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Abstract

Homology directed repair (HDR) defends cells against the toxic effects of two-ended double strand breaks (DSBs) and one-ended DSB
that arise when replication progression is inhibited, for example by encounter with DNA lesions such as interstrand crosslinks (ICLs). HDR
can occur via various mechanisms, some of which are associated with an increased risk of concurrent sequence rearrangements that can lea
deletions, insertions, translocations and loss of heterozygosity. Here, we compared the risk of HDR-associated sequence rearrangements t
occur spontaneously versus in response to exposure to an agent that induces ICLs. We describe the creation of two fluorescence-based dir
repeat recombination substrates that have been targeted to the ROSA26 locus of embryonic stem cells, and that detect the major pathways
homologous recombination events, e.g., gene conversions with or without crossing over, repair of broken replication forks, and single stranc
annealing (SSA). SSA can be distinguished from other pathways by application of a matched pair of site-specifically integrated substrates
one of which allows detection of SSA, and one that does not. We show that SSA is responsible for a significant proportion of spontaneou
homologous recombination events at these substrates, suggesting that two-ended DSBs are a common spontaneous recombinogenic les
Interestingly, exposure to mitomycin C (an agent that induces ICLs) increases the proportion of HDR events associated with deletions an
insertions. Given that many chemotherapeutics induce ICLs, these results have important implications in terms of the risk of chemotherapy
induced deleterious sequence rearrangements that could potentially contribute to secondary tumors.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction accurately reinserting the broken DNA end into the sister
chromatid[2—6].

Endogenous and exogenous DNA damaging agents cre- HDR often occurs via a relatively conservative pathway
ate thousands of DNA lesions per cell each day. Lesions thatin which there is a non-reciprocal transfer of sequence infor-
affect just one strand of the DNA duplex are generally re- mation at the site of the original damage, without exchange
paired by excision of the damaged nucleotide(s) and replace-of flanking sequences (e.g., gene conversion without cross-
ment using the intact complementary strand as a templateing over). However, some HDR events are associated with
[1]. However, if both strands are damaged (e.g., by a doublecrossovers, and crossovers between misaligned sister chro-
strand break [DSB]), another source of sequence informa- matids inevitably lead to gains and losses of sequence in-
tion is required for accurate repair. Homology directed repair formation. In cases where HDR occurs between homologous
(HDR) allows cells to use the undamaged sister chromatid chromosomes, even if there is accurate alignment, crossovers
or the homologous chromosome as a template for repair. Incan lead to loss of heterozygosity along vast stretches of the
addition, HDR can reconstitute broken replication forks by chromosome (from the exchange point to the telomere).

It is thought that most homologous recombination events

are initiated by two-ended DSBs and one-ended DSBs. Two-

* Corresponding author. Tel.: +1 617 258 0260; fax: +1 617 258 0499. ended DSBs can be created at any time during the cell cycle
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backbone or by agents that induce damage that is subsetwo studies showing that the majority of ICL-induced DSBs
quently enzymatically cleaved (e.g., base excision repair of arise in a replication-dependent fashi@1-33] Thus, by
closely opposed lesions can lead to D$B3. On the other investigating the types of sequence rearrangements induced
hand, one-ended DSBs are completely replication dependentpy ICLs, we can learn about the relative risk of deleterious
arising when replication forks encounter lesions that inhibit sequence rearrangements induced by an agent that is thought
progression. While some lesions can directly disintegrate theto primarily cause replication-dependent one-ended DSBs.
fork (e.g., encounter with single strand nicks or gaps), other A common approach for studying HDR is to use direct
lesions can indirectly cause replication forks to breakdown repeat substrates in which recombination restores expression
by stalling progression, which can lead to formation of a of a selectable marker. Many such substrates detect SSA, but
Holliday junction that is prone to enzymatic cleavage (for SSA events are not generally discernable from other classes
excellent recent reviews on this subject, the reader is referredof recombination events, such as unequal sister chromatid
to [4,5,8)). exchanges. Here we describe the creation and application

For all DSBs, one of the earliest steps of HDR is resec- of two site-specifically integrated direct repeat substrates to
tion of the DNA end(s) to create a 8verhang that becomes  study both spontaneous and damage-induced recombination
bound by Rad51 and associated factors, forming a nucleo-in non-transformed mammalian cells. Both substrates de-
protein filament capable of homology searchj2g6]. This tect gene conversions (with and without crossing over) and
filament can invade homologous sequences and undergo reHDR events associated with repair of broken fork. How-
pair synthesis using a homologous duplex DNA as a tem- ever, only one of the substrates detects SSA, thus providing
plate. In the prototypic break repair model, as first proposed a strategy to estimate the contribution of SSA. We found that
by Szostak et al., both ends of a two-ended DSB invade the~50-65% of spontaneous recombination events are due to
homologous sequence, forming two Holliday junctions that, conservative HDR (e.g., gene conversions without crossing
when cleaved, lead to exchange of flanking sequences 50% obver), which is consistent with previously published reports
the time[9]. Alternatively, Holliday junction cleavage can be indicating that most spontaneous HDR events are conserva-
avoided via synthesis dependent strand annealing (SDSA) tive gene conversior28,29,34—-36]In addition, we provide
wherein translocation of a Holliday junction releases a DNA some of the first direct evidence that SSA is a frequent spon-
end, which can then anneal to the other end of the breaktaneous homologous recombination event at direct repeats
[10,11] In addition to the prototypic break-repair and SDSA in mammalian cells, which suggests that endogenously in-
models, DSBs at repeated sequences can also be repaired Ijuced two-ended DSBs are the underlying cause of a sig-
single strand annealing (SSA), a subpathway of homologousnificant portion of spontaneous homologous recombination
recombination where the resected single stranded regionsevents. When comparing spontaneous recombination events
simply anneal to one another, without invading a homologous to those induced by exposure to an agent that forms ICLs, we
duplex DNA[12,13] This pathway inevitably leads toloss of find that most ICL-induced recombination events are non-
one copy of the repeated sequences. We define a homologousonservative, thus putting cells at an increased risk of dele-
recombination event in which there is an associated gain orterious rearrangements. These results have important impli-
loss of sequences to be non-conservative, since the originakations to cancer patients who are frequently treated with
arrangement of the DNA has been lost. chemicals that induce ICLs.

Itis well established that conditions that lead to increased
levels of HDR are associated with an increased risk of cancer
[14,15] Indeed, many known carcinogens are potent recom-
binogens, including oxidizing agents, alkylating agents, UV
light, and ionizing radiatiorj16—18] Although the mech-
anisms of recombination initiated by homing endonucle-  Rastriction enzymes were from New England Biolabs

ases that introduce two-ended DSBs are well studied (e'g"(BeverIy, MA). Hotstart polymerase (Eppendorf Interna-

[19-23), to our knowledge, there are only two studies report- yjona|y was used for diagnostic PCR, and Advantage2 poly-
ing the mechanisms of recombination induced by other types o ase (BD Biosciences, CA) was used in construction.

of DNA damaging agents in mammalian c¢#d,25) Weare  gjigonucleotides were from Amitof Inc. (Allston, MA). Tis-
particularly interested in the possibility that carcinogens not sue culture reagents were from Gibco/BRL. Plasmid pCX-
only caninduce HDR, but that exposure may skew the distri- EcEp was a gift from Okabe et &7], and plasmids pBigT
bution of events in favor of non-conservative HDR events that and pROSA26PA were gifts from Sor,iaEBB] and Srinivas et

are associated with deletions and insertions. Among known 5 139] Oligonucleotide and vector sequences are available
carcinogens, agents that induce interstrand crosslinks (ICLs)upon request.

are highly recombinogenic in mammalian c§li6—29] ICLs

interfere with normal DNA replication by preventing strand 2.2. Construction of recombination substrates
separation, and it is thought that ICLs induce HDR primarily

by inducing replication fork breakdown, resulting in the for- The Pst—BanHl fragment in pCX-EGFP was replaced
mation of one-ended DSB30]. This model is supported by  with a synthetic adaptor carryingsil, Notl and Xhd sites,

2. Materials and methods

2.1. Enzymes, oligonucleotides, plasmids
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and the coding sequences for enhanced green fluorescenperformed in parallel, one to assay 6GFP, and the other
protein (EGFP) removed by digestion wiitoR| to obtain to assay forA5egfpand A3egfp

PCX-NNX. Full length and truncated coding sequences

(Abegfp lacking sequences at thé Bnd, and A3egfp 2.4. Flow cytometry for analysis and isolation of

lacking sequences from theéehd) forEGFPwere amplified recombinant cells

by PCR from pCX-EGFP using primers carryiAgd sites.

In Abegfp this resulted in a removal of 27 bp (of which 15 Trypsinized cells were resuspended in OptiMEM and
were in the coding region), which were replaced with 31 bp analyzed on a Becton Dickenson FACScan flow cytometer
of unique sequence. In3egfp this resulted in a removal  (excitation 488 nm, argon laser). Fluorescent cells were
of 93bp (of which 81 were in coding sequence), which sorted using a MoFlo cytometer (Cytomation Inc.; excitation
were replaced with 62 bp of unique sequerfged digested 488 nm, argon laser; emission 580/30). Live cells were gated
PCR products were subcloned inExdR| digested pCX- using forward and side scatter. Recombinant cells were
NNX to obtain pCX-NNX-EGFP, pCXNNX-Ab5egfp and sorted into gelatin coated tissue culture plates and single
pCX-NNX-A3egfp The expression cassettes (promoter, en- clones expanded for PCR and Southern blotting.

hancer, intron, coding and polyadenylation sequences) from

pCX-NNX-Abegfp and pCX-NNX-A3egfp were released  2.5. Rate of spontaneous recombination

with Sal and Pst. The cassettes were cloned iltisil and

Xhd-digested pCX-NNXA3egfp and pCX-NNX-Ab5egfp Independent cultures were initiated wit2 x 10* cells
respectively, to obtain pCX-NNXAGl and pCX-NNXAGF. (or fewer) and the frequency of fluorescent recombinant cells
Plasmid pBigT-TpA39] was derived from pBigT by removal ~ was determined by flow cytometry after 48—72h. Samples
ofthe 1 kbHindllI-Nhd fragment. Expression cassettesfrom with frequencies of recombinant cells consistent with the
plasmids pCX-NNX-EGFRCXNNX-A5egfp pCX-NNX- presence of a fluorescent cell at the time of plating were
A3egfp pCX-NNX-AGIland pCX-NNXAGFwerereleased  excluded from subsequent analysis, and the rate of recombi-
by Sal andNotl, and cloned into pBigT-TpA digested with  nation and standard deviations were calculated as previously
Sal andNotl. Each of these plasmids was digested vitid described using the MSS Method of Maximum Likelihood
andPad to release the corresponding expression cassettes[40].

which were then cloned into pPROSA26PA digested with

Asd andPad. Restriction enzymes were used to linearize all 2.6. Toxicity and frequency of recombinant cells in

five plasmids: pROSA26-EGFKpnl), pPROSA26A5egfp ICL-exposed cultures

(Kpnl), pROSA26A3egfp (Pvu), pROSA26AGI (Xhd)

and pROSA26AGF (Xhd). Linearized plasmids were Cells (~0.5-2x 10°) were plated in gelatinized six-well
electroporated into mouse embryonic stem (ES) JI cells plates. After 24 h, the cells were exposed to Mitomycin C
(gift of R. Jaenisch, MIT). Clones selected for resistance (MMC) in DMEM for 1 h. Samples were analyzed by flow
to neomycin (DMEM containing 15% fetal bovine serum, cytometry after 48—72 h(3—4 population doublings in con-
penicillin, streptomycin and glutamine, LIF, containing trol cells). Population growth relative to untreated control
G418) were tested by PCR and Southern blotting for correct cells was estimated by Coulter Counting.

targeting of the expression cassettes into the ROSA26

locus. 2.7. Sister chromatid exchange analysis

2.3. Southern blotting and PCR analysis Sister chromatid exchanges were counted in metaphase
spreads as previously describgtl]. Briefly, cells were

For Southern blotting, genomic DNA was digested with grown for 24 h in medium containing BrdU, and colcemid
EcdRV and probed using a previously described small was added for the last 3 h. Trypsinized cells were suspended
fragment that lies outside of the targeting veci88,39] in hypotonic solution, fixed in Carnoy’s solution, and dropped
Correctly targeted clones were further analyzed by Southernonto slides. Metaphase spreads were stained with Hoechst
blotting using at least two independent diagnostic digestions 33258 and Giemsa. Over 20 metaphase spreads were ana-
followed by probing withEGFPsequences. Only clones that lyzed for each sample.
showed both correct targeting and a single integration event
were used in subsequent studies. PCR testing of targeting of
insertto the ROSA26 locus was done using primers that yield 3. Results
a product of 1.2kb exclusively at the targeted allE38]
(see alsdhttp://www.fhere.org/labs/soriano/rosa26.htriio 3.1. Recombination substrate construction and targeted
analyze recombinant clones, PCR primers were designed tantegration
exclusively amplify EGFPASegfpand A3egfp as described
in Section3 (primer sequences are available upon request). To create homologous recombination substrates, we
Template was added to two reactions that were always modified an expression cassette EBFP [37] (Fig. 1(A))
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Fig. 1. Construction of direct repeat recombination substrates. (A) Features BGHRE expression cassette. Expression is driven by the chigkeactin
promoter with the cytomegalovirus enhancer; pA, polyadenylation sequence. Drawn to scale where the totaM8hgth(B) Expression cassettes targeted

to the ROSA26 locus. Arrows indicate the cassette, gray regions indicate coding sequences and black boxes indicate deletions (deletionk §8) to scale
Diagram showing the targeting approach for the ROSA26 locus, as has been previously d¢38tit®a. and L.A., short arm and long arm of ROSA26
genomic sequences; Neo, neomycin; DTA, diphtheria toxin A; insert, each of the five different inserts is shown in ‘B’; P1 and P2, primers that iteld a 1.2
product exclusively for the targeted allele. The probe used for Southern blotting is indicated, and falls outside of the targeting vector,3/ldikgaR/
fragment unique to the correctly targeted allele. (D) Examples of PCR and Southern blotting results for correctly targetddetid?@® identification of
targeted clones showing a 1.2 kb product diagnostic of the targeted &lgle Representative Southern blotting showiBgoR/ digested genomic DNA

from a correctly targeted clone. (E) Images show phase contrast and fluorescence microscopy. Flow cytometry plots indicate the relative fluteresioence

for 515-545 nm (FL1) vs. 562-588 (FL2). The R2 region was delineated to capture most fluorescent cells while excluding non-fluorescent cells.

to create two different truncatezjfp expression cassettes. to be integrated into an identical locus. Using a previously
DNA sequences for amino acid residues shown to be essendescribed targeting systei38,39], each of the three control
tial for fluorescencé4?2] were deleted, such that the coding cassettes and the two recombination substrates were individ-
sequence lacks 15 bp at theehd in A5egfp(including the ually ligated into a ROSA26 targeting vectdiig. 1(C)) and
start codon), and 81 bp at thé énd in A3egfp(Fig. 1(B)). electroporated into mouse embryonic stem (ES) cells. Cor-
The truncated coding sequences are flanked by >500 bp ofrectly targeted clones were identified by a diagnostic PCR
identical sequences that include an intron, polyadenylation reaction that yields a 1.2 kb fragment uniquely present in the
signal sequences, and a promoter known to yield high levelstargeted allelesHig. 1(C) and (D), left). Correct targeting

of expression in mice. These deleted cassettes were thenn all five clones was also confirmed by the appearance of
ligated in tandem in two arrangements. XGI (deleted a 3.8 kbEcoRVY fragment by Southern blotting (a represen-
green internal) ASegfpis downstream ofA3egfpsuch that tative clone is shown ifrig. 1(D), right), and by additional
the deletions are positioned internally, relative to the coding blotting with EGFP sequences to identify clones carrying a
sequencesHig. 1(B)). In AGF (deleted green flanking), single integration event (data not shown).

Abegfpis placed upstream af3egfp such that the deletions Expression ofEGFP was assessed in the five targeted
are flanking the coding sequencé&sy. 1(B)). The rationale clones by fluorescence microscopy and by flow cytometry.
behind this approach is that SSA can restore a full length Microscopic examination of wild type cells shows that none
EGFP in AGI, but not in AGF (Fig. 2D)). Therefore, ofthe cells are significantly fluorescent, whereas nearly 100%
by comparing the rates of recombination in this pair of ofthe cells expressingthl&GFPcoding sequence are brightly

substrates, we can estimate the rate of SSA. fluorescentftig. 1(E), top images). When analyzed by flow
Itis well established that the spontaneous rate of recombi- cytometry, a plot of relative fluorescence intensity per cell
nation depends upon the locus of integraf{i®®]. Therefore, shows a wide range of natural fluorescence for wild type ES

in order to reveal the extent of SSAGI and AGF needed cells (Fig. (E), top left). Cells expressingGFP fluoresce
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bright green and are shifted to the rightd. 1(E), top right). fork in a homologous-recombination dependent fashion) or
The fluorescence-positive R2 region was delineated to ex-long tract gene conversion similarly results in a deletion in
clude all non-fluorescent cells while capturing most of the AGI or an expansion iMGF (Fig. 2C)). Finally, fluores-
fluorescent cells. No fluorescent cells were observed in pop-cent recombinant cells that result from SSA can only arise in
ulations of eitherAS5egfp and A3egfp clones, as expected the AGI clone, since SSA ilGF produces a doubly mutant
(Fig. (E), middle). However, rare fluorescent cells were de- expression cassettEif. 2D)).
tected among\Gl andAGF cells, both by flow cytometry and In order to classify recombination events, PCR primers
microscopy Fig. 1(E), bottom), indicating thatreconstitution were designed to specifically detect full-lengBGFP,
of full length EGFP occurs only when mitotic homologous  A3egfpandA5egfp The presence of a full-lengEGFPcod-
recombination is possible between thé&egfpand A3egfp ing sequence was ascertained using primers that anneal to the
cassettes. undeleted 5and 3 ends Fig. 2(E)). During construction of

To test the stability oEGFP expression at the ROSA26 therecombination substrates, unique sequences were inserted
locus, a positive contrdEGFP expressing clone was main- in place of each of the deleted regions within batBegfp
tained in culture and periodically analyzed by flow cytometry. and A5egfp Using primers that anneal to these unique se-
We did not observe any significant change in the percentagequences, combined with primers that anneal to shared coding
of fluorescent cells over the course of more than 3 weeks of sequences, PCR products specifia@egfpand A5egfpcan
continuous culturing (>30 doublings; data not shown), indi- be obtainedKig. 1(E)). Each of the five targeted clones was

cating thatEGFPis stably expressed at this locus. then analyzed in parallel reactions, one to test for the pres-
ence of full lengthEGFP, and the other to assay far3egfp

3.2. Distribution of spontaneous homologous and A5egfp As can be seen iRig. 2(E) (lower panel), the

recombination events inGl and AGF positive control clone carries only full lengEGFP (lane 1),

each of the negative controls carries eith&@egfpor ASegfp

Restoration of full lengttEGFP in AGI or AGF cells (lanes 2 and 3), and populations of unrecombingel and
can occur via various mechanisms of homologous recombi- AGF cells show the presence of batbegfpandA3egfp but
nation, and the outcomes can be classified broadly into two not full lengthEGFP sequence, as expected (lanes 4 and 5).
groups: conservative gene conversions (in which there is no  To broadly classify clones as having undergone rearrange-
associated crossing over), and non-conservative recombinaments that appear to be either gene conversions without
tion events that are inevitably associated with deletions and crossovers or deletion/insertion events, we isolated sponta-
insertions Fig. 2). In conservative recombination at th&s| neous recombinants from multiple independent cultures by
and AGF substrates, sequence information is transferred influorescence activated cell sorting. Cells were expanded in
a non-reciprocal fashion (gene conversion) and the overall culture, and analyzed for the presence of full leng®FP,
arrangement of the DNA is conservdeid. 2A)). The two A3egfp and Abegfp coding sequences. Examples of rep-
major HDR pathways thought to cause gene conversions areesentative recombinant clones are showfrimn 2(F). For
SDSA and the prototypic break-repair model (if the Holliday AGI, clones that have undergone a gene conversion without
junctions are resolved symmetrically). In contrast, alternative crossover have both full lengteBGFP and eitherA3egfpor
classes of recombination events result in a loss or a gain of ASegfp(Fig. 2A) and (F), lanes 1 and 2). Alternative recom-
one of the repeats inGl and AGF, respectively. For exam-  bination pathways ilfAGlI result in a deletion, detectable by
ple,EGFPcan be restored by crossover of flanking sequencesthe presence of full lengteGFP coding sequences and the
during unequal sister chromatid exchange (also called geneabsence of both 3egfpand A5egfp(Fig. 2(B)—(D) and (F),
conversion with crossovers), resulting in a deletiomi@| lane 3). ForAGF, gene conversions without crossovers are
and an expansion inGF (Fig. 2B)). In addition, replica- classified using the same approach a¥& (Fig. 2(A) and
tion fork repair (e.g., reconstitution of a broken replication (F), lanes 4 and 5), however alternative pathways result in

Fig. 2. Delineation of the major HDR pathways AGF andAGI. The expected arrangement of the DNA in recombinant cells expreB&id is shown

(note that non-fluorescent daughter cells are not depicted). (A) Gene conversion without associated crossover of flanking sequences. (BvdjBRernat
pathways associated with either deletions or insertions: (B) unequal sister chromatid exchange (USCE), also termed gene conversion w{fB Cr@3pver
reconstituteEEGFP in one of two daughter cells. Note that the product of a long tract gene conversion would be indistinguishable from this product. (C)
Replication fork repair (RFR) is shown starting after replication fork breakdown in which a one-ended DSB appears. Note that this figure depidie @iant

the replication fork had been moving from left to rigeiGFP can analogously be restored by repair of forks moving in the opposite direction (not shown). (D)
SSA can reconstitute full lengBGFPin AGI, but not inAGF. (E) Location of PCR primers and PCR products diagnostic of the pathways depicted in A-D.
Arrows show expression cassette and gray regions depict coding sequence (not to scale). Black boxes depict deleted regions and each hatthed box depic
different unique sequence. Lower panel: Agarose gels showing PCR products from full E€BigEN(top), A3egfpand A5egfpcassettes (bottom) amplified

from genomic DNA isolated from the following correctly targeted cloeSFP (lane 1),A3egfp(lane 2),A5egfp(lane 3),AGlI (lane 4),AGF (lane 5). (F)

PCR products from spontaneous recombinant clones isolatedA®@h{left) and AGF (right). Representative recombinant clones showing gene conversion
with A5egfpas donor (lanes 1 and 4), gene conversion wigegfpas donor (lanes 2 and 5), USCE, RFR or SSA (lane 3), USCE or RFR (lane 6). (G) Number
of independent recombinant clones fran®! (left) and AGF (right) showing mechanism Al (gene conversion without crossaveggfpas donor), A2 (gene
conversion without crossoves3egfpas donor), B (USCE), C (RFR), D (SSA), and X (complex, not consistent with the major pathways depicted in A-D).
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an expansion, revealed by the presence of full leighi-P sistent with previous studies showing that gene conversions
and bothA3egfpand A5egfp(Fig. 2 (B), (C) and (F), lane  are increasingly suppressed by lengthening inserted non-
6). Clones that did not fit these characteristics were classi-homologous sequencgs3]. In the context of these studies,
fied as complex events. Eight independent clones were alsahe preference foA3egfpover ASegfpas the donor in gene
analyzed by Southern blotting, and the arrangement of theconversions in botiAGl and AGF indicates that sequences
DNA was exactly as expected based on the results of theupstream and downstream of the recombination substrates
PCR analysis (data not shown). This PCR approach thus pro-(e.g., promoter sequences for nearby genes) do not impose a
vides an effective strategy for delineating the major classessignificant position effect (e.g., we did not see a preference
of homologous recombination events that reconstEG& P for the upstream cassette acting as the donor, for example).
coding sequences, making it possible to assess the propor-

tion of recombination events due to gene conversion without 3.3, SSA is a commonly detected spontaneous

crossovers versus other classes of events under spontaneoyscombination event in mouse ES cells

and damage-induced conditions.

To obtain a random sampling of spontaneous recombinant  SSA events will only be detected in th®Gl substrate
clones, >30 independent culturesa®l andAGF were cre-  (Fig. 2(D)). On the other hand, unequal sister chromatid ex-
ated by plating a low numbers of cells-20,000) and al-  changes and replication fork repafig. 2, classes B and
lowing cells to expand over the course of approximately 1 C) are detectable in bothGI and AGF. Therefore, the ex-
week. To assure that only recombinants that arose duringtent of SSA can be estimated by comparing the proportion
expansion were assessed, we eliminated cultures in whichof non-conservative recombination events that appear as ei-
the frequency of recombinant cells indicated the existence ther deletions £Gl) or expansions AGF). We found that
of a pre-existing recombinant in the original inoculum (e.g., deletions and expansions accounted for 52% of the recombi-
cultures with a frequency 1/20,000). Spontaneous recom- nants isolated fronAGl, and 20% of the recombinants from
binant fluorescent cells were isolated from each culture by AGF. Therefore, by subtraction, we estimate th&@0% of
flow cytometry, and up to four independent clones were ex- spontaneous recombination events are due to F8AXG);
panded in culture, and analyzed by PCR, as described abovesubtraction of the BC classes afGF from the BCD classes
If two recombinant clones from the same culture showed the in AGI).
same PCR result (which was often the case), it was counted As an independent measure of the frequency of SSA, we
as a single event, since recombinant cells in the same culturecompared the spontaneous rates of homologous recombina-
could have been derived from the same lineage. We tallied 33tion at theAGI and AGF substrates. We found that the rate
and 20 independent recombination eventa@l and AGF, of spontaneous HDR for two independexGl clones was
respectively. Note that we found that this diagnostic approach significantly higher than that of two independex®F clones
yielded highly consistent results, such that there was perfect(Fig. 3A); p< 0.05). This resultis consistent with SSA events
concordance in over a dozen clones that were analyzed indethat are detectable fakGl, but not for AGF. To assess the
pendently in a blinded fashion. global frequency of spontaneous homologous recombination,

For AGI, we found that 48% of recombinant clones had e assessed sister chromatid exchanges in metaphase spreads
undergone gene conversions without crossovers, in whichfrom one of each of the\GF andAGI clones Fig. 3B)).
Abegfp donated sequences t3egfpin a non-reciprocal

fashion, or vice versaHg. 2G) left; Al and A2). Similarly, = i * *
we found that a significant proportion (65%) of the sponta- & § o 04
neousAGF recombinants had undergone gene conversions ¢ ig 50 + §
without crossoversHig. 2AG) right; Al and A2). Note that 5% an 2 43 {
15% of the spontaneous recombinaGF clones had un- T3 o
dergone complex recombination everfigy( 2(G) right; X). 5g 30 5 02
Thus, taken together, we found tha50-65% of the recom- E % 20 l ‘g
bination events were gene conversions without crossovers in 5 10 w 01
AGlandAGF, respectively, which is consistent with previous =2 2
studies in which it has been reported that 50-100% sponta- o 0
: g Clones: 1 2 1 2 (8) AGF  AGI
neous HDR events are gene conversions (the rangemfrequen-(A) —

cies likely depends on intrinsic features of the recombination

substrates and the cell type be'”g Stuq{%)29’34_36'] Fig. 3. Rate of spontaneous HDR at the recombination substrates and fre-
For both clones, gene conversions in whitBegfpacted quency of SCEs in metaphase spreads. (A) Rates of spontaneous recombina-

as the donor were detected somewhat more frequently thartion at the recombination substrates in two independeBFF clones (white)

those in whichA5egfpacted as the donoFig. 2G)). This and two independent Gl clones (gray). Error bars indicate one standard

result is likelv due to the fact that a lonaer stretch of non- deviation. {) Rate of bothAGI clones are statistically significantly greater
y 9 than both of theA GF clones (Student-test,p<0.05). (B) SCEs per chro-

homologous sequence needs to participate in gene CONVeIT550me in arGI (white) and aAGF (gray) clone. Error bars indicate one

sion events in whici\5egfpacts as the donor, which is con-  standard deviation.
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We found that there was no significant difference between MMC-Induced MMC-Induced
these clones, indicating that a higher rate in 4@l clone Toxicity Recombination
is not due to intrinsic hyper-recombination. Taking the aver- ‘ = AGF AGI
age spontaneous rates for each pair of independent clones, g 1008 O AGF = S — ' o '
we found that there is &45% excess rate of spontaneous & 8o o AGI OF
recombination in theAGI clones, which is attributable to 3 60 ég 200
SSA. 8 40 £3

& 8§ & 100
3.4. Mechanisms of ICL-induced homologous & £3
recombination 0 o0

W " WC (ngm) . ® g G MuC

To explore the spectrum of recombination events induced

by exposure to an agent that is thought to primarily induce

one-ended DSBs, we exposed cells to MMC, an agent that Control D P Control

creates ICLs. With increasing doses of MMC, we observed  2GF AGI

increasing toxicity Fig. 4(A)). At 500 ng/ml, we observed a {n-=20) ‘ (n=33)
\/ \/

~2.1- and a~2.4-fold increase in the frequency of recom-
binant cells inAGF andAGlI, respectively Fig. 4B)), thus
demonstrating that exposure to MMC induces recombination
in these clones. To determine the mechanisms of damage

induced HDR, fluorescent recombinant cells were isolated MMC y
from multiple independent MMC-exposed cultures, and the

arrangement of the recombined DNA was analyzed by PCR, AGFE

as described above. (n=30)

In clones derived from MMC-exposed populations, the
proportion of insertions iA GF increased significantly, from

35% to 60% (from 7/20 to 18/30)g. 4C) and (D)). These =1 GC - A5egfp donor 1 Gene Conversion

non-conservative events include complex events, which rose B GC - A3egfp donor | without Crossovers

from 15% to 30% (from 3/20 to 9/30). AmontyGF clones

that had undergone gene conversions without crossovers, the — USCEBIR/ Deletions & Insertions
: . : SSA/Complex

frequency of gene conversions in whigt8egfpacted as the ©)

donor cassette was somewhat higher, which was also the case
for spontaneous events. Among recombinants isolated from
MMC-exposedAGI cultures, we observed a significant in-
crease in the proportion of recombination events associated
with deletions, rising from 52% to 90% (from 17/33t0 17/19)
(Fig. 4C) and (D)); note that there were no complex events
among theAGI recombinant clones).

It noteworthy that it is possible that not all of the recombi-
nant cells isolated from MMC-exposed cultures resulted from
MMC induction. Based upon the frequency of recombinant
cells present prior to plating (and taking into consideration the
plating efficiency and the degree of MMC-induced toxicity),
the expected proportion of MMC-exposed cultures carrying
p_re'.e?(iSting recombinant cells is <1/10, Whi_Ch is not ”ke'y_t‘? Fig. 4. Induction of HDR by exposure to MMC inGF andAGI cells. (A)
significantly affect the results of these studies. However, it is Rrelative growth oA GF (white) andAGI (gray) cells 48 h after exposure to
possible that spontaneous recombinants arose during expanthe indicated doses of MMC. Error bars indicate one standard deviation of
sion of the MMC-exposed cultures, after the drug had been tripl?cate cultures. (B) Frequency of recombinant fluorescent cells@i
removed from the media. Consequently, if anything, we have (White) andAGI (gray) cells 48h after exposure to MMC (500 ng/ml). Er-

. . ror bars indicate the standard deviation among six cultures. (C) Observed
u.nde.restlmated th? extent tF’ which the spectrum .Of FECOM- | asses of recombination events among independent recombinant clones iso-
bination events shifts following MMC exposure. Given that  |ated from MMC-exposed GF andA Gl cells. The spectrum of spontaneous
in both AGF andA Gl we observed a statistically significant  recombination events are included for comparison. (D) Percentage of recom-
shift from gene conversions without crossovers to alternative binant cells in which recombination events are associated with deletions and
pathways associated with insertions and deletiprsQ(05; insertions. The MMQ-inducgd increa.se in t.he prpportipn .o.f recon_wbination
Fig. 4D)), we conclude that MMC exposure increases the events associated with deletions and insertions rises significantly in both the

. ] o . ~~ AGl andAGF clones p<0.05).
risk of deleterious recombination events, not just by causing

AGF AGI

100 _[—

o ~
o o

Deletions and Insertions (%)
n

SO SuC
o T &
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ageneral increase in the frequency of recombination, but alsocells, the frequency of spontaneous SSA in mammalian cells
by increasing the proportion of recombination events that are had not previously been reported, most likely because appli-
associated with deletions and insertions. cation of a single recombination reporter cannot distinguish
SSA from other types of non-conservative HDR events. In
previous studies by Bollag and Liskay, a matched pair of
4. Discussion direct repeat substrates were created wherein one substrate
detects SSA and the other does f3#]. Although the results
Although homologous recombination is known to cause ofthis previous study are consistent with the results presented
sequence rearrangements that contribute to cancer, itis not yehere, showing an excess rate~80% due to SSA, their find-
known what causes spontaneous homologous recombinationings were inconclusive due to noise associated with random
inmammals. The two major classes of lesions thought to initi- integration[36]. Additional substrates have been designed
ate HDR events are one-ended DSBs, which arise as a conseto detect SSA in mammalian cells, however, they have not
quence of replication fork breakdown, and two-ended DSBs, been used to study spontaneous recombination events (i.e.,
which can potentially arise in a replication-fork independent these studies have focused on DSBs induced by a homing
fashion. We are interested both in what causes spontaneocugndonuclease) (e.g[23]). Here, we have used a pair of
HDR, and in the possibility that exposure to exogenous DNA targeted substrates to estimate the prevalence of spontaneous
damaging agents might alter the proportion of HDR events SSA events, and we found that30-50% of spontaneous
associated with large scale sequence rearrangements. To execombination at these direct repeat substrates is due to SSA.
plore these issues, we created recombination substrates thdt is expected that the frequency of SSA at a direct repeat
reveal the relative proportions of the major classes of recom-will be highly variable, depending on both intrinsic factors
bination events. Using these substrates, we delineated the€e.g., the length of the repeats) and extrinsic factors (e.g., the
spectra of spontaneous events and events induced by expoocus of integration). Nevertheless, these studies are valuable
sure to an agent that induces ICLs, which inhibit replication because they show that SSA can occur quite frequently
fork progression. Two of the major findings of these studies in mammalian cells, which is of particular interest due to
are that (1) a significant proportion of spontaneous recom- the fact that all models of SSA show that these events are
bination events are consistent with induction by two-ended initiated by two-ended DSBs. Therefore, the work presented
DSBs, and (2) exposure to an agent that induces ICLs signif- here shows that spontaneous two-ended DSBs can contribute
icantly alters the spectrum of recombination events, causingsignificantly to spontaneous homologous recombination
a shift toward events that are associated with deletions andevents.
insertions. ICLs are thought to induce recombination by inhibiting
In order to delineate the major classes of spontaneous andeplication fork progression. One possibility is that forks
damage-induced recombination events, we created a pair obreakdown when single strand breaks are introduced at ICLs
matched direct repeat recombination substrates. It is note-by ERCC1-XPH47,48] Another possibility is that DSBs
worthy that the design of a recombination substrate can pro-arise when fork progression is inhibit¢d9], presumably
foundly influence the spectrum of observed events. For ex-due to fork regression leading to formation of Holliday
ample, some substrates cannot detect short-tract gene convejunctions that are subsequently cleaved by resolvases, as
sions (e.g.[44]), while others have been designed to exclude has been shown to be the caseHsacherichia coli[50].
SSA (e.g.[36]). Here, we describe the creation of substrates The observations that most ICL-induced DSBs occur in a
that detect all of the major classes of HDR events. Further- replication-dependent fashif@il—33]are consistent with in-
more, by site specifically integrating a matched pair of sub- duction of one-ended DSBs at replication forks. We reasoned
strates (wherein one detects SSA and the other does not)that if most spontaneous homologous recombination events
the contribution of SSA to spontaneous non-conservative re-are stimulated by one-ended DSBs at replication forks, then
combination events can be revealed. The use of fluorescencexposure to an agent that creates ICLs would yield a spectrum
as a marker for recombinant cells makes it possible to usesimilar to that of spontaneous HDR. However, the spectrum
flow cytometry to rapidly quantify recombinant cells in an of spontaneous and ICL induced recombination events were
automated fashion, and by inserting unique sequences intosignificantly different from one another, which suggests that
the deletion sites, the major classes of HDR can be delin- spontaneous recombination is often initiated by two-ended,
eated by PCR. Finally, by performing these studies in mouse rather than one-ended DSBs. This result is consistent with
ES cells, we can learn about recombination in untransformedthe conclusion from the SSA analysis that a significant
mammalian cells. proportion of spontaneous events stem from two-ended
SSA was first proposed as a model for repairing DSBs DSBs.
based on studies of extrachromosomal recombination prod- Intriguingly, we found that there was a modest but repro-
ucts in mammalian cellgl5], and it is now well established  ducible increase in the susceptibility of tleGl clone to
that SSA is a kinetically and genetically separable subpath- MMC-induced recombination compared to th&F clone,
way of HDR in S. cerevisiagl3,46] Although it is widely suggesting that exposure to MMC increases the frequency
held that SSA is also a subpathway of HDR in mammalian SSA. This was unexpected, since ICLs are not thought to
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directly induce two-ended DSBs. One possibility is that recombination eventsinthese studi&gsSDSA is arelatively
some ICLs indeed lead to two-ended DSBs in a replication- safe mechanism of HDR, since SDSA prevents crossovers,
independent fashion, which is supported by previous work and crossovers between homologous chromosomes can cause
in which pulse-field gel analysis shows a small but signifi- LOH from the exchange point all the way to the telomere. In
cant proportion of ICL-induced DSBs arising in arrested cells contrast, the non-conservative recombination events that ap-
[31]. Another possibility is that if two forks converge at the pear as insertions and deletionsdBF andA Gl are always
same ICL, both can breakdown to create a two-ended DSB.associated with either crossovers or SSA, the former being
Finally, it is also possible that some of the recombination associated with a risk of LOH, and the latter inevitably lead-
events observed in the MMC-exposed cultures were not in- ing to loss of sequence information. Therefore, knowledge
duced directly by ICLs, but instead indirectly resulted from about the relative proportions of gene conversions without
either the associated redox potential of MMC which can lead crossovers and recombination events associated with dele-
to oxidative damag¢b1], or from a change in the state of tions and insertions yields valuable information about the
the cells that renders them prone to HDR (perhaps due to theextent to which the cell is performing HDR in a fashion that
associated toxicity of the exposul®R]. The latter is con- could lead to deleterious sequence rearrangements.
sistent with studies showing that thymidine induces HDR in It is now broadly accepted that HDR processes are criti-
the absence of detectable DSBS]. cal for maintenance of genomic integrity. Although HDR is
Several previous studies have investigated the effects ofessential for correct reinsertion of broken ends that arise dur-
exogenous DNA damage on the spectrum of recombinationing DNA replication, it is not known how often broken forks
events in mammalian cells. Two of particular relevance are the cause of spontaneous recombination events. Here, we
to this study investigated the effects of UV damage and show for the first time that SSA, a subpathway of HDR that is
phenytoin exposure, a chemical that induces reactive oxygeninitiated by two-ended DSBs, is a common spontaneous re-
specie$24,25] Inthe UV study, it was found that most ofthe  combination event in mammalian cells, which suggests that
UV-induced recombination events were non-conservative two-ended DSBs are the underlying cause of a significant pro-
[24]. Given that UV lesions are thought to induce HDR by portion of spontaneous homologous recombination events.
inhibiting replication fork progressiofp4], these results are  These results provide a valuable framework for future stud-
consistent with the work reported here. However, it should ies aimed at identifying the specific classes of DNA lesions
be noted that most of the spontaneous recombination eventghat are likely to cause spontaneous two-ended DSBs. In ad-
at this particular substrate were also non-conservative, so itdition, in this work we have shown that ICL exposure causes
did not appear that UV exposure significantly changed the a significant shift in the spectrum of homologous recombi-
proportion of non-conservative recombination eve#). nation events, favoring non-conservative pathways that are
An additional study also supports the possibility that HDR associated with deletions and insertions. Loss of heterozy-
induced by inhibition of replication forks is associated with gosity, deletions, insertions and translocations all can arise as
exchangefb5], however the substrate used in this study is not a consequence of sequence exchanges during HDR. The re-
amenable to comparisons between conservative short-tracsults presented here therefore provide new information about
gene conversions (without associated crossing), and othetow exposure to DNA damage can contribute to tumorigenic
types of non-conservative HDR events. In a separate studysequence rearrangements that potentially contribute to sec-
of phenytoin-induced HDR, most of the induced events were ondary tumors.
conservativg25]. These results are consistent with the fact
that oxidative damage can induce two-ended DSBs, and that
enzymatically induced two-ended DSBs have been shown
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