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The Rad51 paralog Rad51C has been implicated in the control of homologous recombination. To study the
role of Rad51C in vivo in mammalian cells, we analyzed short-tract and long-tract gene conversion between
sister chromatids in hamster Rad51C~'~ CL-V4B cells in response to a site-specific chromosomal double-
strand break. Gene conversion was inefficient in these cells and was specifically restored by expression of
wild-type Rad51C. Surprisingly, gene conversions in CL-V4B cells were biased in favor of long-tract gene
conversion, in comparison to controls expressing wild-type Rad51C. These long-tract events were not associated
with crossing over between sister chromatids. Analysis of gene conversion tract lengths in CL-V4B cells lacking
Rad51C revealed a bimodal frequency distribution, with almost all gene conversions being either less than 1 kb
or greater than 3.2 kb in length. These results indicate that Rad51C plays a pivotal role in determining the
“choice” between short- and long-tract gene conversion and in suppressing gene amplifications associated with

sister chromatid recombination.

Double-strand breaks (DSB) are a threat to genome stabil-
ity, since their misrepair can cause chromosome translocations,
gene amplifications, and genetic deletions, chromosomal rear-
rangements that are often seen in cancer cells. DSB formed
during the S or G, phase of the cell cycle may be repaired
preferentially by homologous recombination (HR) between
sister chromatids (sister chromatid recombination [SCR]) (37).
The mechanism of DSB repair used depends upon how the
DNA break is processed, whether Rad51 is efficiently loaded
onto the processed DNA end, whether a homologous donor is
available, and how recombination intermediates generated
subsequent to strand exchange are resolved. Although the
mechanisms of end processing, Rad51 loading, and strand in-
vasion in mammalian cells are increasingly well understood,
the regulation of steps subsequent to strand invasion are rel-
atively obscure.

In Saccharomyces cerevisiae, somatic gene conversion typi-
cally copies a short tract (50 to 300 bp) of DNA sequence from
the donor template, resolving by synthesis-dependent strand
annealing (SDSA) without crossing over (CO) (26, 27, 34). An
alternative copying mechanism termed break-induced replica-
tion (BIR) is engaged under some circumstances, including
when gene conversion is defective (20). S. cerevisiae rad51,
rad54, rad55, and rad57 mutants reveal a defect in gene con-
version but increased use of BIR (20). In yeast, therefore,
conventional gene conversion and BIR are separable path-
ways. BIR in S. cerevisiae can copy hundreds of kilobases from
the donor chromosome, sometimes involving an entire chro-
mosome arm and resulting in a nonreciprocal translocation
with loss of heterozygosity (LOH) (16, 25). BIR has also been
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implicated in palindromic gene amplification, increased rates
of LOH in aging yeast, telomere elongation in the absence of
telomerase, and gene targeting (4, 23, 25, 29).

In mammalian cells, somatic gene conversion tracts are typ-
ically ~50 to 200 bp in length (5, 7, 35), but a proportion of
gene conversions extend beyond 1 kb (13, 30). These have been
termed short-tract gene conversions (STGC) and long-tract
gene conversions (LTGC), respectively. It is unknown whether
STGC and LTGC arise by distinct mechanisms in mammalian
cells. These classifications are therefore only descriptive. In
cells lacking the Rad51 paralog XRCC3, mean gene conversion
tract length is increased from ~200 to ~500 bp, suggesting a
role for XRCC3 in late stages of recombination (5).

There are five mammalian paralogs of Rad51, sharing ex-
tensive homology only within the conserved Walker A and B
motifs. They exist in at least two distinct complexes: the
Rad51B/Rad51C/Rad51D/XRCC2 (BCDX2) complex and the
Rad51C/XRCC3 (CX3) complex (22, 38). Rad51 paralogs are
required for efficient HR in vertebrate cells (reviewed in ref-
erence 38); the BC heterodimer of the BCDX2 complex is
known to assist Rad51-mediated strand exchange in vitro (32).
A role for the paralogs in SCR is suggested by abundant
chromatid-type errors in paralog-deficient cells, by reduced
induction of sister chromatid exchange following DNA dam-
age, and by reduced sister chromatid cohesion in cells lacking
Rad51C (8, 10). Rad51C and XRCC3 have also been impli-
cated in Holliday junction resolution and branch migration,
suggesting a role in later stages of recombination (19, 40). The
Rad51C gene itself is amplified in some human breast cancers,
raising the possibility that alteration in Rad51C copy number
promotes tumorigenesis (3, 41).

To test whether Rad51C regulates steps subsequent to
strand exchange in vivo, we studied SCR regulation by
Rad51C, using a system that allows independent but parallel
measurement of short- and long-tract gene conversion between
sister chromatids, induced by a site-specific chromosomal DSB
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(28, 42). Surprisingly, we found that Rad51C '~ cells generate
a high proportion of long-tract gene conversions, an outcome
suppressed by reexpression of wild-type Rad51C. The results
indicate that Rad51C controls the extent of repair synthesis
during gene conversion and normally suppresses certain types
of gene amplification associated with sister chromatid recom-
bination.

MATERIALS AND METHODS

Plasmids. SCR reporter construction and the design of the I-Scel expression
vector were described previously (28). Expression vectors for human Rad51
(hRad51) paralogs, including #Rad51C and its mutants, were described previ-
ously (9-11, 36).

Antibodies and Western blotting. Cells were lysed in radioimmunoprecipita-
tion assay buffer (50 mM Tris-HCI, pH 8.0, 250 mM NaCl, 0.1% sodium dodecyl
sulfate, 1% NP-40 with added protease and phosphatase inhibitors), and then 20
pg of extracted protein was separated on 4 to 12% bis-Tris sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels (Invitrogen) and analyzed by
Western blotting using mouse monoclonal antibodies against hRad51C,
hRad51B, hRad51D, hXRCC2, and hXRCC3 (Novus) or rabbit polyclonal an-
tibodies to Rad51. Patrick Sung kindly provided rabbit polyclonal XRCC3 anti-
bodies. Beta-actin expression was analyzed using a specific monoclonal antibody
(AbCam).

Cell lines and cell culture. CL-V4B, V79B, CHO-AAS, and irs1SF cells were
cultured as described previously (10, 11). To obtain single-copy integration of the
SCR reporter, 3 X 10° cells were electroporated (Nucleofector kit T, program
U23; Amaxa Biosystems) with 1 pg of AflllI-linearized SCR reporter and then
cultivated in puromycin (2 pg/ml). Genomic DNA from puromycin-resistant
colonies was analyzed by Southern blotting using multiple parallel restriction
digests, allowing the identification of clones carrying a single, randomly inte-
grated copy of the reporter. For stable expression of #Rad51C and mutants, the
relevant expression plasmids were transfected using Lipofectamine 2000 (In-
vitrogen). Pools of G418-resistant colonies were expanded, without recloning, for
functional analysis.

Recombination assays. Cells (5 X 10°) were electroporated (Amaxa Biosys-
tems) with 14 pg of pcDNA3B-myc-NLS-I-Scel or control pcDNA3B (28).
Transfection efficiency (typically ~99%) was measured in parallel as described
previously (42). Cells were analyzed by fluorescence-activated cell sorting 72 h
after transfection as described previously (28). In all experiments, the percentage
of green fluorescent protein-positive (GFP™) cells (whether I-Scel-induced or
background frequency) was measured in quadruplicate-transfected samples and
I-Scel-transfected values were corrected for I-Scel transfection efficiency. The
background GFP™ frequency (<0.002% in all clones) was subtracted from this
number to give the corrected I-Scel-induced GFP* frequency. To analyze SCR
events, transiently transfected quadruplicate cultures, receiving either I-Scel or
control empty vector, were trypsinized, counted, and replated at 2.5 X 10° to 3 X
10° cells per 10-cm plate. At 24 h after plating, 5 pg/ml blasticidin (BSD) was
added and colonies were selected for 2 to 3 weeks, stained, and counted for
analysis. Plating efficiency was determined in parallel for each experiment by
plating defined numbers of cells sparsely, allowing colonies to form without
antibiotic selection. The raw I-Scel-induced BsdR* frequency was corrected for
transfection efficiency and plating efficiency, with subtraction of the background
BsdR™ frequency. The background BsdR™ frequency was always <0.001%, with
the exception of clone HR103, for which this value was =0.004%. Statistical
analysis of these experiments was performed using an unpaired ¢ test with unknown
variance. Southern blotting was performed as described previously (28).

Crossover/noncrossover recombination analysis. I-Scel-transfected cells were
plated on 15-cm dishes to yield single-cell colonies consisting of ~35 X 10° viable
BsdR ™ colonies and ~1 to 2 BsdR™ colonies per plate. BSD was added to cells
48 h after transfection and removed exactly 24 h later by extensive washing in
phosphate-buffered saline, followed by cultivation in medium lacking BSD. After
~14 days, sectored GFP* and GFP~ colonies were identified by microscopic
screening, isolated, and expanded for Southern analysis.

RESULTS

Gene conversion defect in Rad51C~'~ cells. We introduced
an SCR reporter into Rad51C~'~ CL-V4B cells, which are
derived from Rad51C*'* V79B hamster fibroblasts but carry a

MoL. CELL. BIOL.

homozygous deletion of Rad51C exon 5 (10). The SCR re-
porter (28) contains two mutant copies of the gene encoding
enhanced GFP (here termed GFP): the first is truncated at the
5’ end, and the second is full length but is interrupted by an
18-bp restriction site recognized by the rare-cutting restriction
endonuclease I-Scel (31). I-Scel-induced gene conversion be-
tween the two GFP copies generates wild-type (wt) GFP, and
the resulting GFP™" cell is detectable by flow cytometry (fluo-
rescence-activated cell sorting). STGC could arise by either
interchromatid (SCR) or intrachromatid recombination. As
originally proposed by L. Symington, LTGC or crossing over
could each result in triplication of the GFP copies (Fig. 1A)
(6, 13).

To discriminate between STGC and LTGC, we developed a
way to positively select the “GFP triplication” outcome (28).
We introduced a cassette containing two artificial exons of the
BSD resistance gene (bsdR) placed head to toe, between the
two GFP copies of the reporter (Fig. 1A). As a single copy,
bsdR exons A (5" exon) and B (3’ exon) are incorrectly ori-
ented and the cell is sensitive to BSD (BsdR ™). In the context
of STGC, no duplication of the bsdR cassette occurs and the
cell remains BsdR™ (Fig. 1A, outcome 1). Conversely, a gene
conversion tract of =1,031 bp will result in the duplication of
bsdR exon B during gene conversion, resulting in its placement
3’ of exon A (Fig. 1A). In this case, splicing between exon A
and exon B of the neighboring (duplicated) cassette generates
wtbsdR mRNA and the cell becomes resistant to BSD
(BsdR™). Thus, our functional definition of STGC entails a
gene conversion tract of <1,031 bp, while LTGC entails a tract
of =1,031 bp. If the gene conversion tract extends beyond
=3,250 bp, a third GFP copy is introduced during gene con-
version and the entire bsdR cassette is duplicated (Fig. 1A).
We previously validated this system for human osteosarcoma
U20S cells and for mouse embryonic stem (ES) cells (28, 42).

Survival in BSD and GFP triplication does not differentiate
between LTGC and crossing over between sisters. The exper-
iments described below specifically address this point and in-
dicate that LTGC is indeed the major pathway causing GFP
triplication in the BsdR™ cell types examined here.

We electroporated CL-V4B and V79B cells, in parallel, with
the linearized SCR reporter and identified individual clones
that contain only one intact, randomly integrated copy of the
reporter (see Materials and Methods). Following transient
transfection of individual SCR reporter clones with a plasmid
encoding I-Scel, we noted induction of both GFP™ cells and
BsdR™ colonies in all clones. To assess the role of Rad51C in
these HR outcomes, we transiently transfected individual re-
porter clones with either wt human Rad51C expression vector
or control empty vector, cotransfecting, in parallel, either an
I-Scel expression vector or a control vector (see Materials and
Methods). In three independent clones (CL-V4B HR103,
HR89, and HRSY), cotransfection of control vector produced
low levels of I-Scel-induced GFP™ cells (~0.01 to 0.02% of
transfected cells), but coexpression of wtRad51C increased I-
Scel-induced HR efficiency ~10-fold (0.1 to 0.2% of trans-
fected cells) (Fig. 1B and C) to levels similar to those of
parental V79B cells (Fig. 1D). This result confirms observa-
tions made previously by French et al. (9). The HR function of
wtRad51C was specific, since transient expression of Rad5l1,
Rad51B, Rad51D, XRCC2, or XRCC3 failed to restore effi-
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FIG. 1. Impaired HR in Rad51C~’~ CL-V4B cells. (A) Structure of the SCR reporter. The filled arrowheads indicate promoters. Ovals A and
B depict the 5" exon and 3’ exon of bsdR, respectively. The diagram shows two sister chromatids offset to represent unequal SCR, generating wtGFP
(shaded). Three outcomes of I-Scel-induced recombination are shown: gene conversion that terminates prior to duplication of bsdR exon B (1,
STGC); gene conversion that results in duplication of bsdR exon B but terminates prior to generating a third GFP copy (2, LTGC/early
termination); and gene conversion that results in duplication of the bsdR cassette, generating a third GFP copy (3, LTGC/GFP triplication).
Wild-type BsdR mRNA is shaded. Tr GFP, truncated GFP. (B) I-Scel-induced GFP™ frequencies in CL-V4B HR103, HR89, and HRS5, transiently
cotransfected with I-Scel expression vector and with either control empty vector (gray bars) or #Rad51C expression plasmid (black bars). Error
bars represent standard errors of the means. P < 0.002, according to a ¢ test between all sample pairs expressing #ZRad51C and empty vector.
(C) Rad51C protein abundance and actin loading control for the experiment whose results are depicted in panel B. Lanes 1, 3, and 5: empty vector
in HR103, HR89, and HRS5, respectively; lanes 2, 4, and 6: wtRad51C in the same three clones. (D) I-Scel-induced GFP™ frequency in the same
three CL-V4B HR clones stably expressing control vector (gray bars) or wtRad51C (black bars). In all clones, P was <0.001 according to a ¢ test
between wtRad51C- and empty vector-transfected samples. Striped bars, I-Scel-induced GFP* frequency in V79B HR55 and HR68. (E) Abun-
dance of Rad51C, XRCC3, and actin proteins in V79B (lane 1), CL-V4B (lane 2), CL-V4B HR103, HR89, and HR5 expressing empty vector (lanes
3, 5, and 7) or wtRad51C (lanes 4, 6, and 8), CHO-AAS cells (lane 9), irsISF XRCC3 '~ cells (derived from CHO-AAS) (lane 10), and irs1SF
complemented with wthXRCC3 (lane 11).

cient HR in CL-V4B cells (Fig. 2A and B). To determine
whether stable expression of wtRad51C restores HR function
in CL-V4B cells, we generated stable pools of transfectants of
CL-V4B HR103, HR89, HRS, and HR48, expressing either
wtRad51C or control vector, as described in Materials and
Methods. The growth properties of CL-V4B HR clones were
unaltered by wtRad51C (data not shown), and plating effi-
ciency increased slightly from ~55 to ~60%. Consistent with

the transient rescue experiments described above, stable ex-
pression of wtRad51C produced an ~10-fold increase in HR
efficiency compared to that of control cultures (Fig. 1D and E
and 3A).

Rad51C residue K131 is located on the phosphate-binding
loop of the Walker A ATP-binding motif (9). To determine the
role of ATP binding and hydrolysis in Rad51C HR function,
we compared the function of wtRad51C with those of Rad51C
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FIG. 2. Lysine 131 is essential for Rad51C HR function. (A) Fre-
quency of I-Scel-induced GFP™" cells in CL-V4B HR103 following
transient cotransfection of I-Scel with empty vector, #Rad51C, or the
indicated hRad51 paralog expression plasmids. P < 0.0025, according
to a t test between hRad51C-transfected and all other samples.
(B) Abundance of Rad51 and paralog proteins or actin loading control
for the experiment whose results are shown in panel A. (C) I-Scel-
induced GFP™ frequencies in CL-V4B HR103 cells transiently trans-
fected with control vector, wtRad51C, Rad51C K131A, or K131R ex-
pression plasmids. P < 0.01, according to a ¢ test between all pairs of
groups (except for vector versus K131A, which was not significant).
(D) Abundance of Rad51C proteins or actin loading control for the
experiment whose results are shown in panel C. (E) I-Scel-induced
GFP* frequencies in CL-V4B HR103 cells stably expressing empty
vector, wtRad51C, or mutant Rad51C. P < 0.01, according to a ¢ test
between all pairs. (F) Abundance of Rad51C proteins or actin loading
control for the experiment whose results are shown in panel E.
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ATP-binding (K131A) and ATP hydrolysis (K131R) mutants.
Transient expression of Rad51C K131A in CL-V4B HR103
failed to restore HR function, whereas Rad51C K131R was
partially functional (Fig. 2C and D). Stable expression of these
mutants in CL-V4B HR103 and HRS produced similar results
(Fig. 2E and F and 3D). This suggests that ATP binding and
hydrolysis are required for fully efficient Rad51C-mediated
HR function.

Bias in favor of long-tract gene conversion in CL-V4B cells.
We asked whether Rad51C mutation affects the balance be-
tween STGC and LTGC outcomes. Using the SCR reporter
described above (Fig. 1A) (28), overall I-Scel-mediated HR is
measured by induction of GFP™ cells, whereas I-Scel-mediated
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LTGC is measured by induction of BsdR™ GFP™ colonies. Since
I-Scel-induced BsdR™ events are a subset of I-Scel-induced
GFP™ events, it follows that the ratio of I-Sce-I-induced BsdR™
frequency to I-Sce-I-induced GFP* frequency equals the esti-
mated probability of an I-Sce-I-induced gene conversion resolv-
ing as LTGC. At the ROSA26 locus of mouse ES cells, this
ratio was found to be ~7% (42).

We quantified I-Scel-induced GFP" and BsdR * frequencies
in CL-V4B HR clones stably expressing either wtRad51C or
control vector and in parental V79B HR clones, as described
in Materials and Methods. In four CL-V4B clones, HR103,
HR89, HRS, and HR48, despite the ~10-fold increase in
I-Scel-induced GFP™ events attributable to expression of
wtRad51C, expression of wtRad51C caused only a modest
increase in I-Scel-induced BsdR* events (Fig. 3A and B). The
corresponding ratio of I-Scel-induced BsdR* GFP* events/
total GFP™" events (LTGC/overall GC ratio), a direct measure
of the probability of a gene conversion event resolving as
LTGC, was 4 to 6% in cultures expressing wtRad5IC or in
parental V79B cells (Fig. 3C), similar to what was observed at
the ROSA26 locus in mouse ES cells (42). In contrast, in
“unrescued” CL-V4B cells, the ratio of I-Scel-induced BsdR™
GFP" events to total GFP™* events was increased ~5-fold to 20
to 30%. Thus, there is a bias in favor of LTGC in CL-V4B cells
and this is suppressed by wtRad51C.

Stable expression of the ATP hydrolysis mutant, K131R, in
CL-V4B HR103 and HRS5 reduced this ratio from ~20% to
~10%, while the ATP-binding mutant, K131A, produced an
even more modest suppression (Fig. 3D to F). Therefore, ATP
binding and hydrolysis by Rad51C are required for efficient
suppression of LTGC in CL-V4B cells.

Bimodal distribution of gene conversion tract lengths in
CL-V4B cells. Given that CL-V4B cells show a quantitative
dysregulation in LTGC, we asked whether LTGC was qualita-
tively altered in these cells. For example, Rad51C dysfunction
might skew the gene conversion tract length frequency distri-
bution in favor of longer tracts, as was noted previously for
cells lacking XRCC3 (5). If so, a higher proportion of BsdR™
colonies in Rad51C~'~ cells might entail gene conversions of
=1,031 bp but =3.2 kb. We tested this by assessing the fre-
quency distribution of gene conversion tract length in I-Scel-
induced BsdR™ GFP™ colonies derived from CL-V4B cells
expressing either wtRad51C or control vector. In parallel, we
assessed I-Scel-induced BsdR" GFP™" colonies in parental
V79B cells. These data were obtained using Southern blotting
to analyze the pattern of rearrangements within the SCR re-
porter in BsdR™ colonies.

Figure 4A shows the expected restriction fragment sizes in
genomic DNA (gDNA) Southern blots hybridized with a GFP
cDNA probe for the parental reporter (Fig. 4A, upper panel),
for a typical LTGC event that terminates prior to the third
GFP copy (Fig. 4A, middle panel), and for the GFP triplication
outcome (Fig. 4A, lower panel). Digestion of the parental
configuration with Pstl generates a single band of 5.9 kb, while
combined digestion with Pstl and I-Scel generates fragments
of 4.6 kb and 1.3 kb, respectively (Fig. 4A and B, left panel,
lanes 1 and 3). Either Sacl or EcoRI digests generate two
GFP-hybridizing fragments, a left and a right “arm” of the
SCR reporter (Fig. 4B), the sizes of which vary between dif-
ferent HR clones, reflecting random integration of the SCR
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induced GFP" frequencies in CL-V4B HR103 (white bars) and CL-V4B HR5 (black bars), stably expressing control vector, wtRad51C, or K131
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vector versus K131A [P = 0.035] and K131A versus K131R [P = 0.027]).

reporter. HindIII digestion also generates two GFP-hybridiz-
ing fragments, a left arm of 3.05 kb and a right arm, the size of
which varies between different HR clones (Fig. 4A).

In the context of GFP triplication, the Pstl fragment in-
creases to 9.1 kb while PstI/I-Scel double digestion generates
fragments of 7.8 kb and 1.3 kb, respectively (Fig. 4A, lower
panel, and B, left panel, lanes 2 and 5). The presence of an
intact I-Scel site in the third GFP copy is proof that the trip-
lication event occurred by SCR, since the broken sister chro-
matid loses its I-Scel site during DSB end processing. Diges-

tion with EcoRI, Sacl, or HindIII generates unperturbed left
and right arms but introduces a third GFP-hybridizing band
of 3.2 kb, corresponding to duplication of the BsdR cassette
(Fig. 4B).

As was noted originally by Johnson and Jasin (13), a pro-
portion of LTGC events generate rearrangements other than
full triplication of the recombining reporter gene (13, 28, 42).
We again noted such rearrangements in some CL-V4B I-Scel-
induced BsdR™ GFP™ colonies. These entailed a gene conver-
sion tract long enough to result in duplication of bsdR exon B
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(B) Southern blot analysis of five individual CL-V4B HR?7 clones stably expressing control vector or wtRad51C, as indicated. The lane number
corresponds to the same clone in each panel. The restriction enzymes used are shown under each panel. (Left panel) P, Pstl digest; P/I,
PstI-plus-I-Scel digest; open arrowhead, 1.3-kb fragment released by Pstl-plus-I-Scel double digestion. Lanes 1 and 3, parental configuration; lanes
2 and 5, GFP triplication; lane 4, early-terminating LTGC event (note the absence of an I-Scel site). In digests with EcoRI, HindIII, or Sacl, the
filled arrowhead indicates a 3.2-kb amplification product corresponding to duplication of part or all of the BsdR cassette. “LL” and “R” indicate left

and right arms of the reporter, respectively.

(=1,031 bp) but not long enough to generate a third GFP copy
(<~2,900 bp) (Fig. 1A, outcome 2, and 4A, middle panel).
These “early-terminating” LTGC events are characterized by
altered size of the Pstl fragment, the absence of an I-Scel site,
and alteration in the right arm of the reporter, for example, the
colony shown in lane 4 of all panels of Fig. 4B. In this colony,
the existence of an intact additional 3.2-kb GFP-hybridizing
band following digestion with Sacl, HindIII, or EcoRI, com-
bined with complete loss of the right arm, indicates that the
gene conversion tract was long enough to duplicate the entire
bsdR cassette (=2,216 bp) but was not long enough to generate

a third copy of GFP (<~2,900 bp). Another LTGC type also
lacked an I-Scel site and showed alterations in the right arm of
the reporter but differed from simple early-terminating LTGC
events by the gain of additional restriction sites between the
terminus of the long gene conversion tract and the right arm of
the reporter (data not shown). These rearrangements reflect an
early-terminating LTGC event involving the left-hand end of the
DSB and, most likely, illegitimate recombination of the right-
hand end of the break. In terms of gene conversion tract length,
therefore, these events belong to the category of early-terminat-
ing LTGC events.
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FIG. 5. Gene conversion tract length frequency distribution in CL-V4B cells. (A) Relative frequencies of I-Scel-induced GFP triplication (blue)
and early-terminating (purple) outcomes of LTGC in CL-V4B HR clones expressing either empty vector or wtRad51C and in V79B HR68 cells.
The number in parentheses shows the number of colonies analyzed. (B) Same data for CL-V4B HRS expressing control vector, wtRad51C, or K131
mutants. P < 0.001, according to a x> analysis of a combined set of CL-V4B HR clones for wtRad51C versus control vector. (C) Mean frequencies
of gene conversion tract lengths in CL-V4B HR103, HR89, HRS, and HR48 cells lacking Rad51C (red bars) or stably expressing wtRad51C (green
bars). This figure combines data shown in panels A and B and Fig. 3C to indicate relative frequencies of STGC, LTGC/early termination (term),

and LTGC/GFP triplication (trip), averaged across the four HR clones.

We assigned each BsdR ™" colony analyzed to one of the two
categories: GFP triplication and early termination. Strikingly,
in CL-V4B HR clones 103, 48, and 7 that lacked wtRad51C,
100% of LTGC events (81/81 colonies examined) entailed
GFP triplication, consistent with a gene conversion tract length
of =3,250 bp (Fig. 5A). Stable expression of wtRad51C in the
same HR clones altered LTGC in favor of early-terminating
events, with proportions ranging between 19% and 50% of all
LTGC events (Fig. 5A). In CL-V4B HR89 cells lacking
wtRad51C, 18% (2/11) of LTGC events were early terminating
and 82% (9/11) entailed GFP triplication (Fig. SA). In CL-
V4B HRS5 cells lacking wtRad51C, 3% (1/37) of LTGC events
were early terminating and 97% (36/37) entailed GFP tripli-
cation (Fig. 5B). As was noted for other CL-V4B HR clones,
stable expression of wtRad51C shifted the distribution in CL-
V4B HR89 and HRS in favor of early-terminating events at the
expense of GFP triplication (Fig. SA and B). In all, only 2.5%
(3/128) of LTGC tract lengths in CL-V4B HR clones lacking
wtRad51C fell between 1,031 and 3,250 bp, while 97.5% (125/
128) were =3,250 bp. For isogenic cultures expressing
wtRad51C, 39% (42/107) of LTGC events were between 1,031
and 3,250 bp, while 61% (65/107) were =3,250 bp (a distribu-
tion similar to that seen in V79B HR68 cells). A x> analysis
showed these differences to be highly significant (P < 0.001 for
the pooled set of CL-V4B HR clones). Therefore, a lack of
Rad51C skews LTGC in favor of tract lengths of =3,250 bp,
and this phenotype is suppressed by wtRad51C.

We pooled data from four clones (CLV-4B HR103, -89, -5,
and -48), so as to represent the relative proportions of STGC
(tract length, <1 kb), early-terminating LTGC (tract length,

between 1 kb and 3.2 kb), and GFP triplication (tract length, >3.2
kb) events in isogenic cell lines expressing either wtRad51C or
control empty vector (Fig. 5C). The data summarized in Fig. 5C
take into account quantitative data from Fig. 3C, 5A, and 5B.
As shown in Fig. 5C, gene conversion tract lengths in CL-V4B
cells lacking wtRad51C fall into two quite distinct populations:
those less than 1,031 bp (STGC) and those greater than 3,250
bp (LTGC/GFP triplication). The observation of a bimodal
distribution of gene conversion tract lengths in Rad51C~'~
cells (i.e., the near absence of gene conversion tracts between
1,013 and 3,250 bp) is an important finding that is further
addressed in Discussion.

To determine how ATP binding and/or hydrolysis by Rad51C
affects the distribution of gene conversion tract lengths in CL-
V4B cells, we analyzed LTGC rearrangements in CL-V4B HR5
cells stably expressing wtRad51C, the ATP-binding mutant
K131A, the ATP hydrolysis mutant K131R, or control vector (Fig.
5B). In cultures expressing the K131A mutant, 14% (2/14)
were early terminating, while 86% (12/14) of the clones exam-
ined revealed GFP triplication (Fig. 5B). Cultures expressing
Rad51C K131R revealed 21% (5/24) early-terminating and
79% (19/24) GFP triplication events. In the same clone, cul-
tures expressing wtRad51C revealed 43% (12/28) early-termi-
nating and 57% (16/28) GFP triplication events. These results
are consistent with the quantitative data (Fig. 3D to F), indi-
cating partial function of the Rad51C K131R mutant in sup-
pressing LTGC and minimal residual function of the K131A
mutant in suppressing LTGC.

Distinguishing between LTGC and crossover mechanisms of
SCR. As noted above, GFP triplication can arise by either
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FIG. 6. GFP triplication arises by a noncrossover mechanism in CL-V4B cells. (A) Schematic diagram showing I-Scel-mediated LTGC and
crossover products. Boxes represent GFP copies; the shaded box is wtGFP. The bsdR cassette is not shown. (B) Experimental design for capture
of cells containing donor sister chromatids. Shaded cells represent the GFP* BsdR™ outcome. (C) Phase-contrast image (left panel) and
fluorescent image (right panel) of a sectored GFP*/GFP~ colony. (D) Southern blot analysis of PstI-digested sectored GFP"/GFP™ colonies of
CL-V4B HRS cells expressing control empty vector (lanes 2 to 6) or wtRad51C (lanes 8 to 12) cells. P, parental reporter structure; lanes 1 and
7, GFP triplication; M, 20 pg of Pstl-digested plasmid, containing a mixture of parental reporter structure and a 2.7-kb crossover product (open

arrowhead).

LTGC or CO between sisters. Crossing over entails a complete
exchange of material between sisters but need not necessarily
involve extensive repair synthesis. Crossing over in this context
would likely be the outcome of gap repair with double Holliday
junction formation, a mechanism engaged frequently during
meiotic gene conversion but seldom during somatic gene con-
version (reviewed in reference 17). Clearly, if the majority of
GFP triplication events noted in CL-V4B cells were due to
crossing over, this would nullify the above interpretations re-
garding the extent of repair synthesis underlying LTGC. For
these reasons, we set out to quantify the relative contribution
of LTGC and CO to GFP triplication in CL-V4B cells.
LTGC and CO between sister chromatids can be distin-
guished by analyzing the structure of the donor sister subse-
quent to the recombination event. LTGC should leave the
donor sister unaltered (Fig. 6A), whereas CO reduces the
donor sister to a single 5'-truncated GFP copy, structurally
identical to the outcome of a single-strand annealing (SSA)
event (Fig. 6A). In each case, the cell that inherits the donor
sister configuration will be genetically GFP negative and bsdR
negative. During prolonged selection in BSD, products of this
type should not survive. However, in the cell cycle during which
the SCR event occurred, mRNA for both wtGFP and wtBsdR
should be produced and transmitted to each daughter cell.
Thus, the daughter cell that inherits the donor sister will be
transiently functionally GFP* and BsdR™, even though it is

genetically GFP negative and bsdR negative. We reasoned that
a brief pulse of selection in BSD might allow these donor
sister-containing daughter cells to survive while killing back-
ground cells that never contained wtBsdR mRNA (Fig. 6B).
Colonies formed later, after removal of BSD, should then be a
mixture of BsdR™ GFP™ cells (containing LTGC or CO prod-
ucts) and BsdR™ GFP " cells (containing the donor sister struc-
ture). Analysis of such sectored colonies would reveal the
structure of both the donor and the recipient sister chromatids.

After plating of I-Scel-transfected cells sparsely onto large
tissue culture dishes (see Materials and Methods) and a 7-day
pulse of BSD, GFP™ colonies that formed after removal of
BSD were 100% GFP™. Therefore, 7 days of treatment in BSD
killed the GFP-negative, BsdR-negative daughter cells that in-
herited the donor sister. In contrast, following a 24-hour pulse
of BSD, GFP* colonies that formed after removal of BSD
were a mixture of GFP™ and GFP~ cells (Fig. 6C). The 24-h
pulse of BSD nonetheless prevented colony formation in
>99.9% of background cells (i.e., cells that never produced
wtBsdR mRNA), indicating that the 24-h BSD pulse enabled
retrieval of both recipient and donor products of the SCR
event.

Using this method, we retrieved 13 sectored colonies from
CL-V4B HRS5 cells stably transfected with empty vector and 11
from CL-V4B HRS cells stably expressing wtRad51C. We an-
alyzed the sectored colonies by Southern blotting, using PstI-
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FIG. 7. Southern blot analysis of GFP-sectored colonies and their
subclones. GFP-sectored colonies (from Fig. 6) were recloned without
BSD selection to allow examination of repaired and donor sisters.
Genomic DNA was digested with Pstl and analyzed by Southern blotting.
Lanes P, parental unrearranged reporter; lanes 1: GFP triplication out-
come; lanes 2, sectored colony showing LTGC with GFP triplication;
lanes 3 and 4, GFP™ BsdR™ subclones; lanes 5 and 6, GFP~ BsdR™
subclones; lanes M, Pstl-digested plasmid showing the parental reporter
(6 kb) and CO/SSA product (2.7 kb; open arrowhead) as markers.
(A) CL-V4B HRS cells expressing empty vector. Lane 7, sectored colony
showing bands of 9 kb, 6 kb, and 2.7 kb; lanes 8 and 9, GFP* BsdR*
subclones; lanes 10 to 13, GFP™ BsdR™ subclones. (B) CL-V4B HRS
cells expressing hRad51C. Lane 7, sectored colony showing LTGC with
early termination; lanes 8 and 9, GFP™ BsdR™ subclones; lanes 10 and
11, GFP™ BsdR™ subclones; lane 12, sectored colony showing likely
crossover associated with GFP triplication; lanes 13 and 14, GFP*
BsdR™ subclones; lanes 15 and 16, GFP~ BsdR ™ subclones. Note the
comigration of the 2.7-kb band in lanes 15 and 16 with the defined
CO/SSA product of lane M (open arrowhead).

digested genomic DNA and a GFP probe (Fig. 6D). In CL-
V4B cells lacking wtRad51C, 11/13 colonies revealed bands of
9 kb and 6 kb, consistent with GFP triplication arising by
LTGC (Fig. 6D, left panel, lanes 2 to 5). Two sectored colonies
in this group revealed three GFP-hybridizing bands of 9 kb, 6
kb, and 2.9 kb (Fig. 6D, left panel, lane 6). These latter colo-
nies could have arisen from either LTGC or CO coupled with
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a second rearrangement and are therefore not informative. In
CL-V4B cells stably expressing wtRad51C, 8/11 colonies re-
vealed bands of 9 kb and 6 kb, consistent with GFP triplication
arising by LTGC (Fig. 6D, right panel, lanes 8 and 9); 2/11
colonies revealed bands of 6 kb and 8 kb, reflecting early-
terminating LTGC events (Fig. 6D, right panel, lanes 10 and
11). One remaining colony revealed bands of 9 kb and 2.9 kb
(Fig. 6D, right panel, lane 12). The 2.9-kb band in this clone
precisely comigrated with the 2,734-bp GFP-hybridizing band
detected following PstI digestion of a plasmid mimicking the
CO donor structure (Fig. 6D, lanes M). This colony therefore
appears to represent a true crossover event. Recloning of a
number of the typical sectored colonies generated the expected
subclone types, which were either GFP* BsdR™" (repaired
sister) or GFP~ BsdR™ (donor sister) (Fig. 7).

In summary, in CL-V4B cells lacking Rad51C, 11/11 (100%)
interpretable sectored colonies were shown to arise by LTGC
and 0/11 (0%) arose by crossing over. In CL-V4B cells stably
expressing wtRad51C, 10/11 (91%) interpretable sectored col-
onies were shown to arise by LTGC and 1/11 (9%) arose by
crossing over. The absence of crossover events in cells lacking
Rad51C strongly argues against the idea that the GFP tripli-
cation events observed in these cells arose by gap repair with
double Holliday junction formation, since some gap repair
events would be expected to resolve by crossing over. There-
fore, GFP triplication events observed at high frequency in
CL-V4B cells lacking Rad51C reflect LTGC-associated repair
synthesis extending >3.2 kb in length.

DISCUSSION

In addition to the known role of Rad51C in promoting
overall gene conversion, we show here that Rad51C suppresses
long-tract gene conversion between sister chromatids. The
LTGC events identified here are not associated with crossing
over. This suggests that gap repair, a process normally re-
stricted to meiotic cells and associated with crossing over, is
not employed at high frequency in Rad51C~'~ cells. The
LTGC events noted here must therefore entail extensive repair
synthesis (>3.2 kb). This work identifies for the first time a
gene in higher eukaryotes that differentially regulates long-
and short-tract gene conversion during SCR (13, 28, 30).

Rad51C has been proposed to facilitate Rad51 function,
perhaps analogous to the roles played by S. cerevisiae Rad55
and Rad57 in supporting ScRad51 function (32). Overexpres-
sion of S. cerevisiae RADS51 suppresses the recombination de-
fects of rad55 and rad57 mutants (12, 14). In contrast, the gene
conversion defect in CL-V4B cells was reversed by expression
of Rad51C but not by Rad51 or other Rad51 paralogs. This
points to a unique contribution of Rad51C to HR function.
The impaired rescue of function noted in Rad51C lysine 131
mutants suggests that ATP binding and hydrolysis are essential
for full Rad51C HR function. This is consistent with a previous
report demonstrating that resistance to mitomycin C is re-
stored in Rad51C '~ irs3 cells by wtRad51C but not by ATP-
binding/hydrolysis mutants (9).

Loss of Rad51C skews gene conversion in favor of LTGC.
This might suggest a role for Rad51C in terminating repair
synthesis during conventional gene conversion. During conven-
tional SDSA-mediated somatic gene conversion, termination is
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Repair synthesis during BIR should be highly processive and could account for increased LTGC in Rad51C 7~ cells.

thought to occur by homology-directed annealing of the dis-
placed nascent strand to the free second end of the DSB (17,
27). In the context of SDSA, this annealing process is termed
pairing, although it might have some biochemical similarity to
second-end capture invoked in the gap repair model of DSB
repair (17). If LTGC events in Rad51C '~ cells do indeed arise
by SDSA, this would suggest that Rad51C normally plays a role
in facilitating pairing of the displaced nascent strand with the
second end or in coupling pairing with the termination of
repair synthesis. This model therefore supposes that STGC
and LTGC are products of the same SDSA-type repair mech-
anism but that Rad51C dysfunction allows a greater proportion
of gene conversions to “escape” beyond the initial tract of
homology. Indeed, in flies, conventional SDSA can entail sev-
eral kilobases of repair synthesis (1).

How might a defect in termination of repair synthesis ex-
plain the bimodal distribution of gene conversion tract lengths
in Rad51C~'~ cells? For gene conversions in which repair
synthesis has extended beyond 1 kb but less than 3.2 kb, the
displaced nascent strand lacks homology to the second end and
therefore termination is achieved without pairing, presumably
mediated by nonhomologous end joining (13). For gene con-
versions that have extended beyond 1 kb, the probability of
termination prior to 3.2 kb is 39% in Rad51C*'* cells but only
2.5% in Rad51C~'~ cells (Fig. 5). One hypothesis that recon-
ciles these observations is that gene conversion normally pro-
ceeds by a series of invasion-displacement cycles, as proposed
recently (24), and that Rad51C normally plays a role in dis-
placement of the nascent strand during such cycles (Fig. 8A).
Such a role might increase the probability of effective pairing
with the free homologous end of the DSB (if a homologous
end is present), thereby favoring STGC over LTGC. (Note that
the length of homology available for pairing is the same for
each of the two GFP copies.) However, more-efficient dis-

placement of the nascent strand during repair synthesis might
also increase the chance of termination in regions where no
homologous end is available (in this system, between 1 and 3.2
kb). In this way, a specific defect in displacement of the nascent
strand during SDSA might lead to extensive repair synthesis
and could account for both the increased frequency of LTGC
events and the bimodal distribution of gene conversion tract
lengths in Rad51C~'~ cells.

At first glimpse, the 10-fold decrease in gene conversion
efficiency in Rad51C~'~ cells does not appear to be explained
by the nascent strand displacement hypothesis of Rad51C
function. This overall defect in HR most likely reflects
Rad51C’s known role in supporting efficient Rad51 function
(32). It is notable that Rad51C exists in two distinct complexes,
BCDX2 and CX3 (22, 38). Conceivably, one complex could
function specifically in assisting Rad51-mediated strand ex-
change and the other specifically in displacement of the
nascent strand during repair synthesis. The LTGC suppression
function of Rad51C showed a pattern of dependence on ATP
binding and hydrolysis similar to that observed for Rad51C-
mediated promotion of overall gene conversion. Thus, we do
not at present have evidence that these two putative Rad51C
functions are genetically separable, and it therefore remains
possible that they are reflections of a single biochemical func-
tion of Rad51C. Conceivably, Rad51C could catalyze each half
of the putative invasion-displacement cycle, with the invasion
half of the cycle being identical to the Rad51 assist function of
Rad51C. One might speculate that Rad51C “melts” the donor
template to assist both strand invasion and nascent strand
displacement.

A second major hypothesis suggested by our findings is that
STGC in Rad51C~'~ cells is an outcome of conventional gene
conversion, but LTGC in these cells is the product of a distinct
mechanism of repair synthesis, perhaps a mechanism resem-
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bling BIR in S. cerevisiae or recombination-dependent replica-
tion in Escherichia coli (15, 20). BIR/recombination-dependent
replication would entail the formation of a replication fork at
the site of strand invasion; it should be more processive than
repair synthesis associated with conventional gene conversion
and therefore less prone to early termination (Fig. 8B) (21).
The BIR hypothesis readily explains the bimodal distribution
of gene conversion tract lengths observed in Rad5I1C ™'~ cells.
BIR might be engaged by default if the recombination joint in
Rad51C~'~ cells were structurally or functionally abnormal
(2); for example, maturation from paranemic to plectonemic
joints might conceivably be impaired in Rad51C '~ cells. How-
ever, to date there has been no rigorous demonstration of BIR
in mammalian cells. Although our data does not distinguish
between the nascent strand displacement and the BIR hypoth-
eses considered here, each model predicts that events subse-
quent to strand exchange are abnormal in Rad51C~'~ cells
(Fig. 8).

It is notable that Rad51C interacts with XRCC3 and that
gene conversion tract length in XRCC3~'~ cells is increased
from ~200 bp to ~500 bp in an assay system that can detect
gene conversions up to 1,000 bp in length (5). It will be im-
portant to determine whether Rad51C~'~ cells phenocopy
XRCC37/~ cells in this regard and, conversely, how XRCC3
mutant cells perform in LTGC by using the system described
here. Contrary to a previous study in which RNA interference-
treated HeLa cells acutely depleted of Rad51C showed re-
duced XRCC3 protein abundance (18), we did not find that
either protein’s abundance is dependent upon the other in the
steady state (Fig. 1E). Therefore, it cannot be assumed that
XRCC3 is dysfunctional in CL-V4B cells. It would be desirable
to reexamine LTGC in primary cells carrying specific muta-
tions in Rad51C. Our attempts at RNA interference-mediated
depletion of Rad51C in mouse ES cells have generated only
mild defects in HR, likely reflecting incomplete depletion of
Rad51C (our unpublished data). It will also be important to
identify other mammalian genes that normally suppress
LTGC; not all genes that regulate SCR have such a role (42).

Our observations suggest a specific type of genomic insta-
bility in cells lacking Rad51C, one in which duplications or
amplifications may arise through dysregulated LTGC between
sister chromatids. Interestingly, under certain conditions, we
have observed concatemer formation between sister chroma-
tids in U20S cells (28) and in CL-V4B cells (G. Nagaraju, S.
Odate, and R. Scully, unpublished observations). End se-
quence profiling of a breast cancer genome has revealed com-
plex patterns of chromosomal instability involving variegated
amplifications of heterologous sequences (39). Such rearrange-
ments could have arisen from LTGC during recombination
between heterologous chromosomes. It will therefore be im-
portant to determine whether Rad51C suppresses LTGC dur-
ing recombination between distant genetic loci. It will also be
interesting to examine the role of Rad51C in suppressing
LTGC between homologs, in view of the role of LTGC in
promoting LOH during interhomolog recombination (33).
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