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ABSTRACT DNA double-strand breaks (DSBs) pose a serious threat to genomic integrity. If unrepaired, they can lead to chromosome
fragmentation and cell death. If repaired incorrectly, they can cause mutations and chromosome rearrangements. DSBs are repaired
using end-joining or homology-directed repair strategies, with the predominant form of homology-directed repair being synthesis-
dependent strand annealing (SDSA). SDSA is the first defense against genomic rearrangements and information loss during DSB repair,
making it a vital component of cell health and an attractive target for chemotherapeutic development. SDSA has also been proposed to
be the primary mechanism for integration of large insertions during genome editing with CRISPR/Cas9. Despite the central role for
SDSA in genome stability, little is known about the defining step: annealing. We hypothesized that annealing during SDSA is
performed by the annealing helicase SMARCAL1, which can anneal RPA-coated single DNA strands during replication-associated DNA
damage repair. We used unique genetic tools in Drosophila melanogaster to test whether the fly ortholog of SMARCAL1, Marcal1,
mediates annealing during SDSA. Repair that requires annealing is significantly reduced in Marcal1 null mutants in both synthesis-
dependent and synthesis-independent (single-strand annealing) assays. Elimination of the ATP-binding activity of Marcal1 also reduced
annealing-dependent repair, suggesting that the annealing activity requires translocation along DNA. Unlike the null mutant, however,
the ATP-binding defect mutant showed reduced end joining, shedding light on the interaction between SDSA and end-joining
pathways.
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DNA double-strand breaks (DSBs) are deleterious to via-
bility in somatic cells. DSBs can arise from exogenous

sources such as chemical mutagens in the environment and
ionizing radiation (IR) (Ciccia and Elledge 2010; Sage and
Shikazono 2016). They can also occur as a byproduct of en-
dogenous processes including replication errors, cellular
metabolism resulting in oxidative stress, and repair of
other types of lesions that are converted into a DSB for pro-
cessing (Pfeiffer et al. 2000). Unrepaired DSBs lead to chro-
mosome fragmentation and apoptosis; aberrant repair
can cause insertions or deletions, as well as chromosomal

rearrangements through inappropriate recombination (Tsai
and Lieber 2010). It is vital that DSBs are not only repaired,
but repaired in such a way as to restore the integrity of the
genome.

There aremultiple strategies for repairingDSBs that can be
separated into two main categories: strategies that do not
require a template for repair, which include multiple forms of
end joining (EJ); and strategies that do require a template,
which are classified as homology-directed repair (HDR) (Fig-
ure 1). EJ via direct ligation or with minor processing of the
ends can be employed immediately at the break, as is the case
with canonical nonhomologous EJ (cNHEJ) (Figure 1G)
(Mimitou and Symington 2009; Waters et al. 2014; Williams
et al. 2014). EJ can also be used as an exit strategy after re-
section via microhomology-mediated EJ (MMEJ). In meta-
zoans, this process requires DNA polymerase u, and has
recently been called u-mediated EJ (TMEJ) (Figure 1, H and I)
(Chan et al. 2010; Yu and McVey 2010; Garcia et al. 2011;
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Yousefzadeh et al. 2014; Rodgers and McVey 2016; van
Schendel et al. 2016; Wyatt et al. 2016).

HDR strategies for repair share a common set of steps that
begins with resection of the 59 ends of the break to yield 39
single-stranded DNA (ssDNA) tails that are protected by the
single-stranded binding protein RPA (Figure 1B). Studies in
yeast and Drosophila melanogaster have shown that it is pos-
sible for complementary resected ends to anneal to each
other in a process called single-strand annealing (SSA) (Fig-
ure 1, J and K), and SSA has been hypothesized to occur in
regions of direct repeats (Rong and Golic 2003; Storici
et al. 2006; Bhargava et al. 2016). In nonrepetitive regions,
Brca2 and other proteins facilitate exchange of RPA for
Rad51 on the resected tails, creating a filament competent
to search for and invade a homologous duplex template,
typically the sister chromatid or homologous chromosome
(Jensen et al. 2010; Reuter et al. 2014). The invading
strand anneals to the template strand, displacing its com-
plement and generating a structure called a displacement
loop (D-loop) (Figure 1C). The invading strand is then
extended by synthesis, using the homologous sequence
as a template.

It is at this point that the HDR strategies diverge. In
synthesis-dependent strandannealing (SDSA) (centralmodel
in Figure 1), the D-loop is disassembled and a complemen-
tarity test between the nascent strand and the opposing end
of the break is performed (Figure 1D). If complementarity is
found, the two ends anneal. Trimming of noncomplementary
overhangs, filling of gaps, and ligation restore a duplex DNA
molecule (Figure 1, E and F) (Gloor et al. 1991; Nassif et al.
1994; Pâques et al. 1998). An alternative form of HDR occurs
when the opposing end of the break anneals to the D-loop in a
process called second-end capture (Figure 1L). Continued
synthesis from both ends and subsequent ligation produces
a joint molecule called a double Holliday junction (dHJ) (Fig-
ure 1M), which must be further processed to give duplex
products (Figure 1, N–Q).

HDR leading todHJ formation is often invokedas aprimary
form of templated repair in somatic cells, though this inter-
pretation is largely due to studies of meiotic recombination
mechanisms (reviewed in Jasin and Rothstein 2013). During
meiotic recombination, the dHJ pathway is important be-
cause it can generate the crossovers that are necessary for
homolog disjunction; however, crossovers can be detrimental
to mitotically proliferating cells. It is thought that crossovers
are avoided in somatic cells either through biased processing
of dHJs or by disfavoring formation of dHJ intermediates (Ira
et al. 2003; Andersen et al. 2011; Kuo et al. 2014; LaFave et al.
2014; Sarbajna et al. 2014). SDSA is gaining acceptance as a
predominant form of HDR in mitotic cells due to its parsi-
mony and a growing amount of circumstantial evidence, such
as the rarity of mitotic crossovers in wild-type backgrounds
(reviewed in Andersen and Sekelsky 2010). Despite this
growing support, there are few assays in existence with the
capacity to determine whether noncrossover gene conver-
sion events were generated through the SDSA or the dHJ

pathway. As such, little is known about the defining step of
SDSA: annealing.

Annealing is the step at which the cell commits to SDSA
(Figure 1D), so understanding this step is critical to under-
standing DSB repair. Studies in budding yeast have identified
Rad52 as an important mediator of annealing during SSA
(Ivanov et al. 1996; Storici et al. 2006; Jensen 2013). Mam-
malian Rad52 mutations do not result in strong HDR defects
(Rijkers et al. 1998), although human RAD52 has been found
to be important for second-end capture through interactions
with RPA and Rad51 (McIlwraith and West 2008; Nimonkar
et al. 2009; Khade and Sugiyama 2016). This suggests that
Rad52 functions in animals may be confined to steps of HDR
where Rad51 is active, such as strand invasion, making it
unlikely that RAD52 is the mediator of annealing during
SDSA.

Recent studies in mammalian systems have uncovered a
class of helicases with ATP-driven annealing activity called
annealing helicases (Yuan et al. 2012). Members of this fam-
ily can anneal two RPA-coated, complementary single DNA
strands, making these enzymes ideal candidates for annealing
during SDSA. The first member of this family to be identified,
SMARCAL1, has a C-terminal Swi/Snf2-family helicase do-
main and two N-terminal HepA-related protein (HARP) do-
mains (SMARCAL1 was originally called HARP) (Coleman
et al. 2000; Yusufzai and Kadonaga 2008). SMARCAL1 plays
roles in replication-associated DNA damage repair and has
been shown to regress model replication forks by annealing
the parental strands (Bétous et al. 2012). SMARCAL1 is acti-
vated by ATR-dependent phosphorylation and recruited to
troubled forks via an interaction with RPA (Ciccia et al.
2009). Biallelic mutations in SMARCAL1 cause the autoso-
mal, recessive disorder Schimke immuno-osseous dysplasia
(SIOD). SIOD patients have multiple clinical features, some
of which are similar to those of DNA damage-repair disorders
such as Bloom syndrome and Fanconi anemia. These include
poor growth, immune deficiencies, and premature aging
symptoms (Lou et al. 2002; Baradaran-Heravi et al. 2012b;
Morimoto et al. 2016).

Orthologsof SMARCAL1are found throughoutmetazoans,
as well as in plants and some protists, though are notably
absent from yeasts. D. melanogasterMarcal1 is 41% identical
and 60% similar to human SMARCAL1 across the helicase
domain (based on BLAST alignment of residues 154–679 of
Marcal1 to residues 337–869 of SMARCAL1). Marcal1 has a
single HARP domain vs. the two in SMARCAL1; the presence
of two HARP domains appears to be unique to chordates. The
distance between the helicase ATPase domain and the prox-
imal HARP domain is critical for the annealing function of
SMARCAL1 in vitro (Ghosal et al. 2011), and that distance is
conserved in Marcal1. In vitro studies comparing the activity
of Marcal1 to SMARCAL1 showed that both proteins have
robust annealing activity (Kassavetis and Kadonaga 2014).
Further support for a role of Marcal1 in annealing during
SDSA is suggested by a previous study showing that muta-
tions in mei-41, which encodes the Drosophila ortholog of
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ATR, significantly reduce annealing during both SDSA and
SSA (LaRocque et al. 2007); suggesting that an ATR-activated
protein, such as SMARCAL1/Marcal1, catalyzes annealing
during DSB repair.

Drosophila is one of the fewmodel organisms with genetic
tools available to assay SDSA, making it an ideal system to
test whether SMARCAL1 plays a role in annealing during
SDSA in vivo. We show here that Drosophila Marcal1mutants
have elevated lethality when exposed to DSB-inducing
agents, indicating Marcal1 has a role in HDR. We used
well-characterized assays to demonstrate that annealing dur-
ing both SDSA and SSA is severely reduced in Marcal1 mu-
tants. Abrogating Marcal1 ATP binding reduces EJ as well as
annealing, suggesting that Marcal1 activity is epistatic to
TMEJ. Altogether, these data uncover new information about
HDR that further our understanding of DSB repair, which will
aid in improving the efficiency of chemotherapeutics as well
as laboratory technologies such as CRISPR/Cas9.

Materials and Methods

Drosophila stocks

Fly stocks were maintained at 25� on standard cornmeal me-
dium. AllMarcal1 null assays were performed using the het-
eroallelic null mutations Marcal1del and Marcal1kh1.
Marcal1del is a 679-bp deletion of part of the first exon and
second intron generated via imprecise P-element excision as
described in Baradaran-Heravi et al. (2012a).Marcal1kh1was
generated using CRISPR/Cas9 technology (Gratz et al. 2013;
Bassett and Liu 2014). Oligonucleotides (Integrated DNA
Technologies) used for guide RNA (gRNA) were cloned into
pU6 BbsI chimeric RNA (chiRNA) vector and then injected
into Bloomington stock number 51323 (y1 M{vas::Cas9}ZH-
2A w1118/FM7c) (BestGene). Marcal1kh1 deletes 2L:
4,955,554–4,956,729 (Drosophila annotated genome
r6.13), which encompasses exon 1 through part of exon 2.
The Brca243 null mutation was used in trans to the Brca247

Figure 1 DSB repair strategies. Blue, double-stranded DNA (dsDNA) molecule; orange, dsDNA template (sister chromatid or homologous chromosome).
(A) A DSB occurs in the blue DNA molecule. (B) 59 resection marks the first step of HDR and results in 39 ssDNA tails. (C) Rad51-coated ssDNA tail invades
a template duplex, displacing one strand to create a D-loop, and primes synthesis. (D) The D-loop is disassembled and a complementarity test between
the opposing ends of the break occurs. (E) SDSA is defined by annealing between complementary sequences, followed by trimming and/or gap filling.
(F) Ligation restores an intact duplex DNA molecule. Alternative strategies (dotted arrows): (G) cNHEJ can occur instead of resection, which directly
ligates the ends and can generate small insertions and deletions (pink segment). (H) MMEJ (catalyzed by DNA polymerase u in metazoans) can occur
prior to strand exchange or after failure to find or anneal at complementary sequences. (I) MMEJ/TMEJ will usually generate a deletion or insertion (pink
segment). (J) If the DSB occurs between two direct repeats, complementary sequences may be exposed during resection, and annealing can occur
without synthesis, called SSA. (K) SSA results in deletion of one repeat. (L) Second-end capture (annealing of the opposing strand to the D-loop, allowing
for extension of that strand) can occur during synthesis. (M) Ligation to the opposing 59 ends creates a dHJ. (N) Dissolution of the dHJ involves migration
of the junctions toward each other and decatenation via topoisomerase activity to (O) restore the DNA molecule. (P) Resolution involves endonucleolytic
cleavage of the junctions which can be cut in either orientation, resulting in both (O) noncrossover (restoration of the DNA molecule) and (Q) crossover
(recombinant) products.
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null mutation in all assays. Both are large deletions produced
via imprecise P-element excision, described in Thomas et al.
(2013).

Marcal1K275M mutation was generated using CRISPR/
Cas9. The gRNA vector was prepared as described for the
Marcal1kh1 allele. A repair template vector was generated
by amplifying 1234-bp upstream and 643-bp downstream
of the conserved lysine codon from BACPAC genomic DNA
clone library (identifier: BACR13M11) and inserted into the
pSL1180 vector. The QuickChange Site-Directed Mutagene-
sis Kit (Agilent Technologies) was used to introduce a muta-
tion in the PAM recognition site as well as two single base pair
changes to alter the lysine codon to methionine (primer se-
quence: 59-GAAATGGGCCTGGGCATGACCTATCAGGCCTTGGC
CGTAGCCG-39). The repair vector was injected with the BbsI
chiRNA vector into the same stock used for generating the
Marcal1kh1 allele.

Sensitivity assays

Vials of five heterozygous Marcal1del females and three het-
erozygous Marcal1kh1 males each were incubated for 3 days
(brood one) before being transferred to fresh vials of food for
2 additional days (brood two), after which the adult flies
were discarded. Then, 1 day later, 250 ml of aqueous muta-
genic solution was added directly to the food in brood-two
vials and the larvae were allowed to develop to adulthood
(dosages listed in Supplemental Material, Table S1 in File
S1). For IR experiments, larvae were exposed to 137Cs for
the required time to reach the desired dosage. Surviving
adults in both broods were quantified by genotype (hetero-
zygous or heteroallelic null) and the ratio of heterozygous to
heteroallelic was calculated per vial. Exposed vials were nor-
malized to unexposed paired brood-one ratios. Paired t-tests
were performed between unexposed and exposed ratios.
Each round of biological replicates had 10–20 vials and each
mutagen had two or more rounds.

P{wa} assay

The P{wa} assay was performed as previously described
(Adams et al. 2003). Briefly, single males of the genotype
y w P{wa}; Marcal1del/Marcal1kh1; Sb P{D2-3, ry+}/TM6B
were crossed to four females homozygous for y w P{wa}
and Sb+ female progeny were scored for red, yellow, or
apricot eyes. Representative samples of red- and yellow-
eyed females were collected and crossed to FM7wmales to
recover the repair product in subsequent males. DNA was
extracted from a single adult male progeny with the repair
product for PCR analysis. Multiple repair events were re-
covered per male, however, only repair events that could
be confirmed unique were analyzed and reported. The
same methods and transposase source were used for all
genotypes.

Each vial of progeny from a single male was scored in-
dependently and a ratio of either red- or yellow-eyed progeny
to total progeny was calculated per vial. Outliers were iden-
tified using the ROUTmethod and removed from the data set.

No outliers were removed from the Brca2 data set; one was
removed fromMarcal1 Brca2; and three were removed from
Marcal1, wild type, and Marcal1K275M data sets. To deter-
mine and compare mean frequency of repair events, the
red-eye (SDSA) ratios were compared between genotypes
using parametric ANOVA and the mean ratios of each geno-
type were compared to the mean ratios of all other geno-
types; the analysis was repeated for yellow-eye (EJ) ratios.
Rate of lack of excision was calculated by subtracting the EJ
rate of Brca2mutants from the total scored progeny, as Brca2
mutants are incapable of strand invasion. Rate of complete
restoration of P{wa} was calculated by summing the fre-
quency of all repair events in wild-type males and subtracting
that rate from the EJ rate of Brca2mutants, using the assump-
tion that all excisions were repaired by EJ in these mutants.

To assess synthesis capability, each repair event was ana-
lyzed with a series of seven PCRs (primers are listed in Table
S2 in File S1). Amplified products using one primer set were
calculated as a percentage of total events analyzed and re-
peated for all primer sets (intervals). Percentage of events
with positive PCRs were compared between genotypes using
parametric ANOVA. When compared as individual PCRs, P,
0.05 was considered to be statistically significant; however,
when asking how much difference exists between genotypes
across all PCRs, P-values for each interval were multiplied by
the number of intervals (seven) to correct for multiple
comparisons.

P{wIw} assay

The P{wIw} assay was performed as previously described
(Mukherjee et al. 2009). Briefly, four Marcal1del/CyO;
P{wIw}/TM6B females were crossed to three Marcal1kh1/CyO;
Sb P{70I-SceI}/TM6B males for 3 days and the parents were
discarded. Then, 1 day later, the first-instar larval progeny
were heat-shocked at 37� for 1 hr. Heat shock was repeated
on the following day to ensure all first-instar larvae received
treatment. Larvae were allowed to develop to adulthood. All
Sb+ progeny were scored for red or white eyes. All red-eyed
flies were collected (up to a maximum of 10) from each vial;
10 white-eyed flies were collected per vial. DNA was extracted
from each collected fly for analysis.

Red-eye events: The linker region was amplified (primer
sets in Table S3 in File S1) and subjected to digestion with
I-SceI. Events that failed to amplify or were not cut by I-SceI
were categorized as EJ events. Events that were successfully
cut by I-SceI could not be distinguished between EJ and
uncut, and were removed from the dataset.

White-eye events: The 59 region of the upstream mini-
white (mini-w) gene is 480 bp whereas the 59 region of the
downstream mini-w is 369 bp using the same primer set
(Table S3 in File S1). The presence of both products indicates
SSA did not occur; these events were categorized as EJ
events. A small number of events had only the 369-bp prod-
uct, these were verified to be in the upstream location via a
primer anchored in the P element and categorized as SSA
events. PCRs with no product were categorized as EJ events.

470 J. K. Holsclaw and J. Sekelsky

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.200238/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.200238/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.200238/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.200238/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.200238/-/DC1/FileS1.pdf


The percentage of SSA events in the white class was calcu-
lated per vial. SSA and EJ events were then adjusted by this
number.

The adjusted percentages of SSA events per vial were
compared via unpaired t-tests between control and mutant
genotypes per experiment. Marcal1K275M heterozygotes and
homozygotes were compared to each other, wild type, and
Marcal1 using parametric ANOVA.

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article. Drosophila stocks are available upon
request.

Results

Marcal1 mutants show elevated lethality when exposed
to DSB-inducing agents

We tested whether Marcal1 has a role in DSB repair by
exposing mutant larvae to DNA damaging agents and mea-
suring survival to adulthood relative to unexposed siblings.
Marcal1 mutant survival was not affected when exposed
to methyl methanesulfonate (MMS), an alkylating agent
(Lundin et al. 2005); or nitrogen mustard (HN2), which gen-
erates both mono-adducts and interstrand cross-links (Povirk
and Shuker 1994) (Figure 2). Studies in mice have shown
that SMARCAL1 null mutations confer sensitivity to killing by
hydroxyurea (HU) (Baradaran-Heravi et al. 2012b), a ribo-
nucleotide reductase inhibitor thought to result in stalled
replication forks (Hammond et al. 2003); however, Marcal1
mutant larvae showed no decrease in survival when exposed
to HU. HU treatment is most detrimental in cells sensitive to
perturbations in replication, which is consistent with pub-
lished in vitro evidence that Marcal1 cannot regress a four-
stranded model replication fork (Kassavetis and Kadonaga
2014) and suggests Marcal1 may not have a significant role
in protecting stalled forks in flies.

We found a significant reduction in survival of Marcal1
mutant larvae exposed to IR, an established DSB-inducing
agent (Radford 1985). Marcal1 mutant flies were also sensi-
tive to killing by camptothecin (CPT), similar to both mouse
and human cell studies (Baradaran-Heravi et al. 2012b). CPT
prevents topoisomerase I from religating DNA after it has
nicked a strand and become covalently bound to the end
(Pommier et al. 2010). CPT is thought to be most lethal dur-
ing replication, where the nick can become a DSB. Previous
studies have suggested that CPT lesions are repaired via HDR
in Drosophila (Andersen et al. 2011) and in chicken DT40 cell
lines (Maede et al. 2014). Interestingly,Marcal1 mutant flies
did not have elevated lethality when exposed to etoposide
(ETS), a topoisomerase II poison that generates DSBs
(Pommier et al. 2010). A genetic screen of DT40 cells found
that mutations in EJ genes conferred sensitivity to ETS and
resistance to CPT, whereas mutations in HR genes resulted in

higher sensitivity to CPT than to ETS (Maede et al. 2014). It is
possible that Marcal1 mutants are sensitive to ETS at higher
doses than those tested here, however the data from CPT and
IR treatments sufficiently support our hypothesis that Marcal1
is involved in DSB repair.

Marcal1 mutants have reduced annealing capacity
during gap repair

Because Marcal1 mutants are sensitive to agents that cause
DSBs, we tested the ability of these mutants to repair a double-
stranded gap by SDSA. We used the well-characterized
P{wa} assay in the germline of male Drosophila (Figure 3)
(Kurkulos et al. 1994; McVey et al. 2007). P{wa} is a 14-kb
P element that is a nonlethal insertion into the first intron of
the essential gene scalloped (sd) on the X chromosome (Fig-
ure 3, inset). The P element contains a white (w) gene, the
product of which loads red pigment into the eye, interrupted
by an intronic copia retrotransposon flanked by two 276-bp
long terminal repeats (LTRs). The copia insertion alters w
splicing and results in an apricot-colored eye in hemizygous
males or homozygous females. When exposed to an ineffi-
cient source of P-element transposase, the P{wa} element is
excised from one chromatid; the intact sister chromatid
serves as an efficient template for HDR. Excision generates
17-nt, noncomplementary overhangs on both sides of the
break, which are structurally similar to short resected ends
and are poor substrates for EJ via cNHEJ (Symington and
Gautier 2011). Repair events from single males are recov-
ered in female progeny by crossing to females homozygous
for P{wa}.

ForSDSAtooccur, both sides of thebreakmustbeextended
(via synthesis) beyond thefirst region of complementarity, the

Figure 2 Marcal1 mutants are sensitive to killing by DSB-inducing
agents. Flies heterozygous for null mutations in Marcal1 were mated in
two broods of at least 10 vials, with each vial representing a biological
replicate. Brood one was unexposed; brood two received a dose of MMS,
HN2, HU, ETS, CPT, or IR during larval feeding. Relative survival was
calculated as the ratio of homozygous mutant to heterozygous control
adults in treated vials, normalized to the same ratio in the corresponding
unexposed vial. Dotted line represents 100% relative survival. Dosage,
number of replicates, and total progeny counts are in Table S1 in File S1.
**** P , 0.0001 in paired t-tests between unexposed and exposed vials.
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copia LTRs, and these must be annealed correctly (Figure 3).
The resultant product deletes copia except for a single LTR,
resulting in restoration ofw splicing, observable as red eyes in
progeny inheriting this product. If EJ occurs either without
synthesis or after incomplete synthesis, w function is lost,
resulting in yellow-eyed progeny (due to the maternally
inherited complete P{wa} copy). Complete restoration of
P{wa} could occur via a dHJ intermediate or through SDSA
or EJ that synthesizes past the LTRs. These are not scored as
repair events because they cannot be differentiated from a
lack of excision; however, lack of excision is themost frequent
class (.85% of progeny), whereas complete restoration is
estimated to be,2% in wild-type males. SDSA and EJ events

are quantified as a percentage of total scorable progeny
(daughters that do not inherit the transposase source) from
each male, including apricot-eyed progeny. We also mea-
sured the distribution of events per male.

We found thatMarcal1mutants had significantly reduced
SDSA (red-eyed progeny) compared to wild type, both in
percentage of total progeny scored (Figure 4A) and in num-
ber of males with observable SDSA events in the progeny
(Figure S1 in File S1). EJ (yellow-eyed progeny) was not
significantly changed in Marcal1 mutants (Figure 4B). SDSA
could be reduced if P-element excision is reduced or strand
exchange is impaired. To test this, we performed the assay in a
Brca2mutant. Drosophila Brca2 has a strand-exchange function

Figure 3 The P{wa} assay for SDSA. (Inset, top right) The construct is a 14-kb P element inserted into the second intron of the essential gene sd (blue) in reverse
orientation (diagram is relative to genome coordinates on X chromosome). Black segments represent P-element sequences needed for excision. Red segments are
exons (boxes) and introns (lines) of aw gene, the product of which loads eye pigments when functional. This copy of w is interrupted by a copia retrotransposon
(orange central box) which is flanked by two 276-bp LTRs (green directional boxes), resulting in partial loss ofw function and an apricot-eyed phenotype. (A) Line
representations of the construct on two sister chromatids in the male germline. Exposure to inefficient P transposase results in excision of the construct from one
sister, leaving 17-nt noncomplementary overhangs on each side, and the ends are resected. (B) One of the 39 ssDNA tails invades the intact sister to initiate
synthesis. If D-loop dissociation is defective, the D-loop is cleaved, creating a deletion into an sd exon on one or both sides of the construct. When mated to a
homozygous P{wa} female, the progeny with flanking deletions will have a yellow eye (due to the full copy of the construct from the mother) but the event will be
male lethal in subsequent generations (�0% of progeny from wild-type males have this phenotype). (C) Premature EJ after two-ended strand exchange and
some synthesis results in complete loss ofw function; progeny will have yellow eyes and viable males in subsequent generations (�8% of progeny fromwild-type
males). (D) Synthesis of the LTRs followed by annealing, tail clipping, and gap filling restoresw function and progeny have a red eye (�5% of progeny from wild-
type males). (E) Synthesis to the LTRs followed by inappropriate EJ in copia results in an apricot eye in the progeny and is indistinguishable from nonexcision or full
gene conversion events via dHJ intermediates (�87% of progeny from wild-type males). These progeny are scored but not counted as repair events.
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similar to that of human BRCA2 (Brough et al. 2008); so we
expected strand exchange to be defective in Brca2mutants and
for all repair to be the result of EJ events prior to strand invasion,
which would be observable as yellow-eyed progeny. As
expected, we observed no red-eyed progeny in Brca2 single
mutants and a compensatory increase in yellow-eyed progeny
compared towild type (Figure 4, A and B). IfMarcal1mutations
reduce P-element excision or affect the pathway upstream of
Brca2 function in DSB repair, we would expect Marcal1 Brca2
double mutants to have reduced EJ compared to Brca2 single
mutants due to an overall reduction in observable repair prod-
ucts. However, we foundMarcal1 Brca2 doublemutants to have
a repair phenotype that was not significantly different from
Brca2 single mutants (Figure 4, A and B). We therefore con-
clude that the decreased SDSA inMarcal1mutants results from
a loss of function downstream of strand invasion.

While theMarcal1mutant phenotype could result from de-
fective LTR annealing, it could also be due to compromised
D-loop disassembly or reduced capacity to synthesize past the
LTRs. In Blm mutants, which are believed to be defective in
D-loop disassembly, the synthesis length in repair products is
significantly shorter than in wild-type males (McVey et al.
2007). In addition, many repair events have deletions from
the break site into the flanking sd gene; these are hypothesized
to arise from nucleolytic cleavage of D-loops that cannot be
disassembled (Adams et al. 2003; McVey et al. 2004a). We
analyzed the aggregated amount of synthesis from each end
of the break in all observed EJ events to determine the overall
synthesis pattern within the population of EJ events (Figure
4C). Synthesis tracts inMarcal1mutants were similar in length
to those of wild-type flies, but there were significantly longer
tracts in Blmmutants (Figure 4C). Repeated rounds of strand
exchange, synthesis, and D-loop dissociation have been ob-
served in previous assays of gap repair (McVey et al. 2004b),
and our finding that aggregated synthesis-tract lengths inMar-
cal1mutants is similar to wild type suggests that the length of
synthesis per cycle, while likely having some stochastic com-
ponent, is unchanged by loss of Marcal1. Also, we did not
observe any flanking deletions among EJ repair products from
Marcal1 mutants, whereas 48% of EJ repair in Blm mutants
was associated with deletion. Altogether, these data suggest
that the reduction in red-eyed progeny in Marcal1 mutants is
not due to defects in synthesis or inability to disassemble
D-loops. These data support the hypothesis that Marcal1
mutants have a defect in LTR annealing.

Marcal1 mediates annealing independent of synthesis

SMARCAL1 annealing studies have been restricted to replication-
associated roles and we observed reduced annealing in Marcal1
mutants using the P{wa} assay, which requires synthesis for
annealing. We wanted to know if Marcal1 mediates anneal-
ing in contexts that do not require synthesis, so we used an
SSA assay called P{wIw} (Rong and Golic 2003).

P{wIw} is a P element that has twomini-w genes in tandem
(Figure 5, inset). The downstream copy (�4.3 kb) is functional,
while the upstream copy (�3.6 kb) is nonfunctional due to a

deletion of the promoter and first exon. The two are separated
by a linker region containing an I-SceI recognition site and can
be differentiated by amplifying FRT sites present in the 59 region
of each copy (Figure 5, inset). I-SceI is expressed in the germ-
lines of male larvae heterozygous for an insertion of P{wIw} on
chromosome 3, and repair events are recovered in the progeny
(Figure 5A). Previous studies have shown that I-SceI cuts
at.90% efficiency in this context, thus the most common out-
come is cutting of both sister chromatids (Rong andGolic 2003).
Since the homologous chromosome does not have a P{wIw}
insertion, strand invasion is a rare event; however, full resection
of both sides can reveal the 3.6 kb of complementarity between
the upstream and downstream copies of mini-w. If these se-
quences are annealed, completion of SSA repair gives a product
that retains only a nonfunctional copy of mini-w; progeny that
inherit this repair event will have white eyes and the upstream
FRT site (Figure 5D). Red-eyed progeny can result from EJ with
little or no resection or from an uncut construct; whichwill have
both FRT sites and a mutated I-SceI cut site (Figure 5B). White
eyes can also result from EJ repair with deletion into the pro-
moter of the downstream mini-w, which will have both FRT
sites; however, EJ events with deletions that extend into the
downstream FRT site can be indistinguishable from SSA events
(Figure 5C).

We observed a significant difference in the distribution of
eye color between wild type and Marcal1 mutants (Figure
5F). Every Marcal1 mutant male had progeny with both
eye colors, whereas almost 40% of wild-type males did not
produce any red-eyed progeny. We collected 10 (or all
if,10) red-eyed progeny from each male for molecular anal-
yses. These analyses showed no difference in cutting effi-
ciency of I-SceI between Marcal1 and wild type (Figure S2
in File S1), suggesting that the increase in red-eyed progeny
in Marcal1 mutants is not due to reduced induction of DSBs.
Furthermore, the distribution of EJ events in red-eyed flies
was strikingly similar betweenMarcal1 and wild type, which
suggests that the type of EJ used is not affected by Marcal1.
This is consistent with a role forMarcal1 after resection, since
the type of EJ is dictated by the structure of the DNA ends.

We also collected 10 white-eyed progeny for analysis. A
total of 98%of thewhite-eyedmales fromwild-typeflieswere
consistent with annealing by SSA (Figure S2 in File S1). In
stark contrast, 34% of analyzed white-eyed progeny from
Marcal1 mutant males were confirmed as EJ. It is likely that
this number is underreported because the large regions of
homology in the construct obscures identification of EJ
events that are similar in size to the predicted annealed
length. Altogether, these data show significantly reduced
SSA capacity in Marcal1 null mutants (44.6%) compared to
wild type (93.0%) (Figure 5G), indicating Marcal1 is impor-
tant for annealing in both synthesis-dependent (SDSA) and
synthesis-independent (SSA) repair strategies.

ATP binding is required for Marcal1 activity during SDSA

Wenext asked if Marcal1 translocation is required for anneal-
ing during SDSA. Helicases use the conserved Walker-A and
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Walker-B motifs to bind and hydrolyze ATP for translocation.
SMARCAL1 can bindDNA in the absence of ATP (Yusufzai and
Kadonaga 2008), so we abolished the ATP-binding site in the
Walker-A motif by mutating the conserved lysine to a methi-
onine (K275M) in the endogenousMarcal1 gene via CRISPR/
Cas9. We then tested the ability ofMarcal1K275M ATP-binding
defective mutants to repair a gap using the P{wa} assay.

Marcal1K275M mutants had a reduction in SDSA similar to
that of Marcal1 null mutants (Figure 6A), suggesting that
translocation is required for its function during SDSA. Sur-
prisingly, EJ events were significantly reduced compared to
wild type and Marcal1 null mutants (Figure 6B), revealing a
genetic interaction between Marcal1 and EJ pathways. We
compared synthesis patterns inMarcal1K275Mmutants to wild
type andMarcal1 null mutants. We found thatMarcal1K275M

mutants did not have significantly different synthesis length
compared to either genotype (Figure 6C).

Lastly, we tested the ability of Marcal1K275M mutants and
Marcal1K275M heterozygotes to anneal complementary se-
quences during SSA using the P{wIw} assay. White-eyed flies

were significantly decreased in Marcal1K275M mutants
(66.88%) compared to Marcal1K275M heterozygotes (95.59%)
(Figure 6D). The white-eyed frequency in heterozygotes was
not statistically different from wild type (wild-type data from
Figure 5B), and like wild type, 40% of Marcal1K275M hetero-
zygous males had no red-eyed progeny (all Marcal1K275M

homozygous males had red-eyed progeny). The percentage
of red- and white-eyed progeny inMarcal1K275Mmutants was
not significantly different from Marcal1 null mutants (null
data from Figure 5B), suggesting that ATP binding does not
affect EJ in the absence of strand exchange, synthesis, and
D-loop dissociation. These data also show that ATP binding is
required for annealing during SSA, supporting our findings
from P{wa} and establishing a requirement for ATP hydrolysis
in annealing activities of Marcal1.

Discussion

DSB-repair strategies can be thought of as a series of choices
that are made by weighing a combination of complex factors,

Figure 4 Marcal1mutants have reduced SDSA capacity in the P{wa} assay. (A) SDSA events are measured as the percentage of scored progeny with red eyes.
Mean and SEM are indicated. Marcal1 null mutant, Brca2 mutant, and Marcal1 Brca2 double mutant frequencies were all significantly reduced compared to
wild type. The numbers of single males (biological replicates) and total progeny scored are listed below the graph. (B) EJ events were measured as the percentage
of scored progeny with yellow eyes. Brca2 andMarcal1 Brca2mutants had significantly elevated EJ compared to wild type andMarcal1 single mutants. P-values:
**** P , 0.0001, ** P , 0.002, * P , 0.05, based on parametric ANOVA. (C) Synthesis tracts in repair events recovered in yellow-eyed progeny were
measured using a series of PCRs. Each interval was measured independently and quantified as a percentage of total independent events analyzed. x-axis
denotes distance (in nucleotides) from each end of the gap, on the same scale as the schematic of P{wa} below. y-axis is percent of events analyzed that had a
positive PCR and therefore synthesized at least as far as the most internal primer.Marcal1 (n = 90) was not significantly different from wild type (n = 48) when
corrected for multiple intervals (Materials and Methods). Blm (n = 75) mutants were significantly different (P , 0.0001) from both wild type and Marcal1.
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including availability of a repair template, cell-cycle timing,
nuclear architecture, and the chromatin context of the break
itself. The first key decision point is resection, which dictates a
commitment to HDR strategies (sequestering the ends of the

break from resection results in direct ligation via cNHEJ
(reviewed in Mimitou and Symington 2009). Brca2 acts
downstream of resection to facilitate strand exchange with
the template and the phenotype of Brca2 Marcal1 double

Figure 5 Marcal1mutants have reduced annealing capacity in the P{wIw} assay. (Inset, top right) The construct is on chromosome 3 and consists of two
copies of themini-w gene which are tandemly arrayed and separated by a linker containing an I-SceI recognition site. The upstream copy is missing exon
1 and intron 1, rendering it nonfunctional, while the downstream copy is functional (represented by a red glow in the schematic) and produces a wild-
type red eye in a w null background. The upstreammini-w has a 59 FRT site and the downstream copy has an FRT insertion in intron 1. PCR amplification
of the FRT anchored in mini-w yields different size products for each gene, which is used to identify the presence or absence of each copy. (A) The assay
is performed in the male germline with P{wIw} heterozygous. I-SceI is expressed via heat shock during larval development, resulting in DSBs with 4-nt
overhangs on both sister chromatids. (B) Mutational cNHEJ can occur at the cut site, yielding red-eyed progeny and the presence of both FRTs but a
mutated I-SceI cut site. (C) If resection is insufficient to expose complementary sequences, MMEJ/TMEJ can give white-eyed progeny with a deletion that
includes the downstream FRT. These events cannot be differentiated from products of SSA unless the deletion is sufficiently large (.1000 bp); if no
difference in size was observed, these events were classified as SSA. (D) Full resection of at least 3.6 kb reveals complementarity between the ssDNA
ends that can be annealed. This results in white-eyed progeny with only the upstream FRT site; such events were categorized as SSA. (E) Excessive
resection can result in deletion of the entire construct, resulting in white-eyed progeny with no amplification products. (F) Percentage of total progeny
with white or red eyes for wild type and Marcal1 mutants. P , 0.0001 using x2 test. (G) Percentage of repair products that involved annealing, after
molecular analysis correction (Figure S2 in File S1). Marcal1 null mutants had significantly reduced annealing compared to wild type, **** P , 0.0001.
Error bars are SD. Biological replicates (single males) and total progeny scored are denoted below each genotype.
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mutants shows Brca2 is epistatic to Marcal1, indicating that
Marcal1 acts later in the HDR pathway and is unlikely to be
involved in resection.

Resection almost invariably leads to strand exchange and
synthesis. SSA is an exception, but this can occur only when
there are direct repeats flanking the break and perhaps pri-
marily when there is no available template for HDR; it is
unclear how much SSA is used outside of specialized assays
such as P{wIw}. Regardless, SSA is efficiently used in specific

situations and the data presented here provide evidence that
it shares a common annealing mediator, Marcal1, with other
HDR strategies.

The second key decision point inHDR repair is disassembly
of theD-loop,whichdictates the choicebetweenSDSAand the
dHJ pathway. Disassembly favors SDSA by promoting com-
plementarity tests and annealing, whereas continued synthe-
sis increases the likelihood of second-end capture and dHJ
formation. In Drosophila, Blm helicase has been identified as

Figure 6 Marcal1K275M mutants have reduced SDSA and EJ capacity. (A) SDSA and (B) EJ events were measured in Marcal1K275M mutants as described
in Figure 4. SDSA was similar betweenMarcal1K275M andMarcal1 null, but EJ events were significantly reduced inMarcal1K275M compared to both wild
type and Marcal1 null mutants. (C) Synthesis-tract lengths measured as described in Figure 4C. No significant differences were found between
Marcal1K275M (n = 52) and wild type (n = 48) or Marcal1 null mutants (n = 90). (D) Marcal1K275M heterozygotes and Marcal1K275M mutants were
tested in the P{wIw} SSA assay as described in Figure 5. Heterozygotes had 96% white-eyed progeny, which is not statistically different from wild type
(Figure 5F) based on a parametric ANOVA test. Marcal1K275M mutants had 67% white-eyed progeny, which was significantly reduced compared to
heterozygotes but not significantly different from Marcal1 null mutants (Figure 5F). * P = 0.0185; **** P , 0.0001.
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a key mediator of D-loop disassembly (Adams et al. 2003;
McVey et al. 2004b) and recent studies suggest Fancm may
play a minor role in this step as well (Kuo et al. 2014; Romero
et al. 2016), though studies in human cells do not show a role
for FANCM in SDSA (Zapotoczny and Sekelsky 2017).We did
not observe phenotypes suggesting defects in D-loop dissoci-
ation inMarcal1mutants, suggesting that the role of Marcal1
is downstream of D-loop dissociation.

The thirdkeydecisionpoint is annealing,whichwepropose
impacts the choice between SDSA, EJ (primarily TMEJ), and
reinvasion. Prior to the studies reportedhere, littlewas known
about annealing during HDR in animals or how the decision
between these three options is regulated. Our data here pro-
vide in vivo evidence that Marcal1 mediates annealing during
SDSA and SSA in Drosophila; and suggest that Marcal1 acts
directly to anneal complementary strands, as abrogating
Marcal1 translocation activity via a Walker-A mutation reca-
pitulates the null phenotype.

The Marcal1K275M mutation reduces EJ as well as anneal-
ing during SDSA, which suggests that Marcal1K275M antago-
nizes EJ in contexts where EJ follows strand exchange,
synthesis, and D-loop dissociation. EJ in Marcal1 null mu-
tants is unaffected, which further suggests the EJ phenotype
in Marcal1K275M mutants is likely due to defective annealing
activity leading to aberrant interactions with the DNA rather
than a nonannealing protein-protein interaction. We propose
the Marcal1K275M phenotype is a consequence of localization
to the DNA without translocation activity, which may indicate
that Marcal1 precedes recruitment of EJ factors after D-loop
dissociation. Further studies are needed to test this hypothesis.

Interestingly, we observed thatMarcal1K275M is completely
recessive in the P{wIw} assay (Figure 6D). It is possible that
the Marcal1K275M mutant protein may bind DNA less tightly
than the wild-type protein. While ATP binding is not required
for DNA binding by SMARCAL1, it can cause a conforma-
tional change that influences the DNA-binding constant
(Gupta et al. 2015). It is also possible that multiple Marcal1
molecules bind the nascent DNA and the presence of any
wild-type protein is sufficient to rescue the Marcal1K275M

phenotype. Recent work on the RPA-SMARCAL1 interface
has shown that SMARCAL1 binds to the C-terminal region
of RPA32 with 1:1 stoichiometry (Bhat et al. 2014; Xie et al.
2014) and it is likely that many molecules of Marcal1 bind
the RPA-coated nascent DNA, allowing for multiple comple-
mentarity searches to occur simultaneously. Studies have
revealed a similar mechanism for homology searching by
Rad51-coated ssDNA (Wright and Heyer 2014; Qi and
Greene 2016). Mutation of the Walker-B motif to allow ATP
binding (thus preserving DNA-binding kinetics) but prevent
ATP hydrolysis (translocation), as well as in vitro studies of
Marcal1 interactions with long RPA-bound filaments, may
help to clarify the mechanistic basis of the Marcal1K275M

phenotype.
An intriguing finding from our study is that synthesis-tract

length is not elevated inMarcal1mutants even though anneal-
ing is defective. Early studies of gap repair in Drosophila have

shown that continuous synthesis averages 1379 bp, and com-
plete restoration decreases as template length increases (Gloor
et al. 1991); additional studies with the P{wa} assay suggest
that gap filling involves multiple cycles of strand exchange,
synthesis, and D-loop dissociation (McVey et al. 2004b). These
attributes appear unaffected in Marcal1 mutants, suggesting
that the choice to strand reinvade or EJ during a given round is
not solely dependent on the outcome of complementarity
tests, even though the reduction in EJ in Marcal1K275M mu-
tants argues thatMarcal1 is recruited to the nascent ends prior
to recruitment of EJ factors. It is possible that rounds of strand
invasion, synthesis, and D-loop disassembly are simply sto-
chastic in nature, and that after each a complementarity test
is performed by Marcal1. When Marcal1 is present but defec-
tive, EJ factors may be excluded after D-loop dissociation;
whereas when Marcal1 is completely absent, EJ factors would
have access to the DNA, but EJ would still be reliant on the
synthesis machinery and unknown regulatory signals. These
data support a model where complementarity tests are up-
stream of the EJ vs. strand-reinvade decision but have no effect
on that decision if annealing is unsuccessful. Further studies of
genetic interactions betweenMarcal1 and EJ factors may help
to clarify this interaction.

Unlike P{wa}, the P{wIw} assay did not reveal any differ-
ences between Marcal1K275M and null mutants. P{wa} re-
quires multiple iterations of the anneal vs. EJ vs. reinvade
decision (McVey et al. 2004b), providing increased opportu-
nities to observe moderate defects in that decision among
repair products. On the other hand, in the P{wIw} assay there
is usually no intact homologous template for repair (in wild-
type flies ,1% of the products were uncut or restored to the
original sequence). While it is not possible to determine
which repair strategy is initially favored at the break, the
efficiency of I-SceI cutting may ultimately select for HDR,
since direct ligation would often restore the cut site, perhaps
to be cut again. Once resected, annealing becomes the
strongly favored strategy since long ssDNA tails are not ideal
substrates for TMEJ or cNHEJ (Waters et al. 2014; Wyatt
et al. 2016) and strand invasion is not possible. SSA
represents .93% of all repair products in wild type and
Marcal1K275M heterozygotes, supporting this interpretation.
Because the anneal vs. EJ vs. strand-reinvade decision point is
highly altered and potentially deregulated by the assay de-
sign, it is likely that EJ events in P{wIw} are facilitated
through alternative pathways that are less influenced by
Marcal1. Our data support this interpretation as we see a
large (more than sevenfold) increase in EJ events in both
Marcal1K275M and null mutants. These EJ events are predom-
inantly joined near the break site without large deletions,
suggesting an alternative form of EJ is used on long resected
ends when annealing is compromised. EJ was reported by
Chan et al. (2010) in mutants defective in both cNHEJ and
TMEJ, though the key mediator of this form of EJ remains
unknown.

We observed phenotypes indicative of residual anneal-
ing activity in Marcal1 mutants. It is possible that another
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protein is capable of some annealing, though Drosophila
lacks orthologs of other candidate annealases such as
Rad52 and ZRANB3 (an annealing helicase paralog of
SMARCAL1). It is more likely that our observation reveals
key limitations in the ability to differentiate annealed
events vs. MMEJ/TMEJ using both the P{wa} and the
P{wIw} assay. In P{wa}, restoration of w gene function is
interpreted as LTR annealing; however, it is possible that
EJ near the LTR could also result in restoration of w, and
the size of insertion tolerated before w function is com-
promised remains unknown. It is possible that synthesis
and MMEJ/TMEJ that occurs past the LTRs can result in
red-eyed progeny. Extensive synthesis past the LTRs may
result in apricot eyes that would not be recovered for anal-
ysis, which may also explain why we did not observe a
compensatory increase in EJ events in Marcal1 mutants
as well.

The limitations of P{wIw} are predominantly due to
extensive homology to either side of the break, which
makes it difficult to definitively identify annealed events
vs. MMEJ/TMEJ of approximately the same size. Molecu-
lar analysis revealed that 22% of white-eyed progeny in
Marcal1 mutants had this type of event (Figure S2 in File
S1) and it is highly probable that the true percentage is
even higher, but sequence similarity is an impediment to
fine-scale amplification. Amplification of the entire con-
struct followed by single-molecule sequencing, as done in
the Saccharomyces cerevisiae gap-repair assay of Guo et al.
(2015), might allow sampling of a larger number of repair
events frommultiple tissues of a single individual and it could
be further adapted to recover events in different progeny
from a single male germline, as in our strategy. Our work
has highlighted the need for fine-scale assays capable of
distinguishing true annealing events from microhomology-
mediated events.

The findings reported here provide evidence that Marcal1
mediates annealing in both SDSA and SSA. We have further
shown that Marcal1 affects EJ pathways (most likely TMEJ)
during HDR, providing new information on the regulation
of the anneal–EJ–strand-reinvade decision point. Under-
standing this decision has broad implications for multiple
applications, including chemotherapeutics and genome-
editing technologies. Many cancer drugs generate DSBs as
a primary mechanism; the role in DSB repair discovered
here suggests SMARCAL1 is important for multiple repair
mechanisms during S/G2, making it an attractive target for
drug development, as has been proposed by Zhang et al.
(2012). Additionally, insertion of long fragments during
CRISPR/Cas9 genome editing has been proposed to occur
via SDSA (Byrne et al. 2015); understanding the regulation
of SDSA will improve the efficiency of this technology.
Lastly, understanding the interplay of multiple repair strat-
egies, as well as gaining insight into which strategies
are used in different contexts, will enhance our understand-
ing of both the basis of genome-stability disorders and their
progression.
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