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Summary

Repair of DNA interstrand crosslinks requires action of multiple DNA repair pathways, including
homologous recombination. Here, we report a de novo heterozygous T131P mutation in RAD51/
FANCR, the key recombinase essential for homologous recombination, in a patient with Fanconi
anemia-like phenotype. In vitro, RAD51-T131P displays DNA-independent ATPase activity, no
DNA pairing capacity and a co-dominant negative effect on RAD51 recombinase function.
However, the patient cells are homologous recombination proficient due to the low ratio of mutant
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to wildtype RAD5SL1 in cells. Instead, patient cells are sensitive to crosslinking agents and display
hyperphosphorylation of Replication Protein A due to increased activity of DNA2 and WRN at the
DNA interstrand crosslinks. Thus, proper RAD51 function is important during DNA interstrand
crosslink repair outside of homologous recombination. Our study provides a molecular basis for
how RADS51 and its associated factors may operate in a homologous recombination-independent
manner to maintain genomic integrity.
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Introduction

The maintenance of genomic stability requires the accurate repair of DNA damage that
accrues as a result of endogenous metabolism, environmental exposures or chemotherapy.
DNA interstrand crosslinks (ICLs) are a particularly serious form of DNA damage that can
be formed by anti-cancer alkylating agents or endogenous compounds including aldehydes
(Garaycoechea et al., 2012; Langevin et al., 2011; reviewed in Clauson et al., 2013;
Kottemann and Smogorzewska, 2013). Inaccurate repair of ICLs impacts organ function, as
exemplified by karyomegalic interstitial nephritis (Zhou et al., 2012), a kidney failure
predisposition syndrome, and Fanconi anemia (FA), a disorder characterized by
developmental abnormalities, bone marrow failure, cancer predisposition, and profound
sensitivity to crosslinking agents (Auerbach, 2009).

The 18 genes mutated in FA patients encode proteins implicated in a common pathway that
coordinates multiple repair processes and checkpoint signaling events necessary for the
accurate removal of ICL lesions (Bogliolo et al., 2013; Hira et al., 2015; Kashiyama et al.,
2013; Kottemann and Smogorzewska, 2013; Rickman et al., 2015; Sawyer et al., 2015;
Wang and Smogorzewska, 2015). ICL repair occurs predominantly during S-phase
following replication fork stalling at the ICL that triggers monoubiquitination of FANCD2
and FANCI, the central event of the FA pathway (Akkari et al., 2000; Garcia-Higuera et al.,
2001; Knipscheer et al., 2009; Smogorzewska et al., 2007). Incisions around the lesion allow
unhooking of ICLs from one of the two strands and result in DNA strand breaks at the fork
(Klein Douwel et al., 2014; Raschle et al., 2008; reviewed in Sengerova et al., 2011; Zhang
and Walter, 2014). Following translesion synthesis to restore the DNA template (Raschle et
al., 2008), the homologous recombination (HR) machinery utilizes the processed ends of
broken duplex DNA to complete the repair (Howlett et al., 2002; Long et al., 2011; Reid et
al., 2007; Xia et al., 2007).

Besides being important for the completion of ICL repair, HR is widely used to ensure
genome stability when a homologous template is available for repair. In the case of double-
strand DNA break (DSB) repair, broken DNA ends are nucleolytically processed by
multiple factors including the MRE11-RAD50-XRS2/NBS1 complex, DNA2, EXO1 and
CTIP (Nimonkar et al., 2011; reviewed in Symington and Gautier, 2011), exposing SSDNA
that is immediately coated by ssSDNA binding protein Replication Protein-A (RPA).
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Recombination is initiated when RAD51 recombinase actively displaces RPA to form the
presynaptic filament that searches for and invades the homologous template (Sugiyama et
al., 1997; Sung and Robberson, 1995). The displacement process is assisted by a number of
recombination mediators, including the breast cancer susceptibility genes, BRCA2, and
RAD5S1 paralogs (Jensen et al., 2010; Liu et al., 2010; Pierce et al., 1999; Takata et al.,
2000). Humans with biallelic mutations in HR factors such as BRCA2/FANCD1, have 97%
cumulative risk of any malignancy by age 5.2 years (Alter et al., 2007), stressing the
importance of HR in assuring genome stability and tumor suppression.

The requirement of RAD51 for proper ICL repair was demonstrated in Xenopus egg extract
repair assays (Long et al., 2011), and its involvement was thought to be strictly dependent
on its recombinase function in resolving DSBs at the late stage of ICL repair. However,
surprisingly, RAD51 appeared to bind ICL-induced stalled replication forks early during
repair, preceding the arrival of the activated FANCD2/FANCI complex and DNA incisions
that would result in DSBs (Long et al., 2011). This observation suggests an early role for
RAD51 at ICLs. RAD51 has been implicated in both maintaining replication fork stability
and facilitating replication fork restart following treatment with other replication fork
stalling agents, including hydroxyurea (HU) (Hashimoto et al., 2010; Petermann et al., 2010;
Schlacher et al., 2011; Schlacher et al., 2012; Zellweger et al., 2015). RAD51 foci formation
and recruitment to chromatin were observed in cells following HU treatment (Petermann et
al., 2010). In the absence of RAD51, ssDNA gaps accumulate behind replication forks as a
result of MRE11-mediated degradation of nascent DNA (Hashimoto et al., 2010). MRE11-
dependent nascent strand degradation following HU treatment is particularly pronounced in
cells defective in BRCA2 or the Fanconi proteins. In that genetic setting, RAD51 was shown
to have a protective role at the HU-stalled forks (Schlacher et al., 2011; Schlacher et al.,
2012; Ying et al., 2012). Most recently, it was demonstrated that in response to a range of
DNA damaging agents, RAD51 is involved in mediating replication fork reversal
(Zellweger et al., 2015), likely to facilitate replication fork restart (Petermann et al., 2010).
How RADS51 is recruited to and functions at sites of stalled replication forks and whether
these functions of RADS51 at the fork are dependent on its strand exchange activity remain
poorly understood. Furthermore, given that DSBs can arise if replication forks collapse
following HU treatment it has been difficult to distinguish the fork protection role of
RAD51 from its canonical function in HR. Here, we report a patient-derived mutation in
RAD51 that is consistent with a role for RAD51 in protection of DNA during the course of
ICL repair that is independent of its DNA strand exchange activity.

RADS51 mutation in a patient with FA-like phenotype

A one-year-old girl born with radial dysplasia, absent right thumb, pelvic left kidney and
increased DNA damage sensitivity, including the appearance of radial chromosomes in
peripheral blood lymphoblasts and skin fibroblasts after treatment with diepoxybutane
(DEB) and mitomycin C (MMC) (See Table S1 for a full description of the phenotype) was
entered into the International Fanconi Anemia Registry. No mutation in known FA genes
was identified in this subject. Whole exome sequencing of DNA from the lymphoblastoid
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cell line (RA2580) revealed a heterozygous mutation in RAD51 (c.391A>C) that was likely
de novo since it was absent from either of the parents (Figure 1A; also see Supplemental
Experimental Procedures for other variants identified in the subject). The same mutation was
present in whole blood as well as in the primary fibroblasts (RA2630) from this subject
(Figure 1A) suggesting that the subject is not mosaic for the mutation. The mutation results
in a single amino acid residue change (p.T131P) within the Walker A domain important for
ATP binding and hydrolysis (reviewed in San Filippo et al., 2008) and this residue is
completely evolutionarily conserved down to yeasts. Total levels of RAD51 in the RA2630
cell lines are comparable to those in the wild type BJ fibroblasts (Figure 1B). The mutant
allele is expressed at the mRNA and protein levels (Figure S1A-D), although the mutant is
much less abundant than the WT RAD51 on the protein level (Figure 1C, S1C-D). We were
able to quantify the level of the wild type and mutant protein by performing an
immunoprecipitation with anti-RAD51 antibody and assessing amounts of the wild type and
mutant peptides present in the pull down by mass spectrometry. Based on area under curve
for the wild type and mutant peptides (Figure 1C) and selected fragment ions (not shown) a
mutant-to-wild type ratio of 1-to-5 was consistently measured (0.21, s.d. 0.017, n=3).
Mutant and wild type RAD51 were also detected in the patient LCL sample.

Cells expressing the RAD51 T131P allele are hypersensitive to cross-linking agents

All tested cells derived from the subject showed moderately increased levels of
chromosomal breakage in response to DEB and MMC that, while increased compared to
controls, are significantly lower than those seen in typical FA-A cell lines with biallelic
mutations in the FANCA gene (Figure 1D; Table S2). We observed an increased
accumulation of cells in the late S/G2 phases of the cell cycle after MMC treatment (Figure
1E) and both fibroblasts and lymphoblasts derived from the subject were sensitive to cross-
linking agents including MMC, DEB, and cisplatin in survival assays (Figure 1F, Figure
S1F-J). Collectively, these results show that ICL repair fails in cells expressing the T131P
RAD51 allele. However, the chromosome breakage phenotype of cells derived from the
subject is less severe than classical FA cells and is more akin to the phenotype of cells with
RAD51C mutations (Vaz et al., 2010).

We observed increased MMC sensitivity (Figure 1G) and crosslinking-induced
chromosomal aberrations (Table S3) when HA-FLAG tagged RAD51 T131P mutant, but
not WT RAD51, was overexpressed in wild type fibroblasts (BJ cells). Conversely,
overexpression of non-tagged (NT) WT RAD51 significantly improved the MMC sensitivity
of RA2630 cells (Figure 1H, see also Figure S3C). These results suggest that the T131P
RADS51 may act as a dominant negative allele in the patient cells, disrupting proper function
of WT RADS51 during ICL repair.

To determine whether the RAD51 mutation affects the activation of the FA pathway, we
examined the ubiquitination of FANCI and FANCD?2 foci formation following MMC
treatment of RA2630 cells. FANCI ubiquitination and FANCD?2 foci formation are normal
in response to MMC in RA2630 cells (Figure 11, J), indicating the FA pathway activation is
intact. However, FANCD2 foci (Figure 1J) and CHK1 phosphorylation (Figure S1K) persist
in MMC-treated patient cells suggesting a defect in the completion of DNA repair.
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Cells expressing T131P allele are homologous recombination proficient

Given the importance of RAD51 in HR-dependent DSB repair, we examined the sensitivity
of RA2630 to ionizing radiation (IR) that requires HR for repair. Surprisingly, the patient
cells were not more sensitive to IR than the BJ fibroblast, even when an additional DSB
repair pathway, non-homologous end-joining was inhibited by the DNA-PKcs inhibitor,
NU7026 (Figure 2A). Cells mutated in RAD50 were used as a control (Waltes et al., 2009)
and showed increased sensitivity to IR (Figure 2A). In response to camptothecin, patient
cells mutated in BRCA2 (FAD1) showed higher sensitivity than RA2630 (Figure S2A),
suggesting that the RAD51 patient mutation results in a defect distinct from a more severe
HR defect associated with biallelic BRCA2 mutations. However, RA2630 were considerably
sensitive to PARP inhibitor (Figure S2B and C). Consistent with a lack of sensitivity to IR
seen in the RA2630 cells, expression of HA-RAD51 T131P mutant protein in BJ cells did
not result in increased IR sensitivity (Figure 2B) despite an increased sensitivity to MMC
(Figure 1G).

Since RA2630 cells are not sensitive to IR, we hypothesize that HR is functional in cells
expressing T131P RADS51. To determine HR proficiency, we introduced the DR-GFP
substrate (Pierce et al., 1999) into RA2630 fibroblast and assayed for the ability of the cell
to perform accurate HR repair of two directly-repeated dysfunctional GFP genes. RA2630
cells are capable of restoring GFP expression at a level comparable to that seen in BJ cells
(Figure 2C). This is in contrast to a complete abrogation of GFP expression upon RAD51
depletion (Figure 2D), and indicates that HR is proficient in RA2630 cells. Consistently,
overexpressing HA-RAD51 T131P did not affect HR in BJ cells (Figure 2E). To further
confirm the observation of functional HR in the patient cells, we assessed sister chromatid
exchanges (SCEs) in RA2630 cells after either MMC treatment or BLM depletion, and we
did not see significant changes in SCE formation (Figure S2D-F). Collectively, the results
support the notion that the heterozygous T131P mutation in RAD51 does not abrogate HR.
Instead, at the levels present in the patient cells, the T131P RAD51 severely affects ICL
repair whilst sparing HR function of WT RAD51.

Given the unexpected finding that HR is proficient in RA2630, we characterized whether the
expression of RAD51 T131P affects RAD51 foci formation. We observed a reduction in
initial RAD51 foci formation in response to IR, both qualitatively and quantitatively, in
RA2630 compared to BJ cells (Figure 2F; Figure S2G). However, with increased time, the
foci do become more numerous and brighter in RA2630 cells. The decrease in foci
formation is not due to a reduced level of RAD51 protein expression as both BJ and
RA2630 showed similar expression levels of RAD51 (Figure 1B, 2G). Although we could
readily observe the overexpressed HA-RAD51 WT protein forming foci, we could never
detect foci formation of overexpressed HA-RAD51 T131P (Figure 2H). Moreover, high
expression of HA-RAD51 T131P abrogated the ability of endogenous RAD51 to form IR-
induced foci in BJ cells (Figure S2H). These results suggest that the RAD51 T131P mutant
protein does not form stable filaments with DNA and interferes with proper RAD51 filament
formation by the WT RAD51 proteins. However, the delay in RAD51 foci formation
kinetics due to the presence of T131P mutant protein does not translate into an HR defect in
repairing DSBs, presumably because even short filaments can support HR.
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Cells expressing T131P allele show defective ICL repair with aberrant RPA activation

To address the nature of the defect in ICL repair in RA2630 cells, we followed the activation
of DNA damage response markers after MMC treatment. As seen for treatment with IR,
RAD51 foci were quantitatively and qualitatively diminished in RA2630 as compared to BJ
cells (Figure 3A, B). Strikingly, we observed a marked increase in formation of RPA foci
and RPA phosphorylation (Figure 3C, D, Figure S3A, B) in RA2630 cells compared to BJ
cells, suggesting an accumulation of single stranded (sSDNA) repair intermediates in the
presence of RAD51 T131P. To determine the genetic requirement for the hyperactivation of
RPA, we depleted nuclease factors implicated in DNA end resection, which generates
sSDNA repair intermediates. Depletion of CTIP, MRE11 and EXO1 did not diminish RPA
hyperactivation in RA2630 cells (Figure 3E and F; Figure S4A-B and F). This is not due to
secondary stimulation of RPA phosphorylation and accumulation at sites of DNA damage
associated with their absence, since we did not observe increased RPA phosphorylation after
MMC treatment when these nucleases were depleted in wild type BJ cells (Figure S4C).

Because of strong support for the role of MRE11 in the resection of the DNA double strand
DNA breaks (Petrini et al., 1995; Xiao and Weaver, 1997; reviewed in Symington, 2014) as
well as nascent DNA in cells treated with hydroxyurea (Schlacher et al., 2011; Schlacher et
al., 2012; Ying et al., 2012), we have attempted to use mirin, a chemical inhibitor of
exonuclease activity associated with MRE11 (Dupre et al., 2008; Garner et al., 2009).
Treatment with 50 pM mirin results in a marked decrease in RPA phosphorylation that is not
seen at low concentrations of mirin (Figure S5A-E). However, cells treated with 50 uM
mirin also exhibit a loss of FANCD?2 foci that in our hands remain largely intact in cells
depleted of MRE11 (Figure S5D-G), and show changes in the cell cycle profile (Figure
S5H). These control experiments suggest that mirin has broader, possibly, non-specific
effects on the Fanconi anemia pathway and further studies will be needed to clarify the role
of MRE11 in the DNA resection seen when RAD51 T131P is expressed.

Depleting one of the resecting nucleases, DNA2 reduced RPA foci formation and
phosphorylation in RA2630 to levels seen in BJ cells (Figure 3E, F; Figure S4F-1),
indicating that in the absence of proper RAD51 function in cells expressing RAD51 T131P,
DNAZ2-mediated resection results in increased ssDNA accumulation and hyperactivation of
RPA at sites where replication had been blocked by ICLs. DNA2 has been shown to
genetically and biochemically interact with BLM helicase (Imamura and Campbell, 2003;
Nimonkar et al., 2011) but more recent data show that it also may work together with WRN
protein (Sturzenegger et al., 2014). We have depleted BLM and WRN proteins from
RA2630 and observed that only WRN depletion led to reduced RPA foci formation and
phosphorylation in RA2630 to levels seen in BJ cells (Figure 3G-1 and Figure S4 J-N).
Depletion of no other candidate helicase tested led to a decrease in RPA phosphorylation
(Figure 31 and S4N). Of interest is that depletion of RECQL/RECQ1, already implicated in
the maintenance of genome stability, protection of replication forks and a potential breast
cancer susceptibility gene (Berti et al., 2013; Cybulski et al., 2015; Sharma et al., 2007; Sun
et al., 2015), led to high levels of RPA phosphorylation after MMC treatment even in the
wild type BJ cells, suggesting that RECQL is necessary for proper cellular response to ICL-
inducing agents (Figure 3I).
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Complementation of patient cellular phenotype by CRISPR-targeted disruption of the
RADS51 mutant allele

To demonstrate most directly that the mutation is indeed the disease causing mutation, we
reasoned that disruption of the mutant RAD51 allele in the patient fibroblast should revert
cellular abnormalities that we have ascribed to the expression of the dominant negative
allele. Therefore, we disrupted the RAD51 T131P gene by using clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas9 nuclease mediated genome editing
(reviewed in Hsu et al., 2014) in exon 3 of RAD51 (Figure 4A). This strategy resulted in a
cell line with a frameshift mutation in the mutant allele, generating premature stop codons
(c.133_162delinsA; p.G45Sfs*10; Figure 4B-C) predicted to make a protein with only the
first 44 residues of RAD51. The second allele of RAD51 remained WT. This cell line
(indicated as RA2630 WT/AMUT) showed rescue of the MMC sensitivity of RA2630 to the
BJ wild type level (Figure 4D). Consistently, loss of the mutant allele in this cell line also
both restored formation of RAD51 foci and suppressed hyperactivation of RPA to levels
seen in BJ wild type cells following MMC treatment (Figure 4E-G). The ability to rescue
these phenotypes demonstrates that the ¢.391A>C mutation is the causative change that
results in a defect in ICL repair and is likely responsible for the clinical development of
Fanconi anemia-like phenotype in the patient. Similar complementation of patient cellular
phenotype was seen in an additional independently derived clone (Figure S3D-F).

RADS51 T131P displays unregulated ATPase activity

To gain a deeper understanding of how the patient mutation affects the biochemical
activities of the RAD51 protein, and also to reconcile the surprising sensitivity to MMC
without an apparent HR defect in the patient cells, we purified the mutant RAD51 T131P
protein and examined its biochemical functions (Figure S6A). Unlike WT RAD51, which
shows little basal ATPase activity that is stimulated by the addition of ssDNA (Figure 5A),
the mutant RAD51 exhibits constitutive ATPase activity that is comparable to WT RAD51
but this activity is unexpectedly independent of sSDNA (Figure 5A). The ATPase activity of
RADS51 T131P requires Mg?*, and, as expected, is not supported by Ca2* (Figure S6B).
Furthermore, the high basal ATPase activity of the mutant RAD51 is not due to the presence
of DNA or RNA contamination in the purified protein (Figure S6C and D).

Because ATP hydrolysis results in the dissociation of RecA/RAD51 proteins from DNA
(Chi et al., 2006; Menetski and Kowalczykowski, 1985), we next examined whether the
mutant protein is capable of binding to DNA. The results from electrophoretic mobility shift
assays show that the mutant protein forms less stable complexes with ssDNA than WT
protein (Figure 5B, top), and also has a lower affinity for dsDNA (Figure 5B, bottom, and
5C). Even though RAD51 T131P can bind to both ssDNA and dsDNA, the mutant protein
completely lacks DNA strand exchange activity (Figure 5D, Figure S7A); the WT protein
displays the characteristic optimum that results when protein in excess of the amount needed
to bind ssDNA begins to bind to the dSDNA partner (Figure S7A). Furthermore, RAD51
T131P also lacks the capacity to form homologously paired joint molecules (Figure 5E;
Figure S7C). These defects arise presumably because RAD51 T131P cannot form stable
nucleoprotein filaments. Similar defects in both DNA binding (Figure S6E and F) and DNA
strand exchange (Figure S7B) are also seen in reactions using different ATP analogs (AMP-
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PNP and ATPyS) and cofactors (ATP-Ca2*, ATP-Mg2*, and ADP-Mg?2*). Collectively, our
biochemical analyses identify RAD51 T131P as a unique mutant with an unregulated
ATPase activity that cannot function as a DNA pairing and strand exchange protein.

As both WT and T131P RADS51 are present in the patient cells with a heterozygous RAD51
mutation, we reconstituted the physiologically relevant scenario in cells by examining
mixtures of both WT and mutant RAD51. In DNA strand exchange reactions, RAD51
T131P demonstrated dominant negative behavior, and reduced WT RAD51 function at
multiple concentrations (Figure 6A). At the optimal concentration of WT RAD51, inhibition
by RAD51 T131P could occur by a variety of mechanisms, but at a sub-optimal
concentration of RAD51 (e.g., 110 nM, Figure S7A), RAD51 T131P may be forming a
mixed filament and poisoning WT RAD51 function, just as detailed for RecA protein
(Kowalczykowski and Krupp, 1989; Lauder and Kowalczykowski, 1993). Joint molecule
formation is similarly affected and this simpler in vitro reaction clearly shows that pairing
function is unaffected until the percentage of RAD51 T131P exceed 67% of the mixture
(Figure 6B), although inhibition could be alleviated by raising the total concentration of the
RAD51 proteins (Figure S7C and D), due to the higher affinity of WT RAD51 outcompeting
the mutant (Figure S7C and D). The capacity of RAD51 T131P to disrupt the filaments is
demonstrated by decrease of pre-formed functional RAD51WT filaments over time (Figure
S7E). The defect in DNA strand exchange was not rescued by BRCA2, which stimulated
WT RAD51 function when RPA was present, but did not activate RAD51 T131P; RAD51
T131P nonetheless exhibited a dominant negative effect even in the presence of BRCA2
(Figure 6C). The collective in vitro experiments show that when optimal amounts of WT
RAD51 are in excess of RAD51 T131P concentrations, as observed in patient cells (Figure
1C), DNA pairing functions are largely unaffected (Figure 6A-C, Figure S7C and D),
consistent with the observation that HR is proficient in the RAD51 patient cells (Figure 2).

Discussion

RADS51 is an essential DNA repair factor operating in mammalian cells, and its absence is
lethal (Tsuzuki et al., 1996). Haploinsufficiency of RAD51 has been reported in patients
who develop mirror movement disorder (Depienne et al., 2012; Gallea et al., 2013), but
germline missense pathogenic variants in RAD51 have not been previously documented in
humans. Here we identified a previously unidentified heterozygous mutation in RAD51 that
results in Fanconi anemia-like phenotype. The resulting mutant protein, unlike other
previously studied mutant RAD51 proteins in any system, exhibits constitutively high
ATPase activity that prevents the protein from stably associating with DNA and catalyzing
the DNA strand exchange activity required for HR. Even though T131P substitution results
in a gain of biochemical function (unregulated ATPase activity) for the protein, it results in
loss of RADS51 function in vivo, specifically for ICL repair.

At first glance it seems surprising that homologous recombination is proficient in the patient
cells, despite T131P RAD51 having a dominant negative effect on the kinetics of WT
RAD51 foci formation in vivo and the dominant negative effect of this mutant on DNA
strand exchange activity by WT RAD51 in vitro. However, even though patient cells
expressing the T131P allele render WT RAD51 filaments less functional, the in vitro
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experiments reveal that this filament still retains threshold levels of homology pairing and
DNA strand invasion needed for sufficient DSB repair, as reflected by the lack of IR
sensitivity, normal SCE formation, and normal levels of recombination in a reporter assay.
Given the strong intrinsic functional defect observed as a result of the amino acid change on
the protein level, homozygous T131P mutation would result in a complete HR defect in cells
and consequent lethality. However, the patient cell line with heterozygous mutation creates a
unique situation where the expression of T131P RADS51 is sufficient to disrupt function of
WT RAD5L1 in ICL repair whilst sparing HR. This defect points to a role of RAD51 that is
independent of its canonical DNA strand exchange activity. This function of RAD51 in ICL
repair was not previously possible to delineate in other experimental settings.

Drawing on the earlier finding that RAD51 is present at the ICL early during the repair
process (Long et al., 2011), we propose that the T131P mutant interferes with WT RAD51
function at this early step (Figure 7). However, it is possible that RAD51 could have
protective functions at other steps during ICL repair. Regardless, expression of the T131P
mutant results in lack of proper ICL repair without a defect in HR. This ICL repair specific
function of RAD51 is likely also regulated by BRCA2 protein, and identification of specific
BRCA2 mutations affecting such function may be possible.

We propose that the attenuated affinity of the mutant allele for both ssSDNA and dsDNA
prevents RAD51 from stably binding to DNA at the ICLs in the patient cells. Consequently,
in the absence of stable binding by RAD51 in the vicinity of an ICL, the DNA becomes
susceptible to the degrading/unwinding activity of DNA2 and WRN. It has been suggested
that DNAZ2 is recruited to ICLs by the ubiquitinated FANCD2/FANCI complex (Karanja et
al., 2012; Karanja et al., 2014), and we demonstrated that the activation of this complex is
normal in cells expressing RAD51 T131P. It is possible that limited DNA2 and WRN-
mediated processing of DNA occurs as part of normal ICL repair; however, excessive
DNAZ2- and WRN-mediated resection or unwinding of DNA as a result of impaired RAD51
function is deleterious for the ICL repair process. This could ultimately change the DNA
configuration at the ICL, channeling the repair to an aberrant pathway that would impede the
accurate full repair of ICLs (Figure 7). Alternatively, the RAD51 T131P mutant, due to its
dominant nature, interferes with yet unknown mechanism of nuclease inhibition by wild
type RAD5L. Titration of a limiting RAD51-interacting factor necessary for the nuclease
inhibition would be one such example.

It has been shown that RAD51 is required for reversed fork formation following MMC
treatment (Zellweger et al., 2015), and that both DNA2 and WRN act to degrade reversed
replication forks following hydroxyurea treatment (Thangavel et al., 2015). It is therefore
possible that such reversed fork structure formed during ICL repair is what RAD51 is
protecting from DNA2 and WRN-mediated degradation. It remains to be tested if cells
expressing RAD51 T131P accumulate fewer reversed fork structures during ICL repair.
Observing the formation of abnormal repair intermediates in cells expressing the unique
RADS51 T131P mutation will be critical in deciphering the intricate and possibly
multifaceted roles of RAD51 in ensuring replication progression in response to different
types of DNA damage. Previous studies have implicated RADS51 in protecting replication
forks from being degraded by MRE11 and not DNA2. This mechanism was described for
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replication forks stalled by hydroxyurea (Schlacher et al., 2011; Schlacher et al., 2012; Ying
et al., 2012) or lesions that lead to replication fork uncoupling (Hashimoto et al., 2010), and
may be distinct from that operating at the ICLs. Supporting the possibility of a distinct
nature of DNA protection mechanism by RADS51 at forks stalled by hydroxyurea versus
ICLs, is the finding that cells expressing BRCA2 separation of function S3291A mutant,
which are defective in replication fork protection following hydroxyurea treatment but
capable of supporting HR, showed very mild sensitivity to MMC (Schlacher et al., 2011;
Schlacher et al., 2012), in contrast to the cell line expressing T131P RAD51 mutant protein.
Also, it remains to be tested whether increased nascent strand degradation in cells defective
in BRCA2 or the FA pathway is also dependent on DNA2 and WRN. It is possible that the
MRE11 is only the initiating nuclease, which creates substrate for further DNA2/WRN-
dependent processing. Although currently not supported by our data, MRE11 could also be
the initiating nuclease upon MMC treatment in the RAD51 T131P-expressing cells.

The phenotype of the subject with the mutant RAD51 T131P protein includes congenital
abnormalities that are typical of patients diagnosed with Fanconi anemia. However, the
absence of bone marrow failure at the age of 13 years, combined with the intermediate
chromosome breakage phenotype in response to ICL-inducing agents, suggests that the
subject has a Fanconi anemia-like syndrome akin to patients with mutations in RAD51C/
FANCO. It is possible that bone marrow dysfunction will develop in this subject in the
future. Regardless, given the remarkable sensitivity of the patient cells to a range of cross-
linking agents, we designate an alias of FANCR for the RAD51 gene. This nomenclature
would denote the requirement of RAD51 in the common Fanconi anemia ICL repair
pathway, with the understanding that there will be clinical phenotypic differences even
among different existing FA complementation groups, as is already seen with FA-O and FA-
D1, and FA-N complementation groups. Such designation would aid the molecular
classification of FA patients not yet assigned a complementation group and also allow for an
integrated view of the ICL repair pathway.

Another point of interest is that the subject with the RAD51 T131P mutation lacks the
characteristic features of the high burden of childhood AML and embryonal tumors seen in
patients with biallelic mutations in BRCA2/FANCD1 or PALB2/FANCN (Howlett et al.,
2002; Reid et al., 2007; Xia et al., 2007). We hypothesize that normal levels of HR protects
this patient from early tumorigenesis; however, it does not preclude the possibility that the
patient will be tumor-prone in the future. Indeed, monoallelic mutations in many of the
RADA51-associated factors, including BRCA2, PALB2, RAD51C, and RAD51D are
associated with predisposition to cancers in adulthood (reviewed in Filippini and Vega,
2013; Moynahan and Jasin, 2010; Pennington and Swisher, 2012). We hypothesize that
RAD51's ability to protect DNA from inappropriate degradation in proliferating cells when
endogenous damage is encountered could constitute one of the mechanisms through which
chromosomal aberrations and mutations that ultimately drive tumorigenesis are prevented.
The endogenous damage may not be limited to interstrand crosslink damage since T131P
RADS51 mutation also rendered cells sensitive to PARP inhibitor (Fig S2B). The lack of an
HR defect in the patient cells indicates that PARP inhibitor sensitivity is not solely due to
HR defect as already suggested (Ying et al., 2012) and this finding has implications for
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understanding of the synthetically lethal relationship between cancer mutations and PARP
inhibition for therapeutic treatment. The unique mutation of RAD51 that we identified,
defining a separation of function from its predominant role in HR, will allow more in-depth
mechanistic insight on how defective DNA repair results in chromosomal aberrations that
contribute to tumorigenesis.

Experimental Procedures

Study subjects and cell lines

DNA samples and cell lines were derived from subjects enrolled in the International Fanconi
anemia Registry (IFAR) after obtaining informed consent. The Institutional Review Board
of The Rockefeller University, New York, NY, USA, approved these studies.

Cell culture, transfection and viral transduction

Subject's fibroblasts were transformed and/or immortalized by standard procedures. Viruses
for generating RAD51 overexpressing fibroblasts and RA2630-Cas9 cells were packaged in
HEK?293T cells according to the manufacturer's protocol (Mirus). For siRNA transfection,
fibroblasts were subjected to reverse transfection followed by forward transfection the
following day using RNAiMax (Life Technologies). Sequences of siRNAs, RT-PCR
primers, and mutagenesis primers used in this study are in Table S4.

Cellular assays for DNA repair and damage response

Cell survival, cell cycle and chromosomal breakage analyses following DNA damaging
agent treatment were performed as described previously (Kim et al., 2013). DNA damage
response and foci formation of DNA repair proteins were determined by standard
immunoblotting and immunofluorescence procedures as described previously (Wang et al.,
2011). For DR-GFP analysis of HR efficiency (Pierce et al., 1999), clonal fibroblasts
containing single copy DR-GFP substrate were transduced with adenovirus expressing |-
Scel endonuclease and analyzed for percentage GFP positive cells by flow cytometry as
previously described (Smogorzewska et al., 2007). SCE levels were determined by
procedures as described previously (Garner et al., 2013).

Protein purification and biochemical assays

Recombinant wildtype and T131P mutant RAD51 were purified according to protocol
previously described (Hilario et al., 2009). ATPase activity of purified RAD51 was
measured by the release of 32Pi from [y-32P] ATP. The ability of RAD51 proteins to

bind 32P labeled oligonucleotide substrates in vitro was determined by standard
electrophoretic mobility shift assay. For DNA strand exchange assay, RAD51 proteins were
incubated with ssSDNA substrate and homologous dsDNA for 30 min at 37°C before
deproteinized and analyzed by PAGE. For joint molecule formation assay, RAD51 proteins
were first incubated with 32P-labeled JM1 ssDNA for 10 min at 37°C followed by the
addition of pSE1 supercoil DNA. Reactions were deproteinized and analyzed by
electrophoresis using 1% agarose.
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RADS51 mutation in a Fanconi anemia-like patient. (A) Sequencing traces of genomic DNA
identifying the variant (arrow) in RAD51 in the proband but not in the parents. (B) RAD51
protein expression levels in patient cells (RA2630). (C) Assessment of the relative amounts
of the WT and mutant RAD51 protein by measurement of mutant and the wild type peptides
of RADS51 in fibroblast sample. Extracted ion chromatograms based on the monoisotopic ion
corresponding to the mutant (orange) and wild type (blue) peptides. Measured area suggests
a ~5-fold difference between the wild type and mutant peptides. Also see Figure S1B-D. (D)
Representative metaphase of RA2630 following mitomycin C (MMC) treatment. Arrows
mark sites of aberration. Also see Table S2 for quantification of chromosomal breakage
levels. (E) Cell cycle profiles with or without MMC treatment. FA-A: FANCA patient cells.
(F) MMC sensitivity of indicated fibroblasts. BJ: wild type fibroblasts; FA-D1: BRCA2/
FANCD1 mutant patient cells. Error bars: s.d. (n=3) (G) Sensitization of BJ cells to MMC
by RAD51 T131P mutant overexpression. Also see Table S3 for quantification of
chromosomal breakage levels upon overexpression of WT and mutant RAD51. (H)
Suppression of RA2630 MMC sensitivity by overexpression of non-tagged (NT) RAD51.
EV: empty vector. (I) FANCI monoubiquitination 24 hours after one-hour 3uM MMC
treatment. (J) FANCD?2 foci formation post MMC treatment. Error bars: s.e.m. (n=3). Also

see Figure S1.
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Assessment of IR survival and homology directed repair (HDR) of cells expressing RAD51
T131P. (A) IR sensitivity of cells pretreated with NU7026 or DMSO. (B) IR sensitivity of
BJ fibroblasts expressing RAD51 wild type (WT) or T131P. (C-E) GFP HDR assay in
indicated cells with a stably integrated DR-GFP reporter. BJ-DR, and RA2630-DR (C),
RA2630-DR cells depleted of RAD51 (D), and BJ-DR cells stably expressing HA-FLAG
tagged WT or T131P RAD51 (E) were assessed. Error bars: s.d. (n=3). (F) Blinded
guantification of cells with more than five RAD51 foci after IR. Error bars: s.d. (n=2). (G)
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RAD51 and YH2AX expression levels after IR. (H) IR-induced foci formation of HA-FLAG
tagged RAD51 proteins. Dashed lines mark outline of nuclei. Also see Figure S2.
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Figure 3.
DNAZ2- and WRN-dependent RPA activation in RA2630 cells after MMC treatment. (A)

Representative images of RAD51 foci formation in BJ and RA2630 cells eight hours
following one-hour 3uM MMC treatment. (B-C) Blinded quantification of cells with more
than five RAD51 foci (B) or ten RPA foci (C) following MMC treatment. Error bars: s.e.m.
(n=3). (D) Immunoblotting analysis of RPA phosphorylation following MMC treatment. (E-
F) RPA phosphorylation (E) and foci formation (F) at indicated hours following MMC
treatment in cells transfected with siRNAs targeting different nucleases. (G-H) RPA
phosphorylation (G) and foci formation (H) at 24 hours following MMC treatment in cells
transfected with siRNAs targeting different nucleases. Error bars: s.e.m. Blinded samples
from three independent experiments were counted. (1) RPA phosphorylation at indicated
hours following MMC treatment in cells transfected with siRNAs targeting different
helicases. Also see Figure S3, S4, and S5.

Mol Cell. Author manuscript; available in PMC 2016 August 06.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Page 21

BJ RA2630 RA2630WT/AMUT

hrpost MMC U 24 48 U 24 48 U 24 48

RPA e sblSans

RADS51 m....'{

o tubuiin | - - - -

Wang et al.
A D 1004 BS F
STOP  ¢.391A>C (patient mutation) 59 i 7051+ S
| | $ 801
& SE {1 fe] FHefef—ed £ 70 pS4/S8 RPA
L 260
S _ s}

P = - . = 50
&SGATTCCT\.TACTGTGGI\GGCTGTTGCCTATGCGCCAAAGAAGGAGCTA E 40
CCTAAGGTATGACACCTCCGACAACGGATACGCGGTTTCTTCCTCGAT E 30

PAM CRISPR Target sequence (-strand) (g 20
B 10
0
S 0 20 40 60 80 100
a E MMC (nM)
E 70 1 80 1
E S 60 8701
) 2 5 < 60 A
< o 50 A
[14 40 o
x S
A 20 _’; 40 A
& =
Z 3 = 30
[a) @ 20 2 0 4
o g 8 20
L = 107 = 10 A
GGATTCCATACTGTGGAGGCTGTTG
GAAGAAATTGGAAGAAGCTAGCGCCAAAGAAGGAGCTAATAAAT 0 - 0
BJ RA2630 RA2630 WrauuT
C
(]
=
2 1 AL T R
AAGAAATTGGAAGAAGCTGGATTCCATACTGTGGAGGCTGTTGCCTATGCGCCAAAGAAGGAGCTARTARATAT TAAGGGAATTAGTGAAGCCARAGCTGA
K K L E EAG FHTVEA AV VAYA AUPI KI K ETLTINTII KT GTISEA ATIK A
(0]
o]
°
o
(0]
1=
|8 [AAGARRTTGERAGAAGCTR -~ = m oo em s em e S T P P e e
K K L E E A S A K EG ANI KY®* G N * * S Q S
Figure 4.

BJ RA2630 RA2630 WraMUT

CRISPR/Cas9-directed complementation of MMC sensitivity in RA2630. Mutant allele was
targeted to eliminate expression of T131P RAD51. (A) Schematic representation of RAD51
genomic locus and target location and sequence of guide RNA. Exon 4a refers to the exon 4

in NM_133487.3 and NM_001164269.1 Exon 4b refers to the exon 4 sequence in

NM_002875.4 and NM_001164270.1. (B) Sequencing traces of genomic DNA and cDNA

showing regions of genome editing by CRISPR-Cas9 in targeted cell line
(RA2630WT/AMUT) () Sequencing traces of full length WT and truncated mutant

transcripts identified by TOPO cloning of RAD51 cDNA PCR from RA2630WT/AMUT Red
asterisks indicate premature stop codons resulting from out of frame deletion. (D-G) Cell
survival (D), RAD51 foci formation (E), RPA phosphorylation (F) and foci formation (G) in

cells following MMC treatment. Error bars: s.e.m. (n=3). Also see Figure S3D-F.
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In vitro activities of RAD51 WT and T131P proteins. (A) ATPase activity of purified
RAD51 WT or T131P with or without sSDNA, dT4s, in the presence of MgCl,. (B) EMSA
showing titration of RAD51 WT or T131P binding to ssDNA (top) or dsDNA (bottom) at 2
mM ATP with 2 mM CaCl, and 1 mM MgCls. (C) Quantification of EMSA in panel B.
Error bars: s.d. (n=3). (D) Schematic of DNA strand exchange assay (top) and results with
RAD51 WT or T131P (bottom). Quantification of the data is shown in Figure S7A. (E) Joint
molecule formation by RAD51 WT or T131P proteins. Reaction schematic of joint molecule
formation assay is shown above the gel. Also see Figure S6.
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Figure 6.

Dominant negative effects of mutant RAD51 T131P on WT RADS51 activities in vitro. (A)
DNA strand exchange by WT RAD5L1 in the presence of increasing amounts of RAD51
T131P. (B) Joint molecule formation by RAD51 WT and T131P pre-mixed at different
ratios. (C) DNA strand exchange by RAD51 WT and T131P in the presence of BRCAZ2.
Schematic of DNA strand exchange is shown above the gel and the quantification of DNA
strand exchange products is shown to the right of the gel. RAD51 WT and T131P were pre-
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mixed at different ratios and added to RPA-coated ssDNA together with BRCAZ2. Error bars:
s.d. (n=3). Also see Figure S7.
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Figure 7.
Proposed model for RAD51 function at the interstrand cross-link (ICL). Although our data

are consistent with this model, it is possible that RAD51 has protective functions at other
steps during ICL repair. (A) When only wild type RAD51 is present (shown in purple), it is
fully capable of displacing RPA (shown in green) in the vicinity of ICL leading to protection
of nascent strands from DNA2 and WRN mediated resection/unwinding and setting up
proper downstream processing and repair. (B) When T131P RAD51 protein (shown in red)
is present in the cell in addition to WT RAD5L1, less (or none) of the protective RAD51 is
loaded at the ICL and DNA2 and WRN activities are not sufficiently inhibited. This
situation would result in increased ssDNA and loss of DNA structures necessary for the
downstream repair of the ICLs. Of note, the dominant negative effect of T131P RAD51
protein is less deleterious at a double stranded (ds) DNA break, where sufficient RAD51
filament is formed to support HR in vivo. In contrast, the protective function of RAD51 is
interfered with in the presence of T131P RADS51 protein.
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