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SUMMARY

FANCA is a component of the Fanconi anemia (FA) core complex that activates DNA interstrand
crosslink repair by monoubiquitination of FANCD2. Here, we report that purified FANCA protein
catalyzes bidirectional single-strand annealing (SA) and strand exchange (SE) at a level
comparable to RAD52, while a disease-causing FANCA mutant, F1263A, is defective in both
activities. FANCG, which directly interacts with FANCA, dramatically stimulates its SA and SE
activities. Alternatively, FANCB, which does not directly interact with FANCA, does not stimulate
this activity. Importantly, five other patient-derived FANCA mutants also exhibit deficient SA and
SE, suggesting that the biochemical activities of FANCA are relevant to the etiology of FA. A cell-
based DNA double strand break (DSB) repair assay demonstrates that FANCA plays a direct role
in the single-strand annealing sub-pathway (SSA) of DSB repair by catalyzing SA, and this role is
independent of the canonical FA pathway and RAD52.
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Benitez et al. report that FANCA biochemically catalyzes single-strand annealing and strand
exchange. They find that the single-strand annealing activity of FANCA is relevant to the etiology
of Fanconi anemia and responsible for its involvement in double strand break repair, which is
independent of the canonical FA pathway and RAD52.
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INTRODUCTION

Fanconi Anemia (FA) is a recessive hereditary disorder caused by biallelic mutations in at
least one of 22 genes, and is clinically characterized by bone marrow failure, congenital
abnormalities, and predisposition to cancer (Feeney et al., 2017; Inano et al., 2017; Knies et
al., 2017; Moldovan and D’ Andrea, 2009; Palovcak et al., 2017). Cells from FA patients
show hypersensitivity to DNA crosslinking agents and accumulate chromosomal aberrations,
supporting their important roles in the FA/BRCA pathway of DNA interstrand crosslink
(ICL) repair (Kee and D’Andrea, 2012; Kottemann and Smogorzewska, 2013; Wang, 2007).

Eight FANC proteins assemble into the FA core complex including FANCA, FANCB,
FANCC, FANCE, FANCF, FANCG, FANCL, FANCM, along with FA associated proteins
(FAAPs) (Ceccaldi et al., 2016; Huang et al., 2014). Members of the FA core complex are
required for successful activation of the FA/BRCA pathway through FANCD2 and FANCI
monoubiquitination. FANC proteins, translesion synthesis polymerases, FAAPSs, and
structure-specific DNA endonucleases cooperate in the incision and bypass of ICLs and
produce intermediate double-stranded DNA breaks (DSBs) (Benitez et al., 2014; Ceccaldi et
al., 2016). These DSBs are repaired by homologous recombination (HR) proteins including
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BRCA2/FANCD1, BRCA1/FANCS, BRIP1/FANCJ, PALB2/FANCN, RAD51/FANCR,
RAD51C/FANCO, and XRCC2/FANCU, which act downstream of the initial FANCD2 and
FANCI monoubiquitination event (Crossan et al., 2011; Kee and D’ Andrea, 2010; Stoepker
etal., 2011; Wang, 2007). In the absence of these HR repair factors, DSBs can be repaired
via non-homologous end joining (NHEJ), resulting in radial chromosomal structures that are
commonly observed in FA patients (Moldovan and D’Andrea, 2009; Palovcak et al., 2017).

FANCA, a component of the FA core complex, is the most commonly affected
complementation group in FA patients, accounting for ~64% of all mutations (Wang and
Smogorzewska, 2015). FANCA plays a role in ICL repair and DSB repair through the
canonical FA pathway via FANCD2 monoubiquitination (Howard et al., 2015; Nakanishi et
al., 2005; Yang et al., 2005). Despite its importance in ICL repair, FANCA was found to be
dispensable for FANCD2 monoubiquitination in an /n7 vitro system (van Twest et al., 2017).
Additionally, some FA disease-causing FANCA mutants have normal FANCD2
monoubiquitination and wild-type level of mitomycin C sensitivity (Adachi et al., 2002),
suggesting that FANCA may have additional roles outside of the canonical FA pathway, but
relevant to the etiology of FA disease. Here, we describe two biochemical activities of
FANCA: single-strand annealing (SA) and strand exchange (SE). The SA and SE activities
of FANCA directly explain its role in homology-directed DSB repair. Our cell-based DSB
repair assay further demonstrates that FANCA contributes to the repair of DNA double
strand breaks independently of the FA pathway and RAD52 in human cells.

FANCA Bidirectionally Anneals Single-Stranded DNA

The FA core complex has been previously reported to be involved in the SSA sub-pathway
of DSB repair through the canonical FA pathway (Howard et al., 2015; Nakanishi et al.,
2005; Yang et al., 2005). Nevertheless, double knockdowns of FANCA and FANCB,
FANCA and FANCL, and FANCA and FANCD?2 in a SSA reporter assay suggested that
FANCA also plays an additional role in SSA repair independently of the FA core complex
and FANCD?2 (Figure S1A). Furthermore, the minimum effective processing segment of
sequence homology required for the SSA repair was calculated to be ~29-33 bp (Sugawara
et al., 2000), consistent with the minimum ssDNA binding requirement for FANCA (~30 bp)
(YYuan et al., 2012). From this, we reasoned that FANCA might directly catalyze SA. Our
biochemical analysis indicates that FANCA-WT (10-40 nM calculated as monomers)
catalyzes annealing of fully complementary oligonucleotides in a concentration-dependent
manner (Figure 1A, top panel lanes 3-6, and bottom panel). In contrast, the most prevalent
Fanconi anemia disease-causing mutant, FANCA-F1263A (Fanconi Anemia Mutation
Database), does not have any detectable activity (Figure 1A, top panel lanes 7-10, and
bottom panel), indicating that the observed SA activity in WT protein is essential for
FANCA function. This difference in SA efficiency between WT and F1263A is not due to
impaired DNA binding since both proteins bind ssSDNA and dsDNA with similar affinity
(Figure S1B). Time-course analysis reveals that initial product formation occurs within 5
min of FANCA addition and no protein-independent formation of annealed DNA was
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observed throughout the entire experiment (Figure S2A). These results show that FANCA
biochemically catalyzes SA.

In cells, ssDNA derived from resected DSBs is quickly coated by ssDNA binding protein
RPA (Rothenberg et al., 2008; Sugiyama et al., 1998). Our data indicates that FANCA is still
able to catalyze SA with RPA-coated ssDNA, although with slightly lower activity (Figure
S3A). To test whether FANCA is involved in the annealing of physiologically relevant
substrates, we created two 3”-overhang substrates with a central homologous sequence
stretch flanked by a dsDNA region with or without a heterologous 3’-tail. These structures
were designed to mimic the 5" to 3" partially resected DSB intermediates that are substrates
for the SSA pathway (Huertas, 2010). Importantly, FANCA-WT, but not FANCA-F1263A,
effectively promotes annealing of the 3”-overhang structures, giving rise to dsDNA and 3’-
flap products (Figures 1B and 1C, left panels lanes 4-7, and Figure S2B). The heterologous
3’-tail slightly reduces the annealing efficiency at the initial stage (compare the 3”-matched
overhang (Figure 1B left) with the 3"-mismatched overhang substrate (Figure 1C left and
Figure S2B)). Intriguingly, the flanking dsDNA region plays a critical role in promoting the
SA activity of FANCA (Figures 1B and 1C, right panels, e.g. lane 5s and Figure S2B).

Double strand breaks can also be resected by 3" to 5” exonucleases such as MRE11 and
EXD2 (Biehs et al., 2017), making it likely that 5”-overhangs could also be present during
DSB repair. Our Jn vitro assays show that FANCA catalyzes annealing of both 5"-matched
overhangs and mismatched overhangs with similar efficiency as their 3"-overhang
counterparts (Compare Figures 1D and 1E with Figures 1B and 1C). Consistent with our 3’-
overhang results, absence of a flanking dsDNA region reduces annealing (Figures 1D and 1E
and Figure S2C).

RADS5?2 is a well-established factor in catalyzing SA in cells (Grimme et al., 2010; Mazina et
al., 2017). A direct comparison of purified human RAD52 and FANCA under the same
reaction conditions shows that the SA activities of FANCA are comparable to that of
RADS52 (Figures S2D-S2F).

FANCA Promotes DNA Strand Exchange

In addition to SA, RAD52 also harbors strand exchange (SE) activity (Brown and Bishop,
2014; Huang et al., 2014; Lok and Powell, 2012). To examine whether FANCA catalyzes
SE, we developed a SE assay with a splayed arm structure in combination with a third,
unlabeled ssDNA oligonucleotide that is completely complementary to the strand of the fork
with an exposed ssDNA 5” flap. Our results show that FANCA-WT, but not FANCA-
F1263A, strongly promotes formation of a 3”-overhang through SE. At 30-40 nM of
FANCA-WT (calculated as monomers), about 70% of the splayed arm substrate has been
converted to dsDNA with a 3”-overhang (Figure 2A, lanes 4-7).

To further characterize the SE activity, we employed a different set of substrates (Masuda-
Sasa et al., 2006) (Figure 2B), including a 3"-overhang DNA structure, which mimics
partially resected dsDNA on the 5”-end, in combination with a short blunt-ended dsDNA
with full homology to the uncovered flap of the invading 3" overhang structure. This
substrate is expected to be more difficult for SE because it requires the destabilization of a
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fully complementary blunt-ended dsDNA. Nevertheless, FANCA-WT, but not FANCA-
F1263A (20-50 nM calculated as monomers), promotes SE of this substrate (Figure 2B,
lanes 4-8), albeit the overall efficiency is several fold lower than that of the splayed arm
substrate (compare Figure 2B, lanes 4-7 with Figure 2A, lanes 4-7). To determine the
polarity of this activity we performed the same experiment using a 5’-overhang structure
and we observed similar SE activity by FANCA-WT (Figure 2C, lanes 4-8).

A comparison of RAD52 and FANCA using the same substrates shows that the SE activity
of FANCA is comparable to that of RAD52 (Figures S2G-S2l). Similar to RAD52,
FANCA-WT, but not FANCA-F1263A, also promotes formation of joint molecules between
ssDNA and a supercoiled, closed-circular dsDNA, in a D-loop formation assay (Kagawa et
al., 2001) (Figure 2D).

FANCA Forms a Homodimer that is Critical for Its SA and SE Activities

During purification, native FANCA-WT behaves like a homodimer. Gel filtration analysis
(using Superdex-200) shows that the peak of purified FANCA-WT corresponds to a
molecular weight of 320 kDa, which is twice its calculated weight of 163 kDa (Figure S3B,
FANCA-WT fractions #24-25). We have further identified that a FANCA variant L1069A/
L1076A, which contains mutations within its leucine zipper motif (Garcia-Higuera et al.,
2000; Yuan et al., 2012), elutes within peak fractions corresponding to the predicted
molecular weight of 163 kDa, indicating that this mutant is not able to form a homodimer
(Figure S3B, L1069A/L1076A fractions #26-27). Intriguingly, this FANCA L1069A/1076A
mutant does not exhibit impaired DNA binding activity (Figure S1B), but is catalytically
inactive for SA and SE (Figure S3C), suggesting that the ability of FANCA to form a
homodimer is a prerequisite for the catalysis of strand annealing and exchange.

FANCG, but not FANCB, Stimulates FANCA-Mediated SE and SA

FANCG has been shown to physically interact with FANCA (Garcia-Higuera et al., 2000;
Kruyt et al., 1999; Waisfisz et al., 1999). To test whether FANCG has an impact on the
observed FANCA-mediated SA and SE, we purified human FANCG expressed in insect
cells. As a control, we also purified FANCB, a member of the FA core complex that does not
directly interact with FANCA (Figure S4A). In the absence of FANCA, FANCG does not
have any SA and SE activities (Figures S4B-S4l, lanes 9-12). In the presence of suboptimal
concentration of FANCA, FANCG dramatically stimulates FANCA-mediated SA and SE in
a concentration-dependent manner (Figures S4B-S4l, compare lanes 4 with FANCA only
and lanes 5-8 with increasing amount of FANCG, 5-30 nM), while FANCB has no
detectable effect on the SA and SE activities of FANCA (Figures S4J-S4K).

Patient-Derived FANCA Mutants are Defective in SA and SE

Patient derived FANCA truncation mutant Q772X does not bind DNA whereas its
complementing C-terminal fragment C772-1455 does (Figure S1B) (Yuan et al., 2012). Our
results show that the SA and SE activities of FANCA require both the N-terminal and C-
terminal portions of the protein (Figures 3A and 3B, lanes 4 and 5) and that the DNA
binding activity of FANCA alone is insufficient to catalyze SA or SE.
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To determine whether the SA and SE activities of FANCA are defective in other patient-
derived FANCA mutations we tested D598N, R951W, R1117G, and Q1128E (Qian et al.,
2013). As shown in Figure 3, all purified FANCA variants exhibit significantly decreased
SA and SE activities while retaining WT level of DNA binding affinity (Figure S1B).
Notably, D598N and Q1128E are proficient in FANCD2 monoubiquitination and mitomycin
C resistance (Adachi et al., 2002), suggesting that the SA and SE activities of FANCA may
not be related to activation of DNA interstrand crosslink repair. These data suggest that the
SA and SE activities of FANCA are relevant to the etiology of Fanconi anemia.

The SA and SE Activities of FANCA Play an Important Role in DSB Repair in Cells

To assess the physiological role of the biochemical activities of FANCA, we employed the I-
Scel DSB repair GFP reporter assay which can monitor repair products from all four unique
DSB repair sub-pathways, including homologous recombination (HR), single-strand
annealing (SSA), microhomology-mediated end joining (MMEJ), and non-homologous end
joining (NHEJ) (Gunn and Stark, 2012).

A FANCA siRNA knockdown screening analysis in U20S cells showed that the SSA repair
sub-pathway is the most significantly impacted by FANCA deficiency (Figure 4A), while
little difference is seen for the three remaining pathways. Next, we tested whether
overexpression of FANCA affects DSB repair efficiency in U20S WT cells (Figure 4B, left
panel). Intriguingly, we found that overexpression of FANCA-WT did not perturb DSB
repair. However, overexpression of the F1263A mutant significantly reduced the efficiency
of both SSA and HR repair sub-pathways (Figure 4B, right panel).

Importantly, a CRISPR/Cas9 knockout of FANCA showed ~4.5-fold reduction of SSA
repair (Figure 4C). Complementation of the knockout cells with FANCA-WT fully restores
the SSA efficiency (Figure 4C, top right panel). As expected, the F1263A mutant, that is
deficient in both SA and FANCD2 monoubiquitination (Adachi et al., 2002), is not able to
complement the repair defect (Fig. 4C, top right panel). FANCA-D598N, which is defective
in SA (Figure 3) but proficient in FANCD2 monoubiquitination (Figure 4C, top left panel),
is also incapable of fully complementing the SSA repair defect, suggesting that the role of
FANCA in the SSA repair pathway depends on its SA activity, but not FANCD2
monoubiquitination.

To test the epistatic relationship between FANCA and RAD52 in SSA repair, we performed
a double knockdown of FANCA and RAD52. The significant reduction in SSA repair in the
double knockdown cells indicates that either FANCA or RAD52 plays a compensatory role
in SSA when the other is absent, suggesting that the role of FANCA in SSA is independent
of RAD52 (Figure 4D).

Deficient FANCA may result in chromatin accumulation of 53BP1 that can lead to a
decrease in SSA (Ochs et al., 2016; Renaud et al., 2016). We determined the level of
chromatin-bound 53BP1 in FANCA knockdown cells (Figures S1C and S1D) and as
expected found a slight increase (Figure S1C, compare lane 3 with 1). To test whether an
increase in chromatin-bound 53BP1 has an effect on SSA we overexpressed 53BP1. Multi-
fold chromatin-bound 53BP1 increase resulted in only a ~30% reduction in SSA (Figure
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S1C), suggesting a slight increase in chromatin 53BP1 is likely not responsible for the
significant reduction in SSA seen in FANCA knockdowns. Furthermore, 53BP1
overexpression with FANCA knockdown does not additively increase the level of chromatin-
bound 53BP1, but leads to a significant reduction in SSA when compared with either 53BP1
overexpression or FANCA knockdown (Figure S1C), suggesting that FANCA and 53BP1
have independent roles in SSA.

DISCUSSION

In this study, we showed that FANCA has intrinsic SA and SE activities, and further
demonstrated that these activities play a direct role in the SSA sub-pathway of DSB repair.
These results shed light into the molecular mechanism of the previously reported role of
FANCA (Nakanishi et al., 2005; Yang et al., 2005).

Importantly, we show that five patient-derived mutations in FANCA with various levels of
FANCD2 monoubiquitination and ICL repair capacity (Adachi et al., 2002) are deficient in
both activities, providing etiological insight into FA. Some FANCA mutants, such as D598N
and Q1128E, that are proficient in FANCD2 monoubiquitination (Figure 4C and (Adachi et
al., 2002)) and have wild-type level of mitomycin C sensitivity (Adachi et al., 2002), have
reduced SA and SE (Figure 3), suggesting that defects in SA and SE, but not FANCD2
monoubiquitination, are directly linked to the disease presentation in these FANCA patients.
Meanwhile, our data with D598N and 1128E also suggest SA or SE is not a critical
requirement for the canonical FA pathway in ICL resistance. Altogether, our data suggests
that FANCA plays a role in DSB repair by catalyzing SA and/or SE outside of FANCD?2
monoubiquitination.

Furthermore, FANCA drives SA and SE in the absence of ATP (No ATP is present in any of
our biochemical assays), in a similar manner to RAD52 (Mortensen et al., 1996). Based on
our primary sequence analysis, FANCA does not contain a known ATPase or conserved
ATP-binding domain. It is well established that RAD52, a protein that biochemically
promotes SA in vitro, is required for SSA (Lok et al., 2013; Singleton et al., 2002; Stark et
al., 2004; Wu et al., 2008). Cells that lack functional RAD52 present with a relatively weak
SSA phenotype, raising the possibility that additional factors are involved in catalyzing the
annealing steps in mammalian DSB repair (Liu and Heyer, 2011). Our double knockdown
experiment with RAD52 and FANCA indeed supports that FANCA has a role in SSA that is
independent of RAD52 (Figure 4D).

FANCA has high affinity for ssDNA and relatively low affinity for dsSDNA (Yuan et al.,
2012). It is likely that the homodimeric FANCA brings two complimentary ssSDNAs into
close proximity for dsSDNA formation, through its high affinity for ssONA. Once dsDNA is
formed, FANCA turns over by releasing the dsDNA product through its low dsDNA affinity,
initiating the next round of catalysis. It is important to note that FANCA mutants with single
residue changes are defective in strand annealing, but proficient in DNA binding (Figure
S1B). This suggests that affinity to DNA per se is insufficient to anneal ssDNA, and that
FANCA-catalyzed strand annealing requires a dynamic interaction between FANCA and
DNA.
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It has been previously shown that restoration of FANCA protein in FANCA-null cells also
increased HR (Howard et al., 2015; Nakanishi et al., 2005; Yang et al., 2005). Our
knockdown experiment does not fully recapitulate its role in HR (Figure 4A), likely due to
differences in the assay system or siRNA selection. However, we show that overexpression
of the F1263A mutant results in HR and SSA repair deficiency when cells are challenged
with DSB formation. It is possible that the unaffected DNA binding activity of this mutant,
combined with its defective SA and SE activities, makes it a dominant-negative candidate
when overexpressed in a wild-type background (Figure 4B). Nevertheless, we are not able to
distinguish whether it is the SA or SE activity that contributes to this defect in HR.
Furthermore; FANCA directly interacts with BRCAL (Folias et al., 2002), which also
promotes HR and SSA, yet the functional relevance of this interaction has not been
determined. It would be interesting to study the interplay of FANCA’s biochemical activities
with BRCAL and other HR factors.

Previous biochemical work from our lab showed that FANCA is involved in stimulating the
incision of ICLs on the leading strand via MUS81/EMEL endonuclease (Benitez et al.,
2014). Incision of ICLs in a replication fork on the leading strand produces intermediate
DSB structures with 5'-3” overhangs. In untreated cells, FANCA depletion from Xenopus
egg extracts results in accumulation of DSBs (Sobeck et al., 2006), suggesting a role for
FANCA in DSB repair. FANCA may also participate in the reestablishment of collapsed
replication forks through its bidirectional SA and SE activities.

In summary, our data suggests that the SA and SE activities of FANCA are physiologically
relevant and directly involved in DSB repair in cells. Additionally, the SA catalytic role of
FANCA in the SSA repair sub-pathway is independent of the FA core complex, FANCD2,
and RADS2. As a next step, it will be of considerable interest to investigate whether and
how FANCA physically and functionally interacts with other repair proteins to exert its role
in DSB repair and achieve successful maintenance of genome stability.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Yanbin Zhang (yzhang4@med.miami.edu)

METHOD DETAILS

Protein expression and purification—cDNAs for FANCA, FANCG, and FANCB were
obtained from Dr. Weidong Wang at the National Institute on Aging, NIH. All genes were
cloned into pFastBacl (for native proteins) and pFastBacHT (for HISg-tagged proteins)
vectors and subsequently sequenced. Suspected mutations were screened against the human
single nucleotide polymorphism (SNP) collection at NCBI (http://www.ncbi.nlm.nih.gov/
sites/entrez). True mutations were corrected by PCR-mediated site-specific mutagenesis and
verified by re-sequencing. Baculoviruses were subsequently prepared according to the
manufacturer’s protocol (Invitrogen).
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Purification of FANCA-WT and mutants were carried out as described previously (Yuan et
al., 2012). In brief, upon expression of the recombinant FANCA proteins in insect cells, the
cells were homogenized using a Dounce homogenizer to prepare extracts. FANCA were
purified by using HiTrap Q Sepharose Fast Flow, 5-mL HiTrap Blue, Mono S, Mono Q,
and/or Superdex 200 gel filtration columns (GE Healthcare, Piscataway, NJ), and/or a 2-mL
high-resolution hydroxylapatite column (Calbiochem, La Jolla, CA) and by tracing FANCA
protein through SDS-PAGE and Western blot.

To express and purify recombinant human FANCB protein, 15 T-175 flasks of High-Five
insect cells (90% confluency) were infected with pFastBac-HTh-FANCB baculovirus. Cells
were harvested after 48 hours of infection. Cell pellet was resuspended in 25 ml of low salt
buffer (20 mM Hepes.KOH pH 7.5, 0.5 mM MgCl,, 5 mM KCI, 5 mM p-Mercaptoethanol,
and protease inhibitors (0.5 mM PMSF, 0.3 mg/ml benzamidine hydrochloride, 0.5 pg/ml
pepstatin A, 0.5 ug/ml leupeptin, 0.5 pg/ml antipain)). The suspended cells were lysed by 10
strokes on ice in a Dounce homogenizer. The homogenized sample was centrifuged at 4200
rpm 4°C for 6 min. The nuclei pellet was resuspended in 30-ml cold extraction buffer (50
mM Hepes.KOH pH 7.5, 10% sucrose, 160 mM NacCl, protease inhibitors, and 5 mM f-
Mercaptoethanol) and incubated on ice for 10 min. After centrifugation at 16000 rpm for 1
hr, the supernatant containing FANCB (by Western blot) was diluted 1.5X in nickel A buffer
(50 mM Sodium Phosphate buffer PH 8.0, 15% glycerol, 300 mM NaCl, 5 mM -
Mercaptoethanol, and protease inhibitors), and resolved on a nickel-charged HiTrap
Chelating column. FANCB peak was eluted around 200 mM of imidazole in Nickel A
buffer. The pooled FANCB was desalted to 100 mM KCI in buffer Q (50mM KPO,4 pH 7.4,
0.5 mM EDTA, 0.01% NP-40, 10% glycerol, 2 mM DTT, protease inhibitors) and resolved
on a Mono-Q column. The purified FANCB was eluted at 320 mM KClI in buffer Q.

For FANCG expression and purification, 15 T-175 flasks of High-Five insect cells (90%
confluency) were infected with pFastBac-HTb-FANCG baculovirus. Cells were harvested
after 60 hours of infection. Cell pellet was resuspended in 25 ml of low salt buffer (20 mM
Hepes.KOH pH 7.5, 0.5 mM MgCl,, 5 mM KCI, 5 mM B-Mercaptoethanol, and protease
inhibitors). The suspended cells were lysed by 10 strokes on ice in a Dounce homogenizer.
The homogenized sample was centrifuged at 15000 rpm for 1 hr, the supernatant containing
FANCG (by Western blot) was diluted 2X by nickel A buffer (50 mM NaPO, buffer pH 8.0,
15% glycerol, 300 mM NaCl, 5 mM B-Mercaptoethanol, and protease inhibitors), and
resolved on a nickel-charged HiTrap Chelating column. FANCG peak was eluted around 70
mM of imidazole in Nickel A buffer. The pooled FANCG was further purified on a
Superdex-200 gel filtration column in buffer Q with 220 mM KCI.

Human RPA heterotrimeric complex was expressed in £. co/i BL21 (DE3) cells and purified
to homogeneity as previously described (Henricksen et al., 1994). In brief, the homogenized
supernatant from 2 liters of an induced culture was loaded to a 10-ml Affi-Gel blue column
equilibrated with HI buffer (30 mM Hepes.KOH pH 7.5, 1 mM DTT, 0.25 mM EDTA,
0.75% inositol, 0.01% NP-40, and protease inhibitors) containing 50 mM KCI. The column
was washed sequentially with 50 ml each of HI buffer containing 50 mM KCI, 0.8 M KClI,
0.5 M NaSCN, or 1.5 M NaSCN. RPA was eluted in the 1.5 M NaSCN wash. After desalting
by a hydroxylapatite column, the pooled RPA sample was loaded onto a Mono-Q column
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equilibrated with HI buffer containing 100 mM KCI. The column was washed with 10 ml of
HI buffer containing 100 mM KCI and then developed with a 30-ml linear salt gradient of
100-500 mM KCI. The peak of RPA was eluted at ~300 mM KCI.

Human RAD52 was purified as described previously (Kagawa et al., 2001). In brief, RAD52
was purified sequentially by Ni-NTA agarose beads, a Heparin-Sepharose column, and a
Mono-S column. Protein concentration was determined by the Coomassie (Bradford) Protein
Assay Reagent (Pierce, Rockford, CA). The purified proteins were stored in —80°C in
aliquots.

DNA Substrates and chromatin fractionation—Sequences and substrate designs are
available in the Supplemental Information. Oligonucleotides used in the strand exchange
assay were adopted from Masuda-Sasa et al. 2006 (Masuda-Sasa et al., 2006). The 5"-end of
oligos was labeled with y-32P-ATP and T4 polynucleotide kinase enzyme (New England
Biolabs) using the protocol specified by the manufacturer. For assays in which dsDNA
structures were required as substrates the oligonucleotides involved were pre-annealed at 1:1
molar ratios. Annealing was carried out in a water bath within ~5 h by slowly cooling from
85°C to 20 °C. The quality of annealing was monitored by native gel electrophoresis. Proper
annealing was verified by the mobility of a corresponding substrate. Chromatin fractionation
of U20S cells was carried out as described previously (Mendez and Stillman, 2000). In
brief, 5 x 10° cells were used to produce appropriate amount of the chromatin fraction.
Buffer A (10 mM HEPES pH 7.9, 10 mM KCI, 1.5 mM MgCls, 0.34 M sucrose, 10%
glycerol, 1 mM DTT, and supplementary protease inhibitors) with 0.1% Triton X-100 was
used first to disrupt cell membrane and extract the soluble cytoplasmic fraction. Pellets from
centrifugation were incubated with Buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, and
supplementary protease inhibitors) for the extraction of nuclear soluble fraction. Insoluble
fraction, which is enriched with chromatin, was reconstituted in SDS sample buffer with
boiling. Hsp90, PCNA, and Histone H3 were used to monitor the quality of fractionation.

DNA binding assay—DNA binding EMSA analysis was performed as described
previously (Yuan et al., 2012) in a 10 pl reaction containing 25 mM Tris-HCI pH 7.5, 100
mM NaCl, 5 mM EDTA, 1 mM DTT, 6% glycerol, 1 nM 5’-32P-labeled oligonucleotide
substrates, and the indicated amounts of protein. The reactions were incubated at room
temperature for 45 min, followed by the addition of 4 ul of 50% (w/v) sucrose buffered by
10 mM Tris-HCI pH 7.5. The reaction mixtures were resolved by electrophoresis through a
4% non-denaturing polyacrylamide gel in 40 mM Tris acetate (pH 7.6) and 10 mM EDTA
with 6% glycerol using the Owl P9DS electrophoresis system (Thermo Scientific) at 100 V
(~1.5 watts/gel) for 40 or 90 min as indicated. DNA substrates and shifted bands were
visualized by autoradiography.

Assays for strand annealing, strand exchange, and D-loop formation—Strand
annealing and strand exchange activities were carried out as previously described (Mir et al.,
2013). In brief, a total of 0.5 nM 5”-32P-labeled DNA substrate and the indicated amounts of
protein were incubated in a 10 pl reaction (25 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM
EDTA). The reaction mixture was incubated at room temperature for 40 min or as indicated
in the figure legend and stopped with 1 pl of 10x stop solution (200 mM EDTA, 32%
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Glycerol, 1% SDS, 0.024% Bromophenol Blue), 3 ug protease K, and 10 min incubation at
room temperature. Products were separated on a 6 or 10% native PAGE gel at 100V for 1.5
or 4 hr depending on substrate size. Substrate and product bands were visualized by
autoradiography. D-loop formation was carried out essentially as described previously
(Kagawa et al., 2001) with modifications. In brief, a total of 1.5 nM of 32P-labeled ssSDNA
A18 (Table S1 for sequence) was pre-incubated with indicated amounts of either FANCA or
RAD52 protein in a 10 pl reaction of 50 mM Hepes.KOH pH 7.5, 5 mM MgCl,, 50 mM
NaCl, 0.5 mg/ml BSA, and 5 mM DTT at RT for 10 min. Afterwards, 7.5 nM of pBR322
supercoiled DNA was added to the reaction mixtures, incubated at 37 °C for 10 min and the
reaction was terminated with 1 pl of 10X stop solution (200 mM EDTA, 32% Glycerol, 1%
SDS, 0.024% Bromophenol Blue), 3 ug protease K, and 10 min incubation at room
temperature. The reaction mixtures were resolved on a 1.5% agarose gel in 1X TBE buffer at
100V for 2hrs. After gel drying, substrate and product bands were visualized by
autoradiography.

Cell-based DSB repair assay—The I-Scel construct and four U20S cell lines carrying
MMEJ, NHEJ, HR, and SSA reporter constructs were generous gifts from Dr. Jeremy Stark
at the City of Hope Medical Center. Cells were cultured in DMEM complemented with 10%
FBS, antibiotics and glutamine. Knockdown of FANCA, FANCB, FANCL, RAD52, and
FANCD2 was carried out using FANCA siRNA (5.6 nM), FANCB siRNA (24 nM), FANCL
siRNA (0.8 nM, custom siRNA: GACAAGAGCUGUAUGCACUUU), RAD52 siRNA (2
nM), FANCD?2 siRNA (5.6 nM), and Control siRNA, and verified by Western blot. FANCA
CRISPR knockout constructs in Cas9-GFP backbone with a sgRNA sequence of
CCAAGGCCATGTCCGACTCG were purchased from Genscript. Knockout lines were
generated by electroporation of CRISPR constructs followed by FACS sorting and Western
blot confirmation. I-Scel based fluorescent reporter assay was carried out as previously
described with some modifications (Gunn and Stark, 2012). U20S cells were seeded in 6-
well plates at a density of 250K/well. On the following day, cells were subjected to
transfection of 1ug per well of I-Scel plasmid in the presence or absence of siRNA as
indicated by using lipofectamine 2000 to initiate double strand break production. 48 hours
after transfection, cells were washed once with PBS, trypsinized with 300 pL trypsin, and
neutralized with 400 uL media. FACS analysis was carried out within 1 hour with PE
channel to assist the exclusion of auto-fluorescence.

QUANTIFICATION AND STATISTICAL ANALYSIS

ImageJ was used for quantification for all strand annealing and exchange assays. FlowJo was
used for flow cytometry analysis. Microsoft excel software was used to perform all statistical
analyses. Statistical differences between groups were determined by two-tailed Student #
test. Significance is denoted as * for p < 05, and ** for p < O1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
FANCA catalyzes bidirectional single-strand annealing and strand exchange
FANCG stimulates FANCA-mediated strand annealing and strand exchange

Fanconi anemia patient-derived FANCA mutants are deficient in both
activities

The single-strand annealing activity of FANCA plays a direct role in DSB
repair
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FANCA bidirectionally anneals ssDNA. Titration of the purified FANCA-WT and FANCA.-

F1263A mutant (10, 20, 30, and 40 nM calculated as monomers) on (A) fully
complementary ssDNA oligos 74 nt in length (Bottom panel, quantification of the SA

activity; Experiments were independently repeated 3 times; Error bars, standard deviation);
(B) 3’-overhangs with a central homologous sequence stretch flanked by a dsDNA region
(left panel) and a 3"-matched ssDNA without dsDNA (right panel); (C) 3’-overhangs with a
central homologous sequence stretch flanked by a dsDNA region and a heterologous 3" tail
(left panel) and a center-matched ssDNA without dsDNA (right panel); (D) 5’-overhangs
with a central homologous sequence stretch flanked by a dSDNA region (top panel) and a
5’-matched ssDNA without dsDNA (bottom panel); and (E) 5”-overhangs with a central
homologous sequence stretch flanked by a dsDNA region and a heterologous 5" tail (left
panel) and a center-matched ssSDNA without dsSDNA (right panel). Quantification of SA
activity is represented by % product below each gel. Red asterisks (*) indicate 32P labeling.
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Figure 2.
FANCA promotes strand exchange. Titration of the purified FANCA-WT and F1263A

mutant (10, 20, 30, and 40 nM calculated as monomers) on (A) a pre-annealed splayed arm
structure (Right panel, quantification of the SE activity; Experiments were independently
repeated 3 times; Error bar, standard deviation); (B) a dsDNA structure with partial 5"-end
resection of one strand and a short blunt-ended dsDNA with full homology to the uncovered
flap of the invading DNA structure; and (C) a dsDNA structure with partial 3"-end resection
of one strand and a short blunt-ended dsDNA with full homology to the uncovered flap of
the invading DNA structure. Quantification of SE activity is represented by % product below
each gel. (D) Titration of the purified FANCA-WT, FANCA-F1263A mutant, and RAD52
(10, 20, 30, 40, and 50 nM) in a D-loop formation assay. Red asterisks (*) indicate 32P
labeling.
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Figure 3.
FANCA mutants are defective in SA and SE. Genetic variants of FANCA: C-terminal

truncation (Q772X), N-terminal truncation (C772-1455), D598N, R951W, R1117G,
Q1128E, and F1263A were analyzed for (A) SA and (B) SE activities. Red asterisks (*)
indicate 32P labeling. Quantification of each activity is represented by the bar graphs on the
bottom. Experiments were independently repeated 3 times. Statistical significance is
represented by the black asterisks (** p < 0.01, * p <0.05).
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Figure 4.
FANCA participates in the SSA pathway of DSB repair by catalyzing SA in cells. (A) /n

vivo repair efficiency of four DSB repair sub-pathways, MMEJ, NHEJ, HR, and SSA in
FANCA siRNA knockdown U20S cells as measured by the GFP reporter assay. Left panel,
Western blots. Right panel, relative repair efficiency normalized to siRNA control (siCtrl)
(**p < 0.01). (B) DSB repair analysis in cells with FANCA-WT and F1263A
overexpression. Left panel, Western blot. Right panel, relative repair efficiency normalized
to FANCA-WT (**p < 0.01). (C) SSA repair analysis in CRISPR FANCA knockout, and
FANCA-WT, FANCA-F1263A, FANCA-D598N mutant complemented U20S cells. Top left
panel, Western blot. Bottom panel, representative flow graphs that were statistically
analyzed and summarized in the bar graph (top right panel, **p < 0.01, *p< 0.05). A positive
control for FANCD2 monoubiquitination was obtained by treating cells with 1uM MMC for
24h. Products were resolved in a 6% SDS-PAGE gel until the targeted FANCD2 was at ~2/3
of the gel. No MMC treatment was included in cells for the SSA assay. (D) SSA repair
analysis of FANCA and RAD52 double knockdown in U20S cells. Top panel, Western blot.
Bottom panel, relative SSA repair efficiency normalized to siCtrl (*p < 0.05 when compared
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to either single knockdown). All experiments were independently repeated 3 times. Error
bars, standard deviation.
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