,
no clear difference between these cells was observed (data
not shown). No increase in 8N DNA content in the
mutants not having undergone nocedazole treatment was
detected by FACS analysis, because only a small proportion
of cells underwent endoreduplication. These observations
exclude the possibility that a defect in the mitotic or
Gl tetraploidy checkpoint causes endoreduplication in
XRCC3™/ cells.
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RPA is physically associated with XRCC3 and Rad52
RPA is required for homologous recombination and DNA
replication. To test whether RPA is involved in increased
endoreduplication resulting from XRCC3 deficiency, we
examined the physical association between these proteins.
Since the potential complex was likely DNA bound, DNase |
was used to release the possible interacting proteins from
DNA (Zou and Stillman, 2000). Anti-RPA32 antibody pulled
down XRCC3 in wild-type cells and in the mutants expressing
the transfected cDNAs, but not in XRCC3 ™/~ cells, suggesting
that these proteins physically associate in vivo (Figure 3A). To
examine whether XRCC3 directly binds to RPA, we analyzed
the association between XRCC3 and each subunit of RPA in
transiently transfected COS7 cells. We observed a direct
association between RPA32 and XRCC3 in transfected COS7
cells (Figure 3B), while no direct association between RPA14
and XRCC3 was observed (data not shown). This finding
suggests that RPA32 mediates the direct association between
RPA and XRCC3, although we do not exclude the possibility
that RPA70 directly binds to XRCC3.

We next examined the association between RPA and
Rad52 in unirradiated cells, because interaction between
these proteins is required for homologous recombination
(Park et al, 1996). Anti-RPA32 antibody pulled down the
Rad52 protein in transfected COS7 cells (Figure 3C).
Overexpression of XRCC3 did not affect the interaction be-
tween RPA32 and Rad52. We also examined the association
between XRCC3 and Rad52, because the role of Rad52 over-
laps with that of XRCC3 in homologous recombinational
repair in DT40 cells (Fujimori et al, 2001). However, we

©2004 European Molecular Biology Organization
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Figure 3 Association of RPA with XRCC3 and Rad52 in unirradiated cells. (A) Coimmunoprecipitation of XRCC3 with RPA32 from HCT116 cell
lysates. Pratein complexes were precipitated using anti-RPA32 antibody and visualized by Western blotting using anti-XRCC3 antibody. (B}
Coimmunoprecipitation of XRCC3 with RPA32 from transiently transfected COS7 cell lysates. The RPA32 cDNA was transfected with or without
the XRCC3 cDNA. Protein complexes were precipitated using anti-RPA32 antibody and visualized by Western blotting using anti-XRCC3 or anti-
RPA32 antihody, {C) Coimmunoprecipitation of RPA32 with Rad52 from transfected COS7 cell lysates. The RPA32 cDNA was transfected with or
without the RAD52 cDNA. Protein complexes were precipitated using anti-RPA32 antibody and visualized by Western blotting using anti-Rad52

or anti-RPA32 antibody.

found no direct association between these proteins in tran-
siently transfected COS7 cells (data not shown).

Overexpression of RPA promotes endoreduplication

To provide evidence for the role of RPA in increased endor-
eduplication, each subunit of the RPA complex was stably
overexpressed in wild-type cells. An approximately two-
three-fold increase in the expression of each subunit was
observed (Figure 4A). In RPA-overexpressing cells (XRCC3+/+
+RPA70, XRCC3*/* +RPA32 and XRCC3*/* +RPA14),
chromosome aberrations excluding tetraploidy were not
increased, while the frequency of tetraploidy was increased
11-12-fold (Table H). This phenotype was observed in nine
independent cell lines, thereby excluding clonal variation as
the cause of endoreduplication. This observation suggests
that increased RPA promotes endoreduplication.

RPA-induced endoreduplication is prevented by the

wild-type XRCC3 protein, but not by the variant protein
To test whether the interaction between RPA and XRCC3 is
important for endoreduplication, XRCC3 was overexpressed
in RPA-overexpressing cells. Approximately a two-fold in-
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crease in XRCC3 expression was observed (Figure 4B).
Overexpression of the wild-type XRCC3 in RPA7C-overexpres-
sing cells reduced the frequency of tetraploidy (XRCC3+/+
+ RPA704Wt) (P<(.0001), In contrast, the frequency by
overexpression of the variant (XRCC31/* +RPA70+ Var)
was not significantty different from the frequency in the
parental cells. Similarly, overexpression of the wild-type
XRCC3 protein in RPA32-overexpressing cells reduced the
frequency (XRCC3™/* +RPA32+ Wt) (P<0.0001), whereas
overexpression of the variant did not (XRCC3¥/* -+ RPA32
+ Var), Overexpression of the wild-type XRCC3 protein in
RPAl4-overexpressing cells reduced the frequency (XRCC3™*/™
+RPAl14+ Wt} (P<0.001), whereas overexpression of
the variant did not (XRCC37/™ + RPA14 + Var). Thus, over-
expression of the wild-type XRCC3 protein, but not the
variant protein, is capable of preventing RPA-induced endore-
duplication.

Rad52 prevents endoreduplication resulting from RPA
and XRCC3 dysfunctions

Our finding that Rad52 associated with RPA in unirradiated
cells prompted us t© hypothesize that Rad52 may affect RPA
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Figure 4 Overexpression of transfected cDNAs identified by Western blotting. (A) Overexpression of each subugit of RPA in HCT116 cells.
(B) Overexpression of XRCC3 in RPA70-overexpressing cells, (C) Overexpression of RadS2 in XRCC3 ™/~ cells, in the variant protein mutant
and in RPAl4-overexpressing cells. (D) Overexpression of Rad51C in XRCC3™/~ cells.

functions other than homologous recombination. To address
this, Rad52 was introduced in RPAl4-overexpressing cells.
Approximately a three- to five-fold increase in Rad52 expres-
sion was observed (Figure 4C). Overexpression of Rads2
reduced endoreduplication (XRCC3™/+ 4+ RPA14 4+ Rad52)
{P<0.0001). This finding suggests that increased Rad52 pre-
vents RPA-induced endoreduplication.

To provide evidence for the functional interaction between
XRCC3 and Rad52 in increased endoreduplication, Rad52
was overexpressed in XRCC3™/~ cells. Overexpression of
Rad52 reduced the frequency of tetraploidy {XRCC3™/~
#83 4+-Rad52). o examine whether the same pathway is
responsible for increased endoreduplication associated with
the variant XRCC3 protein, Rad52 was overexpressed in the
variant protein mutants. Overexpression of Rad52 reduced
the frequency of tetraploidy (XRCC3™/™#B3 -+ Var#3
+Rad52). The differences in the frequency of tetraploidy
between the ariginal cells and Rad52-overexpressing cells
were statistically significant (P<0.01). These findings suggest
that endoreduplication associated with the variant XRCC3
protein may be caused by the deregulated RPA protein that
can be regulated by overexpression of Rad52.

We also examined the eifect of Rad51C on chromosome
aberrations in XRCC3™/~ cells because XRCC3 stably associ-
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ates with Rad51C (Masson et al, 2001; Liu et al, 2002).
Approximately a two-fold increase in Rad51C expression
was observed (Figure 4D). Overexpression of Rad51C com-
plemented the chromosome aberrations excluding tetraploi-
dy, whereas it did not affect the frequency of increased
tetraploidy (XRCC3~/~#83 4 Rad51C#2). This finding sup-
ports the critical role of RPA and Rad52 in the link
between homologous recombination and the initiation of
DNA replication,

Discussion

Rad5i plays a central role in homologous recombination
through its catalysis of homologous DNA pairing and strand
exchange. Accumulating evidence suggests that RadS! paralogs
may function as cofactors assisting the action of Rad5l.
Rad51D binds to single-stranded DNA and exhibits DNA-
stimulated ATPase activity (Braybrooke et af, 2000)., The
Rad51B-RadSIC complex facilitates the replacement of RPA
from the nucleofilaments by Rad51 and promotes the DNA-
strand exchange activity of Rad51 (Sigurdsson et ai, 2001).
Both Rad51B and RadS1C bind to single- and double-stranded
DNA and exhibit DNA-stimulated ATPase activity. Moreover,
Rad51C promoies double-stranded DNA separation (Lio et al,
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2003). These results suggest that Rad51C may play a more
direct role in the recombinational repair pathway in addition
to its presynaptic mediator role.

Recent evidence from mutations in DT40 and CHO cell
lines has suggested an important role for Rad51 paralogs in
homologous recombination. Knockout mutants of five Rad51
paralogs in DT40 cells exhibited hypersensitivity to DNA-
damaging agents, elevated chromosome aberrations, reduced
frequencies of SCE and impaired damage-dependent Rad51
focus formation (Takata et al, 2000, 2001}. XRCC2 and XRCC3
hamster mutants also exhibited similar phenotypes (Liu et al,
1998). Two Rad51C hamster muianis, irs3 and CL-V4B, also
showed defects in homologous recombinational repair
(French et al, 2002; Godthelp et al, 2002). To help define a
role for XRCC3 in homologous recombination, the gene was
inactivated in human cells. We found much milder pheno-
types with respect to recombinational repair in the HCTIl6
mutants, in which extreme sensitivity to MMC, as reported in
irs1SF (60-fold), was not observed. This difference between
hamster and human cells indicates a need for caution in
extrapoelating functional data for homologous recombination
from one species to another. Despite this difference, the
present results demonswate that XRCC3 is involved in
Rad51-dependent processes, in accord with the notion that
it plays an early role in recombinational repair.

We did not observe an increased rate of chromosome mis-
segregation in XRCC3™/~ cells. Aneuploidy in wild-type
HCT116 ¢ells is approximately 6% according to FISH analysis
(Table III}. A slight increase in aneuploidy might be unde-
tectable due to the high incidence of aneuploidy in HCT116
cells. In irsl1SF, the increased mis-segregation is associated
with centrosome abnormalities. We examtined XRCC3™/ cells
in interphase and mitosis for centrosome abnormalities by
immunostaining with anti-y-tubulin antibody {Griffin et al,
2000} and found no centrosome abnormalities (data not
shown). It is well established that HCT116 has normal mitotic
and p53-dependent checkpoints (Michel et al, 2001}. The
irs1SF cells were obtained from parent cell line CHO-AAS
after exposure to a DNA-damaging agent. This difference in
genetic background may explain the phenotypic difference
between these cells.

In addition to the role of XRCC3 in homologous recombi-
nation, this paper provides the first description of increased
endoreduplication resulting from XRCC3 deficiency. Genetic
studies of yeast proteins involved in cell cycle control are
beginning to provide new insights into how endoreduplica-
tion is prevented. In fission yeast, the mitotic B-type cyclin
Cdc13/Cdc2 kinase associates with replication origins, pre-
venting endoreduplication. After the activation of Cdk and
Cdc?, replication origins are unwound and RPA is recruited.
Fractionation and reconstitution experiments using a cell-free
system from human cells that initiates DNA replication have
recently revealed that RPA is an initiation factor for human
chromosomal DNA replication (Sziits et al, 2003), RPA is
a heterotrimeric single-stranded DNA-binding protein. The
nucleolar signal unidue to RPAl4, however, indicates the
presence of RPAl4 that is not associated with the RPA
complex (Dimitrova and Gilbert, 2000). These 1eporis are
consistent with our finding that overexpression of each
subunit of RPA promotes endoreduplication. Although we
do not exclude the possibility that XRCC3 may interact with
Cyclin/Cdk complexes, our observation that XRCC3 prevents

©2004 European Molecular Biology Organization
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RPA-induced endoreduplication leads us to propose that
the inderaction of XRCC3 and RPA plays a role in the repli-
cation initiation.

XRCC3 and Rad51 have been shown to modulate the
progression of replication forks on damaged vertebrate chro-
mosomes. A similar result was observed with XRCCZ™~
cells, but not with RADS4™~ cells (Henry-Mowatt et al,
2003). This finding suggests that fork slowing may require
homologous recombination proteins that are involved in the
early stages of recombination. It is therefore likely that Rad51
paralogs maintain replication fork integrity by allowing time
for repair of damaged DNA. Given that fork progression
is slowed on damaged chromosomes, a mechanism that
prevents endoreduplication during fork slowing may be
required. It is possible that XRCC3 may prevent endore-
duplication that is related to fork slowing, although a direct
model of this interaction remains to be demonstrated.

QOur observation suggests that the association of RPA with
XRCC3 plays a critical role in preventing endoreduplication.
There is accumulating evidence for the interaction of RPA
with proteins that are involved in homologous recombina-
tion. RPA also interacts with BRCAZ, a protein that appears to
function in homologous recombination. The breast cancer-
predisposing mutation BRCA2 Y42C compromised the inter-
action between RPA and BRCA2 (Wong et al, 2003).
Moreover, RPA interacts with WRN and BLM and stimulates
their helicase activities (Brosh et al, 1999, 2000). These
interactions have been shown to affect homologous recombi-
nation repair. Whether these interactions affect the replica-
tion initiation machinery remains to be determined.

Overexpression of Rad52 complemented chromosome
aberrations, including gaps and breaks, and increased endox-
eduplication in HCT116 muiants; these findings suggest that
the protein may play a role in maintaining chromosomal
integrity and the initiation of DNA replication, despite the fact
that Rad52-deficient DT40 and mouse ES cells exhibited no
prominent phenotype {Rijkers et @i, 1998; Yamaguchi-Iwai
et al, 1998). This hypothesis is partly supported by the
finding that the role of Rad52 overlaps with that of XRCC3
in homologous recombinational repair in DT40 {Fujimori
et al, 2001). The prevention of RPA-induced endoreduplica-
tion by excess Rad52 suggests that the interaction between
these proteins may play a role in regulating the initiation of
DNA replication.

Overexpression of Rad51C restored the chromosome aber-
rations but not the increased endoreduplication in XRCC3~/~
cells. Among the protein complexes between RadS] paralogs,
Rad51C is a central player that interacts directly with XRCC3,
Rad51B and Rad51D. This evidence supports the notion that
RadSlC may play multiple roles in homologous recombina-
tion. RadS1C shows DNA-stimulated ATPase and DNA melt-
ing/separating activities, emphasizing a key role for Rad51C
in recombinational repair, It is highly likely that increased
Rad51C is capable of eliminating the chromosome aberrations
in XRCC3™/~ cells through these significant functions.

The T241M variant is a nonconservative substitution,
which might change protein structure and function. Present
studies have demonstrated that the variation does not affect
protein-protein interactions. However, our finding that in-
creased Rad52 prevented endoreduplication in the variant
XRCC3-expressing cells as well as in RPA-overexpressing cells
and XRCC3™/~ cells strongly suggests that the variant protein
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affects RPA function. T241M homozygote individuals have a
significantly increased risk of developing tetraploid cells.
HCT116 cells are heterozygous for this variation. Since
we have not cbserved a stafistically significant difference
between wild-type cells and the mutant expressing the wild-
type cDNA, heterozygote individuals are unlikely to have an
increased risk of developing tetraploid cells.

Tetraploidy is a common feature of cancers. It has been
proposed that chromosome doubling leads to an unstable
state that is followed by a loss of chromosomes and rearran-
gements (Shackney et al, 1989; Atkin, 2000). Centrosome
aberrations also arise from an intermediate tetraploid state
(Borel et al, 2002). Therefore, tetraploidy resulting from
endocycles may constitute an initial step of chromosome
instability underlying tumor development. To date, very
litile is known about the genetic polymorphisms that are
involved in endoreduplication. Our findings improve under-
standing of the germiine genetic factors underlying cancer
susceptibility.

Materials and methods

Inactivation of the XACC3 locus in HCT116

Promoterless drug-resistance genes were inserted into Exon 3 in the
frame. A 1,5 kb 5’ targeting element was amplified from the ispgenic
DNA of HCT116 cells using 11-1 (-TGCGAGGTTCATACTCC-3") and
E3-2A (5'-GCATCGATGCAAATCCATTTIGTCGG-3). A 3.0kb 3
targeting element was amplified using E3-1 (5-TACTGGACCT
GAATCCCAGA-3') and I14-1 {5-ATGGAAACCTTGTCCGTCCA-3').
Both elements were cloned inte pCR2,1 (Invitrogen) by the TA
cloning method. The 3’ element was cut out with Kpnl digestion
and subcloned into the Kpnl site in the vector containing the
5’ element. A neomycin resistance cassette was amplified from
pMCineo-polyA (Stratagene) using Cladneol (5-CTATCGATG
TATGGGATCGGCCATT3') and neo8cla2 (5'-TCATCGAT
GAAGCTTGGCTGCAGGT-3'). A hygromycin resistance cassette
was amplified from pcDNA/Hygro (Invittogen) using Clal-hyg (5'-
CTATCGATGTATGAAAAAGCCT3} and hyg-Clal (5'-TCATCGAT
GAGGCTTTACACTTT-3'). The drug resistance cassette was inserted
into the Clal site of the vector containing both elements in the
frame. A method for knockout experiments in HCT116 has been
described (Miyagawa et al, 2002), Anti-XRCC3 antibody was
obtained from Chemicon,

Expression of the XRCC3 gene

The human XRCC3 cDNAs were amplified from ¢DNA derived from
normal blood using E3-5 (5-CCTCCCACAGGCTTTGAATT-3) and
3UTR-1 {5"-GAAGAGCTGTGICTGAACCA-3'). The cDNAs were
inserted into pCR2.1, and the sequence was confirmed. The XRCC3
cDNAs were inserted downstream of the MSV enhancer and the
MMTV promoter. XRCC3-deficient cells were transfected with the
vectors and selected in the presence of 900 pg/ml Zeocin (Invitro-
gen). Overexpression of XRCC3 in RPA-overexpressing cells was
performed using the same vectors and pKO SelectPuro {Lexicon
Genetics), because the RPA-overexpressing cells had already
been transfected with Zeocin resistance genes. XRCC3-overexpres-
sing cells were isolated by PCR using primers specific o the
expression vectors.

Growth rate and sensitivity to DNA-damaging agents

The cells were treated with MMC (Kyowa-Hakko} in suspension for
10min, washed with phosphate-buffered saline (PBS) twice, and
plated at a density of 2 x 10° cells per 60 mm dish, After 7 days of
culture, colonies were counted. Sensitivity to ionizing radiation and
growth rate were measured as described (Miyagawa et al, 2002).

Measurement of the homologous recombination frequencies
and Rad51 focus formation

Methods for the measurement of S5CE levels and the targeted
integration frequency at the RADS54B locus have been described,
and that for the RAD5IC locus was modified (Miyagawa et al, 2002).
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To improve the targeting frequency at the RADSIC locus, the 5 and
3 targeting elements were amplified from isogenic DNA. Rad5l
focus formation was examined as previously described (Tashiro
et al, 2000}.

FISH analysis

Chromosome-specific centromeric probes were obtained from
Vysis. DNA in cells was denatured in 70% formamide/2 x S5C at
72°C for 1.5min. Hybridization was performed in CEP Hybridiza-
tion Buffer (Vysis} at 37°C for 48 h. Slides were washed in 50%
formamide/2 x SSC at 45°C for 5 min twice and in 2 x 55C at 45°C
for 5min twice, Cellular DNA was stained with DAPI,

Cell-cycle analysis

To measure the mitotic index, nocodazole was added to the culture
medium to a final concentration of 200 ng/ml. Cells were harvested
at 6 h time intervals, fixed in 70% ethanol and stained with Hoechst
33258, To measure the DNA content, cells cultured in the presence
of 100ng/ml nocodazole were taken at the indicated time poinis,
washed three times with PBS and fixed in 70% ethanol, Fixed
cells were treated with 500pg/m] RNaseA for 30min at 37°C,
and propidium icdide was added to a final concentration of
50 pg/ml. Flow cytometry was performed using a FACS Caliber
{Becton Dickinson).

Immunoprecipitation

Cell extracts were prepared in lysis buffer (S0mM Tris-HCI, pH 7.5,
1060 mM NacCl, SmM EDTA, pH 8.0, 0.5% Nonidet P-40, 1 mM PMSF,
20 pg/ml aprotinin, 10ug/ml leupeptin, 300 Kunitz U/ml DNase I),
incubated for 30min on ice and lysed by sonication. Insoluble
material was removed by high-speed centrifugation., Whole celi
extract was precleared with normal meouse 1gG and 15l of
recombinant protein-G agarose {Invigrogen). Samples were incu-
bated with antibodies for 1h at 4°C. For each sample, 15pi of
protein-G agarose was added, and the samples were incubated for
1h at 4°C and washed six times with wash buffer (50 mM Tris-HC,
pH 7.5, 100mM NaCl, 5mM EDTA, pH 8.0, 0.5% Nonidet P-40,
1 mM PMSF). Complexes were visualized by Western blot analysis.
Anti-RPA32 (12F3,3) and anti-RPAl4 (11.1} antibodies were
obtained from GeneTex. Anit-RPA70 {C-21) antibody was obtained
from Santa Cruz Biotechnology. Anti-Rad5IC antibody was
obtained from Chemicon. Anti-XRCC3 (165-100) and anti-Rad52
(H-300) antibodies were obtained from Novus Biclogicals and Santa
Cruz Biotechnology, respectively.

Transient expression in COS7 cells

The XRCC3 ¢cDNA and the RPA cDNAs were cloned into pcDNA3.1
{Invitrogen}. The RAD52 cDNA was cloned into pcDNA3.1/Hygro.
Plasmids were transfected using Superfect Transfection Reagent
(Qiagen} according to the manufacturer’s instructions. Cells
cultured for 48 h after transfection were harvested in lysis buffer.

Expression of the RPA genes

The human RPA cDNAs were amplified from cDNA derived
from normal blood. The following primers were used for the
amplification” of the RPA genes: RPA70 5 sense primer
(5-AAGTCTTGGCGGTGGAGCCA-3"); RPAYD 3 antisense primer
(5"-AAATCGATTCCATTCTGCC-3'); RPA32 5 sense primer (5'-
TCGGCCTCTTTGCGGAGAAT-3'); RPA32 3' amntisense primer (5'-
GATTGTGAAACTAGGTCC-3'); RPA14 5 sense primer (5-AGCCG
CAGTCTTGGACCATA-3); RPA4 3 antisense primer (5'-AAGCACA
GAAATCTCTCC-3'). The cDNAs were inserted into pCR2.1, and the
sequence was confirmed. The RPA ¢DNAs were inserted down-
stream of the MSV enhancer and the MMTV promoter, HCT116 cells
were transfected with the vectors and selected in the presence of
200 pg/ml! Zeocin,

Expression of the RAD52 and RADS1C genes

The human RADS52 cDNA was cloned from a human testis cDNA
library {Clontech) and inserted downstream of the MSV enhancer
and the MMTV promoter. RPA14-overexpressing cells and XRCC3™"
cells were transfected with the vectors containing drug resistance
genes and selected in the presence of 200pg/ml hygromycin and
900 ug/ml Zeocin, respectively. The mutant expressing the variant
XRCC3 protein was transfected with the RADS52 expression vector
and pKO SelectPuro, and was selected in the presence of 1.25 pg/ml
puromycin because the mutant cells had already been transfected

@2004 European Mclecular Biology Organization



with hygromycin and Zeocin resistance genes. The mutam
overexpressing Rad52 was isolated by PCR using primers specific
to the expression vector. The human RADSIC cDNA was amplified
from ¢cDNA dérived from normal blood. The cDNA was inserted inte
the same vector and introduced in XRCC3 ™/~ cells. Selection was
performed in the presence of 900 pg/mi Zeocin.
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