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SUMMARY

RAD51 promotes homology-directed repair (HDR), replication fork reversal, and stalled fork
protection. Defects in these functions cause genomic instability and tumorigenesis, but also
generate hypersensitivity to cancer therapeutics. Here we describe the identification of RADX as
an RPA-like, single-strand DNA binding protein. RADX is recruited to replication forks where it
prevents fork collapse by regulating RAD51. When RADX is inactivated, excessive RAD51
activity slows replication elongation and causes double-strand breaks. In cancer cells lacking
BRCAZ2, RADX deletion restores fork protection without restoring HDR. Furthermore, RADX
inactivation confers chemotherapy and PARP inhibitor resistance to cancer cells with reduced
BRCAZ2/RADS51 pathway function. By antagonizing RAD51 at forks, RADX allows cells to
maintain a high capacity for HDR while ensuring that replication functions of RAD51 are properly
regulated. Thus, RADX is essential to achieve the proper balance of RAD51 activity to maintain
genome stability.

eTOC

Dungrawala et al. identify RADX as an RPA-like single strand DNA binding protein enriched at
replication forks. RADX antagonizes RAD51 accumulation at forks, thereby preventing aberrant
fork remodeling. RADX deletion confers fork protection and chemoresistance to BRCAZ mutant
cells without affecting homologous recombination repair of double-strand breaks.
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INTRODUCTION

Single-strand DNA (ssDNA)-binding proteins (SSBs) are essential regulators of DNA
metabolic processes including replication, recombination, and repair. SSBs in eukaryotic
cells include Replication Protein A (RPA), hSSB1, POT1, and RAD51. These proteins
protect ssSDNA, recruit other proteins, and regulate enzymatic activities in a variety of
genomic contexts including at replication forks, sites of DNA damage, and at telomeres
(Flynn and Zou, 2010; Oakley and Patrick, 2010; Richard et al., 2009). Their function is
essential for genome duplication and stability.

RPA and RAD51 promote replication fork stability, especially in the context of replication
stress. RPA is a trimer of three subunits that binds ssDNA using four oligonucleotide/
oligosaccharide-binding (OB)-fold domains. RPA dynamically associates with the
replication fork to facilitate lagging strand DNA synthesis, and binds stalled forks to
regulate the replication checkpoint and prevent fork collapse. In this context, RPA recruits
DNA damage response proteins including ATRIP and ETAAL to activate ATR signaling, and
also regulates fork processing enzymes like SMARCAL1 (Ball et al., 2005; Bass et al.,
2016; Bétous et al., 2013; Bhat et al., 2015; Duursma et al., 2013; Haahr et al., 2016; Xu et
al., 2008; Zou, 2017; Zou and Elledge, 2003). RPA exhaustion caused by defects in ATR
signaling causes aberrant fork processing and fork collapse (Toledo et al., 2013).

RADA51 is best known for its ability to form filaments on ssSDNA generated at resected
double-strand breaks (DSBs) where it catalyzes a strand exchange reaction to initiate
homology-directed repair (HDR) (Kowalczykowski, 2015; Symington, 2014). It also has at
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least two functions at stalled replication forks. First, it cooperates with motor proteins like
SMARCAL1 and ZRANB3 to promote fork reversal as a mechanism to stabilize and repair
stalled forks (Bétous et al., 2012, 2013; Ciccia et al., 2012; Zellweger et al., 2015). Second,
RADS51 protects forks from nuclease-catalyzed degradation of nascent DNA strands
(Hashimoto et al., 2010; Schlacher et al., 2011). It may also promote strand invasion to
restart a replication fork after cleavage by structure-specific nucleases like MUS81 (Sarbajna
and West, 2014). The fork protection and HDR functions of RAD51 depend on BRCA2,
which assists in replacing RPA with RAD51 at resected DSBs and stabilizes RAD51 at
stalled forks (Kolinjivadi et al., 2017). Thus, BRCA2-deficiency causes genomic instability
and cancer predisposition due to a failure of HDR and fork degradation (Kass et al., 2016).

The break repair and fork protection defects in BRCAZ-mutant cancer cells make them
hypersensitive to DNA damaging agents used in cancer therapy and to drugs that target DNA
repair like PARP inhibitors (Lord and Ashworth, 2012; O’Connor, 2015). However, many
patients develop drug resistance. One resistance mechanism is the acquisition of secondary
BRCAZ mutations that result in a functional protein (Edwards et al., 2008; Norquist et al.,
2011; Sakai et al., 2008). In addition, re-acquisition of fork protection even in the absence of
HDR restoration was recently demonstrated to yield PARP inhibitor resistance (Chaudhuri et
al., 2016). The mechanisms by which this happen include inactivation of PTIP, PARP1, and
other unidentified genetic alterations (Chaudhuri et al., 2016; Ding et al., 2016).

The HDR and replication fork protection functions of RAD51 are evolutionarily conserved
in all kingdoms of life. For example, the bacterial RAD51 orthologue RecA also promotes
replication fork reversal and protects newly synthesized DNA from being degraded by
nucleases (Horii and Suzuki, 1968; Robu et al., 2001; Satta et al., 1979). RecA is both
positively and negatively regulated to promote the proper balance between replication,
recombination, and repair activities (Cox, 2007). This balance is partly achieved through the
action of the RecX protein, a RecA antagonist (Drees et al., 2004; Stohl et al., 2003;
Venkatesh et al., 2002; Vierling et al., 2000). No sequence homolog of RecX has been
described in eukaryotic cells.

Here, we report the identification of a new replication stress response protein, RADX (RPA-
related, RAD51-antagonist on X-chromosome) that has sequence similarity to RPA. RADX
is recruited to replication forks and binds ssDNA via RPA-like OB-folds. RADX
antagonizes the accumulation of RAD51 at forks. When RADX is inactivated, excessive
RAD51 activity causes fork collapse in otherwise unstressed cells. In cells with reduced
RAD51 function such as BRCA2-deficient cancer cells, RADX inactivation is sufficient to
restore fork protection and confer chemoresistance. Thus, RADX is a novel regulator of
RADS51 that functions at replication forks to maintain genome stability and may be an
important determinant of chemosensitivity in cancer.

RADX is recruited to stalled replication forks

We recently utilized iPOND (Isolation of Proteins on Nascent DNA) coupled with
quantitative SILAC (stable isotope labeling of amino acids in cell culture) mass-
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spectrometry to identify proteins recruited to stalled replication forks (Dungrawala et al.,
2015). Replication fork proteomes of cells treated with hydroxyurea (HU) for increasing
amounts of time (0.5 hours to 24 hours) were compared to untreated cells (Figure 1A). In
these analyses, the abundance of most chromatin proteins, like histones, are essentially
unchanged through the replication stress time course (Dungrawala et al., 2015); replication
proteins, like the MCM2-7 complex, decrease in abundance due to the slow completion of
DNA synthesis and termination events in the absence of new origin firing; and replication
stress response proteins like RPA and ATR are enriched at stalled forks (Dungrawala et al.,
2015). We identified CXorf57 (Chromosome X open reading frame 57) as one the most
highly enriched proteins at stalled forks (Figure 1B). We then performed iPOND-SILAC
experiments comparing cells treated with EdU for 10 minutes (pulse) and cells treated and
then incubated without EAU for an hour (chase) as described previously (Dungrawala et al.,
2015) to identify proteins enriched at elongating replication forks (Figure 1C). We found
that CXorf57 is modestly enriched even at unstressed replication forks (Figure 1D). Based
on our functional analyses we have named this protein RADX.

RADX prevents replication fork collapse

To investigate its function, we utilized four siRNAs to deplete RADX (Figure S1A). RADX
knockdown causes elevated levels of the DNA damage marker yH2AX specifically in S-
phase cells, both in the absence (Figure 2A) and presence of HU (Figure 2B, Figure S1B).
RADX depletion, even in the absence of added replication stress, caused an increase in
DSBs as measured by a neutral comet assay in both cancer and non-cancer human cell lines
(Figure 2C, Figure S1C). These effects are not due to large changes in the percentage of
cells in S-phase (Figure S1D). RADXA cells derived using CRISPR-Cas9 targeting of the
RADX gene in U20S cells also displayed an increase in DSBs that could be rescued by
complementation with an exogenously expressed RADX cDNA (Figure 2D, S1E, and S1F).
We noticed in this complementation experiment that RADX cDNA expression did not fully
complement the breaks caused by RADXA and modestly increased the level of DSBs in
control U20S cells, suggesting that overexpression of RADX also causes DNA damage. See
below for a further exploration of overexpression phenotypes. Co-depletion of the structure-
specific endonuclease MUS81 reduced both the DSBs and S-phase yH2AX phosphorylation
caused by RADX silencing (Figure 2E,F and S1G) or RADX deletion (Figure S1H),
suggesting that RADX prevents MUS81-catalyzed fork cleavage.

Finally, we utilized single molecule analysis of replicated DNA fibers to test if the increased
DSBs in RADX-deficient cells affected replication fork progression. Indeed, both RADX
SiRNA and gene deletion decreased fork elongation rates (Figure 2G). In addition, RADX
silencing also increased the frequency of asymmetric sister replication forks, confirming that
RADX-deficient cells exhibit elevated rates of replication fork collapse (Figure 2H and I).

RADX binds DNA to maintain fork stability

An insight into the mechanism of RADX activity was obtained from analysis of the primary
amino acid sequence and structural modeling, which predicts five structured domains, three
of which are OB-folds (Figure 3A). The organization of the three OB-fold domains is
reminiscent of the large subunit of RPA (RPA70). In addition, there is significant sequence
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similarity between RADX and RPA70 (Figure S2) leading us to hypothesize that RADX
may bind ssDNA. To test this hypothesis, we purified a Flag-RADX recombinant protein
from baculovirus-infected insect cells (Figure S3A). Pull-down experiments of the purified
protein with DNA conjugated to magnetic beads confirmed that RADX does bind ssDNA
(Figure 3B). RADX also binds double-stranded DNA (dsDNA), although the interaction
with dsDNA is significantly weaker (Figure 3B). We confirmed this observation using
electrophoretic mobility shift assays which indicated that RADX has approximately 75-fold
higher affinity for ssDNA than dsDNA (Figure 3C).

Sequence alignments indicate that the OB-1, OB-2, and OB-3 domains of RADX are most
similar to the RPA70N protein recruitment domain, the RPA70A high-affinity sSSDNA
binding domain, and the telomeric ssDNA binding domain of POT1, respectively. Using the
similarity of the RADX OB-2 domain to RPA70A and evolutionary conservation as guides,
we designed mutations on surface amino acids of the OB-2 domain to determine if it is
necessary to bind DNA (Figure 3A, S3A, S3C and S3D). Indeed, the OB-2 domain mutant
(OBm) RADX has reduced affinity for both ssDNA as well as dsSDNA (Figure 3B). The
OBm RADX protein has some residual ssSDNA binding suggesting that like RPA, RADX
likely contains multiple DNA binding domains.

We then tested whether DNA binding is required to protect replication forks from collapse.
As observed previously, reconstituting RADXA cells with wild-type RADX reduces DSB
formation (Figure 3D). In contrast, OBm RADX does not rescue the RADXA cells
indicating that DNA binding is essential to maintain fork stability (Figure 3D). As noted
previously, expression of wild-type RADX cannot fully complement the elevated DSB
phenotype of RADXA cells, perhaps because it is overexpressed (Figure S3B). When tested
directly in U20S cells, high levels of overexpressed wild-type RADX, but not the OBm
RADX protein, caused an increase in DSB formation (Figure 3E and S3B). We conclude
that DNA binding is important for RADX function, and that either too much or too little
RADX expression causes the accumulation of DSBs in otherwise unstressed cells.

RADX reduces RAD51 association with replication forks

To understand how RADX maintains replication fork stability, we performed iPOND-
SILAC-mass spectrometry analyses to compare the stalled fork proteomes of RADXA cells
to parental wild-type cells (Figure 4A). This experiment was completed in four different
clones of HEK293T RADXA cells, and in one clone of U20S RADXA cells. The median
enrichment value of each protein observed in the datasets is depicted in Figure 4B and the
full dataset is presented in Supplemental Table S1. Strikingly, of the 1060 proteins quantified
in all five experiments, RAD51 was the highest enriched at stalled forks in the RADXA cells
as compared to the parental cells (Figure 4B). In contrast, many other DNA damage
response proteins like BRCA2, RPA, and the MRN complex were neither more nor less
abundant at stalled forks in RADXA cells compared to control cells.

Quantitative immunofluorescence imaging of chromatin-bound RAD51 confirmed an
increase in RAD5S1 at replication forks corresponding to an increase in both the number of
detectable foci and an increase in their size in RADX-silenced cells, even when cells were
not stressed with HU (Figure 4C and 4D). These differences are not due to a difference in
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the total expression of RAD51 in RADX-silenced and RADXA cells (Figure S4A and S4B).
In addition, this difference is unlikely to be due to increased end-resection of DSBs at forks
since we did not observe an increase in RPA at forks (Figure 4B), an accumulation of more
ssDNA in RADX-deficient cells as measured by native BrdU staining (Figure S4C), more
RPA on chromatin (Figure S4D), or an increase in RPA S4/S8 phosphorylation which is
often used as a marker for end resection (Figure S4D). Thus, even though the amount of
ssDNA is not appreciably different than in wild-type cells, inactivating RADX allows more
RADS51 to accumulate at forks.

These data collectively suggest that RADX might antagonize RAD51 recruitment. If so, then
overexpression of RADX should reduce RAD51 accumulation at forks. As predicted, cells
overexpressing GFP-RADX have decreased RAD51 accumulation in detergent-resistant
foci, both in the absence of added exogenous stress, and in response to replication stress over
a time course in HU (Figure 4E). The decreased RAD51 is not due to a decrease in the
percentage of cells in S phase in the GFP-RADX cells (Figure S4E and S4F), but is
dependent on the ability of RADX to bind DNA since it is less apparent in cells
overexpressing OBm RADX (Figure 4F). As noted previously, RADX overexpression
causes DNA damage as measured by both an increase in DSBs (Figure 3E) and increased
YH2AX (Figure S4G), indicating that the differences in RAD51 accumulation at forks in
RADXA and RADX overexpressing cells cannot simply be explained by changes in the
amount of breaks and replication stress. Thus, we conclude that RADX inhibits RAD51
accumulation at forks, a function that is dependent on its ability to bind DNA.

Excessive RAD51 activity causes fork collapse in RADX-deficient cells

Since RADX causes decreased RAD51 at replication forks, we reasoned that the replication
defects such as decreased replication elongation and increased fork collapse in RADX-
deficient cells might be caused by too much RADS51 activity. This hypothesis predicts that
RAD51 silencing should rescue the replication defects caused by RADX deficiency.
Strikingly, reducing RAD51 expression with RNA interference rescues both the fork
elongation defect and the increased DSBs observed in RADX-deficient cells (Figure 5A-C,
and S4A-B). Thus, despite RAD51 being a DSB repair protein, RAD51 silencing decreases
the DSBs caused by loss of RADX.

Since a DSB repair activity of RAD51 is unlikely to explain why we observe less fork
breakage after silencing RAD51 in RADX-deficient cells, we considered the other known
activities of RAD51 at replication forks. RAD51 is required for fork reversal (Zellweger et
al., 2015) and replication fork stabilization (Schlacher et al., 2011). Unregulated fork
reversal has previously been shown to lead to fork collapse (Bansbach et al., 2009; Couch et
al., 2013; Sogo et al., 2002), so we considered the possibility that excessive fork reversal
underlies the increase in DSBs observed in RADX-deficient cells. To test this idea, we asked
whether depletion of the fork reversal enzymes SMARCAL1 and ZRANB3 could also
rescue the fork collapse seen in RADX-deficient cells. As previously noted, SMARCAL1
depletion in wild-type cells increases DSB frequency (Bansbach et al., 2009; Ciccia et al.,
2009; Yuan et al., 2009; Yusufzai et al., 2009). Nonetheless, depleting SMARCALL1 or
ZRANB3 in RADX-deficient cells reduces the DSBs observed (Figure 5D, 5E, S5A, and
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S5B). Thus, these data suggest that RADX is needed to prevent inappropriate RAD51-,
ZRANB3- and SMARCAL1-dependent fork remodeling that results in slow forks and
cleavage by MUSB81, and support the idea that the proper equilibrium between fork reversal
and fork restoration is essential to prevent aberrant fork processing (Couch and Cortez,
2014). Interestingly, unlike RAD51, ZRANB3 and SMARCAL1, silencing BRCA2 did not
decrease the DSBs seen in RADX-deficient cells (Figure 5F and S5C), consistent with
previous observations that some RADS51 functions at forks are independent of BRCA2
(Chaudhuri et al., 2016; Tarsounas et al., 2003).

Deleting RADX restores fork protection to BRCA2-deficient cells without restoring HDR

BRCAZ2 is needed to stabilize RAD51 filaments and prevent fork degradation (Schlacher et
al. 2011). Since our data indicates that RADX antagonizes RADS51 at replication forks, we
tested whether removing this negative regulator might be sufficient to rebalance RAD51
functions and reverse the nascent strand degradation observed in BRCA2-deficient cells.
Indeed, RADX silencing rescued the degradation phenotype that is observed upon BRCA2-
silencing (Figure 6A, S5D and S5E). RADX depletion also restored fork protection to the
BRCAZ-mutant CAPAN-1 pancreatic cell line (Figure 6B, S5E). Thus, RADX inactivation
is capable of compensating for the decreased stability of RAD51 at forks in BRCA2-
deficient cells. In addition, overexpression of RADX by itself causes an increase in nascent
strand degradation, further arguing that RADX antagonizes RAD51 at forks (Figure 6C,
S5E).

We next asked whether RADX-silencing would affect the DSB repair activities of RAD51
and BRCA2. RADX silencing by itself has no effect on the rate of HDR (Figure 6D), as
would be expected for a RAD51 antagonist since RAD51 overexpression does not change
the rate of HDR (Stark et al., 2004). RADX silencing also does not restore the ability of
RADS51- or BRCA2-deficient cells to perform HDR at a site-specific DSB (Figure 6D, 6E,
S4A, S5D). This failure to restore HDR persists even when we titrated the amount of
RADS51 siRNA to yield only a partial HDR-defect (Figure S5F). However, overexpression of
RADX can interfere with RAD51 recruitment to DSBs and decrease the efficiency of HDR
(Figure S5G, S5H), indicating that if RADX is too highly expressed it can interfere with
DSB repait.

If RADX is an antagonist of RAD51, then we would expect that silencing RADX might
increase the frequency of single-strand annealing repair of DSBs since overexpression of
RAD51 has this effect (Stark et al., 2004). As predicted, we did observe a modest increase in
the frequency of single-strand annealing as measured by an SA-GFP assay in RADX-
deficient cells (Fig. 6F).

Finally, break repair at replication forks may be different than at site-specific DSBs (Willis
et al., 2014). Therefore, we examined the rate of sister chromatid exchanges (SCEs) in
RADX deficient cells to monitor HDR at forks. The BLM helicase, which functions as an
anti-recombinase, prevents excessive SCEs (Sarbajna and West, 2014); however, we did not
observe a large induction of SCEs in RADX deficient cells (Figure 6G). A small SCE
increase (that was not statistically significant) was observed after RADX silencing in
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multiple experiments. This small increase may result from the increased fork breakage in
these cells. However, these data suggest that RADX is not a general anti-recombinase.

RADX deletion causes chemo- and PARP-inhibitor resistance in BRCA2/RAD51-
compromised cells

Although the ability of RADX to antagonize RADS51 function in the absence of replication
stress may be important to prevent unwanted fork processing, RADS51 also has critical
functions to protect and repair damaged replication forks (Hartlerode and Scully, 2009;
Schlacher et al., 2011; Zellweger et al., 2015). Thus, reducing RAD51 expression with
SiRNA causes hypersensitivity to replication stress agents including HU, cisplatin, and
camptothecin (Figure 7A-7C). Since RADX antagonizes RAD51 activity at forks, and
restores fork protection to BRCA2-depleted cells, we tested whether removing RADX might
also be sufficient to suppress the hypersensitivity of cells with reduced BRCA2/RAD51
function. Indeed, siRNA depletion of RADX suppressed the HU, cisplatin, and
camptothecin hypersensitivity of cells with reduced RAD51 expression (Figure 7A-7C).

RADX deletion also increases the viability of BRCA2-silenced cells in the absence of
damage (Figure 7D), and partially rescues the hypersensitivity of the BRCA2-silenced cells
to low doses of PARP inhibitor (Figure 7E). However, RADX deficiency does not rescue the
hypersensitivity of BRCA2-silenced cells to ionizing radiation, consistent with its function
being largely confined to replication forks (Figure S5I). Thus, RADX silencing causes
resistance to cancer therapies in BRCA2-compromised cells and this resistance correlates
with restoration of replication fork stability without changes in HDR. Finally,
overexpression of RADX increases cellular sensitivity to Olaparib consistent with
overexpression causing fork degradation and inhibiting HDR (Figure 7F).

BrcaZis essential for the viability of mouse embryonic stem cells (MESC) (Kuznetsov et al.,
2008). To test if RADX knockdown can rescue the lethality of BrcaZnull mESC, we
knocked down RADX in PL2F7 mESC (Kuznetsov et al., 2008), which have one null and
one conditional knockout allele of BrcaZ? (Figure 7G). We then expressed Cre recombinase
in these cells to delete the BrcaZ conditional allele and checked for the presence of viable
BrcaZnull cells as described previously (Ding et al., 2016). Usually deletion of Brca2in
mMESC results in no viable clones (Chaudhuri et al., 2016; Ding et al., 2016; Kuznetsov et al.,
2008); however, 19% (18 out of 96) of the cell clones recovered from the RADX knockdown
population were BrcaZnull (Figure 7H). Thus, RADX silencing can suppress the lethality
caused by Brca2? deletion, although these cells did grow more slowly than those that did not
delete Brca’.

Intriguingly, breast and lung cancer patients with high levels of RAD51 tend to do poorly as
compared to patients with lower levels (Figure S6). Conversely, patients with higher levels
of RADX tend to survive better. These patients are often treated with chemotherapeutic
agents that cause replication stress, suggesting that modulation of RAD51 function by
RADX could impact cancer patient responses to treatments targeting DNA replication and
DNA repair.
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DISCUSSION

Here, we report the identification of RADX as a new ssDNA binding protein with similarity
to RPA, but with a specific activity in maintaining genome stability by regulating RAD51
function at replication forks. Strikingly, excessive RAD51 activity at forks slows elongation
and leads to fork collapse when RADX is absent. In addition, loss of RADX confers
chemotherapy resistance and restores fork protection in BRCA2-defcient cancer cells even
though it cannot rescue HDR. We propose that RADX antagonizes RAD51 activities at
replication forks to ensure the proper balance of fork remodeling and protection without
interfering with the capacity of cells to complete HDR of DSBs. These results highlight that
achieving the right balance of RAD51-dependent fork remodeling is critical for genome
stability.

RADX prevents fork collapse

Our data support the following model: RAD51, SMARCAL1, and ZRANB3 promote fork
reversal reactions to stabilize stalled replication forks (Bétous et al., 2012, 2013; Ciccia et
al., 2012; Zellweger et al., 2015). However, fork reversal can be dangerous since
inappropriate fork reversal would slow fork elongation and can result in fork cleavage by
structure specific nucleases (Bansbach et al., 2009; Couch and Cortez, 2014; Couch et al.,
2013; Sogo et al., 2002). RADX is an essential regulator of these processes. It binds ssDNA
and prevents inappropriate accumulation of RADS51 at replication forks. This regulation
ensures the right balance of active fork elongation and RAD51/SMARCAL1/ZRANB3-
mediated fork reversal (Figure S7A). Too much or too little fork reversal causes DNA
damage and fork collapse. Thus, RADX works in parallel to other regulatory mechanisms of
fork regression including phosphorylation of SMARCAL1 by ATR (Couch et al., 2013), and
regulation of SMARCAL1 substrate preference by RPA (Bétous et al., 2013; Bhat et al.,
2015) to prevent fork collapse. Interestingly, while RAD51-, SMARCALL1- and ZRANB3-
silencing rescues the DSBs seen in RADX-deficient cells, BRCA2-loss does not.
Mechanistically, this result indicates that RAD51 has BRCAZ2-independent functions, and
can be explained if BRCAZ2 is not required for RAD51-dependent fork reversal. This
hypothesis will require direct testing with electron microscopy analyses of replication
intermediates, but it is consistent with other reports which have found that BRCAZ2 is
dispensable for some RADS51 functions at replication forks (Chaudhuri et al., 2016;
Tarsounas et al., 2003).

BRCAZ2 stabilizes RAD51 at forks to protect them from MRE11-dependent degradation
(Ciccia and Elledge, 2011; Schlacher et al., 2011) (Figure S7B). Lack of fork protection in
BRCAZ-mutant cells causes sensitivity to DNA damaging agents and PARP inhibitors
(Schlacher et al. 2011; Chaudhuri et al. 2016). RADX deletion stabilizes the nascent DNA
strands in BRCA2-deficient cells and causes chemoresistance. The simplest explanation is
that it does so by rebalancing the functions of RAD51. In other words, removal of the
negative RAD51 regulator (RADX) makes the positive regulator (BRCA2) dispensable at
forks, but not at resected DSBs. This proposal is consistent with the ability of RAD51
overexpression to suppress the fork instability of BRCA2-deficient cells (Schlacher et al.,
2012).
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Importantly, HDR silencing RADX in BRCA2- or RAD51-deficient cells did not restore
HDR. The amount of ssDNA at a stalled fork versus at resected DSBs may be key to
explaining why RADX deletion suppresses RAD51 defects at forks, but not at DSBs.
Moreover, this idea clarifies the need for a protein like RADX to regulate the fork protection
activities of RAD51. Successful HDR involves extensive DSB resection and RAD51
filament formation; whereas electron microscopy analyses indicates that there are only short
stretches of ssDNA at normal and stalled forks (Hashimoto et al., 2010; Ray Chaudhuri et
al., 2012; Zellweger et al., 2015). Therefore, deletion of RADX may be sufficient to restore
enough RAD51 function to maintain fork protection in BRCA2-deficient cells. However, it
cannot suppress defects associated with DSBs because of a need for more RAD51 protein
for HDR. In this model, proper balancing of RAD51 functions at forks cannot happen
through regulation of RAD51 protein levels since RAD51 must be highly expressed in
anticipation of DSB formation. Thus, modulation of RAD51 fork binding by RADX
provides a finely tuned regulatory mechanism to yield the right amount of fork reversal and
nascent strand stabilization while maintaining a high capacity for repair of DSBs by HDR.

Alternative models include the possibility that RADX directly recruits proteins such as
MRE11 that degrade the nascent DNA in BRCA2- or RAD51-deficient cells, or that RADX
binds to RAD51 directly to regulate its fork reversal and protection functions. Although
these models cannot be excluded, we note that there was no RADX-dependent change in
MREL11 levels at stalled forks and we have not been able to detect an interaction between
RADX and MRE11 or RAD51 in preliminary screens for RADX-binding proteins.

In addition to RADX, cells have additional ways of fine-tuning RAD51 function through
negative regulation. For example, the BLM helicase counteracts recombination during
replication to prevent excessive sister chromatid exchanges (Larsen and Hickson, 2013). In
addition, cyclin-dependent kinase phosphorylation of the C-terminus of BRCAZ2 disrupts its
ability to stabilize RAD51 filaments and regulates fork protection (Davies and Pellegrini,
2007; Esashi et al., 2005; Schlacher et al., 2011). This multitude of both positive and
negative regulatory mechanisms emphasizes the importance of appropriately balancing
RADS51 activities.

Functional similarity to RecX

RADA51 is the eukaryotic homolog of bacterial RecA. Like RAD51, RecA also acts at stalled
replication forks to promote fork reversal and block extensive nuclease degradation of DNA
(Horii and Suzuki, 1968; Robu et al., 2001; Satta et al., 1979). RecA is aided in its fork
protection function by the RecFOR proteins that mediate the loading and stabilization of
RecA onto ssDNA similar to BRCA2 (Chow and Courcelle, 2004; Courcelle et al., 1997).
The recX gene is often linked to recA in bacterial genomes. For example, E. coli recX is
expressed from the recA promoter but at reduced transcript levels (Pages et al., 2003). RecX
suppresses the growth inhibitory consequences of RecA overexpression and acts to inhibit
RecA by binding RecA-DNA filaments (Cox, 2007). Thus, RecX helps establish the proper
balance of RecA activities. We propose that RADX serves a similar function in vertebrate
cells although the details of the mechanism differ.
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Clinical implications

Many cancers are caused by inactivation of BRCAZ, a property that makes the tumor cells
hypersensitive to chemotherapies and PARP inhibitors. However, drug resistance is a
problem. Most described resistance mechanisms involve the acquisition of secondary
BRCAZ mutations that result in a functional protein, or the re-establishment of HDR (such
as by loss of 53BP1, a key antagonist of the HDR pathway) (Lord et al., 2015). However,
resistance can be generated without restoring HDR (Guillemette et al., 2015), and recent
studies described two mechanisms that contribute to resistance by restoring fork protection
to BRCAZ-deficient cells (Chaudhuri et al., 2016; Ding et al., 2016). These studies also
indicated that there are as yet undiscovered mechanisms of fork protection that are relevant
to tumor chemotherapy resistance. RADX inactivation should be considered as a candidate
mechanism contributing to resistance.

The amount of functional RAD51 is important for both the etiology and treatment of cancer.
Low activity can yield genome instability through defects in fork protection and HDR, but it
also improves the cell killing by chemotherapeutics and PARP inhibitors (Budke et al., 2016;
Quiros et al., 2011). On the other hand, RAD51 overexpression causes genome instability
(Klein, 2008; Richardson et al., 2004), and RAD51 is frequently overexpressed in cancers
(Klein, 2008). Thus, excessive RAD51 activity may drive tumorigenesis and generate drug
resistance (Klein, 2008; Mason et al., 2014; Tennstedt et al., 2013). Since RADX loss
mimics RAD51 overexpression, and reduces the PARP inhibitor sensitivity of BRCA2-
deficient cells, it will be important to determine if RADX functionality is a determinant of
how tumors respond to therapy.

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, David Cortez (david.cortez@vanderbilt.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—U20S and HEK?293T cells were cultured in DMEM with 7.5% fetal bovine
serum (FBS). RPE-hTERT cells were cultured in DMEM F12, 7.5% FBS, and 7.5% sodium
bicarbonate. A549 and BT549 cells were cultured in RPMI with 10% FBS. CAPAN-1 cells
were cultured in RPMI with 20% FBS, and 1mM sodium pyruvate. All cell lines were
purchased from ATCC, tested for mycoplasma, and authentication verified using short
tandem repeat profiling. All cells were cultured at 37 °C and 5% CO,. U20S, HEK?293T,
RPE-hTERT and A549 are female cell lines, while CAPAN-1 and BT549 cells are male.

METHOD DETAILS

CRISPR/CAS Editing—HEK?293T RADXA and U20S RADXA cells were generated
using CRISPR/Cas9. Briefly, cells were transfected with pSpCas9(BB)-2A-Puro 4 (Addgene
plasmid no. 48139) containing guide RNAs that target the intron-exon junction of the second
exon of RADX (3’-CACCGAATCAAAACTGCGATACTA-5" and 3’-
CACCGTTACCATTACATGTTAAAC-5"), selected with 2 ug/ml puromycin for two days
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prior to plating for individual clones. Homozygous editing of the RADX locus was
confirmed by genomic DNA PCR. The RADXA cell lines were also validated for loss of
RADX expression by immunoblotting and gRT-PCR of mRNA. Complementation of
RADXA cells with cDNA expression vectors was completed by lentiviral infection and
selection for the linked G418 resistance cassette. Generation of stable cell lines
overexpressing RADX was performed by lentiviral infection of a cDNA expression vector
and G418 selection. Since the cells attenuate the level of RADX overexpression over time,
overexpression experiments were completed within a few passages of cell line generation.

Transfection reagents—Plasmid transfections were performed with polyethylenimine.
FUGENE HD was used for transfection of pCBAScel plasmid in the DR-GFP assays.
SiRNA transfections were performed with Dharmafectl (Dharmacon) for U20S, A549 and
BT549 cells, Dharmafect4 (Dharmacon) for CAPAN-1 cells and RNAiMax (Thermo Fisher)
for RPE-hTERT cells.

Plasmids—The RADX cDNA was obtained from the ThermoScientific Open Biosystems
Human ORFeome collection (Catalog number OHS-1770). The mutant RADX was
constructed using gene blocks synthesized by IDT and assembled using the Gibson
Assembly method (NEB). The mutations made were R240E, R248E, K252E, K255E,
K256E, W279A, K304E, R310E and E327A.

Viability Assays—Short-term viability assays were completed with Alamar Blue. PARP
inhibitors and cisplatin were left in the growth media for the duration of the assay, while HU
was removed after 24 hours. All viability measurements are presented as percent of the
untreated control. Each assay was completed in triplicate. For clonogenic survival assays,
cells were plated and treated with Olaparib for approximately two weeks. Colonies were
scored by methylene blue staining (48% methanol, 2% methylene blue, 50% water). All
clonogenic survival assays were completed in triplicate.

Flow Cytometry—Cells were collected 72 hours after sSiRNA transfection, fixed in 70%
ethanol, treated with RNaseA, stained with propidium iodide and analyzed on a BD
Biosciences FACSCalibur. For BrdU flow cytometry, cells were labeled with 10 uM BrdU
for 30 minutes prior to harvest, fixed with 70% ethanol, denatured with 2N HCI for 30
minutes before staining with anti-BrdU antibody.

Immunofluorescence—For immunofluorescence experiments, U20S cells were
detergent extracted with 0.1% Triton X100 prior to fixing with 3% paraformaldehyde/2%
sucrose. Slides were blocked with 5% BSA in PBS and incubated with antibody. EAU was
detected using click chemistry with an Alexa Fluor 594-conjugated azide.
Immunofluorescent images were obtained with a Nikon microscope with fixed camera
exposure times. Staining intensities were determined using Cell Profiler software.

To detect changes in ssDNA, U20S cells were labeled with BrdU for 22 hours, incubated in
fresh media for 2 hours and then treated with 3 mM HU for different times prior to detergent
extraction with 0.1% Triton. Following fixation and blocking, coverslips were stained with a
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mouse anti-BrdU antibody without DNA denaturation and analyzed by microscopy. Mean
BrdU intensity per nucleus was scored for each sample using Cell Profiler.

GFP-repair assays—DR-GFP U20S reporter cells were used as described previously
(Xia et al., 2006). SA-GFP U20S reporter cells were obtained from Jeremy Stark and used
as described previously (Gunn and Stark, 2012). Briefly, 2.5x10° cells were transfected with
the respective siRNAs in a 6-well dish. 24 hours post transfection, media was refreshed and
cells were transfected with 2 g of I-Scel expressing plasmid pCBAScel using FUGENE
HD. After 72 hours, cells were analyzed by flow cytometry. P-values for all GFP-based
assays were calculated using two-tailed unpaired t-tests.

iPOND-SILAC Mass Spectrometry—Changes in abundance of replication fork proteins
in RADXA cells were determined using iPOND-SILAC MS as described
previously(Dungrawala et al., 2015). Briefly, labelled cells were harvested following cross-
linking with 1% formaldehyde for 10 minutes and quenched with glycine. Cells were
permeabilized in 0.25% TritonX-100/PBS for 30 minutes. RADXA and wild type cells were
combined 1:1 prior to performing the click reaction for 2 hours. Streptavidin coupled C1
magnabeads were utilized to capture DNA-protein complexes, washed and boiled in sample
buffer to reverse the cross-links. The samples were separated by SDS-PAGE gel and
digested with trypsin. MudPIT analysis was performed on the extracted peptides using an
eight-step gradient. MaxQuant was utilized for peptide and protein identification. For
iPOND analysis in RADXA293T cells, 4x108 cells were utilized. For iPOND analysis in
RADXA U20S cells, 5x108 cells were utilized. To examine changes in response to HU,
cells were incubated for 10 minutes with 10 uM EdU followed by 24 hours of 3 mM HU
leaving EdU in the media.

Neutral Comet Assay—Trevigen comet assay kit was utilized to detect changes in DSBs.
Tail moments were scored using the CometScore software (TriTek). All comet assay data is

presented with box and whisker plots where the box depicts 25-75%, whiskers are 10-90%,
and median value is indicated.

DNA Fiber Analysis—DNA fiber analysis of DNA replication was carried out essentially
as described previously (Couch et al., 2013). Briefly, cells were labeled with 20 uM 1dU for
15 minutes, washed twice with HBSS and labeled with 100 uM CldU for 15 minutes. Cells
were washed twice again with HBSS and then treated with or without HU prior to
collection. Following stretching and fixation on glass slides, DNA was denatured in 2.5M
HCI for 80 minutes, washed three times with PBS and blocked in 10% goat serum/PBS with
0.1% triton X-100 for 1 hour. The DNA was stained with antibodies recognizing IdU and
CldU for 1 hour and probed subsequently with secondary antibodies for 30 minutes. Images
were obtained using a 40X oil objective (Nikon Eclipse Ti) and fiber lengths analyzed using
NI-elements software. The percentage of asymmetric forks was calculated as those with
greater than 33.3% length difference between sister forks.

siRNAs, Antibodies and Chemicals—Four different ON-TARGETplus CXorf57
SiRNA (Dharmacon) target sequences were utilized for knockdown of RADX: J-014634-21
(5"-CAUAGAGGCCAGCCGUAUA-3"), J-014634-20 (5'-
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GCUUGAACUCUCUCGUAUA-3"), J-014634-19 (5'-
CUUCAGAAAUAGAGCGCAC-3"), J-014634-17 (5"-GAACACAACUUUAGCGAUA-3").
J-014634-21 siRNA was utilized for all RADX knockdown experiments unless otherwise
noted. Other siRNAs used were as follows: Qiagen Flexitube Hs_RAD51 7 (5'-
AAGGGAATTAGTGAAGCCAAA-3’), Qiagen Flexitube Hs_RAD51_9 (5'-
CAGGTGGTAGCTCAAGTGGAT-3"), Qiagen Flexitube Hs_BRCA2_6 (5'-
CAGGACACAATTACAACTAAA-3"),siGENOME Dharmacon MUS81 (5'-
GGGUAUACCUGGUGGAAGA-3"), ON-TARGETplus Dharmacon SMARCAL1 (5’-
GCUUUGACCUUCUUAGCAA-3"), Ambion silencer select siZRANB3 (5'-
CAAGAGAUAUCAUCGAUUALt-3"), sSiIGENOME Dharmacon siBLM D-007287-01 (5'-
GAGCACAUCUGUAAAUUAA-3"), siGENOME Dharmacon siBLM D-007287-03 (5'-
GAGAAACUCACUUCAAUAA-3"), siGENOME Dharmacon siBLM D-007287-04 (5-
CAGGAUGGCUGUCAGGUUA-3") and sSiGENOME Dharmacon siBLM D-007287-05
(5"-CUAAAUCUGUGGAGGGUUA-3". siRAD51_7 and siRAD51_9 were pooled and
used for all RAD51 knockdown experiments. A pool of all four sSiRNAs were used for BLM
knockdown experiments. The following antibodies were used: rabbit anti-RAD51 (1:1000,
ab63801, Abcam), rabbit anti-RAD51 (1:200 for IF, SantaCruz,sc8349), mouse anti-BRCA2
(1:250, OP95, Calbiochem),mouse anti-MUS81 (1:1000, ab14387, Abcam), rabbit anti-
SMARCAL1 (1:1000), rabbit anti-ZRANB3 (1:1000, Bethyl, A303-033A), mouse anti-
RPA32 (1:1000, abcam, ab2175, rabbit anti-RPA32 S4/S8 (1:1000, Bethyl, A300-245A) and
rabbit anti-histone H3 (1:10,000, Abcam, ab46765). Primary antibody to RADX was made
by Bethyl Laboratories using a RADX peptide containing residues 846—855 of human
RADX. The antibody was validated by examining overexpressed RADX and cell lysates
from RADXA cells. 1t was utilized at 1:500 dilution for immunoblotting. Mouse anti-BrdU
(1:100, 347580, BD) and rat anti-BrdU (1:100, ab6326, Abcam) were used for DNA fiber
analyses to recognize 1dU and CldU respectively.

Protein Purifications—Flag-RADX from baculovirus-infected insect cells was purified
using the same methodology as previously described for Flag-SMARCALL purification
(Bétous et al., 2013; Bhat et al., 2015). Briefly, cells were lysed in buffer containing 20 mM
Tris (pH 7.5), 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.2 mM PMSF, 1 mg/mL
leupeptin, 1 mg/mL aprotinin, and 0.1% Triton X-100. After high-speed centrifugation, the
cleared lysates were incubated with Flag-M2 beads (Sigma) for 4 h at 4°C. The beads were
washed three times in LiCl buffer (lysis buffer containing 0.3 M LiCl) and twice in KCI
buffer (20 mM HEPES at pH 7.6, 20% glycerol, 0.1 M KCI, 1.5 mM MgCls, 0.2 mM
EDTA, 1 mM DTT, 0.2 mM PMSF, 0.01% IGEPAL CA-630). The bound proteins were
eluted in KCI buffer containing 0.25 mg/mL Flag peptide on ice, flash-frozen, and stored at
-80°C.

Biotin-DNA pull-down assays—Dynabeads T1 (Life Technologies) were washed twice
in TE buffer and bound to biotinylated DNA substrates at room temperature for 30min.
Beads were washed twice again in TE buffer followed with two washes in binding buffer
(80mM Tris, pH 7.5, 100mM KCI, 5mM MgCl,, 2mM DTT and 100ug/ml BSA in RNase/
DNase free water). 1ul of beads with 4 picomoles of bound DNA was resuspended in
binding buffer. Approximately 500 femtomoles of purified protein was added to the mix and
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rotated at room temperature for 30min. The supernatant was discarded and the beads were
boiled in 2X sample buffer for 5min. Captures were analyzed by immunoblotting. The
ssDNA oligo utilized for pulldown assays was a poly dT50. The dsDNA was created by
annealing5’-/Biosg/GGATGATGACTCTTCTGGTCCGGATGGTAGTTAAGTGTTGAG-3’
(IDT) with its complimentary oligo.

Electrophoretic Mobility Shift Assays for DNA binding—32P-labeled oligo-dT50
ssDNA was incubated with the indicated concentrations of RADX in binding buffer
containing 40 mM Tris (pH 7.5), 100 mM KCI, 5 mM MgCl,, 100 g/ml BSA, and 2 mM
DTT for 30 minutes at room temperature. After adding 15% Ficoll dye to a final
concentration of 2.5%, the reactions were separated by electrophoresis on an 8% gel (19:1
polyacrylamide, 1x TBE) at 80 V for 80 min. Gels were dried and quantified using a
Molecular Imager FX system (Bio-Rad). The dsDNA substrate was created by annealing the
following oligonucleotide purchased from IDT with its complimentary oligo. 5’-
TCGATAGTCGGATCCTCTAGACAGCTCCATGTAGCAAGGCACTGGTAGAATTCGGC
AGCGT. A non-linear regression fit in was completed in Prism. The R? goodness of fit is
0.98 for ssDNA, and 0.96 for dsDNA.

MESC viability assay—Generation of the Brca2k’ko p.2F7 mESC was described
previously(Kuznetsov et al., 2008). Lentiviral ShRNA against mouse RADX was purchased
from Sigma (TRCN0000128185). Generation of stable KD clones in PL2F7 cells was
performed as described(Ding et al., 2016). gPCR was performed to verify knockdown using
iTaq Universal SYBR Green Supermix (Bio-rad) and by using the following primers to
detect mouse RaadX mRNA: Forward: 5° TTGGAGCACCCCGAAAGGGATCAGG;
Reverse: 5° ATCTAGGGACTCCCCACAGTGGACC. The southern blot to examine Brca2
deletion after the addition of Cre with selection for the HPRT gene product performed as
described (Ding et al., 2016).

Structural homology modeling—Modeling of the 3D structure of putative human
RADX domains was performed using the template-based protein structure modeling
program RaptorX (Kaéllberg et al., 2012) (webserver version) using the full length sequence
(amino acids 1-855). Comparative modeling of OB-2 domain complexed with DNA was
performed using the program MODELLER v9.16(Eswar et al., 2006) using the complex of
RPA70A bound to ssDNA, extracted from the X-ray crystal structure of the RPA70AB-dCg
complex (PDB code 1JMC), as a template. The objective function score was used for
evaluating the quality of each of the 100 models. The best model was selected for designing
mutations in the putative DNA binding site of RADX. Representations of the structural
models for figures were generated using Pymol (Schrodinger LLC).

Sister Chromatid Exchange Assay—24hrs post transfection with the indicated
SiRNAs, cells were labelled with 10uM BrdU for approximately two cycles (48hrs).
Colcemid was added to a final concentration of 150ng/ml to enrich for mitotic cells. Cells
were trypsinized and spread for metaphases as described previously (German and Alhadeff,
2001). Cells were stained with 0.1mg/ml acridine orange and slides were mounted in
Sorenson buffer (0.1 M Na2HPO4, 0.1 M NaH2PO4, pH 6.8).
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Chromatin Fractionation—Chromatin fractionation experiments were performed as
described previously(Lee et al., 2013). Briefly, cells were harvested and resuspended in
Buffer A (100mM NaCl, 300mM Sucrose, 3mM MgCl,, 10mM Pipes pH 6.8, ImM EGTA,
0.2% TX-100, ImM DTT, 1mM NaF, 1mM Nay,VOs3 and protease inhibitors) for 5 minutes
on ice to collect the soluble fraction. The pellet was then washed once with Buffer A and
then resuspended in Buffer B (50mM Tris-HCI pH 7.5, 150mM NaCl, 5mM EDTA, 1%
TritonX-100, 0.1% SDS, 1mM DTT. 1mM NaF, 1mM Na,VO3 and protease inhibitors) for
10 minutes on ice. The insoluble fraction was collected following sonication and
centrifugation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were completed using Prism. If the data conformed to a normal
distribution, a two tailed t-test was used. In most cases a normal distribution was not
assumed and so a Mann-Whitney test was used. An ANOVA was used when comparing
more than two samples, with a Dunn’s post-test to correct for multiple comparisons. The
authors were blinded to all sample identities. No statistical methods or criteria were used to
estimate sample size or to include/exclude samples. All experiments were performed at least
twice unless otherwise stated, and representative experiments are depicted. Individual
statistical details for each experiment including sample size, significance values and tests
performed are indicated in the figure legends, figures and method details.

DATA AND SOFTWARE AVAILABILITY

All data is available by request to the corresponding author. The iPOND data presented in
Figure 1B was extracted from previously published datasets and are available within that
manuscript (Dungrawala et al., 2015). The iPOND data presented in Figure 4B is available
as a supplemental table (Table S1). All the raw microscope files and western blots have been
deposited in Mendeley and are available at http://dx.doi.org/10.17632/rfhrr9nb9h.1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
RADX (CXorf57) is a single-strand DNA binding protein related to RPA
RADX prevents MUS81-dependent replication fork collapse
RADX antagonizes RAD51 to prevent excessive replication fork remodeling

RADX deletion restores fork protection and chemoresistance to BRCA2-
deficient cells

Mol Cell. Author manuscript; available in PMC 2018 August 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dungrawala et al. Page 22

A B
xﬂ }\ & 3 4
=7 2 - 2
EdU EdU+HU p 11
= |_||_|
T
iPO*ND E)U -2
Mass Spectrometry 313 -av+0l¥ Sravtold Sravold Seavo@ HU (rs)
RADX RPA ATR MCM2-7
C D 3
N N TN Q
= -y -‘E’g i
Pulse Chase cd
35 1
< 3
Al S
o) el 0.
IP%ND 5=
-1

Mass Spectrometry

POLe
POLS
RPA
MCM2
RADX
H4

Figure 1. RADX is recruited to stalled replication forks
(A) iPOND-SILAC-MS was used to identify proteins enriched at forks in HU-treated cells.

(B) Log, abundance ratios for selected proteins or complexes are depicted. P-values for
RADX range from 0.04 to 10714 at different time points (see (Dungrawala et al., 2015) for
original data, n=12 total). (C) iPOND-SILAC-MS identified proteins enriched at elongating
forks in the absence of exogenous stress. (D) Log, abundance ratios for selected proteins is
depicted as mean +/—= SEM, n=4 (n=2 each for HEK293T and HCT116).
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Figure 2. RADX prevents replication fork collapse. See also Figure S1
(A-B) U20S cells were transfected with siRNAs (siNT=non-targeting), labeled with EdU

for 10 minutes, and -yH2AX intensity in EdU-positive cells was measured by quantitative
imaging. In (B) cells were treated with 3mM HU for four hours. (C-E) DSBs were measured
by neutral comet assay. For all box and whisker plots, the box depicts 25-75%, whiskers are
10-90%, and median is indicated. (F) yH2AX intensity in S-phase U20S cells 72 hours post
SiRNA transfection. (G) U20S cells transfected with siRNAs, or wild-type and RADXA
cells, were labeled with 1dU followed by CIdU. CldU fiber length is plotted. (H and I) CldU
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lengths from left and right moving forks from the same origin were measured. In (1), the
ratio of the sister fork lengths is plotted. The number of nuclei (A-F) or fibers (G-I)
analyzed is indicated in parentheses. Black bars in A, B, F, and G indicate the mean. P-
values were calculated using a Kruskal-Wallis ANOVA with Dunn’s posttest except in C and
I, where a Mann-Whitney test was used. All experiments are representative of at least two
replicates.
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Figure 3. RADX binds DNA using its OB-fold domains. See also Figure S2 and S3
(A) Schematic of RADX and RPA70 depicting the OB-fold domains with a homology

model of RADX generated using RaptorX. (B) DNA pull-down assays of purified RADX
using ssDNA or dsDNA coupled to magnetic beads. (WT- wild type, OBm- OB mutant) (C)
Electrophoretic mobility shift assays of RADX binding to sSDNA and dsDNA (mean+/-SD,
n=3). (D) DSBs measured by neutral comet assay in RADXA cells expressing either wild-
type or OBm RADX. The DSB level in parental U20S cells is shown for comparison. (E)
DSBs were measured after overexpression of wild-type or OBm RADX in U20S cells. (-,
mock). The number of nuclei analyzed is indicated. P-values were calculated by Kruskal-
Wallis ANOVA with Dunn’s posttest. Experiments are representative of at least two
replicates.
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Figure 4. RADX competes with RAD51 to localize to stalled forks. See also Figure S4 and Table
S1

(A) Schematic of iPOND-SILAC-MS experiment. (B) The median of the log, abundance
ratios of the proteins identified in five cell clones is depicted. (C and D) U20S cells
transfected with siRNA were labeled with 10uM EdU for 30 minutes and were treated with
3mM HU. Cells were stained for RAD51 and EdU after detergent extraction. Representative
images of RAD51 foci after 24h HU are shown in (C). In (D) the intensity of chromatin
bound RAD51 in S phase cells is quantified. The number of nuclei analyzed is indicated and
the mean+/-SEM is shown. P-value derived from a Mann-Whitney test. (E) Cells
overexpressing GFP-RADX (OE) or parental U20S cells were treated with 3mM HU.
Chromatin-bound RAD51 intensity after detergent extraction with mean+/—=SEM is depicted.
P-values were derived from a Mann-Whitney test. (F) Cells overexpressing GFP-RADX or
GFP-OBm were treated with 3mM HU for 24 hours Chromatin-bound RAD51 intensity
with the mean is plotted. P-values were calculated by Kruskal-Wallis ANOVA with Dunn’s
posttest. Experiments in C—F are representative of at least two replicates.
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Figure 5. Excessive RAD51 activity causes fork collapse in RADX-deficient cells. See also Figure
S4 and S5

(A) U20S cells transfected with siRNAs were labeled with 1dU (15 min) followed by CldU
(15 min). CldU fiber lengths are plotted. (B—F) DSBs were measured by neutral comet assay
in parental or RADXA U20S cells transfected with siRNAs. The number of DNA fibers or
comet tails examined is indicated in parentheses. P-values were calculated with a Mann
Whitney test in A or a Kruskal-Wallis ANOVA and Dunn’s post-test in all other panels.
Experiments are representative of at least two replicates.
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Figure 6. RADX depletion in BRCA2-deficient cells prevents nascent strand degradation. See
also Figure S5

(A) U20S cells or (B) CAPAN-1 cells transfected with siRNA, or (C) U20S cells
overexpressing RADX (OE) were labeled with 1dU and CldU prior to treatment with 3mM
HU for five hours. The lengths of DNA fibers were scored and plotted as histograms and dot
plots. P-values were derived using Mann Whitney test. Experiments are representative of at
least two repeats. Figure S5E lists the numbers of fibers analyzed. (D and E) The percentage
of DR-GFP-positive U20S cells after transfection with siRNAs and I-Scel expression
vector. (Mean+/-SD, n=3 in which 25,000 cells were scored per experiment). (F) The
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percentage of SA-GFP-positive U20S cells after transfection with siRNAs and 1-Scel
expression vector. (Mean+/-SD, n=3 in which 25,000 cells were scored per experiment). (G)
The number of sister chromatid exchanges per chromosome were scored in U20S cells
transfected with siRNAs. The experiment is representative of three repeats. The number of
chromosomes analyzed is indicated in parentheses.
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Figure 7. RADX depletion rescues the chemotherapy hypersensitivity of RAD51- and BRCA2-
depleted cells. See also Figure S5 and S6

(A-C) Cells transfected with siRNAs were treated with HU, camptothecin or cisplatin and
viability was measured 72 hours later. (mean+/-SEM, n=3). (D) Parental or RADXA U20S
cells transfected with non-targeting or BRCA2 siRNAs to achieve extensive knockdown
were plated in the absence of drug and surviving colonies examined by methylene blue
staining. (E) siRNA transfected cells were treated with the indicated concentrations of
Olaparib, and surviving colonies were quantified. (mean+/-SD, n=3). P-values derived from
unpaired t-tests corrected for a 1% FDR are shown for differences between siBRCA2
knockdown in U20S and RADXA cells. The overall ANOVA-derived p value for these two
curves is <1074, (F) Parental and RADX overexpressing U20S cells were treated with
Olaparib and viability of surviving colonies quantified (mean +/- SEM, n=3). P-values were
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derived from FDR-corrected, unpaired t-tests. (G) Schematic of the PL2F7 mESC cell model
(cko, Brea2 conditional knockout allele). (H) Representative southern blot from clones
showing the rescue of BrcaZnull mESC cell lethality with RADX knocked-down by
shRNA. Asterisks depict the rescued null cells, which grew slower yielding less genomic
DNA. All viability experiments are representative of at least two replicates.
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