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RAD51 is important for restarting stalled replication forks and for repairing DNA double-strand breaks (DSBs) through a path-
way called homology-directed repair (HDR). However, analysis of the consequences of specific RAD51 mutants has been difficult
since they are toxic. Here we report on the dominant effects of two human RAD51 mutants defective for ATP binding (K133A) or
ATP hydrolysis (K133R) expressed in mouse embryonic stem (ES) cells that also expressed normal mouse RAD51 from the other
chromosome. These cells were defective for restarting stalled replication forks and repairing breaks. They were also hypersensi-
tive to camptothecin, a genotoxin that generates breaks specifically at the replication fork. In addition, these cells exhibited a
wide range of structural chromosomal changes that included multiple breakpoints within the same chromosome. Thus, ATP
binding and hydrolysis are essential for chromosomal maintenance. Fusion of RAD51 to a fluorescent tag (enhanced green fluo-
rescent protein [eGFP]) allowed visualization of these proteins at sites of replication and repair. We found very low levels of mu-
tant protein present at these sites compared to normal protein, suggesting that low levels of mutant protein were sufficient for
disruption of RAD51 activity and generation of chromosomal rearrangements.

Replication fork maintenance is essential for maintaining the
structural integrity of chromosomes, and replication defects

were proposed to cause copy number variation (CNV) and com-
plex genomic rearrangements (CGRs) (8, 35). CNV is a natural
change in the number of copies of one or more sections of DNA in
the genome of a population ranging from one to thousands of
kilobases and occurs between repeat segments (22, 23). CNV ac-
counts for about 12% of the human genome and is important for
murine (11) and primate (5, 46) evolution. CGRs cause genomic
disorders and cancer in humans (13, 23, 74, 75). They consist of at
least two rearrangements with multiple breakpoints all closely
aligned in the same chromosomal region, suggesting they derived
from a single event. The genesis of structural chromosomal rear-
rangements is not known, yet compromised replication fork pro-
gression may evoke novel error-prone mechanisms, such as fork
stalling and template switching (FoSTeS) (32) or microhomol-
ogy-mediated break-induced replication (MMBIR) (22), which
suppress broken replication forks but at the risk of structurally
rearranging the genome. FoSTeS and MMBIR are not well under-
stood at a mechanistic level but were proposed after sequencing of
CGRs found in human genomic disorders and cancers. The se-
quence information showed that these events involved multiple
chromosome segments and small levels of homology at some of
the rearrangement junctions (22, 23). Therefore, defects in repli-
cation fork maintenance may promote CGRs and CNV.

RAD51 is a RecA recombinase that is essential for replication
fork maintenance. RAD51 performs two functions to suppress
broken replication forks. First, RAD51 enables replication restart
when a replication fork encounters DNA damage or reduced nu-
cleotide pools (49). Without restart, the fork may collapse to form
a double-strand break (DSB). Second, RAD51 repairs DNA DSBs
that occur after exposure to some genotoxins or at broken repli-
cation forks through a pathway called homology-directed repair

(HDR). To promote restart and HDR, RAD51 forms a filament on
the 3= end of single-stranded DNA (ssDNA). This end then in-
vades and anneals to a homologous template most often provided
by the sister chromatid during replication (55). Strand invasion is
highly regulated to suppress inappropriate annealing to a nonal-
lelic repeat that could cause a structural rearrangement. Thus,
proper RAD51 function is essential for genome maintenance,
while faulty RAD51 function has the potential to be mutagenic.

RAD51 contains conserved Walker A and B motifs that bind
ATP. In the Walker A motif, a highly conserved lysine (K133 in
mammalian RAD51) is important for binding ATP. The K133A
mutant causes a defect in ATP binding, while the K133R mutant
causes a defect in ATP hydrolysis. K133A, but not K133R, disables
the ability of RAD51 to induce topological changes in duplex DNA
in an ATP-dependent manner. Thus, the K133A mutant is bio-
chemically more severe than the K133R mutant. These mutants
do not affect RAD51-protein interactions and have little effect on
the equilibrium binding affinity of RAD51 to ssDNA (19). How-
ever, ATP binding is critical for assembly and stabilization of a
catalytically active nucleoprotein filament, while ATP hydrolysis
promotes filament disassembly and RAD51 release from DNA
(12). Therefore, K133 is essential for proper RAD51 function.

A full understanding of the RAD51 K133 mutant proteins (e.g.,
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RAD51K133A) in a biological context is lacking because of their
toxic effects; consequently, their stable expression in cells is prob-
lematic. Cells are sensitive to changes to the dose of wild-type
(WT) and mutant RAD51, limiting most RAD51 studies to in vitro
assays or short-time-course, tissue culture assays without the op-
portunity to observe the long-term effects of defective RAD51
expressed at physiological levels (29). As expected, ectopic expres-
sion of RAD51K133A and RAD51K133R proved extremely toxic to
cells, making it difficult to generate euploid cells that stably ex-
press these mutant proteins at physiological levels, especially the
K133A mutant (19, 31, 43, 54, 64). For the K133A mutant, only
hybridoma cells that stably express a FLAG-tagged hRAD51K133A

have been generated (33, 54). Ectopic expression of either RAD51
mutant inhibited HDR, intrachromosomal recombination, and
gene targeting, despite the presence of endogenous wild-type
RAD51. In addition, ATP binding and hydrolysis influence the
repair of I-SceI-induced DSBs (31, 64, 65). Ectopic expression of
RAD51 with either the K133A or K133R mutant decreased HDR
but increased single-strand annealing (SSA). Thus, ATP binding
and hydrolysis support HDR but suppress SSA. For cells that sta-
bly expressed RAD51K133R, the gene conversion tracts were longer
than in cells stably expressing RAD51WT (65), supporting bio-
chemical observations that the K133R mutant stabilizes the
RAD51 nucleoprotein filament (60). Thus, these RAD51 mutants
impart a dominant-negative phenotype since wild-type RAD51
was still expressed. However, we do not know the consequences of
the long-term expression of the K133 mutants and their impact on
replication fork maintenance and chromosomal stability.

To bridge this gap, we knocked in Homo sapiens RAD51
(HsRAD51) cDNAs (WT, K133A, and K133R) adjacent to the en-
dogenous Mus musculus (MmRad51) promoter on chromosome 2
in two lines of mouse embryonic stem (ES) cells (Lex1 and AB2.2)
using our previously described high-throughput knock-in meth-
odology (27). These cells still express wild-type MmRad51 from
the unaltered chromosome. We found that expression of either
K133 mutant caused a similar phenotype, suggesting faulty repli-
cation. Both mutants exhibited impaired cellular proliferation,
reduced replication fork restart, reduced sister chromatid ex-
changes (SCEs), hypersensitivity to camptothecin (CPT), en-
hanced ATR/CHK1 response, elevated chromosomal instability,
and loss of heterozygosity (LOH), with HsRAD51K133A causing a
more severe phenotype. To distinguish MmRAD51 from
HsRAD51, we expressed eGFP-HsRAD51 cDNA (WT, K133A,
and K133R) using the same knock-in approach and found that
MmRAD51 and eGFP-HsRAD51WT were efficiently located to the
nascent DNA strand during replication and formed foci after CPT
exposure. However, only very low levels of the HsRAD51 K133
mutant proteins localized to these sites compared to MmRAD51
and eGFP-HsRAD51WT, even though they were present at equal
levels in the chromatin fraction of cells. These differences suggest
that low levels of K133 mutant protein are sufficient to disrupt
replication restart and HDR and cause chromosomal abnormali-
ties.

MATERIALS AND METHODS
Generation of MmRad51 targeting vector. The mouse MmRad51 target-
ing vector (illustrated in Fig. 1A and B) was constructed by cloning the
amplified left (5=) and right (3=) arms using genomic DNA extracted from
AB2.2 ES cells by high-fidelity PCR using iProof DNA polymerase (Bio-
Rad Laboratories). After amplification, the left arm (3.9 kb) was digested

with SalI and NotI and cloned into a pKO plasmid backbone (24) cut with
XhoI and NotI. The right arm (3.0kb) was cut with XhoI and NotI and
cloned into the same backbone adjacent to the left arm digested with SalI
and NotI. The region from exons 2 to 4 of MmRad51 was deleted in the
targeting vector, and then the floxed SA�geo-HPRT minigene (expressing
hypoxanthine phosphoribosyltransferase) was cloned into unique SfiI
sites as described previously (24).

PCR conditions for both left and right arms. All reactions were per-
formed in 25-�l reaction volumes containing 5 �l of 5� iProof HF buffer,
0.5 �l of 10 mmol/liter deoxynucleoside triphosphates (dNTPs), 0.75 �l
of 4-�mol/liter forward or reverse primers (described below), 100 ng of
genomic DNA, and 0.25 �l of iProof DNA polymerase. There was 1 cycle
of 98°C for 5 min, followed by 35 cycles of 98°C for 1 min, a 64.7- to 70.2°C
gradient for 1 min, and 72°C for 1 min 30s, followed by 1 cycle of 72°C for
10 min. The left (5=) arm primers were Rad51KiLA for (5=-CACACTCG
AGTCCCCTCTACGCTGAGAAGCCGGAGAAAG-3=) and Rad51KiLA
rev (5=-CACAGCGGCCGCAGGCCACTAAGGCCAGAACTGCAGCTG
GCCCTCCCTATCCAC-3=), and the right (3=) arm primers were
Rad51KiRA for (5=-CACAGCGGCCGCAGGCCTGCGTGGCCGGATT
ATAGGAATGTCAGCTTCTCATAGAC-3=) and Rad51KiRA rev (5=-CA
CAGTCGACGGTACTGGTTAGTTCATAATGTTGTTCCA-3=).

Gene targeting MmRad51 in ES cells. The K133A and K133R mutants
were introduced into mouse Lex1 and AB2.2 ES cells by our high-
throughput knock-in system (Fig. 1) (24, 27). For this study, both lines
were mutated at the hypoxanthine phosphoribosyltransferase (Hprt) gene
(51). A random retroviral insertion mutated the Hprt gene in AB2.2 cells,
while an Hprt targeting vector mutated Hprt exon 3 in the Lex1 cells by a
standardized protocol (16) that includes the use of the puro�tk double-
selection cassette (10) with subsequent removal of puro�tk. Lex1 and
AB2.2 ES cells were maintained in M15 medium: high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 15% fetal bovine
serum, 100 �mol/liter �-mercaptoethanol, 1 mmol/liter glutamine, 3
mg/ml penicillin, 5 mg/ml streptomycin, and 1,000 U/ml ESGRO leuke-
mia inhibitory factor (LIF). These cells were grown on plates with 2.5 �
106 gamma-irradiated murine embryonic fibroblasts (mitotically inactive
feeders) seeded on 0.1% gelatin-coated plastic (for about 1 h). The cells
then were expanded in 5% CO2 in a 37°C incubator at atmospheric O2. A
total of 5 � 106 cells in 800 �l Dulbecco’s phosphate-buffered saline
(DPBS) were electroporated with 5 �g of MmRad51 targeting vector lin-
earized with PacI. The condition for electroporation was as follows: 230 V,
500 �F (Bio-Rad Gene Pulsar apparatus). Next, 250 �l of electroporation
mixture was seeded onto a 10-cm feeder plate. The next day, final concen-
trations of 1� HAT (1 mM sodium hypoxanthine, 4 �M aminopterin,
160 �M thymidine) and 2� G418 (360 �g active ingredient/ml) were
added. After 8 to 10 days of HAT and G418 selection, resistant colonies
were picked and seeded onto a 96-well feeder plate and maintained in
HAT and G418 selection. These colonies were replica plated, and then one
was frozen and the other was used to isolate DNA by the genomic DNA
microextraction method (50) for screening correctly targeted ES cells by
genomic PCR. The PCR screen used the same reaction conditions as de-
scribed for generating the targeting vector but detects a 3-kb fragment
derived from amplifying a region from outside the right arm of the tar-
geting construct in the endogenous genomic DNA.

The PCR conditions were 1 cycle of 98°C for 5 min, followed by 35
cycles of 98°C for 1 min, 67°C for 1 min, and 72°C for 1 min 30s, followed
by 1 cycle of 72°C for 10 min. The following primers (Fig. 1) were used:
H13F (in miniHPRT), 5=-GTAAATGAAAAAATTCTCTTAAACCACAG
CACTATTGAG-3=; and SR3 (outside the right arm), 5=-AGCCAGGTAT
AGTCTCAAAGGAATCTGCAATCC-3=.

Cre-mediated deletion of SA�geo and 5= miniHPRT. SA�geo and the
5= half of miniHPRT were deleted using Cre recombinase (Fig. 1C). Tar-
geted ES cells were expanded in 1� HAT medium to remove HPRT-
negative cells that survive due to cross feeding. HAT selection was re-
moved 2 days before transfection and cultured in 1� HT (1 mM sodium
hypoxanthine and 160 �M thymidine); a total of 5 � 106 cells in 800 �l
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FIG 1 High-throughput knock-in at MmRad51. (A) The SA�geo-miniHPRT selection cassette. SA�geo is a fusion of �-galactosidase and neomycin phospho-
transferase genes with a splice acceptor (SA) instead of a promoter so that cells will survive G418 selection only if a promoter/splice donor is trapped (20).
miniHPRT (hypoxanthine phosphoribosyltransferase) (24, 51) is commonly used to select for transfected ES cells previously mutated for Hprt and offers an
advantage over other selection cassettes in that one may select for either its presence in HAT (hypoxanthine, aminopterin, thymidine) or its absence in
6-thioguanine (6-TG). miniHPRT has a phosphoglycerate kinase (PGK) promoter (1) and an intron that separates the coding sequence from exons 1 and 2 to
exons 3 to 8. An RE mutant lox (2) is in the intron. In addition, another RE mutant lox is 5= to SA�geo. An FRT is at the 3= end of miniHPRT. (B) Replacement
of MmRad51 exons 2 to 4 (exon 2 is the first coding exon) with the SA�geo-miniHPRT selection cassette. PCR is used to screen G418-HAT-resistant ES cell clones
for gene targeting (clone 2) using primers H13F and SR3. (C) Removal of SA�geo, the 5= half of miniHPRT and a RE mutant lox by Cre-mediated recombination
selected by 6-TG resistance. Correct recombinant clones were identified by PCR screening using primers RCF1 and AS2. (D) Knock-in of wild-type HsRAD51
cDNA by Cre-mediated recombination. The Cre-mediated targeting vector contains the 5= half of miniHPRT, an LE mutant lox, an FRT, and the cDNA (with a
Kozak ATG [30], shown as a red box, and SV40 polyadenylation sequences, shown as a dark blue box) with endogenous splicing sequences (light blue area shown
in panel B). HAT was used to select for miniHPRT restoration, with correct integration screened by PCR (top panel with black half-arrow primers; lanes 1 and
10 are negative controls, and lanes 2 to 11 are all knock-ins) and RT-PCR (bottom panel with red half-arrow primers; lanes 1 to 4 are negative controls, and lanes
5 and 6 are knock-ins). (E) Removal of bacterial backbone, miniHPRT, one FRT, and the wild-type loxP by FLP recombinase. Screen TG-resistant clones by PCR
(black half-arrow primers; lanes 1 and 7 are negative controls, and lanes 2 to 6 have had the sequences removed).
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DPBS were electroporated with 10 �g of pPGKcrepA using a Bio-Rad
Gene Pulsar at 230 V, 500 �F. After transfection, 200 �l of electroporated
cells were seeded onto a 10-cm feeder plate without selection for 2 to 4
days to allow for miniHPRT removal and time for degradation of HPRT
mRNA and protein. Next, 4 � 104 cells were seeded onto a 10-cm feeder
plate in 10 �M 6-thioguanine (6-TG) selection medium. 6-TG-resistant
colonies were picked about 8 to 10 days later. Cells were expanded in 10
�M TG selection medium and replica plated. One plate was frozen, and
the other was used to isolate genomic DNA by the microextraction
method (50). Cre-mediated deletion was confirmed by PCR using the
same reaction conditions described for generating the targeting vector. A
1.4-kb fragment was detected.

The PCR conditions were 1 cycle of 98°C for 5 min, followed by 35
cycles of 98°C for 1 min, 64°C for 1 min, and 72°C for 30 s, followed by 1
cycle of 72°C for 10 min. The following PCR primers were used: RCF1 (in
RAD51 intron 1), 5=-GTGCTGAATCTCCTAGAACTG-3=; and AS2 (in
exon cluster 3 to 8 of miniHPRT), 5=-TGTCCCCTGTTGACTGGTCA-3=.

Generation of CMKIPs. The knock-in plasmids were generated using
the Cre-mediated knock-in plasmid (CMKIP) backbone (27). This back-
bone contains the 5= half of miniHPRT, an LE mutant lox, simian virus 40
(SV40) polyadenylation sequences, and an FLP recombination target gene
(FRT) (Fig. 1D). Two different sequences were cloned into CMKIP to
make the HsRAD51 knock-in plasmids. The first sequence was the mouse
intron 1-exon 2 splice acceptor (light blue in Fig. 1D). The second se-
quence was HsRAD51 cDNA (red rectangle in Fig. 1D). Both sequences
were amplified by PCR under the same reaction conditions described for
generation of the targeting vector. The template was either 100 ng of
AB2.2 genomic DNA for the splice acceptor or 50 ng of plasmid for the
cDNA.

The PCR conditions for the splice acceptor were 1 cycle of 98°C for 5
min, followed by 35 cycles of 98°C for 1 min, 57.6°C to 70.2°C for 1 min,
and 72°C for 20 s, followed by 1 cycle of 72°C for 10 min. The following
PCR primers for the splice acceptor were used: mRAD51 5=g Ki for (5=-G
CGCGGCGCGCCTCAAAGGTATGTCGGGAAC-3=) and mRAD51 5=g
Ki rev (5=-GCGCTAGCCATGGCTAAAAAACACAG-3=).

The PCR conditions for the cDNA were 1 cycle of 98°C for 5 min,
followed by 35 cycles of 98°C for 1 min, 67°C for 1 min, and 72°C for 30 s,
followed by 1 cycle of 72°C for 10 min. The following PCR primers were
used for the cDNA: Kozak hRAD51 cDNA for (5=-CGCCACCATGGCA
ATGCAGCT-3=) and hRAD51 cDNA rev (5=-CACACTCGAGTCAGTC
TTTGGCATCGCCC-3=).

The HsRAD51WT knock-in plasmid was constructed by a three-way
ligation, including (i) the splice acceptor (digested with AscI and NcoI),
(ii) the cDNA (digested with NcoI and SalI), and (iii) the CMKIP back-
bone (digested with AscI and SalI). Next, the HsRAD51K133A and
HsRAD51K133R cDNAs were PCR amplified from plasmids (gifts from
Patrick Sung, Yale University), as described for the HsRAD51WT cDNA,
and then cloned into the HsRAD51WT CMKIP after releasing of
HsRAD51WT with NcoI and SalI. All knock-in plasmids were sequenced to
ensure fidelity.

Knock-in of HsRAD51 and eGFP-HsRAD51 cDNAs. A pool of 6-TG-
resistant cells generated after Cre-mediated deletion of SA�geo and 5=
miniHPRT were expanded without 6-TG for 4 days. Next, 5 � 106 cells in
800 �l DPBS were electroporated with 20 �g of HsRAD51 CMKIP (or
control) and 10 �g of pPGKcrepA using a Bio-Rad Gene Pulsar at 230 V,
500 �F. An aliquot of these cells was seeded onto a 10-cm feeder plate with
murine embryonic fibroblasts mutated for Hprt (250 �l for HsRAD51WT,
KS, and eGFP-HsRAD51WT cDNAs and 400 �l for human HsRAD51K133A,
HsRAD51K133R, eGFP-HsRAD51K133A, and eGFP-HsRAD51K133R cDNAs).
After transfection (48 h), a final concentration of 1� HAT was added to
the medium. For HsRAD51, 8 to 10 days later, 4 to 8 colonies were picked,
pooled, and expanded, while for eGFP-HsRAD51, single colonies were
expanded. Cells were maintained in HAT to eliminate HPRT-negative
cells that survive by cross-feeding. In addition, 16 individual colonies for
HsRAD51WT and 1 to 4 colonies for the eGFP-HsRAD51 cDNAs were

picked and expanded in HAT medium to test the knock-in efficiency. This
plate was replica plated, one plate was frozen, and the other was used to
isolate genomic DNA using the microextraction method (50) for screen-
ing targeted clones by genomic PCR. PCRs were performed under the
same reaction conditions described for generation of the targeting vector
to amplify a 500-bp fragment.

The PCR conditions were 1 cycle of 98°C for 5 min, followed by 35
cycles of 98°C for 1 min, 64°C for 1 min, and 72°C for 45 s, followed by 1
cycle of 72°C for 10 min. The following PCR primers were used: RCF1 (in
mouse RAD51 intron 1; 5=-GTGCTGAATCTCCTAGAACTG-3=) and
285R (in human RAD51 cDNA; 5=-GCCTTTGGTGGAATTCAGTT
GC-3=).

Further proof of correct knock-in was obtained by RT-PCR using
primers that detected a mouse-human fusion transcript from MmRad51
exon 1 and SV40 polyadenylation sequences. This amplified a 1.2-kb band
for HsRAD51 knock-in and a 200-bp band for KS knockin. As a control for
RNA integrity, Brca2 exons 26 and 27 were amplified (300 bp).

The reverse transcription-PCR (RT-PCR) conditions for RAD51 were
1 cycle of 98°C for 5 min, followed by 35 cycles of 98°C for 1 min, 67°C for
1 min, and 72°C for 45 s, followed by 1 cycle of 72°C for 10 min. The
following RT-PCR primers were used; for RAD51: R51E1F (mouse exon
1; 5=-AGGCGCTCCCACAGGTGTGG-3=) and SV40R (5=-ATATCGGT
CCGTGATCATAATCAGCCATAC-3=).

The RT-PCR conditions for Brca2 were 1 cycle of 98°C for 5 min,
followed by 35 cycles of 98°C for 1 min, 67°C for 1 min, and 72°C for 30 s,
followed by 1 cycle of 72°C for 10 min. The following RT-PCR primers
were used for Brca2: PICTFF1 (5=-AAAAGAATTCTCCACACCGAACA
AAGACCC 3=) and 3226R (5=-AAAAGCGGCCGCCTAGCTCCGTGGC
GGCTGAAAA-3=).

Removal of the plasmid backbone and miniHPRT by FLP recombi-
nase. HAT-resistant HsRAD51 wild-type cDNA clones were pooled and
expanded in HAT selection medium for 1 to 2 weeks and then expanded
without HAT for 2 days. Next, 5 � 106 cells in 800 �l DPBS were electro-
porated with 5 �g of FLP recombinase expression vector (pCAGGS-FLPe;
from A. Francis Stewart, Max Planck Institute) using a Bio-Rad Gene
Pulsar at 230 V, 500 �F. 6-TG-resistant colonies were processed as de-
scribed for Cre-mediated deletion of SA�geo and the 5= half of miniHPRT.
Flippase-mediated deletion of the plasmid backbone and miniHPRT was
confirmed by PCR using the same reaction conditions described for gen-
eration of the targeting vector to amplify a 1.5-kb fragment.

The PCR conditions were 1 cycle of 98°C for 5 min, followed by 35
cycles of 98°C for 1 min, 64°C for 1 min, and 72°C for 45 s, followed by 1
cycle of 72°C for 10 min. The following PCR primers were used: CMKIF
(in hRAD51 cDNA; 5=-TCACGGTTAGAGCAGTGTG-3=) and FDR2 (in
mouse Rad51 intron 4; 5=-GACTAATGCCTATGATCTC-3=).

Quantification of the number and surface area of HAT-resistant
knock-in colonies. HAT-resistant colonies were counted 12 days after
addition of HAT to select for knock-in cells. Colony number counting was
repeated for three transfections. Next, 7 to 8 colonies from each plate were
photographed at a magnification of �40 on days 3, 6, and 8 and printed
onto paper. To quantify colony surface area, the colony was cut out of the
paper and weighed in grams. The average of grams for colonies from each
plate was considered a representation of the colony surface area.

Pools of colonies were observed. For Lex1 cells, these included
HsRAD51WT (4), HsRAD51KS (4), HsRAD51K133A (12), and HsRAD51K133R

(8). For AB2.2 cells, these included HsRAD51WT (8), HsRAD51KS (8),
HsRAD51K133A (8), and HsRAD51K133R (8).

shRNA knockdown. Sense and antisense primers (see below) were in-
serted into pSUPER.retro.puro (Origoengine) to construct a short hairpin
RNA (shRNA) plasmid that knocks down MmRad51 and eGFP-HsRAD51
(4). An shRNA plasmid that specifically knocks down MmRad51, but not
eGFP-HsRAD51 (TRCN0000012658), was purchased from Open Biosys-
tems. To knock down MmRad51 and eGFP-HsRAD51, these shRNA expres-
sion plasmids (5 �g) were electroporated into cells (2.5 � 106 cells in 800 �l
DPBS; Bio-Rad Gene Pulsar at 230 V, 500 �F) that express eGFP-
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HsRAD51WT, eGFP-HsRAD51K133A, or HsRAD51K133R. After transfection,
250 �l of the electroporated cells was seeded onto a 6-well feeder plate in M15.
The next day, puromycin was added to a final concentration of 3 �g/ml and
selection was maintained for 8 to 10 days. Puromycin-resistant colonies were
counted, and two colonies expressing eGFP-HsRAD51WT were picked and
expanded for Western blot analysis to determine the levels of MmRAD51 and
eGFP-HsRAD51WT using rabbit polyclonal anti-HsRAD51 (H92, 1:1,000;
Santa Cruz Biotechnology). An anti-�-actin antibody was used as a control.

The following primers were used for shRNA that targets both MmRad51
and HsRAD51: sense primer 5=-GATCCCCGGGAATTAGTGAAGCC
AAATTCAAGAGATTTGGCTTCACTAATTCCCTTTTTC-3= and anti-
sense primer 5=-CCCGGGAATTAGTGAAGCCAAATTCAAGAGATTT
GGCTTCACTAATTCCCTTTTTCTCGA-3=.

Microfiber analysis. DNA fiber analysis was performed as described
previously (49). Mouse ES cells were pulse-labeled with 25 �M chlorode-
oxyuridine (CldU) for 20 min and washed three times with medium fol-
lowed by 2 mM hydroxyurea (HU) for 2 h. Next, HU was removed, and
the cells were washed three times with fresh medium, and pulse-labeled
with 250 �M iododeoxyuridine (IdU) for 20 min. Labeled cells were har-
vested, and DNA fiber spreads were prepared as described previously (57).
Fibers were then fixed in methanol-acetic acid (3:1) and subsequently air
dried. Slides were treated with 2.5 M HCl to denature the DNA fibers for
75 to 80 min and washed with PBS two times before being blocked with
1% bovine serum albumin (BSA) plus 0.1% Tween 20 for 1 h. Slides were
incubated with primary antibodies against CldU [rat anti bromodeoxy-
uridine (anti-BrdU); BU1/75(ICR1), 1:500; Abcam] and IdU (mouse an-
ti-BrdU B44, 1:200) for 1.5 h at room temperature. Slides were then fixed
with 4% paraformaldehyde and washed with PBS three times. Alexa Fluor
555-conjugated goat anti-rat IgG (1:500; Molecular Probes) and Alexa
Fluor 488-conjugated goat anti-mouse IgG (1:400; Molecular Probes)
were applied to slides and incubated for 2 h at room temperature. Slides
were washed and mounted in Fluoroshield (Sigma). Fibers were examined
using a Zeiss fluorescence microscope (Axioplan2).

SCE assay. The sister chromatid exchange (SCE) assay was performed
as described previously (16).

Cell survival assay in response to CPT and ICRF-193. The fraction of
cells that survive exposure to either CPT or ICRF-193 was determined as
described previously (39). These cells include those that can proliferate
and those that are senescent.

Colony-forming assay. On day 0, 2,000 cells were seeded onto the
wells of a 6-well plate. The next day, the medium was changed with camp-
tothecin (CPT) at the doses shown in Fig. 4. Eight days later, colonies were
stained with 0.2% methylene blue (in 70% ethanol) and counted.

Phosphorylated CHK1 analysis. Cells were incubated in medium
containing 100 nM CPT for 16 h. Cells were harvested at the indicated
time points after release from CPT. Western blot analysis was performed
by a standard procedure. Mouse anti-Chk1 (1:1,000; Santa Cruz) and
rabbit anti-phospho-CHK1 (1:1,000; Cell Signaling) were used for detec-
tion. �-Actin was used as a loading control (1:10,000; Sigma).

Three-color FISH. The methods for three-color fluorescent in situ
hybridization (FISH) have been described previously (28).

SKY. Frozen mouse ES cells were resuspended in fresh M15 in LIF.
Next, the cells were centrifuged and plated onto gelatin-coated 6-well
plates. The cells were then harvested for metaphase spreads (MPSs) after
48 to 72 h of culture.

Spectral karyotyping (SKY) was performed as described earlier (56).
For details, see www.riedlab.nci.nih.gov. Metaphase cell suspensions were
dropped onto clean glass slides inside a humidity chamber. Slides were
then hybridized with the combinatorially labeled whole-chromosome
painting probes (Applied Spectral Imaging, Inc., Carlsbad, CA), and
metaphase images were captured using the Applied Spectral Imaging in-
terferometer (Applied Spectral Imaging, Inc.) on an epifluorescence mi-
croscope (Zeiss). SKY karyotypes were then analyzed with SKY view v 1.62
software (Applied Spectral Imaging, Inc.); a total of 11 metaphases were
captured and analyzed using the nomenclature approved by the Interna-

tional Committee on Standardized Genetic Nomenclature for Mice (http:
//www.informatics.jax.org).

LOH. Loss-of-heterozygosity (LOH) analysis was performed as de-
scribed previously (26, 37), with minor modifications. ES cells were grown
in 1� HAT for at least 4 days, followed by growth in 1� HT for 2 days and
then no selection for 1 day. Cells were counted and seeded at 2 � 105

cells/10-cm feeder plate (3 plates) and selected in 10 �M 6-thioguanine
(6-TG). For plating efficiency, 2,000 cells were seeded on two wells of a
6-well feeder plate. Eight days after plating, the number of 6-TG-resistant
colonies was counted. Some of the 6-TG-resistant clones were expanded,
and genomic DNA was extracted to test by PCR for the presence of miniH-
PRT and the junction between mouse genomic sequences and HsRAD51.
(The primer locations are shown in Fig. 7C.) We tested 8 WT, 7 KS, 10
K133A, and 10 K133R colonies. A fragment of FancB was also amplified as
a control for DNA quality.

The conditions for PCR analysis to detect miniHPRT (1.35-kb PCR
product) were 1 cycle of 98°C for 5 min, followed by 35 cycles of 98°C for
1 min, 65°C for 1 min, and 72°C for 45 s, followed by 1 cycle of 72°C for 10
min. The primers were Hf1 (5=-GATGAACCAGGTATGACCTTG-3=)
and AS2 (5=-TGTCCCCTGTTGACTGGTCA-3=).

The conditions for PCR analysis to detect the junction between mouse
genomic sequences and HsRAD51 cDNA (550-bp PCR product) were 1
cycle of 98°C for 5 min, followed by 35 cycles of 98°C for 1 min, 65°C for
1 min, and 72°C for 20 s, followed by 1 cycle of 72°C for 10 min. The
primers were mR51int1F (5=-GTGCTGAATCTCCTAGAACTG-3=) and
HsR51-285R (5=-CACAGTCGACTCAGCCTTTGGTGGAATTCAGTT
GC-3=).

The conditions for PCR analysis to detect Fancb (820-bp PCR prod-
uct) were 1 cycle of 98°C for 5 min, followed by 35 cycles of 98°C for 1 min,
65°C for 1 min, and 72°C for 30 s, followed by 1 cycle of 72°C for 10 min.
The primers were FBF1 (5=-TGCTGCTTTGCATATTGCAG-3=) and
FBR1 (5=-TGTGTTCTCATCCAATGCATG-3=).

Detection of MmRAD51 and eGFP-HsRad51 in the chromatin frac-
tion. Protein fractionation was performed as described previously (44)
with minor modifications. To remove the cytoplasmic fraction, 1 � 107

cells were resuspended in buffer A (10 mM HEPES [pH 7.5], 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM dithiothreitol [DTT], 0.05% NP-40, and
protease inhibitor cocktail [Roche]), incubated for 10 min on ice, and
centrifuged at 1,300 � g for 5 min at 4°C. To remove the nuclear soluble
fraction, the pellet was resuspended in buffer B (10 mM HEPES [pH 7.0],
1.5 mM MgCl2, 10 mM KCl, 0.34 M sucrose, 10% glycerol, 150 mM NaCl,
0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride [PMSF], and
protease inhibitor cocktail [Roche]), incubated for 40 min on ice, and
centrifuged at 1,700 � g for 5 min at 4°C. To extract the chromatin-bound
protein fraction, the pellet was resuspended in buffer C (20 mM Tris-Cl
[pH 8.1], 2 mM EDTA [pH 8.0], 500 mM NaCl, 0.1% SDS, 1% Triton
X-100, and protease inhibitor cocktail [Roche]), sonicated, treated with
micrococcal nuclease for 10 min at 37°C, and then centrifuged at 13,000
rpm for 5 min at 4°C. After centrifugation, the supernatant containing the
released chromatin-bound proteins was used for Western blotting with
rabbit polyclonal anti-HsRAD51 (GTX100469, 1:1,000; GeneTex) and
rabbit polyclonal anti-histone H3 (C-16, 1:1,000; Santa Cruz Biotechnol-
ogy).

iPOND. For isolation of proteins on nascent DNA (iPOND), mouse
ES cells were incubated for 10 min with 10 �M 5=-ethynyl-2=-deoxyuri-
dine (EdU; Invitrogen). EdU-labeled cells were washed once with EdU-
free medium and then treated with 100 nM CPT. After labeling and CPT
exposure, cells were cross-linked with 1% formaldehyde–PBS for 20 min
at room temperature, quenched with 0.125 M glycine, and washed three
times with PBS. Collected cell pellets were resuspended in 0.25% Triton
X–PBS solution and incubated at room temperature for 30 min for per-
meabilization. Permeabilized cells were washed once with 0.5% BSA–PBS
and once with PBS. Cells were incubated in Click reaction buffer [10 �M
biotin-azide (Jena Bioscience), 10 mM Na ascorbate (Sigma), 2 �M
Cu(II) sulfate] for 1 h at room temperature. Dimethyl sulfoxide (DMSO)
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was used instead of biotin-azide as a negative-control sample. Cells were
washed once with 0.5% BSA–PBS and once with PBS. Cells were resus-
pended in lysis buffer (1% SDS, 50 mM Tris-HCl [pH 8.0], 1 �g/ml
leupeptin, 1 �g/ml aprotinin, 1 �g/ml PMSF), sonicated, and then cen-
trifuged for 10 min at 14,000 rpm. Supernatants were collected and di-
luted 1:1 (vol/vol) with PBS containing protease inhibitor (1 �g/ml leu-
peptin, 1 �g/ml aprotinin, 1 �g/ml PMSF). Streptavidin-agarose beads
(Novagen) were washed twice in lysis buffer and once in PBS containing
protease inhibitor. Washed beads were incubated with samples for 16 h at
4°C. Captured proteins were eluted by boiling for 25 min at 95°C. Eluted
proteins were detected by Western blotting.

Detection of eGFP-HsRAD51 foci by observing green fluorescence.
To visualize eGFP-HsRAD51, 2 � 104 cells were seeded on 4-well cham-
ber slides (Nalge Nunc International Corp., Naperville, IL). After 48 h,
cells were processed as described below in the dark chamber to prevent
GFP from being bleached. Fluorescence was visualized with a Zeiss fluo-
rescence microscope (Axioplan2).

Detection of MmRAD51 foci by anti-HsRAD51 antibody. Immuno-
staining was performed as described previously (28). First, 2 � 104

cells were seeded on the chamber slide (Nalge Nunc International,
Corp., Naperville, IL). After 48 h, cells were treated with 1 �M CPT for
3 h. Following CPT treatment, cells were rinsed with PBS and fixed
with 2% formaldehyde (diluted in PBS) by incubation at room tem-
perature for 10 min, washed three times with PBS, and permeabilized
with 0.5% Triton in PBS for 10 min at room temperature. Following
permeabilization, the cells were washed three times in PBS and then
blocked with blocking buffer (4% nonfat milk in PBS) for 1 to 2 h at
room temperature. After being washed, anti-HsRAD51 antibody
(H92, 1:200 dilution; Santa Cruz Biotechnology) in 4% nonfat milk in
PBS was applied to cells, and the slides were incubated overnight at
4°C. Upon completion of antibody incubation, the cells were washed
with PBS three times and then incubated with blocking buffer contain-
ing a fluorescently labeled secondary antibody, the Alexa Fluor 594
(AB=)2 fragment of goat anti-rabbit IgG (H�L) (Molecular Probes) at a
working dilution of 1:1,000 for 1 h at room temperature. After four to five
rinses with PBS, 4=,6-diamidino-2-phenylindole (DAPI)-containing mount-
ing medium (Vectashield mounting medium; Vector Laboratories, Inc.) was
added to the culture slide, which was mounted for imaging under a Zeiss
fluorescence microscope (Axioplan2).

RESULTS
Knock-in of HsRAD51 cDNAs adjacent to the endogenous
MmRad51 promoter. Deletion of RAD51 is lethal to proliferating
vertebrate cells (62); therefore, biological data concerning
MmRad51 are mostly confined to early null embryos that exhib-
ited chromosomal loss, hypersensitivity to gamma radiation, and
apoptosis (34). Complicating matters further, isolation of cells
that stably express some HsRAD51 mutants like the K133A mu-
tant has been difficult due to toxicity (19, 31, 43, 54, 64). To over-
come these obstacles, we used a highly efficient four-step knock-in
procedure (27) to integrate HsRAD51 cDNAs (WT, K133A, and
K133R) adjacent to the endogenous MmRad51 promoter. These
cDNAs were transfected into two ES cell lines, Lex1 and AB2.2,
both derived from 129S5 mice (18) and mutated for the hypoxan-
thine phosphoribosyltransferase (Hprt) gene (described in Mate-
rials and Methods). In addition, the eGFP gene was fused to the N
terminus of HsRAD51 (WT, K133A, and K133R) since previous
reports showed GFP-HsRAD51 was capable of rescuing deletion
of endogenous RAD51 (73). GFP-RAD51 was also shown to co-
immunoprecipitate with BRCA2 (73), endogenous RAD51 (19,
48), and XRCC3 (19). GFP-RAD51 forms S-phase nuclear foci,
ionizing radiation-induced nuclear foci (19), nuclear foci that co-
localize with RAD52 and RAD54 (17), and nuclear foci that were

disrupted by coexpression of BRCA2 polypeptide spanning the
BRC repeats 3 and 4 (48). Furthermore, GFP-RAD51 restored the
cells’ capacity to repair DNA DSBs, as indicated by comet assay
measurements (19). These eGFP-HsRAD51 fusion cDNAs were
also integrated adjacent to the MmRad51 promoter in AB2.2 cells
by the same four-step knock-in procedure.

Steps 1 and 2 of the knock-in procedure generated the parental
clones used to knock-in all cDNAs. For step 1, MmRad51 exons 2 to 4
were replaced with a floxed selection cassette, SA�geo-miniHPRT
(Fig. 1A). SA�geo is a fusion of �-galactosidase and neomycin phos-
photransferase genes with a splice acceptor (SA) instead of a pro-
moter so that cells will survive G418 selection only if a promoter/
splice donor is trapped (20). miniHPRT is the HPRT minigene (24,
51) used for selection in HAT (hypoxanthine, aminopterin, thymi-
dine) or in 6-TG (6-thioguanine) for the presence or absence of ex-
pression, respectively. RE mutant lox (2) was placed 5= to SA�geo and
in the intron of miniHPRT. FRT was placed 3= to miniHPRT (Fig. 1A,
orange arrow). After transfection, G418-HAT-resistant clones were
isolated and screened by PCR for targeted clones. About 20 to 30% of
G418-HAT-resistant clones were verified as targeted by PCR (Fig.
1B). For step 2, SA�geo and the 5= half of miniHPRT were removed by
transient transfection of a Cre recombinase expression vector and
selection in 6-TG. About 1,000 6-TG-resistant colonies were recov-
ered, and all 6-TG-resistant clones tested were shown by PCR to have
correctly deleted the sequences in between the RE mutant lox sites
(Fig. 1C). Steps 1 and 2 need to be done only once since they gener-
ated the parental clone of Lex1 and AB2.2 cells used for the remaining
steps.

Step 3 integrates the HsRAD51 cDNAs adjacent to the
MmRad51 promoter by cotransfecting a Cre-mediated targeting
vector and a Cre recombinase expression vector into the parental
clones of ES cells. The Cre-mediated targeting vector contains a
fusion of MmRad51 exon 2 splice acceptor plus HsRAD51 cDNA
sequences and the 5= half of miniHPRT with an LE mutant lox (Fig.
1D, green-blue arrow). After Cre-mediated recombination, the
RE mutant lox and the LE mutant lox fused to form an RE LE
mutant lox (blue arrow) and an unaltered loxP (green arrow). In
addition, the cDNA sequences are juxtaposed to the endogenous
MmRad51 promoter and miniHPRT is restored. Cells were se-
lected in HAT, and all HAT-resistant colonies were verified to
contain the HsRAD51 cDNA sequences adjacent to the
MmRAD51 promoter by PCR (Fig. 1D). This is a powerful selec-
tion step since the only efficient way to achieve HAT resistance is
through Cre-mediated integration of the Cre-mediated targeting
vector.

Step 4 is optional and removes the plasmid backbone, loxP, and
miniHPRT by transient transfection of an FLP recombinase ex-
pression cassette, leaving behind the cDNA, RE LE mutant lox,
and an FRT. Thus, other knock-in locations can be established
since the cells no longer contain miniHPRT. In addition, this sys-
tem was designed to remove loxP and leave the RE LE mutant lox
since the double mutant lox is a poorer substrate for Cre recom-
binase (3). The RE LE mutant lox was left behind since it will not
greatly interfere with future knock-ins at the second location. Af-
ter transient FLP recombinase transfection, �100 TG-resistant
colonies were recovered and all clones tested by PCR were correct
(Fig. 1E). Thus, these genetically altered ES cells can be directly
compared since there is only one cDNA copy and all cDNAs are in
the same location and expressed by the endogenous MmRad51
promoter.
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The K133A and K133R mutants impaired clonal expan-
sion. Previous experiments showed that expression of either
HsRAD51K133A or HsRAD51K133R was toxic to cells, especially the
K133A mutant (19, 31, 43, 54, 64). Therefore, we were unsure if
HAT-resistant colonies would be recovered after expression of these
mutant proteins. We found diminished levels of HAT-resistant
colonies for cells transfected with HsRAD51K133A (P � 0.0138, t
test) and HsRAD51K133R (P � 0.0019) compared to HsRAD51WT,
with the K133A mutant being more severely affected (P � 0.0423)
(Fig. 2A). Similarly, recovery of HAT-resistant colonies was dimin-
ished for cells transfected with eGFP-HsRAD51K133A (P � 0.00035)
and eGFP-HsRAD51K133R (P � 0.00048) compared to eGFP-
HsRAD51WT, with the K133A mutant being more severe (P � 0.019).
A direct comparison of the K133 mutant proteins with and without
eGFP suggests the eGFP tag did not significantly impact toxicity.
Thus, expression of the HsRAD51 mutant proteins diminished the
recovery of HAT-resistant colonies, suggesting they were toxic.

To estimate the impact of toxicity on clonal expansion, the colony
surface area was measured for the HAT-resistant clones as they were
cultured in selection over 8 days. The HsRAD51 K133 mutants gen-
erated small colonies compared to controls (HsRAD51WT or KS)
(Fig. 2B) (P�0.0001). Thus, colony growth appeared to be slower for
cells expressing the K133 mutant proteins compared to those express-
ing wild-type HsRAD51.

HAT-resistant colonies were picked and expanded. Cells were
easily expanded from individual colonies for HsRAD51WT and KS
controls. It was also possible to expand individual colonies that
expressed HsRAD51K133R. Cells from these colonies proliferated
very slowly for �3 passages, but then expanded the same as con-
trols. In contrast, we were unable to expand cells derived from
individual colonies that expressed HsRAD51K133A. Therefore,
multiple colonies were pooled into the same well of a 24-well plate
with the expectation that increasing cell density would improve

FIG 2 Expression of HsRAD51 K133 mutants reduces colony number and size. (A) Ratios of HAT-resistant colonies were compared for HsRAD51WT (WT) and
the negative control (KS) to HsRAD51K133A (KA) and HsRAD51K133R (KR) with and without eGFP. Shown is the total number of HAT-resistant colonies
observed from four experiments for the untagged Cre-mediated knock-in plasmids. Colony numbers are listed in sequential order from the first to the fourth
experiment, and some of plasmids were not examined (shown by “ND” [not done]) for some experiments: HsRAD51WT, 337, 262, 106, and 208; KS, 337, ND,
ND, and 123; HsRAD51K133A, 20, 26, ND, and ND; HsRAD51K133R, 84, 100, 18, and ND. The total numbers of HAT-resistant colonies observed from three
experiments for the eGFP-tagged Cre-mediated knock-in plasmids are as follows: eGFP-HsRAD51WT, 52, 227, and 261; eGFP-HsRAD51K133A, 7, 19, and 20; and
eGFP-HsRAD51K133R, 15, 75, and 76. AB2.2 cells are shown. (B) Surface area of HAT-resistant colonies after knock-in. The total numbers of colonies observed
are as follows: HsRAD51WT, 8; KS, 8; HsRAD51K133A, 7; and HsRAD51K133R, 8. AB2.2 cells are shown. (C) RT-PCR on cells expressing untagged HsRAD51. AB2.2
cells are the control (Con). (D) Western analysis of nuclear extracts using anti-RAD51 antibody on cells expressing eGFP-HsRAD51. AB2.2 cells are the control.
(E) Nonspecific eGFP-HsRAD51 and MmRad51 shRNA knockdown. The total colony numbers are shown. (F) MmRad51-specific shRNA knockdown. Three
experiments were performed. The number of colonies that grow after stable transfection of shRNA plasmid is divided by the number of colonies that grow after
stable transfection of empty vector for cells that express the following: eGFP-HsRAD51WT, 98/188, 103/180, and 99/176; eGFP-HsRAD51K133A, 14/118, 17/144,
and 15/106; and eGFP-HsRAD51K133R, 15/110, 15/118, and 16/114. AB2.2 cells are shown. (G) Western analysis after no transfection (NT) or transfection with
empty vector (EV) or shRNA for MmRad51. Two clones were observed for cells that express eGFP-HsRAD51WT in AB2.2 cells. 	-HsRAD51, anti-HsRAD51;
	-�-actin, anti-�-actin.
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recovery. Although proliferation was initially very slow, cells from
the pooled colonies adapted after �5 passages and began to pro-
liferate similar to controls.

It is possible that the mutant clones adapted simply by turning
off the mutant cDNA, rendering them useless for further experi-
mentation. Therefore, we tested the level of HsRAD51 expression
by RT-PCR using primers specific to the human cDNA (primers
shown in Fig. 1E and described in Materials and Methods).
We found HsRAD51WT was expressed at similar levels to
HsRAD51K133A and HsRAD51K133R, although this was not quanti-
tative, and it was not possible to compare to endogenous
MmRad51 mRNA (Fig. 2C). However, these results show that cell
adaptation was not due to turning off expression of the K133
mutant cDNAs. Initially, we wished to test expression directly by
Western analysis, but were unable to distinguish HsRAD51 from
MmRAD51 since they share 99% amino acid identity (42, 59) and
anti-RAD51 antibodies cross-react with both proteins. Therefore,
we tested the eGFP fusion proteins by Western blotting and found
similar levels of eGFP-HsRAD51 (WT, K133A, K133R) and en-
dogenous MmRAD51 in the nuclear extract (Fig. 2D). Thus, the
eGFP-tagged proteins were expressed in cells at physiological lev-
els (suggesting the untagged proteins were also expressed at phys-
iological levels since their toxicity was about the same, judging by
recovery of HAT-resistant clones). Therefore, these cells express
the HsRAD51 K133 mutant proteins at physiological levels and
were analyzed for their phenotype.

eGFP-HsRAD51WT, but not the K133 mutants, maintained
cell viability after MmRad51 depletion. Gene knockouts showed
that MmRAD51 deletion is cell lethal (34, 70). In keeping with
these results, we found stable integration of an shRNA expression
vector that depletes both MmRad51 and HsRAD51 (4) resulted in
very few colonies for cells expressing eGFP-HsRAD51WT, eGFP-
HsRAD51K133A, and eGFP-HsRAD51K133R, further demonstrat-
ing that RAD51 deletion is cell lethal (Fig. 2E).

We used shRNA knockdown that specifically depletes
MmRad51 to test for the ability of eGFP-HsRAD51 (WT, K133A,
and K133R) to maintain cell viability. Recovery of cells that ex-
press the HsRAD51 K133 mutants is difficult, especially
HsRAD51K133A (19, 31, 43, 54, 64). Therefore, we predicted ex-
pression of eGFP-HsRAD51WT, but not the tagged K133 mutants,
would efficiently rescue MmRad51 depletion. We found that sta-
ble expression of an shRNA vector that depletes only MmRad51
resulted in many more colonies for cells that expressed eGFP-
HsRAD51WT compared to eGFP-HsRAD51K133A (P � 0.0001, t
test) or eGFP-HsRAD51K133R (P � 0.0005). This confirmed that
eGFP-HsRAD51WT, but not the K133 mutants, is able to compen-
sate for MmRad51 depletion when expressed at physiological lev-
els (Fig. 2F). Western blot analysis showed the MmRad51-specific
shRNA effectively depleted MmRAD51, but not eGFP-
HsRAD51WT (Fig. 2G). Thus, eGFP-HsRAD51WT, but not the
K133 mutants, was able to rescue cell lethality in the absence of
MmRAD51. In addition, the eGFP tag did not interfere with cell
rescue.

Analysis of replication fork restart and SCE. RAD51 pro-
motes stalled replication fork restart after brief exposure to hy-
droxyurea (HU) (49). Therefore, we tested the K133 mutants for
their impact on replication fork restart by using microfiber anal-
ysis. Cells were cultured in CldU (chlorodeoxyuridine) for 20 min
to label the nascent replication strand and then exposed to 2 mM
HU for 2 h to stall replication forks (Fig. 3A). Finally, cells were

cultured in IdU (iododeoxyuridine) for 20 min to label post-HU
replication, either from the restart or a new origin. If replication
restarts after HU exposure, then the fiber will be red (CldU), fol-
lowed by a short black gap (HU-induced stall), and then green
(IdU). However, if replication fails to restart, then the DNA fiber
will be labeled only red, while a fiber generated from a new repli-
cation origin will be labeled only green. Compared to AB2.2 con-
trol cells, we observed more stalled forks for cells expressing the
K133A (P � 0.0001) and K133R (P � 0.0001) mutant proteins,
with the K133A mutant proving more severe (P � 0.0001). Thus,
we conclude that ATP binding and hydrolysis are important for
replication fork restart.

RAD51-mediated HDR is important for inducing SCEs (14,
15, 63, 67, 68). SCE is the result of a single strand of DNA at a break
invading and recombining with the intact sister chromatid during
replication such that duplicated chromosomes are reciprocally ex-
changed (72). A previous report showed the K133R mutant inhib-
ited spontaneous SCEs and the repair of an induced DSB (64, 65).
In agreement, we found cells that expressed the K133A (P �
0.0001, Yates corrected chi-square test) and K133R (P � 0.0001)
mutant proteins exhibited about a 50% reduction in SCEs com-
pared to AB2.2 control cells, with the K133A mutant being slightly

FIG 3 Replication fork restart and sister chromatid exchanges. Control is
unaltered AB2.2 cells. (A) Microfiber analysis to observe replication fork re-
start. The experimental design is shown at the top, and DNA fibers shown in
the middle illustrate replication forks (RFs) that have restarted (red-black-
green), stalled (red), or initiated from a new origin (green). Shown is a quan-
tification of the percentage of fibers that were stalled after exposure to 2 mM
HU for 2 h (bottom). The numbers of fibers observed that were stalled, re-
started, or from a new origin, respectively, are as follows: control, 69, 351, and
5; HsRAD51K133A, 267, 288, and 19; and HsRAD51K133R, 264, 515, and 9. (B)
Graph depicting the percentage of chromosomes observed to undergo spon-
taneous SCEs. The total number of SCEs and total number of chromosomes,
respectively, observed are as follows: control, 197 and 945; HsRAD51K133A, 234
and 1,927; and HsRAD51K133R, 153 and 1,572.
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more severe (P � 0.027) (Fig. 3B). Thus, ATP binding and hydro-
lysis are important for HDR.

Sensitivity to topoisomerase inhibitors. A defect in replication
fork restart and HDR-mediated SCEs indicate that cells expressing
the K133 mutant proteins are defective in overcoming replication-
fork-blocking lesions. Therefore, we performed a survival analysis
after exposure to the topoisomerase inhibitors camptothecin (CPT)
and ICRF-193 (39). CPT is a type I topoisomerase (topo I) poison
that stabilizes a ternary complex between topo 1 and double-stranded
DNA, thus resulting in DSBs at replication forks (52). ICRF-193 is a
type II topoisomerase (topo II) catalytic inhibitor that stabilizes the
enzyme to DNA, thereby suppressing DNA decatenation and the de-
catenation G2 checkpoint response without interfering with DNA
synthesis and without causing replication-associated DSBs (although
DSBs may occur at mitotic exit) (7). We compared Lex1 control cells
and MmRAD51�/
 cells to knock-in cells (KS, HsRAD51WT,
HsRAD51K133A, and HsRAD51K133R). Cells that expressed the K133
mutants were hypersensitive to CPT compared to cells that expressed
HsRAD51WT or compared to the other cells that did not express the
K133 mutants (Lex1, MmRAD51�/
, and KS) (Fig. 4A), which shows
that defective ATP binding and hydrolysis diminished the repair of
DSBs at stalled replication forks. In contrast, we found that
HsRAD51K133A, HsRAD51K133R, MmRAD51�/
, and KS cells were
resistant to ICRF-193 compared to control Lex1 cells and
HsRAD51WT cells (Fig. 4B). This result shows that an MmRAD51
haploinsufficiency caused ICRF-193 resistance that was corrected by
HsRAD51WT but not the K133 mutants and suggests that reduction
of RAD51-mediated strand annealing ameliorates ICRF-193 toxicity
by reducing the formation of DNA structures typically resolved by
topo II, such as hemicatenanes and DNA tangles. We previously re-
ported a similar observation with brca2Lex1/Lex2 cells (deleted for Brca2
exon 27), which proved hypersensitive to CPT but resistant to ICRF-

193 (38). These observations are consistent since BRCA2 is a RAD51-
interacting protein (55) and suggest that HDR is needed to correct
CPT-induced damage or topo I depletion but is toxic in the presence
of ICRF-193-induced anomalies or topo II depletion.

Next we tested AB2.2 cells that express either eGFP-tagged or
untagged HsRAD51WT, HsRAD51K133A, or HsRAD51K133R using
a colony-forming assay to specifically look at the impact CPT has
on cell proliferation. This experiment also addresses the effect the
eGFP tag may have on HsRAD51 function. Cells expressing the
K133 mutants were hypersensitive to CPT compared to
MmRAD51�/
 cells, and the eGFP tag did not diminish the phe-
notype (Fig. 4C). Thus, the colony-forming assay reproduced the
results from the cell survival assay and the eGFP-tagged and un-
tagged K133 mutant proteins are equally defective in correcting
CPT-induced damage, indicating the tag does not influence
HsRAD51 function.

Analysis of the ATR-CHK1 response. Considering the specific
sensitivity of the K133 mutants to CPT, we examined CHK1 phos-
phorylation, a hallmark of replication stress. CHK1 is a down-
stream effector kinase for the ATR response that is phosphory-
lated in response to impaired replication fork progression to
induce a replication checkpoint (47). In Lex1 cells, we found that
expression of HsRAD51K133A, but not HsRAD51K133R, increased
levels of phosphorylated CHK1 16 h after CPT removal (Fig. 5).
Interestingly, in AB2.2 cells, expression of either HsRAD51K133A

or HsRAD51K133R increased levels of phosphorylated CHK1 16 h
after CPT removal. These observations suggest that expression of
K133 mutant proteins resulted in replication fork defects inducing
an ATR response.

Chromosomal abnormalities. Since replication fork mainte-
nance is important for genome integrity, we determined whether
expression of the K133 mutants impacted chromosomal stability

FIG 4 Dose response to topoisomerase inhibitors. In Lex1 cells, the dose response to camptothecin (CPT) (A) and ICRF-193 (B) were determined using a cell
survival assay that counts both replicating and nonreplicating cells (39). Lex1 unaltered cells are the control. These graphs represent the average of three
experiments. (C) Comparison of eGFP-tagged and untagged proteins using a colony-forming assay for AB2.2 cells that express WT (left), KA (middle), or KR
(right). Shown is the average of three experiments. The control (�/
) is the same for all three graphs and can be used as a standard for comparison.
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by using three-color fluorescence in situ hybridization (FISH) on
Lex1 and AB2.2 cells (Table 1). Cells were treated with colcemid (1
�g/ml) for 4 h to arrest cells in metaphase and stained with a
telomere probe (green), a major satellite repeat (MSR) probe in
the pericentromere (red), and DAPI (blue) (21).

Metaphase spreads derived from Lex 1 cells that expressed
HsRAD51K133R showed increased levels of spontaneous chroma-
tid breaks compared to control, HsRAD51WT, MmRAD51�/
, KS,
and HsRAD51K133A (Fig. 6A and Table 1) (P � 0.006, Fisher’s
exact test). Metaphase spreads derived from AB2.2 cells that ex-
pressed HsRAD51K133A (P � 0.0001) or HsRAD51K133R (P �
0.0001) showed increased levels of spontaneous chromatid breaks
compared to control, HsRAD51WT, MmRAD51�/
 and KS (Table

1). Chromatid breaks indicate failed replication fork restart and
the subsequent generation of one-ended DSBs, which is in agree-
ment with our observation that the K133 mutants inhibited rep-
lication fork restart. In addition, both HsRAD51K133A (P � 0.0001
for both Lex1 and AB2.2 cells) and HsRAD51K133R (Lex1 cells; P �
0.016; AB2.2 cells, P � 0.0001) metaphase spreads showed in-
creased levels of spontaneous isochromatid breaks and fragments
compared to control, HsRAD51WT, MmRAD51�/
, and KS meta-
phase spreads. Isochromatid breaks suggest the presence of failed-
strand-exchange intermediates that break both chromatids, which
can result in fragments. Unlike the chromatid breaks, the isochro-
matid breaks and fragments were usually in the pericentromere, a
highly repetitive region composed of major satellite repeats (21).

FIG 5 The ATR response as measured by CHK1 phosphorylation. No treatment (NT) is compared to the time in hours after release (R) from camptothecin (100
nM, 16 h). Compared are the levels of total CHK1 to phosphorylated CHK1 (p-CHK1).

TABLE 1 Summary of three-color FISH analysis resultsa

Cell typeb Strain
No. of
MPSs Treatment

No. (%) of:

Chromatids
Isochromatid breaks
and fragments Radials EPT-1 EPT-2

Con Lex1 96 NT 1 (1.0) 2 (2) 0 0 0
WT Lex1 112 NT 1 (0.9) 1 (0.9) 0 0 0
�/
 Lex1 112 NT 2 (1.7) 2 (1.7) 0 0 0
KS Lex1 106 NT 3 (2.8) 0 0 0 0
KA Lex1 101 NT 0 62 (28.5) 0 0 0
KR Lex1 89 NT 7 (7.9) 6 (6.7) 0 0 0
Con AB2.2 168 NT 2 (1.2) 4 (2.4) 0 0 0
WT AB2.2 163 NT 3 (1.8) 11 (6.7) 0 0 0
�/
 AB2.2 163 NT 11 (6.7) 17 (10.4) 0 0 0
KS AB2.2 179 NT 11 (5.8) 15 (7.9) 0 0 0
KA AB2.2 153 NT 27 (17.6) 29 (19) 7 (4.6) 23 (15.6) 92 (60)
KR AB2.2 131 NT 17 (12.9) 28 (21.3) 6 (4.6) 0 0
Con AB2.2 166 MMC 6 (3.6) 20 (12) 0 0 0
KA AB2.2 154 MMC 41 (26.6) 59 (38.3) 19 (12.3) 24 (15.5) 79 (51)
KR AB2.2 63 MMC 14 (20.6) 30 (44.1) 6 (8.8) 0 0
Con AB2.2 178 CPT 7 (3.9) 22 (12.3) 0 0 0
KA AB2.2 165 CPT 38 (23.1) 43 (26.2) 4 (2.4) 80 (46) 32 (21)
KR AB2.2 130 CPT 24 (18.3) 42 (32.0) 1 (0.8) 0 0
WT AB2.2 132 HU 7 (5.3) 35 (26.5) 2 (1.5) 0 0
KA AB2.2 91 HU 33 (36.3) 61 (67) 7 (7.7) 75 (82.4) 3 (3.2)
KR AB2.2 133 HU 39 (29.3) 78 (59.4) 13 (7.7) 2 (1.5) 0
a Shown is a summary of data for MPSs derived from Lex1 and AB2.2 cells. Cells were exposed to no treatment (NT) or were treated with MMC (30 nM for 16 h), CPT (50 nM for
16 h), or HU (1 mM for 2 h). The percentage of MPSs with at least one event is shown in parentheses. Note that some of the metaphase spreads have more than one event.
b Con, control; �/
, MmRAD51�/
.
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This observation is interesting compared to trex2null cells that also
exhibited spontaneous isochromatid breaks and fragments in the
pericentromere (16). TREX2 is a 3=¡5= exonuclease that removes
3= mismatches from single-stranded DNA (40). trex2null cells have
elevated levels of HDR (16), suggesting TREX2 and HDR perform
complementary functions through parallel pathways. Thus, ex-
pression of the K133 mutants increased the level of spontaneous
breaks in LEX1 and AB2.2 cells.

For AB2.2 cells, expression of the K133 mutant proteins caused
spontaneous chromosomal rearrangements (Table 1). Elevated
levels of spontaneous radials were seen in HsRAD51K133A (P �
0.006, Fisher’s exact test) and HsRAD51K133R (P � 0.004) meta-
phase spreads compared to the sum of the controls (con, WT,
MmRAD51�/
, and KS) (Fig. 6D). Radials are interesting since
they are commonly observed in cells derived from Fanconi anemia
(FA) patients (71). FA is a rare autosomal recessive disease caused
by a mutation in one of multiple genes involved in a cellular sig-

naling and DNA-processing pathway in response to DNA inter-
strand cross-linking agents like mitomycin C (MMC). Cells de-
leted for the FA pathway are extremely sensitive to MMC. The FA
pathway interacts with RAD51 since one of the FA proteins,
FANCD2, complexes with RAD51 (69) and binds to DNA ends
and Holliday junctions in vitro (45). In addition, mouse ES cells
deleted for FancB exon 2 (fancb�ex2) showed reduced levels of
MmRAD51 foci in response to MMC, suggesting a defect in HDR
(28). Therefore, we exposed cells expressing the K133 mutants
to MMC (30 nM for 16 h) and found that cells expressing the
K133A mutant exhibited a mild increase in radials (P � 0.025;
Yates-corrected chi-square test), but not to the extent typically
seen in FA-defective ES cells (28). We also exposed these cells to
CPT (50 nM, 16 h) and found little change in the level of radials
(P � 0.1). The MMC observation suggested a replication fork
defect since a DSB is formed when a replication fork collides
with a cross-link (6).

FIG 6 Evaluation of metaphase spreads (MPS) for spontaneous chromosomal abnormalities in Lex1 (A to C) and AB2.2 (D to G) cells. (A) Chromatid breaks
in the long arm (blue). (B) Isochromatid breaks (left) in the pericentromere (red). (C) Fragments containing the pericentromere (red). (D) Radial. (E) An EPT-1.
(F) An EPT-2. (G) SKY analysis. (Row 1) der(11)fusion. This is an EPT. (Row 2) Duplication 1 der(1)t(1:6). This is likely an EPT. (Row 3) der(3)t(3:5). (Row 4)
der(5)t(5:3). (Row 5) der(8)t(8:14). This may be an EPT but is difficult to discern. (Row 6) Duplication 2.
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We also found abnormal chromosomes with spontaneous ex-
tra pericentromeres and telomeres, simply called EPTs in AB2.2
cells expressing HsRAD51K133A but not HsRAD51K133R (Fig. 6E
and F) (P � 0.0001). These abnormal chromosomes contained 1
to 5 extra pericentromeres and telomeres. EPTs are unusual and to
our knowledge have not been described before. We noticed that
some EPTs contained only one terminal pericentromere, while
others contained two, classified as EPT-1 (Fig. 6E) and EPT-2 (Fig.
6F), respectively. We found that exposure to MMC (30 nM, 16 h)
did not alter the absolute number or proportion of EPT-1s and
EPT-2s. However, exposure to CPT (50 nM, 16 h) increased the
proportion of EPT-1s compared to EPT-2s (P � 0.0001) without
changing the absolute number, suggesting one type of EPT leads
to another under the control of type I topoisomerases. A compar-
ison between radials and EPTs showed these are fundamentally
different structures formed by different mechanisms since the for-
mer is responsive to MMC, while the latter is responsive to CPT.
This distinction is interesting since both MMC and CPT block
replication forks to cause DSBs, yet these agents still induce dif-
ferent molecular responses with different biological outcomes.

It is possible that EPTs were generated from duplication of a
single chromosome or after end joining of broken fragments from
multiple chromosomes. Unfortunately, three-color FISH is un-
able to make these distinctions. Therefore, to better define spon-
taneous EPTs and observe other rearrangements that evade detec-
tion by three-color FISH, we performed spectral karyotyping
(SKY) on HsRAD51K133A metaphase spreads (Fig. 6G and Table
2). Previously we showed by SKY that wild-type AB2.2 metaphase
spreads exhibited a total of 3 spontaneous chromosomal rear-
rangements (all deletions) out of 597 chromosomes analyzed
from 16 metaphase spreads (9). HsRAD51K133A metaphase
spreads exhibited significantly more spontaneous chromosomal
rearrangements (P � 0.0001), with a total of 73 out of 462 chro-
mosomes analyzed from 11 metaphase spreads; interestingly, ev-
ery metaphase spread exhibited multiple rearrangements, show-
ing that HsRAD51K133A is extremely mutagenic (Table 2). Some of
the more common spontaneous chromosomal changes are shown
in Fig. 6G1 to -G6. EPTs were mostly duplications of chromosome
11 [Fig. 6G1, der(11) fusion] and not the product of fusion be-
tween different chromosomes. However, some EPTs may be a
duplication of chromosome 1 in addition to a translocation with
chromosome 6 [Fig. 6G2, duplication 1 der(1)t(1:6)]. Thus, EPTs
contain multiple breakpoints in the same chromosome, suggest-
ing a complicated genomic rearrangement that is likely the prod-
uct of faulty replication in concert with the CPT data (23). Other
rearrangements included fragments (n � 5), deletions (n � 8),
duplications (n � 13), a Robertsonian translocation (n � 1), du-
plications plus derivative translocations (n � 6), derivative trans-
locations (n � 34), and derivative fusions (n � 6). Derivative
chromosomes were scored as structurally rearranged chromo-
somes generated by a rearrangement involving two or more chro-
mosomes (derivative translocations) or as multiple aberrations
within the same chromosome (duplications plus derivative trans-
locations and derivative fusions). Additional common observa-
tions included duplications (chromosomes 1 and 2), fragments
(chromosome 2), and translocations (chromosomes 1:6, 3:5, and
8:11). The SKY analysis showed a large number of complicated
genomic rearrangements, indicating that the K133A mutant
caused defective replication that could lead to multiple break-
points in the same chromosome. T
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Metaphase spreads were observed for cells expressing the K133
mutants after exposure to HU to discern the influence replication
fork stalling has on the genesis of at least some of the chromo-
somal abnormalities summarized in Table 1. Cells were exposed to
1 mM HU for 2 h (the same as for the microfiber analysis) and
then treated with colcemid for 4 h. Observation of metaphase
spreads shows that HU exposure increased the level of chromatid
breaks for cells expressing HsRAD51WT (although not signifi-
cantly for the numbers observed; P � 0.19) and the K133A (P �
0.002) and K133R (P � 0.002) mutants (Table 1). Furthermore,
the K133A (P � 0.0001) and K133R (P � 0.0001) mutants in-
creased the level of chromatid breaks compared to HsRAD51WT

after HU treatment. Similarly, HU exposure increased the level of
isochromatid breaks for cells expressing HsRAD51WT (P �
0.0001) and the K133A (P � 0.02) and K133R (P � 0.0001) mu-
tants, while the K133A (P � 0.0001) and K133R (P � 0.0001)
mutants increased the level of isochromatid breaks compared to
HsRAD51WT after HU treatment. Once again the isochromatid
breaks were predominately in the pericentromere, suggesting the
stalled replication forks are especially problematic in this highly
repetitive area. Thus, HU-induced stalled replication forks in-
creased chromatid and isochromatid breaks and expression of the
K133 mutants further exacerbated the level of these breaks, once
again demonstrating the importance for RAD51 K133 ATP bind-
ing/hydrolysis in the suppression of breaks during replication fork
maintenance.

HU exposure had a substantial impact on the levels of EPT-1s
and EPT-2s. Cells expressing HsRAD51WT did not exhibit EPTs
with or without HU exposure (Table 1). However, for cells ex-
pressing the K133A mutant, HU exposure dramatically increased
the levels of EPT-1s (P � 0.0001) but also decreased the levels of
EPT-2s (P � 0.0001). HU exposure also slightly increased the level

of EPT-1s for cells expressing the K133R mutant (although insig-
nificantly for the numbers tested; P � 0.253), but still at a much
lower level than for cells expressing the K133A mutant (P �
0.0001). The impact HU has on EPT levels is similar to that seen
for CPT (but HU exposure is more dramatic), suggesting replica-
tion fork anomalies are critical for their genesis.

LOH. Chromosomal instability can lead to loss of heterozygos-
ity (LOH), a potential cancer-causing mechanism (41). In addi-
tion, HsRAD51 is implicated in tumor suppression since it asso-
ciates with a variety of tumor suppressors, including BRCA2 and
RAD51C (55). However, direct evidence that ATP binding or hy-
drolysis suppresses LOH is lacking. Therefore, we tested the
knock-in cells harboring miniHPRT (Fig. 1D) for LOH. Using
these cells, LOH can be measured by loss of miniHPRT function
and survival in 6-thioguanine (6-TG). Compared to HsRAD51WT

cells, the KS cells exhibited a mild increase in 6-TG-resistant col-
onies, suggesting that a RAD51 haploinsufficiency contributed to
LOH (Fig. 7A) (P � 0.06, t test). Cells expressing either
HsRAD51K133A (P � 0.004) or HsRAD51K133R (P � 0.0002) ex-
hibited elevated levels of 6-TG-resistant cells compared to KS
cells, with the K133A mutant being more severe (P � 0.017).
Thus, the K133 mutants facilitate LOH.

We next used PCR to examine for the presence or absence of
the mutated and wild-type chromosomes. First we tested for re-
tention of miniHPRT in the 6-TG-resistant cells. Retention of
miniHPRT would indicate de novo mutations or epigenetic
changes, while absence of miniHPRT would indicate mitotic re-
combination, chromosome loss, or an internal chromosome de-
letion. The PCR results show that miniHPRT was absent from all
6-TG-resistant clones generated from control, KS, K133A, and
K133R clones (8, 7, 10, and 10 clones tested, respectively). To
confirm these results, we then tested the same K133 mutant clones

FIG 7 Analysis of LOH in AB2.2 cells that express HsRAD51 (WT, K133A, and K133R). (A) The percentage of colonies that survived in 6-TG. The numbers of
6-TG-resistant colonies from three replica plates are as follows: KS, 12, 14, and 13; HsRAD51WT, 16, 12, and 10; HsRAD51K133A, 2,038, 2,457, and 2,558; and
HsRAD51K133R, 911, 951, and 951. The numbers of colonies that grew without selection are as follows: KS, 55,800; HsRAD51WT, 95,800; HsRAD51K133A, 78,000;
and HsRAD51K133R, 57,600. Statistics (t test): 1 versus 2, 0.062; 1 versus 3, 0.0047; 1 versus 4, 0.0002; 2 versus 3, 0.0046; 2 versus 4, 0.0002; and 3 versus 4, 0.0167.
(B) Location of primers for PCR analysis to detect the presence/absence of the HsRAD51 cDNA (blue half-arrows) and miniHPRT (red half-arrows). The total
numbers of 6-TG resistant colonies observed are as follows: WT, 8; KS, 7; KA, 10; and KR, 10. (C) The percentage of metaphase spreads that contain the number
of chromosomes shown on the x axis. The inset shows the total percentages of metaphase spreads with �40, 40, and �40 chromosomes, showing there is more
chromosome loss than gain. The total numbers of metaphase spreads observed are as follows: WT, 147; KA, 144; and KR, 129.

RAD51 Mutations Cause Chromosomal Rearrangements

September 2012 Volume 32 Number 18 mcb.asm.org 3675

http://mcb.asm.org


for the presence or absence of the HsRAD51 cDNA and again
found it was not present. However, all clones retain the wild-type
MmRAD51 locus, as seen using PCR with primers that span the
knock-in site. These results implicate inappropriate mitotic re-
combination, chromosome loss, or an internal deletion as the
mechanism that causes LOH.

Metaphase spreads were examined for ploidy to determine if
mitotic recombination or chromosome loss accounted for LOH.
Mitotic recombination seems an unlikely mechanism for LOH
since the K133 mutants are defective for HDR (64), while chro-
mosome deletion seems more likely since MmRAD51 deletion
caused chromosomal loss likely due to unrepaired DSBs (34) and
HsRAD51 depletion or expression of the K133 mutants caused
defects in chromosome separation during anaphase (31). Cells
that expressed HsRAD51K133A (P � 0.0001, Yates-corrected chi-
square test) and HsRAD51K133R (P � 0.0001) exhibited elevated
levels of aneuploidy compared to cells that expressed HsRAD51WT

(Fig. 7C). Both chromosome loss and gain were observed, but
chromosome loss was more common, suggesting a defect in DSB
repair contributed to aneuploidy in addition to a defect in chro-
mosomal segregation.

eGFP-HsRAD51 focus formation and chromatin localiza-
tion after CPT exposure. To determine the impact the K133 mu-
tants have on protein localization, Western analyses were per-
formed on the fraction of proteins bound to chromatin for cells
expressing eGFP-HsRAD51 (WT, K133A, and K133R). Cells were

observed without CPT exposure (left), 16 h after 100 �M CPT
exposure (middle), or 16 h after CPT removal (right). For all three
conditions, the eGFP-HsRAD51 proteins (WT, K133A, and
K133R) were found in the chromatin fraction at about the same
level relative to MmRAD51 and histone H3 (Fig. 8A). Thus, the
K133 mutants did noticeably reduce the level of protein isolated in
the chromatin fraction.

We performed isolation of proteins on nascent DNA (iPOND)
(61) to observe proteins bound to the nascent DNA strand during
replication. iPOND will also detect proteins on ssDNA immedi-
ately adjacent to the nascent strand. Cells were tested without CPT
exposure (NT), 16 h after 100 �M CPT exposure, or 12 h after
CPT removal (R). The input shows equal levels of MmRAD51 and
eGFP-HsRAD51 (WT, K133A, and K133R), similar to the chro-
matin fraction analysis. The iPOND procedure purified
MmRAD51 and eGFP-HsRAD51WT at about equal levels in un-
exposed cells (Fig. 8B). Exposure to CPT equally increased both
proteins. However, iPOND did not purify the K133 mutants at the
same level as for MmRAD51; by this analysis, the K133 mutant
proteins were barely detectable. Therefore, the K133 mutants did
not efficiently associate with newly replicated DNA even though
they were detected in the chromatin fraction at normal levels,
suggesting a defect specific to replication.

RAD51 forms foci at active sites of repair (49). Therefore, we
used fluorescence to detect the formation of eGFP-HsRAD51 foci
with and without exposure to CPT (1 �M, 16 h). We found more
spontaneous green foci in cells expressing eGFP-HsRAD51WT

compared to eGFP-HsRAD51K133A (P � 0.0001, Yates-corrected
chi-square test) or eGFP-HsRAD51K133R (P � 0.0001) (Fig. 9A
and B). Exposure to CPT (1 �M, 3 h) equally increased green foci
for all genotypes, such that cells expressing eGFP-HsRAD51WT

still exhibited more green foci than cells expressing eGFP-
HsRAD51K133A (P � 0.0001) or eGFP-HsRAD51K133R (P �
0.0001) after exposure to CPT. Thus, the K133 mutants decreased
spontaneous and CPT-induced green foci. Foci indicate sites of
DSB repair (49), suggesting that the K133 mutants interfered with
the repair of CPT-induced DSBs. This observation corroborates a
previous study that showed the K133R mutant interfered with
repair of an I-SceI-induced DSB (64, 65).

Next, we measured the combination of MmRAD51 and eGFP-
HsRAD51 foci after exposure to CPT by immunofluorescence us-
ing anti-RAD51 antibody that cross-reacts with both mouse and
human proteins. By using a secondary antibody with a red fluo-
rophore for immunofluorescence, it was possible to compare and
contrast these foci with those emitting green fluorescence. Cells
expressing eGFP-HsRAD51WT exhibited spontaneous and CPT-
induced red foci in similar numbers to green foci (Fig. 9C). Fur-
thermore, most of the red and green foci colocalized, indicating
that MmRAD51 and eGFP-HsRAD51WT associated with each
other to form a mixed filament in accordance with coimmuno-
precipitation studies (19). Interestingly, there was the same level
of red foci in cells expressing eGFP-HsRAD51WT compared to
eGFP-HsRAD51K133A (P � 0.18) and eGFP-HsRAD51K133R (P �
0.41). This is surprising since the K133 mutant cells did not effi-
ciently form green foci. Thus, our observation that cells expressing
the K133 mutant proteins produce red but not green foci suggests
the K133 mutants were selectively absent from foci.

These results are in contrast to a previous report that showed
GFP-HsRAD51K133A and GFP-HsRAD51K133R formed wild-type
levels of foci in response to ionizing radiation (19). However, dif-

FIG 8 Protein localization. AB2.2 cells that express eGFP-HsRAD51WT,
eGFP-HsRAD51K133A, or eGFP-HsRAD51K133R. (A) Chromatin fraction.
Screened with anti-HsRAD51 (	-HsRAD51) antibody to detect eGFP-
HsRAD51 (top) and MmRAD51 (bottom). Histone H3 is the loading control.
	-H3, anti-histone H3. (B) Observation of proteins on or adjacent to the
nascent replication strand. Input screened with anti-HsRAD51 antibody
(top). Shown are purified nascent DNA-protein complexes screened with anti-
HsRAD51 antibody (middle) or with anti-GFP antibody (bottom). NT, no
treatment; R, release.
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ferences in experimental design likely led to these contrasting re-
sults. For example, Forget et al. depleted endogenous HsRAD51
by siRNA to almost undetectable levels, so unlike our experi-
ments, the K133 mutant proteins did not compete with wild-type
protein. In addition, unlike our experiments, these mutant pro-
teins were ectopically expressed at higher-than-physiological lev-
els (2- to 10-fold). Finally, ionizing radiation causes replication-
independent DSBs, while CPT causes replication-dependent
DSBs. Considering these experimental differences, it is possible
the K133 mutants cause some defects only if they are present with
wild-type protein, expressed at physiological levels and in re-
sponse to replication associated DSBs.

DISCUSSION

The present work describes the phenotype of mouse ES cells
that stably expressed two HsRAD51 mutants defective for ei-
ther ATP binding (K133A) or ATP hydrolysis (K133R). Cells
that expressed these mutants showed reduced cellular prolifer-
ation, defective replication fork restart, reduced spontaneous
SCEs, hypersensitivity to CPT, increased chromosomal aberra-
tions, and elevated LOH. Both K133 mutants caused a similar
phenotype, but the effects of the K133A mutation were often
more severe. These data showed that the K133 mutants had an
adverse effect on both replication fork restart and HDR. Ex-
pression of eGFP-HsRAD51 fusions showed that the K133 mu-

tants were present in the chromatin fraction at normal levels
but not at sites of replication and repair. However, the K133
mutants did not prohibit MmRAD51 localization to these sites.
Therefore, a selective process reduced levels of the K133 mu-
tant proteins at these active sites, indicating K133 ATP bind-
ing/hydrolysis was necessary for efficient and/or stable local-
ization to replication and repair sites.

Models that address the role of ATP binding and hydrolysis
in RAD51 localization and function. Previously published data
show that in cells depleted for endogenous HsRAD51, transiently
expressed GFP-HsRAD51K133A (but not GFP-HsRAD51K133R) re-
paired ionizing radiation-induced DNA DSBs according to the
comet assay (19). Furthermore, both GFP-HsRAD51K133A and
GFP-HsRAD51K133R formed S-phase foci and ionizing radia-
tion-induced foci. The GFP-HsRAD51 K133 mutants also co-
immunoprecipitated with endogenous HsRAD51 and XRCC3.
By yeast two-hybrid assay, the K133 mutants associated with
HsRAD51, XRCC3, and the BRCA2 BRC3 repeat and both
K133 mutants bound to ssDNA and ATP. Thus, the K133 mu-
tant proteins are capable of performing many important phys-
iological functions, yet they are dominant negative (19).

Analysis of cells that stably express the eGFP-HsRAD51 pro-
teins (WT, K133A, and K133R) along with endogenous
MmRAD51 allowed us to make three important observations
about protein dynamics that are relevant to the dominant-neg-
ative phenotype for the K133 mutants. First, all proteins were
present in the chromatin fraction at nearly equal levels. Second,
eGFP-HsRAD51WT efficiently colocalized with MmRAD51 at
or adjacent to newly replicated DNA and localized to sponta-
neous and CPT-induced foci. Thus, MmRAD51 and eGFP-
HsRAD51WT likely formed functional mixed filaments, as seen
in biochemical assays (19). Third, eGFP-HsRAD51K133A and
eGFP-HsRAD51K133R failed to efficiently colocalize with
MmRAD51 to newly replicated DNA and foci. Thus, a failure in
ATP binding and hydrolysis did not impact the level of chro-
matin-bound protein but negatively affected the level of pro-
tein found at important areas of replication and repair.

Low levels of the K133 mutant proteins likely formed a mixed
filament with wild-type protein at replication sites. The iPOND
procedure detected small amounts of the K133 mutant protein,
and there were low levels of eGFP-HsRad51K133A and eGFP-
HsRad51K133R foci; therefore, low levels of K133 mutant protein at
just a few sites may be sufficient to cause a dominant-negative
phenotype. Taken to the extreme, just one mutant protein in just
one filament would be toxic if this mixed filament caused an
inactive or rogue intermediate. This is supported by the obser-
vation that HsRAD51K133R reduced the efficiency of
HsRAD51WT to shorten dsDNA even at a 1:10 ratio (53). In
addition, the K133 mutant proteins associated with wild-type
RAD51 (19). Thus, a low level of K133 mutant protein likely
formed a mixed filament with wild-type MmRAD51 to impair
replication fork restart and HDR.

The K133 mutant proteins caused a dominant-negative
phenotype since wild-type MmRAD51 was still present. How-
ever, the nature of this dominant-negative phenotype is uncer-
tain. We present two models. The inactive RAD51 model pro-
poses that the K133 mutant and wild-type RAD51 proteins
form an inactive mixed filament that fails to restart replication
forks and repair DSBs, thus, allowing more error-prone mech-
anisms like FoSTeS or MMBIR to take over. Support for this

FIG 9 Spontaneous and CPT-induced foci in AB2.2 cells. (A) Graph showing
the fraction of cells that exhibit green foci before and after 3 h of exposure to 1
�M CPT. The total numbers of cells observed before and after CPT, respec-
tively, are as follows: eGFP-WT, 162 and 154; eGFP-KA, 112 and 87; and
eGFP-KR, 199 and 253. (B) Graph showing the fraction of cells that exhibit red
foci after 3 h of exposure to 1 �M CPT. The same cells were observed as for the
green foci shown in panel A. (C) Cells expressing eGFP-HsRAD51WT after 3 h
of exposure to 1 �M CPT. Panel 1, merge; panel 2, anti-HsRAD51 antibody;
panel 3, green fluorescence; panel 4, DAPI.
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model comes from our observation that cells expressing the
K133 mutants exhibited reduced replication fork restart and
previous observations of reduced DSB repair (64, 65). These
defects would lead to increased levels of breaks as seen in cells
that expressed the K133 mutant proteins, in particular after
HU exposure. The rogue RAD51 model proposes that the K133
mutant and wild-type RAD51 proteins form an active, but
rogue, mixed filament that is error prone. Support for this
possibility comes from a previous report that shows the K133A
mutant is capable of repairing DSBs when expressed in cells
depleted for endogenous wild-type RAD51 (19). Furthermore,
the K133 mutant proteins bound to ssDNA and associated with
RAD51 binding proteins (19). Therefore, disabling ATP bind-
ing/hydrolysis does not affect many RAD51 functions, suggest-
ing K133 mutant protein may be functional but act inappro-
priately if mixed with wild-type RAD51. If true, the Walker A
motif performs a regulatory function. Both models explain the
large number of chromosomal rearrangements observed in ES
cells expressing the RAD51 K133 mutants, and these models
are not mutually exclusive.

A perspective of RAD51 in maintaining the structural integ-
rity of chromosomes. Replication pathways like FoSTeS (32) and
MMBIR (22) may suppress collapsed replication forks but may
also cause CNV and CGRs. CGRs cause some cancers (66) and
genomic disorders (36) in humans. Sequence information derived
from these patients implicates faulty replication in the generation
of CGRs since there were multiple rearrangements in one chro-
mosome, yet other explanations are possible (8). Thus, the etiol-
ogy of these CGRs is not known.

Our data suggest that imperfect RAD51 activity could con-
tribute to CNV and CGRs by the inactive or rogue models
presented above since cells expressing HsRAD51K133A exhib-
ited EPTs. The metaphase spreads suggest EPTs contain mul-
tiple breakpoints in the same chromosome, similar to CGRs.
EPTs were principally der(11) fusion (Fig. 6G1) and dup 1
der(1)t(1:6) (Fig. 6G2). Even though two separate unrelated
events could cause the latter alteration (a duplication and a
translocation), they were reproduced in 5 of 11 metaphase
spreads, suggesting a common event. Likewise, cells expressing
HsRAD51K133A showed many chromosomal alterations that
were reproduced in multiple metaphase spreads, suggesting a
recurrent problem associated with replication and not the re-
joining of randomly generated broken ends since a purely sto-
chastic process would not be so reproducible.

The causal factors for EPTs may be at least partly different from
those for CNV and CGRs in humans since the latter do not con-
tain large tracts of duplicated pericentromeres and telomeres.
However, limited segmental duplications involving the pericen-
tromere have occurred in vivo during primate evolution (25, 58),
especially as a pericentromere transitions into the chromosome
arm. These segmental duplications contain novel genes that likely
contributed to speciation and would be difficult to detect from
metaphase spreads. Furthermore, EPTs may be able to survive
only in tissue culture. Thus, we do not know if EPTs share an
etiology with segmental duplications, CNVs, and CGRs.

Our data reveal some mechanistic insight into the genesis of
EPTs that suggest they arise from defective replication. (i) The
K133 mutants caused defects in replication fork restart and the
repair of replication-associated DSBs. (ii) The K133 mutants
also increased chromatid breaks, indicating one-end DSBs at

broken replication forks. (iii) Exposure to HU at levels that
stall replication forks increased chromatid breaks, which was
further exacerbated by expression of the K133 mutants. (iv)
HU increased EPT-1s at the expense of EPT-2s, suggesting they
are different outcomes emanating from the same initiating
event. (v) CPT exposure had a similar effect to HU on levels of
EPT-1s and EPT-2s, suggesting that topo I played an important
mechanistic role in their genesis. Thus, the HU and CPT ob-
servations suggest replication fork stalls and breaks induce
EPT-1s but suppress EPT-2s for cells that express
HsRAD51K133A. A more in-depth analysis will be required to
understand the genesis of EPTs and the other rearrangements
seen in cells expressing HsRAD51K133A, which would include
sequencing and an epistatic analysis.

Our results implicate imperfect replication fork mainte-
nance in the genesis of CGRs and CNV. In particular, decreased
or faulty RAD51 activity may cause structural chromosomal
changes found in genomic disorders and cancer and support a
multiple de novo CNV model (35) that proposes imperfections
in proteins involved in replication as a causal factor in the
genesis of CNV and CGRs.
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