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ABSTRACT

Using zinc-finger nucleases (ZFNs) to cleave the chromosomal target, we have achieved high
frequencies of gene targeting in the Drosophila germline. Both local mutagenesis through non-
homologous end joining (NHEJ) and gene replacement via homologous recombination (HR) are
stimulated by target cleavage. In this study we investigated the mechanisms that underlie these processes,
using materials for the rosy (ry) locus. The frequency of HR dropped significantly in flies homozygous for
mutations in spnA (Rad51) or okr (Radb4), two components of the invasion-mediated synthesis-dependent
strand annealing (SDSA) pathway. When single-strand annealing (SSA) was also blocked by the use of a
circular donor DNA, HR was completely abolished. This indicates that the majority of HR proceeds via
SDSA, with a minority mediated by SSA. In flies deficient in /ig# (DNA ligase IV), a component of the
major NHE] pathway, the proportion of HR products rose significantly. This indicates that most NHE]
products are produced in a lig#-dependent process. When both spnA and lig4 were mutated and a circular
donor was provided, the frequency of ry mutations was still high and no HR products were recovered. The
local mutations produced in these circumstances must have arisen through an alternative, lg#
independent end-joining mechanism. These results show what repair pathways operate on double-strand
breaks in this gene targeting system. They also demonstrate that the outcome can be biased toward gene
replacement by disabling the major NHE] pathway and toward simple mutagenesis by interfering with the

major HR process.

XPERIMENTAL gene targeting relies on cellular

DNA repair activities. When a donor DNA carrying

the desired sequence modifications is introduced into

cells or organisms, successful gene replacement depends

on cellular capabilities for homologous recombination
(HR).

We have developed a very efficient gene targeting
procedure for Drosophila based on target cleavage by
designed zinc-finger nucleases (ZFNs) (BIBIKOVA el al.
2002, 2003; BEUMER et al. 2006). Because the DNA-
binding domain consists of CyseHiss zinc fingers, these
hybrid proteins are very flexible in their recognition
capabilities. Each finger makes contact primarily with
3 bp of DNA, and arrays of three to four fingers provide
sufficient affinity for in vivo binding. Since two ZFNs are
required to cleave any single target, a pair of three-
finger proteins provides adequate specificity, in princi-
ple, to attack a unique genomic sequence.
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cgi/content/full/genetics.109.101329/DCI.
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When a doublestrand break (DSB) is created at a
specific site in the genome, DNA sequence changes result
either from HR with a marked donor DNA or from
inaccurate nonhomologous end joining (NHE]). In this
study we set out to determine which cellular activities
support each of these processes and to learn whether the
repair outcome could be biased by elimination of one or
another pathway.

Earlier studies showed that Drosophila uses DSB repair
mechanisms that are very similar to other eukaryotic
organisms (WYMAN and KANAAR 2006). In the realm of
HR, homologs of the Rad51 (spnA) and Radb4 (okr)
proteins are required for the break-initiated meiotic
recombination events needed for proper chromosome
segregation in females (KOOISTRA ef al. 1997, 1999;
GHABRIAL et al. 1998; STAEVA-VIEIRA ef al. 2003). Muta-
tions in both these genes sensitize somatic cells in early
developmental stages to ionizing radiation (IR) and to
other DNA damaging agents. In yeast, mutations in the
RAD51 gene sensitize cells to IR and lead to severe
sporulation defects (SYMINGTON 2002). Mutations in
RAD54 also confer sensitivity to DNA damaging agents,
but are less severely affected in meiosis. In mice absence
of the Radbl protein is lethal in early embryonic de-
velopment (Lim and Hasty 1996; Tsuzuxki et al. 1996).
Absence of Radb4 is tolerable, but confers sensitivity to IR
and other agents (EsSERs et al. 1997).
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TABLE 1

Repair mutations

Gene Allele Mutation Reference
spnA (Radbl) spnA”7 Null STAEVA-VIEIRA et al. (2003)
spnA” Null STAEVA-VIEIRA et al. (2003)
okr (Radb4) okr*4 Null GHABRIAL ¢t al. (1998)
okr'® Null GHABRIAL ¢! al. (1998)
mei-Wos8 (Spoll) mei-Wo68' Null McKimm and HavyAsHI-HAGIHARA (1998)
met-W68°” Hypomorph McKim and HavasHI-HAGIHARA (1998)
lig4 lig4'** Null MCcVEY et al. (2004c)

Sources: sprA”7, Yikang Rong (National Institutes of Health); spnA””* and lig4'*, Jeff Sekelsky (University of
North Carolina); okr stocks, Trudi Schupback (Princeton University); mei-W68 stocks, Drosophila Stock Center

(Bloomington, IN).

The Drosophila genome encodes components of the
major NHE] pathway, including DNA ligase IV (lig4),
Xrcc4, and the Ku proteins (ku70, ku80). Loss of Lig4
sensitizes early developmental stages to ionizing radia-
tion, and this effect is more severe in the absence of
Radb4 (GORrskI et al. 2003). In other assays a consider-
able amount of end joining still occurs in lig4 mutants
(MCVEY et al. 2004c; ROMEIN et al. 2005), suggesting a
secondary or backup pathway, as has been observed in
other organisms (NUSSENZWEIG and NUSSENZWEIG
2007). Yeasts rely more heavily on HR for DSB repair,
so ligd mutations have little effect unless HR is impaired.
In contrast, lig4 /~ mice die early in embryogenesis
(BARNES et al. 1998), although they can be rescued by
elimination of p53 (FRANK et al. 2000).

The molecular process of DSB repair by HR has been
studied in Drosophila by introducing a single break at a
unique target either by P-element excision or by I-Scel
cleavage. The evidence strongly points to an invasion
and copying mechanism called synthesis-dependent
strand annealing (SDSA) (see below) (KURKULOS et al.
1994; NassiF et al. 1994; McVEY et al. 2004a). These
events are largely dependent on spnA (MCVEY el al.
2004a; JOHNSON-SCHLITZ et al. 2007, WET and RonG
2007), okr (JOHNSON-SCHLITZ et al. 2007; WEI and RoNG
2007), and other factors, including mus309 (the Dro-
sophila Bloom syndrome protein, DmBIm) (Abams
et al. 2003; McVEY et al. 2004b, 2007; JOHNSON-SCHLITZ
and ENGELs 2006). When the break site is surrounded
by direct repeats, repair proceeds efficiently by single-
strand annealing (SSA) (RoNG and GoLic 2003; PRESTON
et al. 2006).

The key difference between SDSA and SSA is the
mechanistic requirement for strand invasion in the
former. SSA has rather modest genetic dependencies
and is independent of Rad51 and Rad54, but requires
that all participating molecules have ends (SYMINGTON
2002; WymaN and KANAAR 2006; JOHNSON-SCHLITZ ¢t al.
2007; WEer and RonG 2007). In yeast, SSA is reduced in
rad52 mutants, but Drosophila has no identified homo-
log of this gene.

In this study we examined the effects of null muta-
tions in the spnA (Rad51), okr (Radb54), and lig# genes
on ZFN-induced targeting of the Drosophila rosy (ry)
locus (BEUMER et al. 2006). To reveal the role of SSA, we
also compared linear and circular presentation of the
donor DNA.

MATERIALS AND METHODS

Fly stocks and crosses: The DNA repair mutations used in
these studies and their sources are given in Table 1. Flies
carrying the heatshock-driven FLP and I-Scel transgenes,
P{ry" 70FLP} and P{w" 70I-Scel}, were obtained initially from
Kent Golic (University of Utah) and are the same as used
previously (BIBIKOVA et al. 2003; BEUMER el al. 2006). The
construction and insertion of the ZFNs for the ry gene, P{ry*
A} and P{ry* ryB/, and the ry donor DNA, P{w" ry"'}, were
described earlier (BEUMER el al. 2006). The particular ZFN
combinations used here are {ryAB2} and {ryAB3/, where the
transgenes are inserted on the second and third chromo-
somes, respectively. The {ry"} donor carries two in-frame stop
codons and an Xbal restriction site in place of the ZFN
recognition sequences; it confers a null phenotype when
incorporated at the rylocus.

Bringing all the necessary components together for ZFN-
induced gene targeting in various genetic backgrounds re-
quired a considerable amount of strain construction. This was
done using standard techniques and relevant balancer chro-
mosomes (for further description, see FlyBase, http:/flybase.
org). The presence of each element was confirmed during
construction with PCR-based assays, often accompanied by
DNA sequencing. Details of the constructions and the primers
used for verification are available upon request.

The final crosses that gave progeny that were subjected to
ZFN induction were as follows. The numbers correspond to
final genotypes listed in Table 2.

1. {70FLP} {70I-Scel}/CyO; +/MKRS X {ryAB2}/CyO;
{ry"}

2. {70FLP} {70I-Scel}/CyO; spnA”7/TM6 X {ryAB2}/
CyO; (ry"}/TM6

3. {70FLP} {70-Scel}/CyO; spnA”>'/TM6 X {ryAB2}/
CyO; {rny"}/TM6 and {ryAB2}/CyO; {ry"} spnA’**/
TM6 X {70FLP} {70I-Scel}/CyO

4. {70FLP} {70I-Scel}/CyO; spnA”7/TM6 X (ryAB2}/
CyO; (ry"} spnA”?"/TM6

5. [70FLP} {70I-Scel]/CyO; spnA”'/TM6 X [ryAB2}/
CyO; (ry™} spnA”?"/TM6
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TABLE 2

Effects of repair mutations on ZFN-induced targeting

Genotype Donor*  Parents’ % yielders® Progeny’ % ry ry/parent’ HR/tot (% HR)*
A. In the male germline
1 wt L 95 88 5,761 11.0 6.6 37/209 (17.7)
2 spnA”7* L 67 87 4,042 10.2 6.2 12/110 10.9)
3 SpnA*?At L 131 82 7,856 9.2 5.5 25/174 (14.4)
4 SpnAP 704 L 123 86 9,264 15.0 11.3 2/109 (1.8)
5 SpnAITN 0N L 44 73 3,800 12.2 10.5 3/86 (3.5)
6 SpnAP70PN mei-Wo8'260 L 133 68 8,409 13.0 8.2 11/178 (6.2)
7 wt C 35 91 2,191 14.0 8.7 11/88 (12.5)
8 spnATV* C 139 78 8,749 7.8 4.9 5/149 (3.4)
9 spnA’V Y mei-W68'* C 45 84 2,998 9.6 6.4 2/44 (4.5)
10 SpnA"A 074 C 82 69.5 5,684 8.4 5.8 0/132 (0)
11 spnAPV 0PN ei- W68 C 67 85 4,088 11.5 7.0 0/131 (0)
12 wt L 49 88 3,301 7.3 4.9 23/145 (15.9)
13 okr*/* L 60 77 4,774 6.6 5.3 29/95 (30.5)
14 OkyAA/AC L 78 80 5,771 9.6 7.1 7/95 (7.4)
1 wt L 95 88 5,761 11.0 6.6 37/209 (17.7)
15 lig#'%® L 134 63 8,718 58 3.8 123/268 (45.9)
16 lig#'%? spnA»7/0%4 L 30 60 1,595 13.7 7.3 9/110 (8.2)
4-6" spnA~ L 300 76 21,473 13.7 9.8 16/373 (4.3)
7 wt C 35 91 2,191 14.0 8.7 11/88 (12.5)
17 lig4'%® C 93 60 5,747 4.5 2.8 22/80 (27.5)
18 lig4'%° spnA»7/0%4 C 61 59 4,554 11.0 8.2 0/263 (0)
10, 117 spnA="~ C 149 76.5 9,772 9.7 6.4 0/263 (0)
B. In the female germline
1 wt L 110 84.5 11,853 13.1 14.1 70/269 (26.0)
2 SpnAP7 L 80 87.5 7,597 12.7 12.0 16/87 (18.4)
3 spnAT* L 160 93 17,023 16.2 17.2 56/214 (26.2)
6 SpnAP70PN mei-Wo8'H>603 L 59 41 1,115 10.7 2.0 1/80 (1.3)
7 wt C 43 88 3,611 12.4 10.4 18/89 (20.2)
8 SpnA*?At C 155 96 13,165 16.0 13.6 16/161 (9.9)
9 spnA’V mei-W68'* C 45 89 4,385 11.2 11.0 4/38 (9.5)
11 SpnA"PV 0PN mei-We8! C 39 51 882 12.1 2.7 0/101 (0)
12 wt L 74 82 7,360 12.1 12.0 65/165 (39.4)
13 okr*** L 92 84 7,400 13.2 10.6 27/86 (31.4)
1 wt L 110 84.5 11,853 13.1 14.1 70/269 (26.0)
19 lig#'* L 95 87 9,308 16.2 15.9 32/81 (39.5)
20 lig4"°7'? L 62 68 6,072 7.0 6.8 76/87 (87.4)
7 wt C 43 88 3,611 12.4 10.4 18/89 (20.2)
21 lig4701%% C 77 65 6,205 6.6 5.4 45/90 (50.0)

“The donor DNA was provided in linear (L) or circular (C) form.

“Number of heatshocked parents whose progeny were scored.

‘Percentage of those parents that gave at least one ry offspring.

“Total number of offspring scored.

“Percentage of all offspring that were ry mutants.

/ Average number of ry mutants per parent.

¢Number of HR products over total analyzed, and HR as a percentage of total.

"Collected data for all spnA~/~ combinations with linear donor: genotypes 4, 5, 6. For comparison with lig#~ spnA~"".
"Collected data for all sprA~/~ combinations with circular donor: genotypes 10 and 11. For comparison with ligé~ spnA~"".
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the target. The SSA mechanism is illustrated on the right. Both donor and target ends are resected to reveal complementary single-
stranded sequences that anneal. Removal of redundant sequences, possibly some DNA synthesis, and ligation restore the integrity

of the target with inclusion of donor sequences.

6. mei-W68'°” {70FLP} {70I-Scel}/ CyO; spnA”7/TM6 X
mei-Wo68' {ryAB2}/CyO; {ry"'} spnA”>*/TM6
7, 8. {70FLP}/CyO; spnA®*/TM6 X {ryAB2}/CyO; {ry*}/
TM6
8,10. (nAB2}/CyO; ('} spnA”*/+ X {70FLP}/CyO; spnA”*/
TM6
9. mei-W68' {70FLP}/CyO; spnA’”*/TM6 X (ryAB2}/
CyO; {ry"}/TM6
11. mei-W68" {70FLP}/CyO; spnA’/TM6 X mei-W6S8'
{ryAB2}/CyO; {ry"} spnA”**/TM6
12. {70FLP} {70I-Scel}/CyO; {ryAB3}/TM2 X {ry*'}/TM3 Sb
13, 14. okr'® cn/CyO cn; {ry™}/TM6 X okr'* { 7OFLP} { 70I-Scel}/
CyO; {ryAB3}/TM6
15,20. w* ligh, {ryAB2}/CyO; {ry"'}/TM6 X w* ligd'*", { 7OFLP}
{70IScel}/ CyO; + /MKRS
15,19. w* lig#"*%; {ryAB2}/CyO; {ry"'}/TM6 X {70FLP} {70L-Scel}
CyO; +/MKRS
16. w" lLg4'*% (ryAB2}/CyO; ()} spnA’”'/TM6 X w*
lig4'*%; {70FLP} {70I-Scel}/CyO; spnA”7/TM6
17,21, w' ligh'™: (yAB2)/CyO; {ry"}/TM6 X w* lig#'** {70FLP}/
CyO; +/MKRS
18. w* lLg4'*% (ryAB2}/CyO; (ry} spnA’”'/TM6 X w*
lig4'*; {70FLP}/CyO; spnA”7/TM6.

Gene targeting protocol: The basic procedure was essen-
tially as described earlier (BEUMER et al. 2006). Parents of the
required genotype were crossed, and their progeny were
subjected to a 1-hr 37° heat shock 3 days later. Eclosing adults
were screened for the desired phenotypes, often absence of
markers on balancer chromosomes, and then were crossed to
v; ry’* partners to reveal new germline rymutations. Individual
mutants were subjected to molecular analysis of the rylocus by
DNA extraction, PCR, and Xbal digestion (BEUMER et al. 2006).
One of the PCR primers corresponds to sequences beyond the
region of homology present in the donor and thus would
amplify only sequences at the target. Many NHE] (Xbal-
resistant) products were sequenced.

Statistical analysis: Comparisons of the proportion of
parents yielding mutants and the proportion of mutants due
to HR were performed with a two-tailed Fisher’s exact test.
Because the number of new mutants as a proportion of total
progeny varied widely among parents in each category, a more
complex analysis was necessary. Pairwise comparisons were
performed using the glm function in the R statistical software
package (version 2.8.0; R Foundation for Statistical Comput-
ing, Vienna). A quasi-binomial generalized linear model was
chosen to model the overdispersion in the data. Ken Boucher
of the Huntsman Cancer Institute at the University of Utah
performed this analysis.

RESULTS

Experimental procedure: Our gene targeting pro-
cedure and mechanistic routes to potential outcomes
are illustrated in Figure 1. Coding sequences for two
ZFNs, FLP and I-Sce, were inserted in the genome on
Pelements, each under the control of an Asp70 promoter.
Donor DNA was also present as a transgene; sequences
homologous to the target were surrounded by recogni-
tion sites for FLP (FRT) and I-Scel (IRS in Figure 1).
When flies are heat-shocked as larvae, induction of the
ZFNs leads to cleavage of the target, while FLP excises
the donor as an extrachromosomal circle. I-Scel, when
present, makes the donor linear in an ends-out config-
uration relative to the target DSB.

The break in the target can be repaired directly by
NHE], often leading to a mutation at the break site. If
the target ends are resected by 5'-3' exonuclease action,
repair can proceed by SDSA (Figure 1). One 3’ end
invades the donor and primes synthesis using a donor
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the cross to produce flies with the gene targeting materials in an spnA~/~ background. The Y chromosome is shown simply as Y.
+ indicates the wild-type ry gene. Typically crosses were done in both directions with each set of components coming from males
or females. CyO and TM6 are balancers for chromosomes 2 and 3, respectively. Flies with the desired genotype and their siblings
were heat-shocked as larvae and then identified as adults on the basis of the absence of markers on the balancers. New ry mutants
were revealed by crossing those adults to a known ry deletion mutant.

strand as template; the extended strand withdraws and
anneals with the complementary strand from the other
resected target end; additional synthesis and ligation
complete the process. Strand invasion during SDSA
depends on the activity of the Radb1 (spnA) protein,
and the Radb54 (okr) protein may help with invasion,
allow extension of the 3" end, and/or help with release
of the extended strand (HEYER et al. 2006). In contrast,
SSA involves no strand invasion and is independent of
Radb51 and Radb4. It requires resection of both donor
and target ends deeply enough to expose complemen-
tary single strands, which then anneal. While SDSA can
proceed with either a linear or a circular donor, SSA
requires a linear molecule that can be resected.

In the case of a circular donor, it is possible that the
invasion intermediate shown for SDSA could be pro-
cessed in a fashion thatleads to integration of the donor
at the target, resulting in a partial duplication. Evidence
to date, however, suggests that the copying and with-
drawal process illustrated in Figure 1 is the predominant
form of HR in DSB repair in Drosophila (KURKULOS
et al. 1994; NASSIF ef al. 1994; McCVEY et al. 2004a).

The target in all experiments reported here was the
rosy (ry) gene. The ZFN pair, ryA and ryB, was combined
with the ry™ donor, which has 4.16 kb of homology to the
target. The genomic locations of all genes and trans-
genes are shown in Figure 2A. The FLP and I-Scel
transgenes were on chromosome 2, and donor DNA was
on chromosome 3. For experiments with spnA and lig4
mutants, a pair of ZFN transgenes on chromosome 2,
{ryAB2}, was used. For experiments with okr mutants the
ZFNs were on chromosome 3. The ZFN sequences were
identical in the two cases, but their separate contexts
could influence their expression. {ry"} was kept sepa-
rate from FLP and I-Scel until the final cross to prevent
premature disruption of the donor. The particular cross

that generated sprA~/ and spnA™/ flies is illustrated in
Figure 2B.

Adults were removed and a 37° heat shock was applied
to the progeny 3 days after initiation of the cross that
brought all the components together. When adults
eclosed, they were examined for the appropriate phe-
notype and then crossed individually to flies carrying
the " deletion to reveal new germline ry mutants.
Many of these were characterized by molecular analysis,
which distinguishes HR products that received a di-
agnostic Xbal site from the donor from NHE] products
that are resistant to Xbal. Many of the NHE] products
were sequenced to confirm their identification and to
reveal the nature of the mutant sequence. We report the
following parameters, separately for males (Table 2A)
and females (Table 2B): the number of fertile heat-
shocked parents, the percentage of these that yielded
at least one ry mutant, the total number of offspring,
the percentage of offspring that were ry mutants, the
average number of mutants per fertile parent, and the
percentage of mutants that were products of HR with
the donor DNA.

Effect of spnA on gene targeting: Males homozygous
for spnA null mutations are viable and fertile (STAEVA-
VIEIRA el al. 2003), apparently because male meiosis is
achiasmate—i.e., it does not rely on recombination for
proper chromosome segregation (Yoo and MCcCKEE
2005). Homozygous females are sterile, but fertility
can be rescued by mutations in the mei-W68 gene, the
homolog of SPOI1, which makes the meiotic DSBs that
initiate recombination (GHABRIAL and SCHUPBACH
1999).

As shown in Table 2 and Figure 3, targeting at ry was
very efficient in wild-type males and females when the
donor was linear (genotype 1). Between 84 and 88% of
all parents in which ZFN expression was induced gave at
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least one mutant offspring. New 7y mutants comprised
11-12% of all offspring. Approximately 18% of these
mutants had the donor sequence at the ry locus as a
result of HR, and the remaining 82% had novel NHE]
mutations. These results are very similar to those we
reported earlier (BEUMER et al. 2006), although overall
yields of mutants and of HR products were somewhat
lower in the current experiments.

In males, loss of one or both spnA alleles had little effect
on the percentage of parents yielding mutants or the
percentage of mutant offspring. In heterozygotes (geno-
types 2 and 3), the proportion of HR products dropped
slightly, but not significantly (P > 0.1; see supporting
information, Table S1 for exact Pvalues). When both spnA
alleles were mutant, the proportion due to HR dropped
very significantly, from 17.7% in wt to 1.8-6.2% (P< 0.001
for all three cases) (Table 2A, genotypes 4-6; Figure 3).
This was true in homozygotes and in compound hetero-
zygotes, as well as in combination with mei-W68 mutations,
so we are confident the effect is due to spnA.

In females, mutating one spnA allele had little effect
on the yield of mutants or the proportion due to HR
(Table 2B, Figure 3). The spnA~/" mei-W68/~ mutants
had severely reduced fertility, ~20 offspring per parent,
as opposed to ~100 in other backgrounds (Table 2B).
This resulted in reduced proportions of parents with
mutant offspring and number of mutants per parent. As
a percentage of total offspring, however, the frequency
of induced ry mutants was essentially the same as in wild
type. The percentage of HR was very significantly
reduced, from 26% in wild type to 1.3% in spnA~"" mei-
W68/~ (P =5 X 107®). These results indicate that an

-/- spnA

spnA-dependent process, likely SDSA, is responsible for
most of the donor capture in these experiments.

Circular donor—the role of SSA: Roughly three-
fourths of HR products in males and 95% in females
seemed to be generated by an spnA-dependent invasion
mechanism. The remainder was suspected to be due to
SSA. We tested this directly by providing the donor DNA
in circular, rather than linear form (see Figure 1). This
was accomplished by expressing FLP to excise the
donor, but not I-Scel (BiBIKOVA et al. 2003).

As shown in Table 2 and Figure 3, the circular donor
gave very similar numbers in wild-type flies (genotype 7)
as were seen with the linear donor (genotype 1). The
modest reduction in percentage of HR in both sexes was
statistically insignificant (Table SI). spnA heterozygotes
(genotype 8) showed reduced levels of HR in both males
(P=0.00025) and females (P = 0.062), suggesting that
the Radb1 protein may be limiting in amount and that
use of a circular donor may be more demanding than
use of a linear one. In the absence of spnA, no HR
products were recovered among >100 analyzed. This
was true in both males and females (P =3 X 107° in
males; P =4 X 1077 in females) and indicates that, as
suspected, the residual HR products arose by the end-
dependent SSA mechanism.

Effect of okr on gene targeting: In previous studies,
okr mutations showed a similar effect on DSB repair as
observed with spnA (JOHNSON-SCHLITZ et al. 2007; WEI
and RonG 2007). We did not attempt to rescue female
sterility of the okr mutants, and heterozygotes produced
mutants with parameters indistinguishable from wild
type (Table 2B). Because different ZFN transgenes were
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used for these experiments, independent wild-type
controls were performed (Table 2A, genotype 12). In
males the rise in percentage of HR products observed in
okr*/~ heterozygotes (genotype 13) was significant (P =
0.010). In okr’~ homozygotes (genotype 14), the
percentage of HR fell, just as seen with spnA, although
only marginally in this case (P = 0.071).

The observation that the absence of Rad54 had a
more modest effect than absence of Rad51 is consistent
with previous observations in Drosophila, yeast, and
mice (EsSERs et al. 1997; SYMINGTON 2002; JOHNSON-
ScHLITZ et al. 2007; WET and RoNG 2007). Presumably
this reflects a more accessory role for Rad54, one that
can be performed (albeit less efficiently) by other
proteins, in contrast to an essential role for Rad51.

Effect of lig4 on gene targeting: The majority of new
mutants generated by ZFN-induced cleavage arose by
NHE] in wild-type flies. We wanted to know whether
these were produced by the canonical lig#dependent
pathway. Both mutant males and homozygous mutant
females are viable and fertile (McVEY el al. 2004c).
Because the targeting reagents were the same as those
used for the spnA experiments, the same controls (geno-
types 1 and 7) apply to experiments with the 4g4 mutants.

Loss of lig# in males led to a reduction in the
proportion of parents giving new mutants and in the
yield of rymutants, but to an increase in the proportion
due to HR (Table 2A, Figure 4). This was true for both

linear (genotype 15) and circular (genotype 17) donors.
When spnA was also absent, eliminating SDSA, and the
donor was linear (genotype 16), the mutant yield was
restored to the wild-type level. The percentage of HR
dropped significantly (P = 0.028), but not to a level as
low as with spnA~~ alone. This suggests that SSA may
compete more effectively with alternative NHE] than
with the canonical lig#-dependent mechanism. When
the donor was circular in lig¢ spnA double mutants
(genotype 18), no HR products were recovered, just as
with spnA~/~ alone. The total yield of mutants was equal
to that in wild type, despite the inability to perform
SDSA, SSA, or canonical NHE]. This indicates that
alternative NHE] can be quite efficient.

In females with a linear donor, loss of one lig4 allele
(Table 2B and Figure 4, genotype 19) led to recovery of
an increased proportion of HR products relative to wild
type. In the complete lig4 knockout (genotype 20), the
overall yield of mutants dropped somewhat, but the
percentage of HR products was even higher: 87%,
compared to 26% in wild type. The same effects were
observed in lig4 '~ flies with a circular donor (genotype
21): the yield of mutants fell, but the percentage of HR
was significantly higher.

The results from both males and females indicate that
HR is favored in the absence of lig#. When spnA is also
absent, a robust alternative NHE] process generates muta-
tions at the break site without a significantloss in fecundity.
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Ficure 5.—Illustration of the relationship be-
tween the D. melanogaster gish gene (top) and
the insert found in one NHE]J product (bottom).
Positions in the gene are numbered from the
transcription start. Corresponding sequences in
the insert begin at position 50 and extend to po-
sition 1574, except that intron 1 (positions 325—

insert

1145) is cleanly missing. In addition, there are 7 bp on the upstream end and 9 bp on the downstream end of the insert that do not

match either the gish gene or the ry target.

Nature of the NHE] mutations: In other systems it
has often been observed that end-join mutants formed
in the absence of DNA ligase IV are structurally different
from those formed in its presence. In particular, micro-
homologies are more commonly found at repair junc-
tions recovered from lig4 mutants (VERKAIK et al. 2002;
RoOMEIN et al. 2005; LIANG et al. 2008). We examined 62
independent NHE] mutations from /g4 mutants and
112 NHE] mutations from /lig4" backgrounds in this
study. We also compared these with 120 NHE] products
identified from lig4" flies in previous studies (BEUMER
et al. 2006).

Broadly speaking, the mutations in lg4 and lg4*
backgrounds were quite similar, but there were some
differences (see Figure S1 and Figure S2). In both
situations we recovered small insertions and deletions,
in approximately equal numbers, centered on the ZFN
cleavage site. Single-base-pair deletions were more
common in ligé#" (22% of all NHE] mutations) than in
lig4 (5%). Aunique 9-bp deletion was found frequently
in lig#= (16%), but rarely in lig4" (3%). This deletion
shows a 1-bp microhomology at the junction, but overall
the presence of microhomologies was not significantly
higher in lig4 products. Simple insertions (without
accompanying deletions) were much more common in
lig#" (35% vs. 8%). The particular 4-bp insertion that
represents fill-in of the 5’ overlap generated by ZFN
cleavage and blunt-end joining was more common in
lig#" (19%) than in lig4 (3%).

An RNA-templated insertion? Most of the insertions
recovered in NHE] products were small (<15 bp), but
occasionally we saw quite long insertions, and these
could be traced to their genomic source. In lig4" flies a
200-bp insertion was largely from the 18S rRNA gene,
and a 399-bp insertion matched sequences from the
histone gene cluster, except for short stretches at the
insert ends. One 64-bp insertion from a lig4 parent
came from sequences downstream of the ry gene, but
was joined back at the ZFN target, replacing 71 bp that
were deleted. In all these cases it seems likely that a
copy—join mechanism was at play (MERRIHEW et al.
1996). We envision that one end at the target DSB was
resected and the 3’ end used as a primer to copy from a
template elsewhere in the genome. After some synthe-
sis, the end withdrew and rejoined with the other end
from the original break. This process is similar to SDSA,
butitseems unlikely that invasion mediated by extensive

homology was involved, since no such homology was
evident. Indeed, the examples noted here all came from
spnA~/" parents.

A unique 720-bp insertion recovered from a lig4
spnA~/~ male was particularly interesting. As shown in
Figure 5, this sequence could be traced to the Drosophila
melanogaster gilgamesh (gish) gene, which lies on chro-
mosome 3R (89B9-12) ~3.25 Mb from ry. Remarkably,
the insert has a precise exon—exon junction, cleanly
lacking intron 1 of the major gish mRNAs. No pseudo-
gene with this structure has been identified in the D.
melanogaster sequence. Furthermore, there is only a
single mismatch in the 5'-UTR between the insert and
the deposited genome sequence, strongly suggesting
that the template for the insert derives from the active
gish locus. This all indicates that a spliced mRNA or
partially spliced mRNA precursor provided the tem-
plate for the insert sequence.

DISCUSSION

Our study shows how ZFN-induced DSBs are repaired
in Drosophila during targeted mutagenesis and gene
replacement. The dominant mode of HR depends on
the activities of the Rad51 and Radb4 proteins. Such a
dependence is characteristic of invasion-based mecha-
nisms; in Drosophila this is likely SDSA (KURKULOS et al.
1994; NASSIF et al. 1994; McVEY et al. 2004a). In the
absence of Radbl, residual HR between target and
donor appears to proceed by SSA, as HR is completely
eliminated by providing only a circular donor. The
primary mode of NHE] depends on DNA ligase IV; in its
absence the proportion of HR products rises signifi-
cantly. Surprisingly, a high level of NHE] mutagenesis is
maintained in the absence of both Radbl and Lig4,
indicating that a secondary inaccurate pathway func-
tions in these circumstances.

In comparing our results with previous studies of DSB
repair in Drosophila, one must keep in mind the
admonition that, in experiments of this sort, the answer
one gets depends on how one phrases the question.
That s, the relative involvement of various pathways will
depend on the nature of the substrates that are offered.
Two extensive recent studies employed substrates in
which an I-Sed-induced break was flanked by direct
repeats (JOHNSON-SCHLITZ et al. 2007; WEI and RoNG
2007). Not surprisingly, SSA was the predominant mode


http://www.genetics.org/cgi/data/genetics.109.101329/DC1/1
http://www.genetics.org/cgi/data/genetics.109.101329/DC1/2

Genetics of Gene Targeting 649

of repair, and this was independent of Rad51 and Radb4.
In our ZFN-mediated gene targeting protocol, comple-
tion of repair by SSA alone would be somewhat more
demanding. Two independent incidences of resection
and annealing are needed, one at each end of the donor
and of the target (Figure 1). In addition, the sequences
to be annealed do not start out in proximity, although
how this might affect the process is not entirely clear.

It is remarkable in our gene targeting protocol that
the donor DNA is used so efficiently to repair ZFN-
induced breaks. In every case there is only a single copy
of the integrated donor in each diploid cell, yet a
sizeable proportion of new mutants result from HR
between donor and target. This is particularly true in
the absence of DNA ligase IV, where HR products
represent about half of all mutations in males and
nearly 90% in females. Clearly liberation of the donor
DNA from its chromosomal site with FLP facilitates its
association with the homologous target. Both in the
presence (BiBikova et al. 2003) and in the absence
(RoNG and Govric 2000) of a break in the target, making
the donor extrachromosomal and linear stimulates HR
by at least an order of magnitude.

Our results with /ig4 mutants generally show larger
changes than those observed in previous studies. MCVEY
et al. (2004c) saw very little effect of lig4 on repair after
Pelement excision, either in wild-type or in spnA~/"
backgrounds. Both the timing and the nature of the
induced DSBs were different from our experiments:
P transposase was constitutively expressed, presumably
from shortly after fertilization, and P excision left 17-
nucleotide single-stranded 3’ tails and a 14-kb gap for
repair. We do not know how these features would
influence lig#-dependent end joining. Both JOHNSON-
ScHLITZ et al. (2007) and WeI and RonG (2007) saw
decreases in NHE] in lig4 mutants. Not surprisingly,
given the nature of their substrates, they observed a
compensatory increase in SSA products. The latter
group found, as did we, that mutagenic NHE] was
reduced, but not eliminated. Both these studies used
breaks made by I-Scel, which leaves 4-nucleotide 3’ tails.
ZFN cleavage produces 4-nucleotide 5’ tails (SMITH et al.
2000). The effect of tail length and polarity on repair
outcomes has not been studied systematically.

Choice of repair pathway: In most of the cases we
have studied, the yield of new mutants, measured as
percentage of all offspring, was not greatly affected by
manipulation of the repair pathways, even though the
distribution of NHE] and HR products varied over a
wide range. This suggests that pathways compensate for
each other to ensure effective repair. Proving this
conclusion is quite difficult, since both the HR and
major NHE] processes generate products that are
invisible in our analysis, in addition to the new mutants
we score. Repair by spnA-dependent HR using the
homologous chromosome or sister chromatid as a
template would restore ry*. The same is true of accurate

direct ligation of the ZFN-produced ends, which could
be mediated by lig4. Thus, when Radb1 or Ligase IV is
absent, not only is one route to new mutations disabled,
but also some wild-type products will not be produced.
We cannot determine whether broken chromosomes
that would have been repaired by HR were simply lost or
whether they were redirected to repair by NHE]. We do
not know the absolute frequency of ZFN-induced breaks
or what the effect might be on fecundity of losing some
germline cells at early stages of development.

In the case of lig# mutants, the yield of sequence
alterations in the ry target decreased significantly to
about half the wild-type value. The proportion of HR-
derived mutants increased in these flies, which might
suggest that the breaks destined for inaccurate NHE]
were simply lost. The data indicate, however, that the
numbers of HR mutants increased, not just the pro-
portion; and some of the breaks not repaired by NHE]
may have been repaired back to ry* via HR, as suggested
above. When both lig4 and spnA were missing, and even
when the circular donor prevented SSA, the yield of
mutants was indistinguishable from that in wild type. An
alternative inaccurate NHE] process is clearly operating
in those circumstances, and it may be that accurate
repair to restore ry* is no longer possible, resulting in an
apparent preservation of mutant yield.

NHE]J mutations: Many studies have reported that, as
in mammalian cells, NHE] in Drosophila produces
insertions as well as deletions at the DSB site (TARASU-
IsHIKAWA et al. 1992; KURKULOS et al. 1994; STAVELEY et al.
1995; McVEY et al. 2004c; MIN et al. 2004; ROMEIN et al.
2005), and that has been our experience (BIBIKOVA
et al. 2002; BEUMER et al. 2006; and this study). Perhaps
surprisingly, we saw only modest effects of lig4 mutation
on the nature of the NHE] products. In other systems
ligindependent end joining makes greater use of
microhomologies at the junction (VERKAIK et al. 2002;
PaAN-HAMMARSTROM et al. 2005; MORTON et al. 2006;
LI1ANG et al. 2008; McVEY and LEE 2008), but that was not
the case here. Since the genetic requirements for this
backup system are not known, we cannot speculate on
how it might be affected by the design of our experi-
ments or the developmental timing of repair. A recent
study found an increase in large deletions in the
absence of lig# in Drosophila (Wkr and Ronc 2007),
and this was true of lig4-deficient human and yeast cells
as well (WILsoN et al. 1997; So et al. 2004). Our PCR-
based assay might have missed some of these, but PCR
failures were rare, and use of primers flanking the break
site at greater distance did not reveal such products.

The most surprising single NHE] product we re-
covered was the insertion that was clearly derived
ultimately from spliced gish RNA. We cannot determine
whether RNA was the direct template for repair or
whether a fortuitous reverse transcript was available for
the process. Previous studies have found copies of RNA
inserted at DSB sites in yeast, but as these RNAs were
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derived from retrotransposons, their insertion was
attributed to copying from the corresponding cDNAs
(MooRE and HABER 1996; TENG et al. 1996). A recent
study showed that synthetic RNAs can be used in yeast as
templates to repair DSBs by HR, albeit at considerably
lower frequency than synthetic DNAs (STORICI el al.
2007). A plant mitochondrial gene that migrated to the
nuclear genome during evolution appears to have
proceeded via an RNA intermediate, as the nuclear
copy reflects changes introduced by RNA editing
(NUGENT and PALMER 1991).

The presence of apparently untemplated nucleotides
at many junctions, including those between the gish and
rysequences (Figure 5), suggests template-independent
DNA synthesis during NHE] repair in both the lig#
dependent and /lig#independent processes. Similar
observations have been made in many other systems
(RoTH et al. 1989; GorBuNovAa and Levy 1997). In-
terestingly, the multifunctional bacterial NHE] protein,
LigD, contains a polymerase domain that is capable of
template-independent nucleotide addition (PITCHER
et al. 2007), and some eukaryotic DNA polymerases also
possess this activity (N1ICK MCELHINNY et al. 2005).

Conclusion: Gene targeting stimulated by ZFN-
induced cleavage proceeds by well-defined mechanisms.
Most homologous gene replacement by recombination
with a donor DNA occurs by SDSA, with a minor fraction
by SSA. The major NHE] pathway depends on DNA
ligase IV, although a robust backup pathway completes
repair in the absence of other alternatives. When lig# is
mutated, a substantially increased proportion of repair
events proceed by HR, leading to donor incorporation
in a large fraction of cases. We have recently simplified
our procedure by delivering ZFNs and donor DNA to
flies through direct embryo injection (BEUMER el al.
2008). Making use of the results of the current study, we
found that injection into lig4 mutant embryos led to a
large increase in HR repair, without overall loss of
efficiency.

We are grateful to Yikang Rong, Jeff Sekelsky, Trudi Schupbach, and
the Drosophila Stock Center for providing mutant stocks and advice on
their husbandry; to John Wilson for his comments on the manuscript,
and to Ken Boucher for the complex statistical analysis. This work was
supported by National Institutes of Health awards GMb58504 and
GM78571 (to D.C.) and in part by a University of Utah Cancer Center
support grant.

LITERATURE CITED

Apams, M. D., M. McVEY and J. J. SERELSKY, 2003 Drosophila BLM in
double-strand break repair by synthesis-dependent strand an-

nealing. Science 299: 265-267.
Barnes, D. E., G. Stamp, I. RosEweLL, A. DENZEL and T. LINDAHL,
1998 Targeted disruption of the gene encoding DNA ligase
IV leads to lethality in embryonic mice. Curr. Biol. 8: 1395-1398.
BEUMER, K., G. BHATTACHARYYA, M. BiBIKOVA, J. K. TRAUTMAN and
D. CarroLr, 2006 Efficient gene targeting in Drosophila with
zinc-finger nucleases. Genetics 172: 2391-2403.

BruMER, K. J., J. K. TRAUTMAN, A. Bozas, J.-L. L1u, J. RUTTER et al.,
2008 Efficient gene targeting in Drosophila by direct embryo
injection with zinc-finger nucleases. Proc. Natl. Acad. Sci. USA
105: 19821-19826.

Bisikova, M., M. Gouic, K. G. Goric and D. CArRroOLL, 2002 Tar-
geted chromosomal cleavage and mutagenesis in Drosophila using
zinc-finger nucleases. Genetics 161: 1169-1175.

Bipikova, M., K. BeEuMmER, ]J. K. TrRauTMAN and D. CARROLL,
2003 Enhancing gene targeting with designed zinc finger nu-
cleases. Science 300: 764.

ESSERs, ]., R- W. HENDRIKS, S. M. SWAGEMAKERS, C. TROELSTR4, ]. DE WIT
etal., 1997 Disruption of mouse RAD54 reduces ionizing radiation
resistance and homologous recombination. Cell 89: 195-204.

Frank, K. M., N. E. SHarpLESS, Y. Gao, ]J. M. SekicucHi, D. O.
FERGUSON et al., 2000 DNA ligase IV deficiency in mice leads
to defective neurogenesis and embryonic lethality via the p53
pathway. Mol. Cell 5: 993-1002.

GHABRIAL, A., and T. ScHUPBACH, 1999 Activation of a meiotic
checkpoint regulates translation of Gurken during Drosophila
oogenesis. Nat. Cell Biol. 1: 354-357.

GHABRIAL, A., R. P. Ray and T. ScHuPBACH, 1998  okra and spindle-B
encode components of the RAD52 DNA repair pathway and af-
fect meiosis and patterning in Drosophila oogenesis. Genes Dev.
12: 2711-2723.

GORBUNOVA, V., and A. A. Levy, 1997 Non-homologous DNA end
joining in plant cells is associated with deletions and filler
DNA insertions. Nucleic Acids Res. 25: 4650-4657.

Gorskl, M. M, J. C. J. EEkeN, A. W. M. DE JoNg, I. KLINK, M. Loos
et al., 2003 The Drosophila melanogaster DNA ligase IV gene plays
a crucial role in the repair of radiation-induced DNA double-
strand breaks and acts synergistically with Rad54. Genetics 165:
1929-1941.

Hever, W. D., X. L1, M. RoLFsMEIER and X.-P. ZHANG, 2006 Radb4:
the Swiss Army knife of homologous recombination? Nucleic
Acids Res. 34: 4115-4125.

Jonnson-Scurrrz, D. M., and W. R. ENGELs, 2006  Template disrup-
tions and failure of double Holliday junction dissolution during
double-strand break repair in Drosophila BLM mutants. Proc.
Natl. Acad. Sci. USA 103: 16840-16845.

Jounson-Scuritz, D. M., C. Frores and W. R. ENGELs,
2007 Multiple-pathway analysis of double-strand break repair
mutations in Drosophila. PLoS Genet. 3: 50.

Koo1sTra, R., K. VREEKEN, |. B. M. ZONNEVELD, A. DE JONG, J. C. J.
EEKEN et al., 1997 The Drosophila melanogaster RAD54 homolog,
DmRad54, is involved in the repair of radiation damage and re-
combination. Mol. Cell. Biol. 17: 6097-6104.

Kooi1sTra, R., A. PASTINK, J. B. M. ZONNEVELD, P. H. M. LoHMAN and
J. C.J. EEkEN, 1999  The Drosophila melanogaster DmRad54 gene
plays a crucial role in double-strand break repair after P-element
excision and acts synergistically with Ku70 in the repair of x-ray
damage. Mol. Cell. Biol. 19: 6269-6275.

Kurkuros, M., J. M. WEINBERG, D. Roy and S. M. MounT, 1994 P
element-mediated in vivo deletion analysis of white-apricot: dele-
tions between direct repeats are strongly favored. Genetics
136: 1001-1011.

Liang, L., L. DENG, S. C. NGUYEN, X. ZHAO, C. D. MAULION ¢t al.,
2008 Human DNA ligases I and III, but not ligase IV, are
required for microhomology-mediated end joining of DNA
double-strand breaks. Nucleic Acids Res. 36: 3297-3310.

Lim, D. S, and P. HasTy, 1996 A mutation in mouse rad51 results in
an early embryonic lethal that is suppressed by a mutation in p53.
Mol. Cell. Biol. 16: 7133-7143.

McKim K. S., and A. HavasHi-HaciHara, 1998 mei-W68 in
Drosophila melanogaster encodes a Spoll homolog: evidence that
the mechanism for initiating meiotic recombination is con-
served. Genes Dev. 12: 2932-2942.

McVEy, M., and S. E. Leg, 2008 MME] repair of double-strand breaks
(director’s cut): deleted sequences and alternative endings. Trends
Genet. 24: 529-538.

McVEy, M., M. Apawms, E. STAEvA-VIEIRA and ]. ]J. SEKELSKY,
2004a Evidence for multiple cycles of strand invasion during
repair of double-strand gaps in Drosophila. Genetics 167:
699-705.

McVEy, M., J. R. LaRocQug, M. D. Apams and J. J. SEKELSKY,
2004b  Formation of deletions during double-strand break re-



Genetics of Gene Targeting 651

pair in Drosophila DmBIm mutants occurs after strand invasion.
Proc. Natl. Acad. Sci. USA 101: 15694-15699.

McVEy, M., D. Rapur and J. J. SEKELSKY, 2004c  End-joining repair
of double-strand breaks in Drosophila melanogaster is largely DNA
ligase IV independent. Genetics 168: 2067-2076.

McVEy, M., S. L. ANDERSEN, Y. BROZE and J. SEKELSKY, 2007 Mul-
tiple functions of Drosophila BLM helicase in maintenance of
genome stability. Genetics 176: 1979-1992.

MEerrIHEW, R. V., K. MARBURGER, S. L. PENNINGTON, D. B. RoTH
and J. H. WiLson, 1996 High-frequency illegitimate integration
of transfected DNA at preintegrated target sites in mammalian
cells. Mol. Cell. Biol. 16: 10-18.

Min, B., B. T. WEINERT and D. C. R10, 2004 Interplay between Dro-
sophila Bloom’s syndrome helicase and Ku autoantigen during
nonhomologous end joining repair of P element-induced DNA
breaks. Proc. Natl. Acad. Sci. USA 101: 8906-8911.

Mooreg, J. K., and J. E. HABER, 1996 Capture of retrotransposon
DNA at the sites of chromosomal double-strand breaks. Nature
383: 644-646.

MorTON, J.,, M. W. Davis, E. M. JORGENSEN and D. CARROLL,
2006 Induction and repair of zincfinger nuclease-targeted
double-strand breaks in Caenorhabditis elegans somatic cells. Proc.
Natl. Acad. Sci. USA 103: 16370-16375.

NassiF, N. A., J. PENNEY, S. Pa, W. R. ENGELs and G. B. GLOOR,
1994 Efficient copying of nonhomologous sequences from
ectopic sites via P-element-induced gap repair. Mol. Cell. Biol.
14: 1613-1625.

Nick McELHINNY, S. A, J. M. HAVENER, M. GARCIA-D1AZ, R. JUAREZ,
K. BEBENEK ef al., 2005 A gradient of template dependence de-
fines distinct biological roles for family X polymerases in nonho-
mologous end joining. Mol. Cell 19: 357-366.

NUGENT, ]J. M., and J. D. PALMER, 1991 RNA-mediated transfer of the
gene coxlII from the mitochondrion to the nucleus during flow-
ering plant evolution. Cell 66: 473-481.

NUSSENZWEIG, A., and M. C. NUSSENZWEIG, 2007 A backup DNA
repair pathway moves to the forefront. Cell 131: 223-225.
PAN-HAMMARSTROM, Q., A. M. JoNES, A. LAHDESMAKI, W. ZHOU, R. A,
GATTI el al., 2005 Impact of DNA ligase IV on nonhomologous
end joining pathways during class switch recombination in hu-

man cells. J. Exp. Med. 201: 189-194.

PrrcHer R. S, N. C. BrisserT and A. J. DoHERTY, 2007 Non-
homologous end-joining in bacteria: a microbial perspective. An-
nu. Rev. Microbiol. 61: 259-282.

PresTON, C. R, C. C. FLorEs and W. R. ENGELSs, 2006 Differential
usage of alternative pathways of double-strand break repair in
Drosophila. Genetics 172: 1055-1068.

RoMEIN, R. J., M. M. GORrsKI, M. A. VAN ScHIE, J. N. NOORDERMEER,
L. H. MULLENDERS ¢l al., 2005 Lig4 and Rad54 are required for
repair of DNA double-strand breaks induced by P-element exci-
sion in Drosophila. Genetics 169: 795-806.

RoNG, Y. S, and K. G. Gouic, 2000 Gene targeting by homologous
recombination in Drosophila. Science 288: 2013-2018.

RoNG, Y. S., and K. G. GoLic, 2003 The homologous chromosome is
an effective template for the repair of mitotic DNA double-strand
breaks in Drosophila. Genetics 165: 1831-1842.

Roth, D. B, X. B. CHANG and J. H. WiLsoN, 1989 Comparison of
filler DNA at immune, nonimmune, and oncogenic rearrange-
ments suggests multiple mechanisms of formation. Mol. Cell.
Biol. 9: 3049-3057.

SMITH, J., M. BIBIKOVA, F. G. WHITBY, A. R. REDDY, S. CHANDRASEGARAN
et al., 2000 Requirements for double-strand cleavage by chi-
meric restriction enzymes with zinc finger DNA-recognition do-
mains. Nucleic Acids Res. 28: 3361-3369.

So, S., N. ApacHi, M. R. LieBer and H. Kovama, 2004 Genetic
interactions between BLM and DNA ligase IV in human cells.
J. Biol. Chem. 279: 55433-55442.

STAEVA-VIEIRA, E., S. Yoo and R. LEHMANN, 2003  An essential role of
DmRadb51/SpnA in DNA repair and meiotic checkpoint control.
EMBO ]. 22: 5863-5874.

StaveLey, B. E., T. R. Hesuip, R. B. HOopGETTS and J. B. BELL,
1995 Protected P-element termini suggest a role for inverted-
repeat-binding protein in transposase-induced gap repair in
Drosophila melanogaster. Genetics 139: 1321-1329.

Storicr, F., K. BEBENEK, T. A. KUNKEL, D. A. GORDENIN and M. A.
RESNICK, 2007 RNA-templated DNA repair. Nature 447: 338-341.

SYMINGTON, L. S., 2002  Role of RAD52 epistasis group genes in ho-
mologous recombination and double-strand break repair. Micro-
biol. Mol. Biol. Rev. 66: 630-670.

TArASU-ISHIKAWA, E., M. YosHIHARA and Y. HoTTA, 1992 Extra se-
quences found a P element excision sites in Drosophila melanogast-
er. Mol. Gen. Genet. 232: 17-23.

TENG, S. C., B. Kim and A. GABRIEL, 1996 Retrotransposon reverse-
transcriptase-mediated repair of chromosomal breaks. Nature
383: 641-644.

Tsuzuky T., Y. Fuji, Ko Sakumi, Y. Tominaca, Ko Nakao et al.,
1996 Targeted disruption of the Rad51 gene leads to lethality
in embryonic mice. Proc. Natl. Acad. Sci. USA 93: 6236-6240.

VERKAIK, N. S., R. E. ESVELDT-vAN LANGE, D. vaN HeemsT, H. T.
BRUGGENWIRTH, J. H. HOEIJMAKERS et al., 2002  Different types
of V(D)J recombination and end-joining defects in DNA double-
strand break repair mutant mammalian cells. Eur. J. Immunol.
32: 701-709.

WeL D. S., and Y. S. RonG, 2007 A genetic screen for DNA double-
strand break repair mutations in Drosophila. Genetics 177: 63-77.

WiLson, T. E., U. GRAWUNDER and M. R. LIEBER, 1997 Yeast DNA
ligase IV mediates non-homologous DNA end joining. Nature
388: 495-498.

WymaN, C., and R. KANAAR, 2006 DNA double-strand break repair:
all’s well that ends well. Annu. Rev. Genet. 40: 363-383.

Yoo, S., and B. D. McKEE, 2005 Functional analysis of the Drosoph-
ila Rad51 gene (spn-A) in repair of DNA damage and meiotic
chromosome segregation. DNA Repair 4: 231-242.

Communicating editor: S. E. BICKEL



GENETICS

Supporting Information
http: / /www.genetics.org/cgi/content/full/genetics. 109.101329/DC1

Genetic Analysis of Zinc—finger Nuclease-induced Gene Targeting

in Drosophila
Ana Bozas, Kelly J. Beumer, Jonathan K. Trautman and Dana Carroll

Copyright © 2009 by the Genetics Society of America
DOI: 10.1534/genetics.109. 101329



2SI

Deletions

4696

ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT

ACC TAT

ACC TAT

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TA-

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAT

TAC

TA-

TAC

TAC

TAC

TAC

TAC

ACG

ACG

ACG

ACG

-CG

ACG

ACG

ACG

AC-

ACG

AAT

—-AT

AA-

AAT

AAT

—-AT

AA-

AA-

A. Bozas et al.

GGC

GGC

GGC

GGC

GGC

GGC

GGC

GGC

GGC

GTG

GTG

GTG

GTG

GTG

GTG

GTG

GTG

GTG

GTG

GTG

GTG

GTG

GTG

GTG

-TG

GTG

GTG

-TG

GTG

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT



ACC TAT

ACC TAT
ACC TAT
ACC TAT

ACC TAT

Insertions

4696

I
ACC TAT

ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT
ACC TAT

ACC TAT

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC A-G AAT GGC

TAC

TAC

ACG AAT

| A
ACG AAT

|C
ACG AAT
|CG
ACG AAT

| AA
ACG AAT

| CGA
ACG AAT

A. Bozas et al.

GTG

GTG

GGC GTG

GGC GTG
GGC GTG
GGC GTG
GGC GTG

GGC GTG

| CGAA

ACG AAT

[C
TAC ACG A-T GGC

GGC GTG

GTG

| (200 bp) %

|GT
A-- -AT

GTG

GGC GTG

| TGTAGTCCCACG

A-- -AT

GGC GTG

GGA

GGA

GGA

GGA

bp A) -

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GGA

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

GTC

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

wt

(18) t

3 SI



4 SI

ACC

ACC

ACC

ACC

ACC

ACC

ACC

ACC

ACC

ACC

ACC

ACC

ACC

ACC

ACC

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

AGC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TA-

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TA-

A. Bozas et al.

| CATGTTTCGCATGTTACTAC
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| TACTACACCT
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AC- --- GGC GTG GGA
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ACC TAT AGC TAC TAC A-- --=- —-—--=- —--- —--A GTC ACT

ACC TAT AGC TAC TAC A-— —== ——= ——= ——= ——— ———

| TATTGCCTGAC
ACC TAT AGC TAC TAC —--- —--— (44 bp A)-= ——— ——-
| TGAA
ACC TAT AGC TAC TAC ACG A-- --- (915 bp A)- ---

1The 4-base fill-in and blunt join of the overlap created by ZFN cleavage.
1This insertion corresponds to sequences in the 18S rRNA gene.
** This insertion matches sequences from the histone gene cluster.

FIGURE S1.—NHE]J mutations at 7y from /g4 flies. Sequences of the ZFN-induced mutants in the 7y gene. The wild type
sequence is shown above the deletions and the insertions for comparison. The first position in the sequence is numbered from
start of transcription. ZFN recognition sequences are in red; insertions and substitutions are in blue. All these sequences were
isolated independently — i.e., they came from different heat-induced parents. When a mutant sequence was isolated more than
once, the number of observations is shown in parentheses to the right. Many of the short insertions are partially homologous to 7y
sequences in the immediate vicinity of the ZFN cut. *A 9-bp deletion found more commonly from /ig4- parents.
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ACC TAT AGC TAC TAC ACG A-- --- GTG GGA

| TATAGTTAC
ACC TAT AGC TAC TAC —--- —--- GGC GTG GGA

|GTG
ACC TAT AGC TAC TAC —--- —--- GGC GTG GGA

| GGTAGCG
ACC TAT AGC TAC TA- --- —--T GGC GTG GGA

| ATACC
ACC TAT AGC TAC —--- --- -AT GGC GTG GGA

| (39 Dbp)
ACC TAT AGC TAC TA- --- --- GGC GTG GGA

|G
ACC TAT AGC TAC T-- —--- —--- GGC GTG GGA

| CACTACTAC
ACC TAT AGC === —-=-=- —--- -AT GGC GTG GGA

| GTATCACTGTGGGA
ACC TAT AGC TAC TA- —--=- —--- —-—-- GTG GGA

| (31 Dbp)
ACC TAT AGC TAC TAC --- --- --- --G GGA
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| (720 bp) +
ACC TAT AGC --- --- --- --- -GC GTG GGA

| AG
ACC —=—= ———= ——— ——— ——— —-T GGC GTG GGA

| (64 Dbp) **
ACC TAT AGC TAC TAC A-- --- —-- (71 bp A)

*A 9-bp deletion found more commonly from /g4 parents.

+The 4-base fill-in and blunt join of the overlap created by ZFN cleavage.
1This insertion corresponds to gish mRNA (see Fig. 5 in main text).

** This insertion matches sequences downstream of the 7y gene.
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FIGURE S2.—NHE] mutations at from lig4- flies. Other features as in Figure S1.
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TABLE S1

Statistical analysis of gene targeting parameters

Males p values

Genotypes %Yielders %ry %HR
Ml : M2 wt vs. spnd+ 0.81 0.623 0.14
Ml : M3 « 0.19 0.126 0.40
M1 : M4 wt vs. spnd-" 0.69 0.024 9x 106
Ml : M5 « 0.028 0.51 0.00064
M1 : M6 « 0.00042 0.222 0.00059
Ml : M7 wt Lvs. C 0.76 0.118 0.30
Ml : M12 wt L2 vs. L3 1.0 0.017 0.67
M7: M8 wtvs. spnd+”- C 0.094 0.00025 0.013
M7 : M9 « 0.50 0.381 0.22
M7 :MI10 wt vs. spnd G 0.010 0.011 3x 105
M7 :Ml1 « 0.53 0.261 3x 105
MI12:M13 wt vs. okrt/- 0.21 0.614 0.010
MI12:Ml14 wt vs. okr/ 0.47 0.194 0.071
Ml : M15 wt vs. ligd- 1.6 x 10 0.000425 7x 10-11
M1 : M16 wt vs. ligd spnd-- 0.0019 0.219 0.028
M7:M17 wtvs. ligd G 0.0056 7.7x 108 0.019
M7:MI18 wt vs. ligd spnd~/- C 0.00087 0.38 0.0025
M15: M16 ligd vs. lig4 spnA~ 0.83 0.0016 9.5 x 10-14
M17:M18 hgd vs. lig4 spnd-"- C 1.0 0.00048 4.4 x 107
M5 : M10 spnd"-Lvs. C 0.84 0.061 0.060
M6 : M11 « 0.011 0.439 0.0031
M15: M17 ligd Livs. C 0.83 0.278 0.0043
MI16:M18 ligt spnd-"-Lvs. C 1.0 0.487 0.014
Females p values

Genotypes %Yielders %ry %HR
F1:F2 wt vs. spnd+ 0.68 0.8 0.19
F1:F3 « 0.026 0.223 1.0
F1:F6 wt vs. spnd-" 8x 109 0.485 5x 108
F1:F7 wt Lvs. C 0.62 0.731 0.32
F1:F12 wt L2 vs. L3 0.84 0.588 0.0040
F7:F8 wtvs. spnd+”- C 0.14 0.0623 0.033

F7:F9 « 1.0 0.587 0.14
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F7:F11 wt vs. spnd~ G 0.00026 0.95 4x 107
F1:F19 wt vs. ligd+/ 0.69 0.0923 0.025
F1:F20 wt vs. ligd” 0.012 0.00046 8x 102
F7:F21 wtvs. ligd G 0.0053 0.00395 4x 105
F20: F21 lgd” Lvs. C 0.86 0.803 6.5 x 108
F19:F20 lgd” Lvs. ligd* 0.0042 6.7 x 106 9.4 x 10-11
Males vs. Females p values

Genotypes %Yielders %ry %HR
Ml :F1 wt L 0.54 0.191 0.035

M2 :F2 spnA+’ 1.0 0.158 0.15

M3 :F3 « 0.0035 9.6 x 109 0.046

M6 : F6 spnd-- 0.00042 0.49 0.11

M7 :F7 wt C 0.72 0.524 0.22

M8 : F8 spnd+/- G 1.2 x 10" 1.2 x 10-10 0.024
MI11:F11 spnd- G 0.0027 0.825 1.0
MI12:F12 wt AB3 0.46 0.0274 4.6 x 106
M13:F13 okrt/- 0.30 2.52x 10 1.0

M15 : F20 ligd 0.63 0.394 1.9 x 10-12
M17:F21 hg4 C 0.63 0.089 0.0030

Genotypes are as in Table 2, with M indicating males and F indicating females of specified class. %Yielders, %ry and
%HR have the same meanings as in Table 2 of the main text. L denotes linear donor, C denotes circular donor. As stated
in the main text, p values were calculated with Fisher’s exact test for %Yielders and %0HR, and with the glm function of

the R software package for %ory.



