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DSS1, essential for BRCA2-RADS51 dependent homologous recombination (HR),
associates with the helical domain (HD) and OB fold 1 (OB1) of the BRCA2 DSS1/
DNA-binding domain (DBD) which is frequently targeted by cancer-associated
pathogenic variants. Herein, we reveal robust ss/dsDNA binding abilities in HD-
OB1 subdomains and find that DSS1 shuts down HD-OBI’s DNA binding to
enable ssDNA targeting of the BRCA2-RADS1 complex. We show that
C-terminal helix mutations of DSSI, including the cancer-associated R57Q
mutation, disrupt this DSS1 regulation and permit dsDNA binding of HD-OB1/
BRCA2-DBD. Importantly, these DSS1 mutations impair BRCA2/RADS51 ssDNA
loading and focus formation and cause decreased HR efficiency, destabiliza-
tion of stalled forks and R-loop accumulation, and hypersensitize cells to DNA-
damaging agents. We propose that DSSI restrains the intrinsic dsDNA binding
of BRCA2-DBD to ensure BRCA2/RADSI targeting to ssDNA, thereby promot-
ing optimal execution of HR, and potentially replication fork protection and
R-loop suppression.

Mutations or defects in BRCA2 (BReast CAncer gene 2) predispose
the affected individuals to breast, ovarian, and other cancers’
BRCA2 interacts with RADS51 through eight BRC repeats and a
C-terminal region®®, facilitating RADS51 loading on the resected
ssDNA (i.e., RAD51-ssDNA presynaptic filament formation) for DNA
double-strand break (DSB) repair by homologous recombination

forks from nucleolytic degradation (replication fork protection,
RFP) and prevents DNA-RNA hybrid or R-loop accumulation®°. As
a result, BRCA2 deficient cells show genomic instability and are
hypersensitive to genotoxic agents and replication stress> ™.
However, the molecular mechanism(s) governing BRCA2’s target-
ing of nucleic acid substrates during these processes remains

(HR)®’. Moreover, BRCA2 protects perturbed DNA replication elusive.
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DSS1, a biomarker for various cancers ™, forms a stable complex
with BRCA2 via its DSS1/DNA-binding domain (DBD)”, which com-
prises a helical domain (HD) and three oligonucleotide binding (OB)
folds named OB1, OB2, and OB3. The DBD-DSSI crystal structure
reveals that DSS1 tunnels through the HD, extensively interact with HD
and OB, crosses over the interface between OB1 and OB2, and then
turns back to the junction of HD and OB to encircle HDOBI in a shape
of “o0”, while OB2 and OB3 of BRCA2 DBD form a tandem repeat that
binds ssDNA”. DSS1 resides nearly on the opposite side of the OB-fold
groove for nucleotide binding, so it was suspected that DSS1 should
not affect the overall DNA binding capability of BRCA2 DBD. Previous
work has shown that DSS1 is required for BRCA2’s protein stabilization
and nuclear localization and provides the sole RPA interface within the
BRCA2-DSS1 complex to facilitate RPA-RADS1 exchange on ssDNA
during HR®'*". Notably, pathogenic mutations are heavily enriched in
the DBD region, especially HD and OB1 subdomains'®*, and mutations
in DBD that abolish the interaction between BRCA2 and DSSI or other
unknown activities are defective in HR'®**, highlighting the impor-
tance of the DBD domains and the interaction with DSS1 for BRCA2’s
roles in tumor suppression. However, it has also remained mysterious
for almost two decades why the therapeutic PARP-inhibitor-resistant
(PIR) mutant BRCA2 (hereafter referred to as BRCA2™®), which deletes
the whole DBD of BRCA2, or the BRC-RPA (replication protein A) fusion
polypeptide, whereas the 70 kDa subunit of RPA is fused to single or
several BRC repeats from BRCA2, can restore nearly wild-type levels of
HR in the BRCA2 deficient cells® . As DSS1 depletion phenocopies a
BRCA2 defect in cells in terms of HR and genome maintenance, much
remains to be learned regarding how DSS1 controls BRCA2’s functions
and how either BRCA2™® or BRC-RPA70 fusion polypeptide works in
promoting HR.

Of note, Dssl in U. maydis only loosely associates with OB1 in the
C-terminal DBD of Brh2, which lacks 77% HD and whole OB3, and both
the amino-terminal primary DNA binding domain of Brh2 and DNA act
together to evict Dssl from its C-terminal interaction surface to reveal
the full DNA and RADS51 binding potential of Brh2 for efficient HR™**%,
In contrast, mammalian BRCA2 forms a stable complex with DSS1 only
when they are co-expressed together, and DSS1 does not alter the
ability of BRCA2 to bind RADS1”". The tower domain in OB2 has been
suspected to bind dsDNA, and molecular dynamics simulation sug-
gests that DSSI1 allosterically regulates the conformation of the tower
domain of BRCA2"?, but it is not clear whether and how DSSI controls
the DNA binding of human BRCA2. Herein, we provide evidence that
DSS1, through its C-terminal helix, enables two configurations of the
BRCA2 DBD: when in a ‘closed’ status, shaped like a “0”, anchored by
the intact C-terminal helix of the wild-type DSS1, the DNA binding
capability of HD and OB1 (especially towards dsDNA) is blocked. This
ensures specific recruitment of BRCA2 to ssDNA and facilitates the
formation of the RAD51-ssDNA presynaptic filament, thus activating
HR; conversely, when in a suspected ‘open’ configuration, resembling a
“v”, due to alterations in the DSS1 C-terminal helix, the dsDNA binding
potential of HD-OB1 is unleashed. This inadvertently directs the
BRCA2/RADS1 assembly to dsDNA, which reduces HR efficiency. Fur-
thermore, we found that the suppression of the dsDNA binding ability
of BRCA2 DBD by the DSS1 C-terminal helix is also required for the
proper action of BRCA2 in protecting replication forks from degra-
dation and preventing R-loop accumulation.

Results

Enhancement of BRCA2-mediated RAD51 loading on ssDNA

by DSS1

We first ascertained whether DSS1impacts the BRCA2-mediated RADS51
targeting activity (i.e.,, loading on ssDNA over dsDNA) in a well-
established homologous DNA pairing assay using purified full-length
BRCA2 and BRCA2-DSS1 (Supplementary Fig. 1a-d). The reaction was
conducted without RPA presence to gauge the direct effects of BRCA2

and BRCA2-DSS1 on ssDNA targeting of RADS1. As expected, homo-
logous pairing by RADS51 was suppressed when excessive non-
homologous dsDNA was mixed with the ssDNA substrate due to the
latter acting as a DNA trap to sequester RAD51 away from ssDNA
(Supplementary Fig. 1e, f). This inhibitory effect of dsDNA was alle-
viated upon the addition of an increasing amount of BRCA2 (Supple-
mentary Fig. 1e, f). Importantly, the BRCA2-DSS1 complex proved to be
much more effective than BRCA2 in the restoration of homologous
pairing efficiency (Supplementary Fig. 1e, f). In agreement with this,
miBRCA2*?°, a BRCA2-derived polypeptide that harbors the BRC4
repeat, the DSS1/DNA-binding domain DBD, and the C-terminal
domain that is encoded by exon 27 and which we have termed the
CTRB (C-terminal Recombinase Binding Domain) (Fig. 1a and Supple-
mentary Fig. 1b), exhibited lower activity in the same assay compared
to the miBRCA2-DSS1 complex (Supplementary Fig. 1g, h). We next
applied a magnetic bead-based pulldown assay to directly monitor the
loading of RADS1 onto ssDNA (see Fig. 1b for the schematic). The
RADS51 loading on ssDNA became strongly inhibited when dsDNA was
added as a RADSI trap (Fig. 1c). Consistent with results from the
homologous DNA pairing assay, miBRCA2-DSS1 was much more adept
than miBRCA2 at restoring RAD51-ssDNA association. We therefore
concluded that DSS1 enhances the ability of BRCA2 to load
RADS51 specifically onto ssDNA.

We previously described a DSS1 mutant with 8 amino acid resi-
dues in its solvent-exposed acidic loop" (Fig. 1a) mutated to alanine’.
This DSS1%* mutant still stably associates with BRCA2 (Supplementary
Fig. 1b), but the mutant BRCA2-DSS1%* complex becomes impaired in
its ability to interact with RPA and in HR mediator activity’. Interest-
ingly, in both the homologous DNA pairing and magnetic bead-based
ssDNA targeting assays in the absence of RPA, we found that miBRCA2-
DSS13* exhibits a similar ability to target RAD51 on ssDNA for RADS5I-
ssDNA presynaptic filament formation as miBRCA2-DSS1 and is much
more efficient than miBRCA2 in the same regard (Fig. 1b, c and Sup-
plementary Fig. 1g, h)’. Notably, DSS1 alone does not promote RAD51
targeting on ssDNA, and the co-addition of separately purified DSS1
with miBRCA2 does not enhance the activity of the latter (Supple-
mentary Fig. 1c, i, j). Based on the findings described above, we con-
clude that DSS1 enhances the ability of BRCA2 to target RADS1 to
ssDNA. Importantly, DSSI-dependent ssDNA targeting of BRCA2-
RADSI1 requires complex formation between DSS1 and BRCA2, but
the solvent-exposed acidic loop of DSS1, which mediates RPA inter-
action, appears to be dispensable in this regard.

Negative regulation of BRCA2 dsDNA binding by DSS1

We note that DSSI neither binds DNA nor interacts with RADSY’. Given
this, we postulated that DSSI acts by regulating an important func-
tional attribute of BRCA2. We focused on how DSSI affects the DNA
binding properties of BRCA2 as it associates with a key region of the
BRCA2 DBD. A DNA mobility shift assay was carried out to measure the
DNA binding capacity of miBRCA2 and its complex with either DSS1 or
DSS1®:. These experiments showed that miBRCA2 exhibits higher
affinity for both ssDNA and dsDNA than either miBRCA2-DSS1 or
miBRCA2-DSS1®* (Fig. 1d and Supplementary Fig. 1k). In particular,
both miBRCA2-DSS1 and miBRCA2-DSS1®* demonstrated markedly
diminished dsDNA binding compared to miBRCA2, while exhibiting a
slight reduction (< 2-fold) in ssDNA binding (Fig. 1d and Supplemen-
tary Fig. 1k). Thus, DSS1 negatively regulates dsDNA binding by the
BRCA2 DBD. Below, we furnish mechanistic insights into this dsDNA
binding regulation role of DSS1 and its significance in the execution of
HR and DSB repair in cells.

DNA binding activity of HDOB1 and HDOB1-DSS1

We wished to test different subdomains within the BRCA2 DBD for
dsDNA binding, as such an endeavor would set the stage for testing the
regulatory function of DSS1 that we have discovered. For this purpose,
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we expressed and purified the HD, OB1, HD-OB1 (HDOBI), and OB2-
OB3 (0OB23) domain(s) (Figs. 1a, 2a and Supplementary Fig. 2a, b) and
examined their DNA binding properties in an electrophoretic mobility
shift assay (EMSA) with either Cy5-labeled 80-mer ssDNA or 80-bp
dsDNA as substrate. Consistent with results from previous studies™?,
OB23 binds ssDNA with an apparent Kd of 270 nM (Fig. 2a, b and

200

0 100

Supplementary Fig. 3a-e). We note that even though the OB2-
appended tower domain has been speculated to bind dsDNA”, OB23
with an intact tower domain possesses little or no affinity for dsSDNA
(Fig. 2a, b and Supplementary Fig. 3a—-e). Our analysis revealed that
HDOBI binds both ssDNA and dsDNA (Fig. 2a, b and Supplementary
Figs. 3a, 4). Surprisingly, we found that HD alone binds ssDNA and also
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Fig. 1| Facilitation of BRCA2-mediated RAD51 Targeting onto ssDNA over
dsDNA by DSS1. (See also Supplementary Fig. 1). a Schematic representation of
BRCA2, miBRCA2, and DBD with various functional domains and interaction part-
ners (top). Overall view of the mouse BRCA2-DBD (light green) in complex with
DSS1 (orange; PDB: IMIU) with three potential interfaces (I, II, and III, bottom).

b Schematic representation of the magnetic bead-based pulldown assay to inves-
tigate RADS1 loading onto biotin-labeled ssDNA (dT83) in the presence of excessive
dsDNA. ¢ Western blot analyses to monitor RADS1 loading by miBRCA2 (lanes 4-6),
miBRCA2-DSS1 (lanes 7-9), and miBRCA2-SS1%* (lanes 10-12) onto the ssDNA

substrate at 45 mM KCI condition. Bead without dT83 conjugation (lane 1) and
pulldown without dsDNA (lane 2) served as controls. The mean values (+SD) from
three independent experiments were correspondingly plotted at the bottom panel.
ns not significant; ***p < 0.0001 (two-way ANOVA). d Quantification (mean + SD) of
dsDNA and ssDNA binding by miBRCA2, miBRCA2-DSS1, and miBRCA2-DSS1** from
three independent experiments shown in Supplementary Fig. 1k at 90 mM KCI
condition. miBRCA2 has significantly higher affinity to ssDNA and dsDNA than
either miBRCA2-DSS1 or miBRCA2-DSS1®* with ***P < 0.0001 (two-way ANOVA).
Source data are provided as a Source Data file.

dsDNA, with a preference for the former. In contrast, OB1 displayed a
lower affinity for either substrate under the same conditions but with a
preference for dsDNA (Fig. 2a, b and Supplementary Fig. 3a-e). As
anticipated from the X-ray crystallographic structure of mouse BRCA2
DBD in complex with DSS1”, we found no complex formation between
DSS1 and OB23, but we could assemble a stable HDOB1-DSS1 complex
for purification (Supplementary Fig. 2c). Importantly, testing of this
HDOB1-DSS1 complex showed that it has little or no affinity for either
ssDNA or dsDNA (Fig. 2c-e and Supplementary Fig. 4a-c). These
results indicate that DSS1 prevents HDOB1 from binding DNA and
provide evidence that maintenance of a “closed” HBOB1-DSS1 config-
uration (see below description) is required for DNA binding regulation.

Role of the DSS1 C-terminal helix in HDOBI regulation

The co-crystal structure of BRCA2 DBD-DSSI reveals three interfaces
that underpin DSSI-HDOBL interactions" (Figs. 1a, 2a). In the interface
where two entities are intricately interwoven, which we refer to as
BRCA2-HDOBI/DSSI-N (I), the N terminal short helical segment (resi-
dues 8-13) of DSSI1 tunnels through HD and is sandwiched within a
hydrophobic pocket of HD, with the following five DSS1 residues
(residues 14-18, all acidic) interacting with HD and OB1 via salt bridges.
The remaining two interaction interfaces occur between the
C-terminal region of DSS1 (residues 39-63) and HDOBI residues: one
encompassing DSSI residues 39-44 helps stabilize OB1-OB2 packing
(Im), while the other (i.e., the C-terminal helix, from residues 51-63)
binds both HD and OB1 domains and secures the OBI1-HD interface
(IM®. The three protein interaction interfaces lock DSSI into a o-like
loop that encircles HDOBLI, a DSS1 configuration that we refer to as the
“closed” state (Figs. 1a, 2a, c). Consistently, the analysis, utilizing the
newest AlphaFold2 for predicting potential conformations of the
BRCA2-DBD-DSS1 complex®, indicates that DSS1 predominantly
adopts a ‘closed’ conformation when complexed with BRCA2-DBD
(Supplementary Fig. 5a). Of note, an ‘open’ conformational state is also
plausible, characterized by varying degrees of DSS1 C-terminal helix
displacement from the HDOBLI junction (Supplementary Fig. 5a). The
AlphaFold prediction suggests that the interfaces I and Il of DSS1
exhibit high pLDDT confidence scores, denoting strong predictive
reliability, whereas the linker regions and the DSS1 C-terminal helix/
interface Il display increased conformational flexibility (Supplemen-
tary Fig. 5b).

We postulated that by embracing HDOBI, the two C-terminal
interaction interfaces of DSS1 (Il and III) either sterically restrict DNA
accessibility to HDOBI or attenuate DNA binding via negative allostery.
To test this hypothesis, we designed a series of DSS1 mutants that
delete different parts of its C-terminal region. These DSS1 mutants
retain the ability to form a stable complex with HDOBI, and the various
HDOB1-DSS1™ complexes (HDOB1-DSS1'3¢, HDOBI-DSS1'**, HDOBI-
DSS1'54, HDOBI1-DSS1*%%) were purified from our E. coli expression
system for testing in EMSA. In addition, a patient-derived mutation
R57Q (c.170 G > A) within the C-terminal helix/interface (Ill) found in
patients with different carcinomas (COSMIC)* was also tested within
the context of the HDOBI1-DSS1 complex. Importantly, our analyses
revealed that the ability of DSS1 to dampen DNA binding by HDOB1
becomes progressively diminished in concordance with the extent of

C-terminal truncation (Fig. 2c-e and Supplementary Figs. 2d, 4a—c). We
also tested the salt sensitivity of the assembled HDOB1-DSS1 com-
plexes and found that all but the DSSI'** mutant (missing the
C-terminal 34 residues that comprise interaction interfaces Il and I1I)
remain stably bound to HDOBI even in the presence of 360 mM KCl
(Fig. 2c). Thus, in support of our hypothesis, deletion of the DSS1
C-terminal helix motif/interface Ill and the cancer-associated R57Q
mutation negate its ability to restrain DNA binding by HDOBI. Fur-
thermore, we have noticed that increasing the KCI concentration in the
EMSA leads to enhanced DNA binding by the HDOBI-DSS1 complexes,
even though the higher salt concentration inhibits DNA binding by
HDOBI, HD, or OB23 (Supplementary Figs. 6a, b, 7a, b). We surmised
that a high salt concentration could mitigate the restrictive effect of
DSS1 on DNA binding by HDOBI via affecting the stability of the DSSI-
HDOBI interaction. Alternatively, or in addition, high salt could affect
the conformation of HDOBI1 and/or DSS1 in a manner that relaxes DNA
binding restriction by DSSI. Accordingly, our data showed that both
DBD and the less stable DBD-DSS1' 3¢ complexes possess strong dsDNA
and ssDNA binding capabilities (Supplementary Figs. 3a-e, 8a-e) and
that elevated salt concentrations enhance the DNA binding propensity
of DBD only when the DSS1 C-terminal helix is mutated (Supplemen-
tary Figs. 6a, b, 7a, b). As shown in Fig. 3a-d, DBD-DSS1"** and DBD-
DSS1?%7Q displayed a markedly higher affinity for ssDNA and dsDNA
binding compared to DBD-DSSIV', particularly at 360 mM KClI
(Fig. 3a—d). Collectively, our results provide evidence for the role of
DSS1 in attenuating DNA binding by BRCA2 and that the DSS1
C-terminal helix is indispensable for the maintenance of the HDOBI-
DSS1 “closed” state (Figs. 1a, 2a, 3a) to fulfill this DSS1 regulatory
activity.

Dependence of BRCA2-RADSI1 targeting on the regulatory
function of DSS1

We next investigated if the DSS1 mutations we constructed and
examined above would impair the ssDNA targeting of BRCA2-RADS1.
For this purpose, we co-expressed miBRCA2 with either DSS1'** or
DSS1?Qin insect cells and then purified these complexes following the
protocol established for the wild-type counterpart (Supplementary
Fig. 2e). Importantly, when tested alongside miBRCA2-DSSI1, both
miBRCA2-DSS1'>* and miBRCA2-DSSI*’? exhibited a markedly
reduced capacity to facilitate RAD51 loading onto ssDNA (Fig. 3e, f).
Despite this functional deficit in ssDNA targeting, both mutant
miBRCA2-DSS1 complexes were just as adept as the wild-type complex
in restoring homologous DNA pairing efficiency with RPA-coated
ssDNA as a template (Supplementary Fig. 9a). Consistent with these
results, we found that both mutant complexes are as proficient as their
wild-type counterpart in RPA interaction (Supplementary Fig. 9b-d).
Thus, DSS1 promotes the targeting of BRCA2-RADS1 to ssDNA, and this
attribute is separable from the HR mediator activity of the BRCA2-DSS1
complex.

Critical role of the DSS1 C-terminal helix in BRCA2 and RAD51
focus formation

In order to determine the physiological impact of DSSI-mediated
ssDNA targeting of BRCA2-RADS1, we constructed HeLa-sh/siDSSI cell
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inducible shRNA or an siRNA against DSS1 (Supplementary Fig. 10a).
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diminished BRCA2 nuclear localization, which was restored by the
expression of DSS1"Tres (Supplementary Fig. 10b, ¢). Notably, both
DSS1***res and DSS1?%res were also able to support BRCA2 nuclear
localization and chromatin association to a similar extent as the wild-
type protein, in agreement with their capacity to form stable com-
plexes with BRCA2 in vitro. We then examined the impact of the DSS1
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Fig. 2 | DSS1 modulates BRCA2-HDOB1 DNA binding. (See also Supplementary
Figs. 2-7). a Schematic representation of DBD-DSS1 with three interfaces and var-
ious functional domains used in the study. b Representative gel of dsDNA (5nM)
and ssDNA (5 nM) binding by GST-HDOBI1, GST-HD, GST-OB1, and OB23 and GST
tagged DSS1:*-HDOB1 at 90 mM KCI condition from three independent experi-
ments. ¢ Schematic depicting HDOB1 with wild-type or various mutants of DSS1
(top), and the complex stability was tested under increasing amounts of salt (KCI) in
the GST bead pull-down experiments (bottom). Representative Western blot ana-
lyses to monitor His (6)-HDOBI1 and GST-DSS1 levels with anti-His or GST anti-
bodies, respectively, from three independent experiments. d Quantification

(mean + SD) of ssDNA (5 nM) binding at 45 mM KClI condition by GST-HDOB1 and
GST tagged complexes (HDOB1-DSS1, HDOB1-DSS1' 3¢, HDOB1-DSS1**, HDOB1-
DSS1'%*, and HDOB1-DSS177?) from three independent experiments shown in
Supplementary Fig. 4a, ***p < 0.0001 (two-way ANOVA). e Quantification (mean
SD) of dsDNA (5 nM) binding at 45 mM KCI condition by GST-HDOBI and GST
tagged complexes (HDOBI-DSS1, HDOB1-DSS1' %, HDOB1-DSS1'*, HDOB1-DSS1' %,
and HDOBI1-DSSI*?) from three independent experiments shown in Supplemen-
tary Fig. 4b, *p < 0.05; ***p < 0.0001 (two-way ANOVA). Source data are provided as
a Source Data file.
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Fig. 3 | Impact of DSS1 C-terminal Helix on DNA binding ability of DBD and
targeting activity of miBRCA2-DSSI. (See also Supplementary Figs. 8, 9). a Sche-
matic representation of DBD-DSS1 complexes and their potential configurations.
b Representative gel of ssDNA (5nM) binding by DBD-DSS1"", DBD-DSS1'**, and
DBD-DSS1?? at 360 mM KCI condition. ¢ Representative gel of dsDNA (5 nM)
binding by DBD-DSS1¥", DBD-DSS1'"**, and DBD-DSS1%? at 360 mM KClI condition.
d Quantification (mean + SD) of ssDNA (top) and dsDNA (bottom) binding from at
least three independent experiments shown in b, ¢, ***p < 0.0001 (two-way

12 345 67 8

ANOVA). e Western blot analyses to monitor RAD51 loading by miBRCA2-DSSIV
(lanes 3-5; 3.75nM, 7.5 nM, and 15 nM), miBRCA2-DSS1% (lanes 6-8; 3.75nM,
7.5nM, and 15 nM), and miBRCA2-SS1*** (lanes 9-11; 3.75nM, 7.5nM, and 15 nM)
onto the ssDNA substrate at 45 mM KCI condition. Bead-biotin dT83 without
dsDNA (lane 1) were served as a control. f Quantification of (e). The mean values
(+SD) from three independent experiments were plotted, **p < 0.001,

****p < 0.0001 (two-way ANOVA). Source data are provided as a Source Data file.

91011

mutations on BRCA2 foci formation in these cells before and after
ionizing radiation (IR) exposure. As shown in Fig. 4a and Supplemen-
tary Fig. 10d, e, upon depletion of the endogenous DSSI, cells
expressing DSS1"'res showed much more BRCA2-specific foci com-
pared to those with the GFP-vector. Importantly, cells expressing
either DSS1"**res or DSS1*"%res exhibited a pronounced deficiency in
supporting BRCA2 focus formation at 4, 8, and 12h following IR

exposure. The few BRCA2 foci seen in GFP-vector, DSS1"**res or

DSS1%7%res expressing cells were also smaller in size compared with
those in DSS1"res cells (Fig. 4a). Furthermore, cells expressing GFP,
DSS1***res or DSS1%%res also displayed a deficiency in the formation
of BRCA2 foci without exogenous DNA damage (Fig. 4a and Supple-
mentary Fig. 10d, e). In congruence with these results, RAD51 focus
formation was also significantly impaired in cells that express either of
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Fig. 4 | Influence of DSS1 C-terminal Helix on BRCA2 and RADS51 Foci Formation.
(See also Supplementary Fig. 10). a Quantification of BRCA2 foci number per GFP-
positive cell (left) and the foci diameter (right) at various time points after exposure
to 6 Gy X-rays or sham irradiation. The mean values + SEM of at least three inde-
pendent experiments is shown. ns not significant; *p < 0.05; **p < 0.001; and

****pn < 0.0001 (ANOVA with the Kruskal-Wallis test). P values were calculated using
two-way ANOVA for group comparison: Ev/shDSS1 vs DSS1V"/shDSS1,

***p < 0.0001; DSS1""/shDSS1 vs DSSI'**/shDSSL, **p < 0.01; DSS1V"/shDSS1 vs
DSSI*%/shDSS1, ****p < 0.0001. b Representative micrographs of RADS5I foci (red)
and yH2AX (magenta) in HeLa cell nuclei at 4 h after exposure to 6 Gy X-rays.
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Endogenous DSS1 was depleted by siRNA against DSS1. Blue: DAPI. ¢ Quantification
of RADSI foci number per cell at 4 h after exposure to 6 Gy X-rays or sham irra-
diation. Endogenous DSS1 was depleted by doxycycline-induced shDSS1 expres-
sion. The mean values + SEM of at least three independent experiments is shown. ns
not significant; ***p < 0.001; and ***p < 0.0001 (ANOVA with the Kruskal-Wallis
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*“p < 0.0001; DSSIV'/shDSS1 vs DSS1%79/shDSSI, ***p < 0.0001. Source data are
provided as a Source Data file.

the DSS1 mutants or harbor the empty vector when endogenous DSS1
was depleted (Fig. 4b, ¢ and Supplementary Fig. 10f).

Role of the DSS1 C-terminal helix in HR

We then utilized U20S cells harboring the DR-GFP HR
reporter’>**(Fig. 5a) to investigate the impact of the above mutations
that compromise the functionality of the DSS1 C-terminal helix upon
HR efficiency. In keeping with previous reports’*?*, depletion of
endogenous DSS1 by an siRNA severely compromised HR repair
(Fig. 5b and Supplementary Fig. 11a, b). Ectopic overexpression of
DSS1%Tres in cells depleted of the endogenous DSSI restored HR to
near wild-type level, whereas expression of DSS1***res or DSS1%%res
led to only partial complementation (Fig. Sb and Supplementary
Fig. 11a, b). Next, we examined whether the two DSS1 mutations would
render cells hypersensitive to agents that generate DNA lesions that
require HR for repair, e.g., mitomycin C (MMC, a DNA crosslinking
agent), olaparib (a poly (ADP-ribose) polymerase (PARP) inhibitor),
and camptothecin (CPT, a topoisomerase | inhibitor). Clonogenic

survival tests of our Hela-sh/siDSS1 cell lines revealed that cells
expressing either GFP-DSS1"**res or GFP-DSS1*"%es were more sensi-
tive to all three DNA-damaging agents (Fig. 5¢c, d and Supplementary
Fig. 11c) compared to cells expressing GFP-DSS1""res, while a similar
cell-cycle profile was observed for all three cell lines (Supplementary
Fig. 11d). Consistent with these results, levels of pRPA (S4/S8), a marker
of ssDNA and unresolved DNA damage®, were significantly higher in
GFP-DSS1"%*res or GFP-DSS1*%res expressing cells following either IR
exposure or olaparib treatment (Fig. 5e).

Role of the DSS1 C-terminal helix in replication fork protection
In addition to its pivotal role in DSB repair by HR, BRCA2 also plays a
crucial role in safeguarding stalled replication forks against nucleolytic
degradation under replication stress, where nascent DNA strands at
stalled forks are susceptible to degradation by nucleases such as
MRE11%?°*, Notably, while DSSI, as a key partner to BRCA2, has been
implicated in the process, its role in replication fork protection has not
been directly examined using the DNA fiber assay. As such, we first
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Fig. 5 | Impact of DSS1 C-terminal Helix on HR Efficiency and Cell Survival. (See
also Supplementary Fig. 11). a Outline of the HR assay with the DR-GFP reporter in
U20S cells. b Quantification of results from HR assays in DR-U20S cells with tran-
sient expression of empty vector, Flag-DSS1""res, Flag-DSS1">*res, or Flag-
DSS1%7res after DSS1 knockdown and I-Scel expression. GFP-positive cells indicate
the fraction of successfully completed HR events. The mean values (+SD) from 3-4
independent experiments were plotted, ***p < 0.0001. ¢, d Survival curves of HeLa
cells with stable expression of GFP-DSS1""res, GFP-DSS1*>*res, or GFP-DSS1%7%res
after the treatment with increasing concentrations of Olaparib or MMC.
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Endogenous DSS1 was depleted by doxycycline-induced shDSS1 expression or by
siRNA against DSS1. The mean values (+SD) from three independent experiments
were plotted, ns not significant; **p < 0.01; **p < 0.001; and ***p < 0.0001 (two-way
ANOVA). e Representative Western blot from three independent experiments to
show pRPA(S4/S8) levels at 6 h after exposure to 10 Gy X-rays or 10 uM Olaparib
24 h treatment. Histone H3 serves as the loading control. Endogenous DSS1 was
depleted by doxycycline-induced shDSS1 expression. Source data are provided as a
Source Data file.

labeled DSS1-depletion HelLa cells with the thymidine analogs 5-
Chloro-2"-deoxyuridine (CIdU) followed by 5-lodo-2"-deoxyuridine
(IdU) before arresting DNA replication for 5h with 5mM HU (Fig. 6a)
and then assessed potential fork degradation by determining the ratios
of the lengths of IdU and CIdU labeled replication tracts as previously
described®**?*%, As shown in Fig. 6a, b and Supplementary Fig. 11e, DSS1-
depleted cells showed a significantly reduced ratio of IdU/CIdU tract
length compared to control cells, consistent with the impact of BRCA2
knockdown, indicating nascent DNA degradation. Importantly,
reduced ratios of IdU/CIdU tract length were also seen in HeLa cells
expressing the empty vector, GFP-DSS1"**res or GFP-DSS1%%res, in

comparison with cells with GFP-DSS1¥"res (Fig. 6b). This highlights the
important role of the DSS1 C-terminal helix in replication fork pre-
servation during replication stress.

Role of the DSS1 C-terminal helix in preventing R-loop
accumulation

Excessive R-loops, three-stranded RNA-DNA hybrids that mostly arise
during transcription or transcription-coupled processes, can compro-
mise genome stability by causing conflicts during DNA replication.
Specifically, head-on collision of the DNA replication machinery with
R-loops can induce replication fork collapse, DNA breakage, and
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chromosome rearrangements™*°, Importantly, BRCA2 and DSSI are
needed for either the avoidance of R-loop formation and/or the reso-
lution of these potentially deleterious RNA-DNA hybrids™**. To
determine whether the DSS1 C-terminal helix is relevant for R-loop
avoidance and/or resolution, we employed the DNA damage at RNA-
transcribed sites (DART) system to interrogate in real-time the

recruitment of GFP-DSSI (as an indicator of BRCA2-DSS1) at R-loop loci
in live cells***, In the DART system, a tandem tetracycline-responsive
element (TRE) array cassette with an adjacent reporter gene was stably
integrated into the U20S cell genome. KillerRed (KR), a light-activatable
chromophore, is fused with either TetR (TetR-KR) or TetR with the
transcription activator VP16 (TA-KR), to enable the generation of
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Fig. 6 | Requirement of DSS1 C-terminal Helix in Replication Fork Protection
and R-loop Resolution. (See also Supplementary Figs. 11, 12). a Schematic of
replication fork stability assay with CldU and IdU labeling (top) and representative
micrographs of fiber events in HeLa cells with stable expression of EV (GFP), GFP-
DSS1"™res, GFP-DSS1*res, or GFP-DSS1*res (bottom). Endogenous DSS1 was
depleted by siRNA against DSS1. b Dot plots of IdU to CldU tract length ratios for
individual replication forks in HU-treated cells. The median value of 130-220 CldU
and IdU tracts from three independent experiments. Data represent mean + SEM.
Statistical analysis was performed using the two-sided student's ¢-test with

****p < 0.0001. ¢ U20S-TRE cells transfected with pBROAD3 TA-KR and the
expression vector of EV(GFP), GFP-DSSI"", GFP-DSSI'*, or GFP-DSS1%72 were light-
activated and recovered 20 min before fixation. Representative images of GFP foci
recruitment at sites of KR in each group were shown. d Foci-positive cells in each
indicated group in Fig. 6c at sites of TA-KR were quantified (n =30). The mean
values + SD of three independent experiments is shown, **p < 0.0001 (two-sided
students t-test). e Fold increase of GFP-DSS1V" and GFP-DSS1%7¢ foci intensity at

sites of TA-KR compared to background was quantified (n =10, mean + SD) under
the treatment of siDSS1 and siBRCA2. Statistical analysis was done with the two-
sided students t-test, ns not significant. f Representative micrographs of PLA foci
(red) of DSS1 (a-GFP) and R-loop (S9.6) in the nuclei of HeLa-shDSSI cells stably
expressing GFP-DSS1"'res, GFP-DSS1'**res or GFP-DSS1*%res after the treatment of
CPT (10 uM; 2 h) (left). Blue: DAPI. Green: GFP-DSS1. The foci formation was ana-
lyzed over 200 cells using ImageJ. Symbol: EV empty vector with GFP. au arbitrary
unit. Scale bar: 10 pm. Average values (+SEM) of PLA intensity for 500 nuclei from
three independent experiments (right) were plotted. Statistical analysis was done
with the two-sided student's ¢-test, ***P < 0.0001. g Quantification (mean + SEM) of
enrichment of R-loop (detected by S9.6 antibody) into genomic DNA of HeLa-
shDSS1 cells stably expressing GFP-DSS1VTres, GFP-DSS1"**res, or GFP-DSS1%7%res
after the treatment of CPT (10 uM; 2 h). au arbitrary unit. Statistical analysis was
done from three independent experiments with the two-sided student's t-test,
****p < 0.0001. Source data are provided as a Source Data file.
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Fig. 7 | Model for DSS1 in shutting down DNA binding ability of HDOBI1 to
promote BRCA2’s functions. In this model, DSSI, in an encircling arrangement
around the HD and OB1 domains of BRCA2 DBD, locks the DBD-DSS1 complex in a
closed conformation and shuts down the ds/ssDNA binding ability of HDOB1. Our
work demonstrates that this conformation restrains the ability of BRCA2 DBD to
engage with dsDNA, thereby facilitating BRCA2/RADS51 loading on ssDNA to

promote HR and RFP and also suppress the accumulation of R-loops. Conversely,
mutations within the DSS1 C-terminal helix led to an open conformation of BRCA2-
DSSI and released its undesired dsDNA binding capability in BRCA2 DBD, conse-
quently diminishing the effectiveness of BRCA2-DSS1 in promoting HR and RFP,
and in R-loop suppression.

localized oxidative DNA damage and strand breaks at the TRE locus
through the production of free radicals upon light activation. Both
fusion proteins can bind to the TRE and target KR to the locus, but only
TA-KR is able to locally activate reporter gene transcription. KR acti-
vation concurrent with ongoing transcription activated by TA-KR has
been shown to induce robust R-loops at the TRE locus, while TA-Cherry,
TetR-KR, or TetR-Cherry lead to few or no R-loops***°. Using this sys-
tem, we observed that GFP-DSSI1 specifically colocalizes with TA-KR
(Supplementary Fig. 12a) and that this recruitment is significantly
diminished by the DSS1'* truncation mutation or the DSSI*’? cancer-
associated mutation (Fig. 6¢, d and Supplementary Fig. 12b). Interest-
ingly, BRCA2 depletion reduced the foci intensity of GFP-DSS1VT, but
not GFP-DSSI®? (Fig. 6e and Supplementary Fig. 12c). Since either
TetR-KR or TA-KR inflicts an equivalent amount of DNA damage, but
TA-KR also induces R-loops at the locus, the findings above suggest that
DSSl is recruited to the R-loops incited by TA-KR and that efficient DSS1
colocalization with R-loops requires its intact C-terminal helix and its
physical association with BRCA2. Furthermore, an in situ proximity
ligation assay (PLA) was used to directly gauge the physical proximity of

DSS1 to R-loops detected by the S9.6 antibody. As illustrated in Fig. 6f
and Supplementary Fig. 12d, cells harboring GFP-DSS1""res exhibited
more robust PLA signals than cells with empty vector, GFP-DSS1">*res or
GFP-DSS1?Cres, further underscoring the crucial role of the DSS1
C-terminal helix in the colocalization of BRCA2-DSS1 to R-loops.
Importantly, we found that depletion of endogenous DSS1 by doxycy-
cline treatment led to a remarkable increase in the level of R-loops
(Fig. 6g and Supplementary Fig. 12e). Expression of GFP-DSS1"'res
mitigated R-loop accrual significantly, while neither GFP-DSS1"**res nor
GFP-DSSI1®Cres was effective in this regard (Fig. 6g). Taken together,
our data suggest that the DSS1 C-terminal helix plays a pivotal role in
recruiting BRCA2-DSS1 and averting R-loop accumulation.

Discussion

Our study provides insights into the role of DSSI in the modulation of
BRCA2-mediated RADSI1 presynaptic filament assembly on ssDNA
versus dsDNA. Results, summarized in Fig. 7, underscore DSSI’s pivotal
role in tuning the conformation and DNA binding specificity of BRCA2
HDOBI, namely inhibiting its strong dsDNA binding activity and
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enabling preferential loading of the BRCA2-DSS1 complex onto ssDNA.
This regulation, in turn, enhances BRCA2-facilitated HR, RFP, and
R-loop suppression.

Novel DNA binding activities in HD and OB1 of BRCA2-DBD
OB2 and OB3 of BRCA2-DBD have long been established as a tandem
repeat that binds to ssDNA, an understanding arrived at following the
resolution of the DBD-DSS1-oligo(dT)9 ternary complex structure two
decades ago®. Yet, this short ssDNA oligo arguably provides limited
DNA accessibility to other domains within DBD. Contrary to the
common belief that the tower domain within OB2 binds dsDNA via the
helix-turn-helix motif, our EMSA findings with purified OB2-OB3 do not
corroborate this view. In a paradigm shift, we serendipitously found
that both HD and OB1 possess a potent capacity for DNA binding,
particularly dsDNA. Moreover, the accessibility of HDOBI to dsDNA is
fully blocked when it complexes with DSS1 in a closed configuration,
resulting in a DBD-DSS1 complex that displays ssDNA binding specifi-
city, akin to RPA.

Prior data sourced from cell-based HR reporter assays, family-
based studies, and in silico prediction algorithms, including more
recent high-performance random forest (RF) and naive voting method
(NVM), collectively delineate a preponderance of deleterious (func-
tionally impaired) missense variants in the DBD, particularly HD and
OB1 subdomains'®*%. This underscores the pivotal roles of these
domains in facilitating BRCA2’s function in DNA repair through HR and
its role in suppressing tumor development. It is noteworthy that sev-
eral pathogenic variants within these domains arise from alterations of
highly basic and aromatic residues that do not participate in DSS1
binding according to the crystal structure®. We speculate that these
variants might affect the DNA binding of HDOBI, consequently influ-
encing BRCA2’s activity in one of two possibilities: (1) bypassing the
DSS1 requirement like BRCA2"™**% or (2) alerting the dynamic con-
version of BRCA2 DBD from engaging and disengaging with DNA* as
detailed further below. Structural analyses to pinpoint residues
directly interacting with dsDNA, coupled with additional biochemical
and cellular investigations on the effects of these pathogenic muta-
tions on BRCA2’s functions in HR, RFP, and R-loop management,
should shed significant light on this matter. Such studies will be of
great need to help clarify the functional contributions of dsDNA
binding by HDOBI and its regulation by DSS1 for BRCA2 in these
processes.

Interestingly, a recent report highlights the role of dsSDNA-binding
modules within BRCA2 in facilitating the interaction between the
BRCA2-RADS1 complex and dsDNA, enabling dynamic sliding along
dsDNA*. This diffusion-facilitated delivery mechanism subsequently
triggers RADS1 nucleation on ssDNA emanating from the ds-ssDNA
junction. In this context, our hypothesis is that the unique dsDNA
binding ability inherent to HDOBI1 discovered in this study could very
likely contribute to the sliding dynamics of BRCA2, modulated further
by DSSI1 through conformational changes (as detailed in the ensuing
discussion), during HR, resolution of R-loops, and safeguarding DNA
replication fork integrity.

Distinct regulatory functions of DSS1 in BRCA2-dependent
genome maintenance

A substantial portion of our understanding regarding the regulatory
influence of DSS1 on BRCA2 has emanated from investigations into the
putative U. maydis counterpart, Brh2-Dss1"**”. Brh2’s architecture is
notably simpler, encompassing a distinct DNA binding domain at its N-
terminus, a solitary BRC-like repeat in the middle, and a C-terminal
DBD hosting just two OB folds and merely 30% of the HD when com-
pared to its mammalian analog, BRCA2"**”, Notably, Brh2 also har-
bors an additional domain, referred to as CRE, situated at its extreme
carboxyl terminus, which serves as a binding site for both RAD51 and
Dss1'%*?, In Brh2-Dssl, the N-terminus of Brh2 and DNA can displace

Dss1 from the complex, which presumably results from the absence of
several key Dss1-binding residues in the HD domain of Brh2 compared
with the HD domain of BRCA2. The subsequent release of Dssl effec-
tively unlocks Brh2’s full potential in binding DNA and RADS1, thereby
promoting HR"**%,

In recent years, further investigations into human BRCA2-DSS1
have unveiled substantial differences from the Brh2-Dssl paradigm. In
contrast to Brh2-Dssl, the BRCA2-DSS1 complex remains stable due to
the intertwining of the polypeptide chains of BRCA2-HD with DSSI (i.e.,
interaction interface I, Fig. 7). This intricately intertwined configura-
tion necessitates co-expression and proper folding for complex
formation’”, which is also shown to suppress BRCA2
oligomerization*”. Our previous work has established the indis-
pensability of the stable BRCA2-DSS1 complex for its precise targeting
of RPA-coated ssDNA. This targeting is facilitated by the physical
interaction between DSS1 and RPA, with the complex effectively
mimicking DNA to promote RPA-RADS1 exchange on ssDNA’. In this
current study, we present evidence underscoring the requirement of
its association with DSSI for controlling BRCA2 DNA binding activity.
DSSI’s pivotal role lies in its ability to inhibit BRCA2’s undesirable
dsDNA binding activity of HDOB1 when in a closed configuration
(Fig. 7, left). This inhibition promotes the loading of BRCA2/RADS51
onto ssDNA (i.e., focus formation) during HR and possibly also RFP
(Fig. 7, left). Notably, any deletion or mutation in the C-terminal helix
of DSSI leads to an unraveling of DSSI'’s encircling structure, which we
suspect results in an open configuration. However, we still lack direct
experimental evidence, such as structural determination, to confirm
this. This open configuration liberates a notable dsDNA binding
capacity of BRCA2 DBD, but it concurrently impairs the ability of
BRCA2 to promote HR, RFP, and cellular survival in the face of DNA
damage (Fig. 7, right). Thus, we propose that DSSI’s restricting BRCA2
to bind ssDNA only is essential for HR and possibly also RFP (Fig. 7, left)
but note that further work is needed to confirm this model. Con-
sidering recent studies indicating the importance of BRCA2/RADS1
dsDNA binding activity for BRCA2’s dynamic sliding along dsDNA*®
and their roles in RFP***’, it is also plausible that the transition between
open and closed configurations is dynamic and required for BRCA2-
DSSI1 to effectively engage and disengage with ds or ssDNA substrates
during the different phases of HR reactions and replication fork
maintenance. In this context, the C-terminal helix mutations in DSS1
may disrupt this dynamic conversion, thereby uncoupling the pro-
cesses of engagement and disengagement from DNA. Consistent with
this hypothesis, we observed that while the association of BRCA2 with
chromatin remains unchanged, the focus formation of BRCA2 (pre-
sumably reflecting a concentrated presence on ssDNA) is diminished in
cells expressing the C-terminal helix mutants of DSS1 (Fig. 4a and
Supplementary Fig.10c, d). Furthermore, our findings illustrate, for the
first time, that the intact BRCA2-DSS1 complex is essential for their
localization to R-loops, likely through its binding to the ssDNA region
rather than the DNA/RNA hybrid portion of the R-loops (Supplemen-
tary Fig. 12f). Subsequent recruitment of RNase H2 and the augmen-
tation of DDXS5 activity could serve to resolve R-loops at these sites, as
illustrated in recent reports’**,

These mechanistic insights into human BRCA2-DSSI help explain
the activities of the aforementioned BRC-RPA fusion polypeptides and
BRCA2"® in facilitating RADS1-mediated HR: The fusion of BRC-RPA70
likely facilitates the delivery of RAD51 to ssDNA as it achieves coupling
between the BRC element’s RAD51 interaction ability and RPA’s ssDNA
binding specificity, mimicking the behavior of DBD-DSSI°**°. In the
context of BRCA2"™*** the undesired dsDNA binding by HDOBLI is
eliminated through the deletion of DBD, allowing a bypass of the
requirement of DSSI’s encasing ability, while the loss of sSDNA binding
activity could be compensated by PALB2 and/or BRCAIl within the
BRCA2"R-PALB2-BRCA1 complex, as evidenced from previous studies
in hamster V-C8 and chicken DT40 cells***",
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Implications for cancer therapy

Given the pivotal role of the DSS1 C-terminal helix in orchestrating the
functions of BRCA2 in HR, RFP, and R-loop avoidance/resolution, we
propose that small molecule inhibitors or peptides that interfere with
the interaction between the DSS1 C-terminal helix and the BRCA2 DBD,
or ones that inhibit the specific encasing ability of DSS1, could serve as
effective sensitizers for DNA-damaging therapies. These agents could
potentially be integrated into existing radiotherapy or chemotherapy
regimens, or used alongside PARP inhibitors to enhance the killing of
tumor cells.

Methods

Plasmids construction

pDest8-MBP-His-BRCA2-Flag, pDest8-miBRCA2 (containing BRC repeat
4 (BRC4; residues 1496-1596), the DNA-binding domain (DBD; residues
2477-3194) and the C terminal RAD51-binding domain (CTRB; residues
3195-3418))-Flag, and pDest20-DSS1 were used for the expression of
BRCA2-DSS1 and miBRCA2-DSSI in insect cells as described’. Mouse
Brca2 DBD (residues 2378-3115 aa) was introduced into MacroBac
expression vector 438-c (Addgene 55220) to express DBD with an N
terminal His-MBP tag (synthesized from GeneScript and codon opti-
mized for insect cell expression). Human BRCA2 OB2 and OB3 (named
OB23, 2808-3192 aa) was cloned into a pDEST20 vector to express
OB23 with a N terminal GST tag. Human BRCA2 DBD subdomains,
including HD (2479-2668 aa), OB1 (2669-2807 aa), and HDOBI (named
HDOBI, 2479-2807 aa) were constructed in pGEX6P-1 vectors for pro-
tein expression in bacterial cells. Human BRCA2 HDOBI was cloned
into the pET28 vector to express HDOBI1 with an N terminal His tag, and
PGEX4T-DSS1 was used for the expression of GST-DSS1 as described’.
DSS1+linker (CGAATTCCCGGGTCGA) + RBS-Hisg-HDOBI1 synthesized
from GeneScript was introduced into pGEX6P-1 vector to co-express
GST-DSS1 and His-HDOBL in bacterial cells. The mammalian Flag-GFP-
DSS1 and Flag-DSS1 expression vectors pDest 3x Flag-pcDNAS-FRT/TO-
DSSl1res were generated from pEGFP-mouseDSS1 (a gift from Alan
Ashworth). Quikchange site-directed mutagenesis was used to create
the mutant forms of DSS1 (DSS1'3¢, DSS1**, DSS1**, DSSI**, and
DSSI®79) in the above expression vectors.

Protein purification

Purification of BRCA2-DSS1, miBRCA2-DSS1, DBD-DSS1, and OB23
from insect cells. The bacmid production in E. coli strain DH10Bac,
baculoviruses generation and amplification in SF9 cells, and protein
expression in Hi5 cells (6 ml BRCA2/miBRCA2/DBD viruses and 6 ml
DSS1 viruses per 300 ml culture) were done as described’*% All pur-
ification steps were carried out at O to 4 °C. To prepare the extract, the
frozen cell pellet (8 g, from 600 ml culture) was thawed and suspended
in 50 ml of cell breakage buffer A (50 mM Tris-HCI, pH 7.5, 300 mM
KCl, 1mM EDTA, 0.01% Igepal-CA-630, 1 mM 2-mercaptoethanol (f3-
ME), 10% glycerol, 5mM MgCl,, 2 mM ATP and the following protease
inhibitors: aprotinin, chymostatin, leupeptin, and pepstatin A at 3 pg/
ml each, 1 mM PMSF, 1 mg/ml benzamidine hydrochloride) for cell lysis
using 10% strength sonication (Microtip, Branson Digital Sonifier) for
3 min (2 s pause on, 5 s pause off). After centrifugation (100,000xg for
90 min), the clarified lysate was incubated with affinity resin for the
following procedures.

For BRCA2-DSS1 and miBRCA2-DSS], the clarified lysate from
centrifugation (100,000xg for 90 min) was incubated with 2 ml anti-
Flag M2 affinity resin (Sigma) for 2 h. The beads were poured into a
column (1.5 x 15 cm) and washed with 25 ml buffer B (25 mM Tris-HCI,
pH 7.5, 300 mM KCI 10% glycerol, 0.5 mM EDTA, 0.01% Igepal CA-630,
and 1 mM DTT) for three times, before protein was eluted with 200 pg/
ml 3x-Flag peptide in buffer B three times (3 ml each). The Flag elutes
of miBRCA2-DSS1 were pooled, concentrated, and loaded onto a
Superdex200 Increase 10/300 GL column for further fractionation.
The peak fractions were pooled, divided into 10 pl portions, frozen in

liquid nitrogen, and stored at —-80°C. The DSS1 mutant forms of
miBRCA2-DSS1 were expressed and purified using the same
procedures.

For DBD-DSS], the clarified lysate from centrifugation was incu-
bated with 2 ml amylose resin for 2 h. After the resin was poured into a
column (L5x15cm) and washed with 100 ml buffer B, 50 pg TEV
enzyme in 10 ml buffer B was mixed with resin rocking overnight in a
cold room, which will cleave the His-MBP-tag off MBP-DBD and GST tag
off GST-DSS1. The flow-through fractions were collected, con-
centrated, and loaded onto a Superdex200 Increase 10/300 GL col-
umn for further fractionation. The peak fractions were pooled, divided
into 10 pl portions, frozen in liquid nitrogen, and stored at —80 °C. The
DSS1 mutant forms of DBD-DSS1 were expressed and purified using the
same procedures.

For OB2-OB3 (OB23), the clarified lysate from centrifugation was
incubated with 2 ml Glutathione Sepharose 4 Fast Flow resin (GE
Healthcare) for 1 h. The resin was washed with 25 ml buffer B for three
times and then treated with 20 mM glutathione in buffer C (25 mM
Tris-HClI, pH 8.0, 300 mM KClI) five times (2 ml each) to elute proteins.
About 50 pg TEV enzyme was added into the elute to cleave GST tag of
GST-OB23, and the mixture was further fractionated in a1 ml HiTrap Q
HP Sepharose column (GE Healthcare) using a 20 ml gradient of
50-1000 mM KClI in buffer D (25 mM Tris-HCI, pH 7.5, 10% glycerol,
0.5mM EDTA, 0.01% Igepal CA-630, and 1mM DTT). The fractions
containing OB2-OB3 were loaded onto a 1ml Hitrap Heparin HP
Sepharose column (GE Healthcare) and developed using a 12 ml gra-
dient of 50-1000 mM KCl in buffer D.

Purification of HD, OB1, HDOB1, and HDOB1-DSS1 from E. coli cells.
PGEX6P1-BRCA2-HD (2479-2668 aa), pGEX6P1-BRCA2 OB1 (2669-2807
aa), pGEX6P1-BRCA2 HDOBI1 (2479-2807 aa), and pGEX6P1-DSS1VT/163/¢
S41-45/136/R57Q_R BS-His,-HDOBI were introduced into Rosetta (DE3) cells
to express HD, OB1, HDOB1, and HDOBI1-DSSIWTo¥154/145136/R57Q
respectively. Single colonies were expanded in 25ml LB medium
overnight at 37 °C before dilution into 2 L fresh LB medium. Expression
of GST-HD, GST-HDOBI, and His-HDOB1-GST-DSS1 were induced by
the addition of 0.1mM IPTG when the cell density had reached
0D600=0.8, and cells were harvested after an overnight (16-20 h)
incubation at 16 °C. Expression of GST-OB1 was induced by the addi-
tion of 1 mM IPTG when the cell density had reached OD600 = 1.0, and
cells were harvested after 4 h incubation at 37 °C. The pellet (10 g from
2 L culture) was suspended in 50 ml buffer A and lysate was prepared
by sonication and centrifugation (100,000xg for 30 min). All the pur-
ification steps were carried out at O to 4 °C.

For GST-HD and GST-HDOB], the clarified lysate was incubated
with 2 ml pre-equilibrated Glutathione Sepharose 4 Fast Flow resin (GE
Healthcare) for 1 h. The resin was washed with 25 ml buffer B three times
and then treated with 15ml 20 mM Glutathione in buffer C to elute
proteins (3 ml each five times). For GST-HDOBL, the Glutathione elutes
were collected, concentrated, and loaded onto a Superdex200 Increase
10/300 GL column for further fractionation. For GST-HD, the Glu-
tathione elutes were further fractionated in a 1ml HiTrap SP HP
Sepharose column (GE Healthcare) using a 20ml gradient of
50-1000 mM KClI in buffer D, followed by a Superdex200 Increase 10/
300 GL column. The peak fractions of both proteins were pooled,
divided into 10 pl portions, frozen in liquid nitrogen, and stored at
-80 °C. For an untagged version of HD, 50 pg of PreScission Protease
was added into the Glutathione elutes to digest the GST tag off GST-HD
overnight in a cold room, before being further processed with HiTrap
SP HP Sepharose column and Superdex200 Increase 10/300 GL column.

For HDOBI1-DSS], the clarified lysate was incubated with 2 ml pre-
equilibrated Glutathione Sepharose 4 Fast Flow resin (GE Healthcare)
for 1h. The resin was washed with 25 ml buffer B three times and then
treated with 15 ml 20 mM glutathione in buffer C to elute proteins (3 ml
each five times). Then the Glutathione elutes were pooled and
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incubated with 2 ml Ni**-NTA resin (GE Healthcare) for 30 min and
washed with 20 ml buffer B. 12ml of buffer B containing 250 mM
imidazole was applied to elute the protein off resin (3 ml each for four
times). The elutes were collected, concentrated, and loaded onto a
Superdex200 Increase 10/300 GL column for further fractionation.
The peak fractions were pooled, divided into 10 pl portions, frozen in
liquid nitrogen, and stored at —80°C. The DSS1 mutant forms of
HDOBI1-DSS1 were purified using the same procedures.

For GST-OBL, the cell pellet was suspended in buffer A containing
no salt for sonication. Inclusion bodies were collected by centrifuga-
tion (100,000xg for 60 min), washed twice with 30 ml Wash buffer |
(20 mM Tris-HCI pH 7.5, 500 mM NaCl, 2 M Urea, 2% Tween) and Wash
buffer Il (20 mM Tris-HCI pH 7.5, 500 mM NacCl, 2 M Urea) and solu-
bilized in 10 ml dissolving buffer (20 mM Tris-HCI pH 7.5, 500 mM
NaCl, 8 M Urea, 2 mM 2-mercaptoethanol) at room temperature for
30 min. After centrifugation (100,000xg for 20 min), the clarified
supernatant was dialyzed (8 h for each) against 2L dialysis buffer I
(20 mM Tris-HCI pH 7.5, 500 mM KCl, 3 M Urea, 1 mM DTT), 2 L dialysis
buffer Il (20 mM Tris-HCI pH 7.5, 500 mM KCI, 1M Urea, 1mM DTT)
and 2 L dialysis buffer Ill 20 mM Tris-HCI pH 7.5, 500 mM KCI, 1mM
DTT) respectively, and the refolding was allowed to proceed during
the dialysis (24 h) at 4 °C. The solution containing the refolded protein
was centrifuged for 30 min at 12,000xg and incubated with 2 ml pre-
equilibrated Glutathione Sepharose 4 Fast Flow resin for 1 h. The resin
was washed with 25 ml buffer B three times and then treated with 15 ml
20 mM Glutathione in buffer C to elute proteins (3 ml each five times).
The Glutathione elutes were collected, concentrated, and loaded onto
a Superdex200 Increase 10/300 GL column for further fractionation.
The peak fractions were pooled, divided into 10 pl portions, frozen in
liquid nitrogen, and stored at —80 °C.

Other recombination proteins. RAD51 and RPA were expressed in E.
coli and purified to near homogeneity using previously described
procedures™ >,

DNA substrates and DNA binding assay. Double-stranded DNA were
assembled from oligonucleotide 1 (5’-Cy5-TTATATCCTTTACTTTGA
ATTCTATGTTTAACCTTTTACTTATTTTGTATTAGCCGGACCTTATTT-
CAATTATGTTCAT-3’) and oligonucleotide 2 (5-ATGAACATAATTGA
AATAAGGATCCGGCTAATACAAAATAAGTAAAAGGTTAAACATAGAA
TTCAAAGTAAAGGATATAA-3’); DNA/RNA hybrid were assembled
from oligonucleotide 3 (5-IRDye® 800CW-ATCATCACCATAAC
GTCGATGTATCAACTTCGATTAGTCACACCAATTAA-3’) and oligonu-
cleotide 4 (5-UUAAUUGGUGUGACUAAUCGAAGUUGAUACAUCG
ACGUUAUGGUGAUGAU-3'). The asterisk identifies the oligonucleo-
tide that was Cy5- or IRDye® 800CW labeled at its 5’ ends in each
substrate. These ssDNA, dsDNA or DNA/RNA hybrid substrates (5 nM
each) were incubated with different domains of BRCA2-DBD, DBD-
DSS1 or miBRCA2-DSS1 complexes at 37 °C in 10 pl buffer E (25 mM
Tris-HCI, pH 7.5, 90 mM KCI unless indicated, 0.01% Igepal CA-630,
1mM DTT, and 100 pg/ml BSA) for 5 min. After the addition of 2 pl 6x
gel loading buffer (60% glycerol, 120 mM Tris-HCI, pH 7.4, 3 mM EDTA,
0.025% orange G), the reaction mixtures were resolved by 10 or 4%
native polyacrylamide gel electrophoresis in TAE buffer (40 mM Tris,
20mM Acetate and 1mM EDTA) at 4°C. The DNA species were
visualized by the Cy5- or IRDye® 800CW- channel of the ChemiDoc MP
Imaging System, and the data was quantified with the Image Lab
software (Biorad).

Homologous DNA pairing assay. The reaction was assembled in
buffer containing 25mM Tris-HCI, pH 7.5, 2mM MgCl,, 1mM ATP,
100 pg/ml BSA, and 65 mM KCl in a final volume of 12.5 pl. All the steps
were carried out at 37 °C. In the standard reaction,150-mer oligonu-
cleotide ssDNA (5-TCTTATTTATGTCTCTTTTATTTCATTTCCTATATT

TATTCCTATTATGTTTTATTCATTTACTTATTCTTTATGTTCATTTTT-
TATATCCTTTACTTTATTTTCTCTGTTTATTCATTTACTTATTTTGTAT-
TATCCTTATCTTATTTA-3; 20 nM, 3 uM nucleotides) was incubated
with RADS1 (1 uM) with or without indicated miBRCA2-DSS1 complex
for 5min, followed by the addition of 3?P-labeled or Cy5-labeled
homologous dsDNA (5-TAATACAAAATAAGTAAATGAATAAACAGA-
GAAAATAAAG-3, 5-CTTTATTTTCTCTGTTTATTCATTTACTTATTITG
TAATA-3; 10nM, 0.4 uM base pairs) and 4 mM spermidine hydro-
chloride. After 20 min of incubation, the reactions were mixed with an
equal volume of 1% SDS containing 1 mg/ml proteinase K. Following a
10-min incubation at 37 °C, the deproteinized reaction mixtures were
resolved in 8% non-denaturing polyacrylamide gels in TAE buffer at
4 °C. The gels were imaged and analyzed as above. For evaluating the
targeting function of BRCA2, ssDNA (4 nM) was premixed with dsDNA
(12 nM) before RADS51 (200 nM) was added to the reaction. For evalu-
ating the targeting function of miBRCA2, ssDNA was premixed with
dsDNA (60 nM) before RAD51 was added to the reaction. For experi-
ments to check the recombination mediator function of miBRCA2,
ssDNA (20 nM) was preincubated with RPA (150 nM) for 5 min before
RADS51 (1 uM) was added into the reaction.

Targeting Assay via magnetic bead-based pulldown to assess
RAD51 loading onto ssDNA. Biotin-labeled 83 nucleotides polyT
single-stranded DNA (dTg3) was pre-conjugated to Streptavidin mag-
netic beads (Roche Applied Science) as described***®, About 0.16 pM
RADS1 alone or RADSI along with indicated miBRCA2-DSS1 complex
was incubated with 2.5 pl dT83nt-conjugated Strep beads (6 nM dT83)
in buffer F (25 mM Tris pH 7.5, 45 mM KCI, 2 mM MgCl,, 0.01% Igepal
CA-630, 1ImM ATP, 1ImM DTT, 100 pg/ml BSA) in the presence of
excessive double-stranded DNA (12nM) as a trap for 5min at 37 °C
(20 pl reaction system). A 4 pl aliquot of the reaction (20 pl) was
removed, combined with 4 pl 2 x SDS-PAGE loading buffer, and set
aside as the input fraction. The beads from the remaining portion of
the reaction were captured by using a Magnetic Particle Separator
(Roche Applied Science) and washed twice with 40 pl of buffer G
(25 mM Tris pH 7.5, 45 mM KCI, 1 mM ATP, 2 mM MgCl,, 0.05% Igepal
CA-630) before treatment with 16 pl 1 x SDS-PAGE loading buffer to
elute proteins from the DNA. The input and eluate (5pl each) were
analyzed by 12% SDS-PAGE and immunoblotting using antibodies (a-
RADS1 and a-Flag) against RADS1 and miBRCA2 to determine their
content of proteins.

Affinity pulldown. About 40 nM RPA was incubated with 200 nM of
miBRCA2-DSS1¥T, miBRCA2-DSS1'**, and miBRCA2-DSS1?7? on ice for
10 min in 35 pl buffer H (25 mM Tris-HCI pH 7.5, 10% Glycerol, 150 mM
KCl, 0.01% Igepal, 0.5 mM EDTA, 1mM DTT) containing 0.05 mg/ml
Benzonase Nuclease. About 5 pl of the reaction mixtures was taken out
as input, and the left mixtures were mixed with 15 pl Glutathione
Sepharose 4 Fast Flow resin at 4 °C for another 40 min to capture
protein complexes through the GST tag on DSSI. After washing the
resin twice with 300 pl buffer I (25mM Tris-HCI pH 7.5, 10% Glycerol,
150 mM KCI, 0.05% Igepal, 0.5 mM EDTA, 1 mM DTT), bound proteins
were eluted with 20 pl 2% SDS at 95 °C for 5 min. The inputs and SDS
eluate, 8 pl each, were analyzed by SDS-PAGE and immunoblotting
using antibodies (a-RPA70, a-RPA32, a-GST, and a-Flag) against RPA,
DSS1, and miBRCA2 to determine their content of proteins.

For protein complex stability of HDOB1-DSS1 and DBD-DSSI via
GST tag on DSS1, 200 nM wild-type or mutant forms of HDOB1-DSS1 or
DBD-DSS1 were firstly incubated with 60 pl Glutathione Sepharose 4
Fast Flow resin in binding buffer J (25 mM Tris-HCI pH 7.5, 1mM DTT,
1mM EDTA, 0.01% Igepal CA-630, and 90 mM KCI) supplemented with
protease inhibitors for 30 min at 4 °C. After being washed with 90 pl
buffer ] twice to remove unbound protein complex, the resin was
suspended in 125 pl buffer ] and aliquoted into four new Eppendorf
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tubes (30 pl/each). After the supernatant was removed after cen-
trifugation, the resin in each tube was incubated for 5 min at 4 °C and
washed with 30 pl buffer J containing various concentrations of KCI
(90, 180, 360, or 540 mM) three times. Bound proteins were eluted
with 20 pl 2xSDS loading buffer at 95°C for 5min, and 15 pl of the
samples was analyzed by SDS-PAGE. Coomassie blue staining was used
for the experiments with DBD-DSS1 complexes, while immunoblotting
using antibodies (a-His and «-GST) against HDOB1 and DSS1 was
applied to determine the content of HDOBI-DSS1 complexes (see
Immunoblot analysis section below for detailed antibody information).

Mammalian cell culture and transfection. HEK293T (ATCC), Hela
(ATCC), and U20S clones (DR-GFP; a gift from Jeremy Stark) were
grown in Dulbeccos modified Eagles medium (DMEM) supplemented
with 10% fetal bovine serum (Sigma), 100 pg/ml streptomycin, and
100 U/ml penicillin (Sigma). The cells were tested for mycoplasma
contamination by Bionique testing labs (http://www.bionique.com/).
Control siRNA (AllStars Neg. Control siRNA Cat. No.:1027281),
DSSI siRNA (5-UAGAGGAUGACUUCUCUAAUC-3), (BRCA2 siRNA (5-
UUGGAGGAAUAUCGUAGGUAA-3; 5-GAAGAAUGCAGGUUUAAUAdT
dT-3’) oligonucleotides were purchased from Qiagen. Dharmacon™
TRIPZ™ lentiviral shRNAs (RHS4696) against DSS1 were purchased
from Horizon-PerkinElmer. Transfection of siRNA, mammalian
expression vectors, shRNA, and pCMV-I-Scel-3xNLS was carried out
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. To create a FLP-in version of HelLa, we stably
integrated a flippase recognition target (FRT) sequence into the cells by
using the pFRT/lacZeo plasmid (Thermo Fisher Scientific). We tested
Zeocin-resistant clones that had a single integration site detected by
Southern blot for high-activity integration sites by using the mamma-
lian B-galactosidase activity assay (Gal-Screen, Thermo Fisher Scien-
tific). Clonal expansion of the selected colony established the HeLa-FRT
cell line. To generate stable HeLa-FRT shDSSI cells, TRIPZ™ lentiviral
shRNAs against DSS1 were made from HEK293T cells by transfection
with the pTRIPZ-shRNA plasmids, and individual HeLa clones were
selected with 2 pg/ml puromycin. To generate HeLa-FRT shDSSI cell
lines expressing Flag-GFP-DSS1 or their mutants, cells were transfected
with their respective plasmids, and individual clones were selected with
200 pg/ml hygromycin.

Immunoblot analysis. Protein was extracted from cells harvested
2 days after transfection with the indicated siRNAs or 3 days after 1 pug/
ml doxycycline treatment using NETN buffer (20 mM Tris-HCI pH 8,
420 mM NaCl, 1 mM EDTA, 0.5% Igepal-CA6300,1 mM DTT, and Roche
Protease Inhibitor Cocktail). Blots (20-50 pg of total protein) were
probed with the following antibodies: DSS1(SC28848, Santa Cruz;
1:500), BRCA2 (EMD Millipore, OP95-100UG; 1:1000), RAD51 (Novus
Biologicals, NB100-148; 1:4000), Tubulin (2128S, Cell Signaling;
1:2000), GAPDH (2118 S, Cell Signaling; 1:15,000), Lamin B1 (SC374015,
Santa Cruz, 1:500), RPA70 (Abcam ab79398; 1:3000), p-RPA32 (S4/S8,
A300-245A, Bethyl Laboratories; 1:2000), Phospho-Histone yH2AX
(9718 S, Cell Signaling; 1:2000), Flag M2-HRP (Sigma, A8592; 1:2000),
GST-HRP (Invitrogen, MA4-004-HRP; 1:4000), His-HRP (Sigma, A7058,
1:3000), RPA32 (Abcam, ab2175;1:2000), RPA70 (22678, Cell Signaling;
1:2000) and Actin (Abcam, ab3280; 1:3000) according to the instruc-
tions provided by the manufacturers. If needed, the blots were incu-
bated with HRP-conjugated secondary antibodies (Pierce 31450 for
rabbit anti-mouse IgG-HRP; Sigma A6154 for goat anti-rabbit IgG-HRP;
Santa Cruz Biotech SC2032 for goat anti-rat IgG-HRP) before visuali-
zation of protein signals using the ECL max kit (Biorad).

DNA repair HR reporter assay. The DR-U20S cell line containing a
single integrated copy of the DR-GFP reporter was used”**. Expo-
nentially growing cells were seeded in 6-well plates at 2 x 10° cells per
well prior to reverse transfection with 2 pl siRNA (20 pM) and 3 pl

Lipofectamine™ RNAIMAX. Two days after siRNA transfection, cells
were transfected with 1pg Flag-DSS1 and 0.75 pg I-Scel expression
vector (pCBASce) and 3 pl Lipofectamine™ 2000. HR proficiency was
determined by counting the fraction of GFP-positive cells using a BD
FACS Calibur S at 72h post-I-Scel transfection. The results were
derived from 3 to 5 transfections of at least 3 independent
experiments.

Immunofluorescence microscopy and image analysis. Cells were
subjected to the treatment of 6 Gy X-rays (IR) followed by three washes
with PBS, before being pre-extracted and fixed at different time points
post-treatment. Pre-extraction was performed on ice for 10 min with
cold cytoskeleton buffer (10 mM PIPES pH 6.8, 100 mM NacCl, 300 mM
sucrose, 3mM MgCl,, 1mM EGTA, 0.5% Triton X-100) followed by
10 min with cytoskeleton stripping buffer (10 mM Tris-HCI pH 7.4,
10 mM NaCl, 3mM MgCl,, 1% Tween 20 (v/v), 0.5% sodium deox-
ycholate). Next, cells were fixed with 4% paraformaldehyde on ice for
20 min, washed with PBS, and permeabilized for 10 min with 1% Triton
X-100 in PBS. After being blocked in blocking buffer (0.2% Triton X, 5%
Goat serum in PBS) on ice for 20 min, cells are incubated with primary
antibodies in blocking buffer overnight at 4 °C in a humid chamber.
The following primary antibodies were used RAD51(8875S, Cell Sig-
naling; 1:500), yH2AX (05636, Millipore; 1:500), RPA (MABE285, Milli-
pore, 1:500) and BRCA2 (Homemade from Xia Bing lab). Pre-extraction
steps were omitted for the experiment with RAD51 and yH2AX foci.
Then, cells were washed in PBS three times, incubated with Alexa Fluor
or FITC conjugated secondary antibodies (Jackson Immunno Research
Laboratory) for 1h at room temperature, and stained with DAPI for
another 15 min, before slides were mounted using antifade mounting
media (Cell signaling 9071). Images were captured using a Nikon Swept
Field fluorescence microscope. The average number of RADS1 and RPA
foci per nucleus and % cells with foci positive were determined after
scoring at least 100 nuclei. Images were generated in the Core Optical
Imaging Facility, which is supported by UTHSCSA, NIH-NCI P30
CA54174 (CTRC at UTHSCSA).

Clonogenic survival assay. Hel a cell lines stably expressing Flag-GFP-
DSS1 wild-type or mutants were pretreated with doxycycline for 3 days
or longer as described above. About 400 cells/well were seeded into
12-well plates, and treated with the indicated amount of MMC (Sigma),
olaparib (Selleckchem) or camptothecin (Sigma) in regular growth
medium for 11-12 days. Cells were fixed with methanol and stained
with 0.5% crystal violet in methanol before colonies were counted.
Clonogenic survival was determined for a given concentration of cells
that were plated by dividing the number of colonies on each treated
plate by the number of colonies on the untreated plate, taking the
plating efficiency of untreated cells into account.

Preparation of cytoplasmic and nuclear extracts. The REAP method
for the preparation of cytoplasmic and nuclear extracts was followed™.
Briefly, HelLa cells from 10-cm dishes were washed with ice-cold
phosphate buffer saline (PBS) pH 7.4, collected by centrifugation,
resuspended in 900 ml of ice-cold PBS with 0.1% NP40 and protease
inhibitors, and triturated five times using a plO0O micropipette. The
lysed cell suspension was centrifuged for supernatant (this is the
cytoplasmic fraction) and the pelleted nuclei was washed once with
PBS with 0.1% NP40 and lysed by NETN buffer with protease inhibitors
to yield the nuclear extract fraction. The cytoplasmic and nuclear
fractions, 20 ug each, were analyzed by immunoblotting for their
content of BRCA2, Tubulin, and Lamin B1.

Analysis of cell-cycle profiles. For cell-cycle profile analysis, 2 x 10
cells exponentially growing cells were washed with cold PBS, collected
by centrifugation, and then fixed in 10 ml of ice-cold 70% ethanol/PBS
for at least 2 days at 4 °C. The fixed cells were washed sequentially with
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1ml each of 30% ethanol/PBS and 0.05% BSA/PBS at 4 °C. Cells were
incubated in the staining solution (40 pg/ml RNase A and 30 pg/ml
propidium iodide in PBS) for 15 min at 37 °C in the dark. The stained
cells were fractionated in a BD FACS Calibur S instrument and analyzed
by the FlowJo software.

DNA fiber assay. DNA replication tracts were assessed by the single-
molecule DNA fiber assay as described previously®*®. Briefly, expo-
nentially growing cells were pulse-labeled with 100 uM CIdU (30 min),
washed three times in warm PBS, and exposed to 150 pM IdU (30 min)
in a regular growth medium. Then cells were washed with warm PBS
and incubated in a regular growth medium with 5mM HU (Sigma-
Aldrich). Labeled cells were collected by Trypsin digestion and resus-
pended in trypsin-EDTA buffer (Sigma-Aldrich, T3924) at 1x10° cells
per agarose plug. The preparation of agarose plugs, proteinase K
treatment of plug, the plug washing, -Agarase treatment of melted
plug, DNA fiber combing, and immunodetection steps were performed
exactly as described in the reference (STAR Protocols, 2022,
3:101371)°° and the manufacturer’s instructions of Genomic Vision
(www.genomicvision.com). For immunodetection, Rat anti-BrdU (BU1/
75 (ICR1), 1:20, Abcam, ab6326) and mouse anti-IdU (Clone B44, 1:5, BD
Bioscience, 347580) antibodies were then applied in blocking solution
to detect CIdU and IdU, respectively. Secondary antibodies goat anti-
rat 488 (Invitrogen, A11006) and donkey anti-mouse Cys3 (Invitrogen,
A31570) were used at a dilution of 1:100. Replication tracts were
imaged on the Olympus Fluoview FV3000 Confocal Laser Scanning
Microscope System using a 63x oil objective. DNA tracts were mea-
sured using ImageJ v1.53 software and plotted in GraphPad Prism 10.

DART assay with immunofluorescence staining. U20S-TRE cells
were seeded in a 35 mm glass-bottom dish (MatTek, P35GC-1.5-14-C).
For the DART assay, cells were exposed to a 15 W Sylvania cool white-
fluorescent bulb for 20 min in a stage UVP (Upland, CA) for Killer-red
(KR) activation. Cells were transfected with plasmids and siRNA 24 to
36 h before KR activation. Plasmids used in this study are GFP-empty
vectors, GFP tagged DSSI"", DSS1*7%, or DSSI'>*. siRNAs used in this
study are siControl (siCtrl), siBRCA2, and siDSS1. Transfection was
done using Lipofectamine 2000 (Invitrogen) with a standard protocol.
After KR activation, cells were recovered for 20 min at 37 °C before
fixation. For fixation, cells were first rinsed with phosphate-buffered
saline three times (PBS, BE17-516F) and fixed in 4% paraformaldehyde
(PFA; Affymetrix, 19943 1 LT) for 15 min at room temperature. They
were then washed with PBS on the rotating bed for 5min and per-
meabilized using 0.1% Triton X-100 in PBS for 10 min, followed by
another 5min PBS wash on the rotating bed. Image acquisition was
performed using the Olympus FV1000 confocal microscopy system
(Cat. FIOPRDMYR-1, Olympus). The frequency of the foci-positive cells
was counted in thirty cells. Three independent experiments were done.
The mean intensity was calculated by dividing the measured intensity
of the selected area that colocalized with KR foci by ImageJ 1.52i
software over the same size arbitrarily selected three areas in the
nucleus (n=10).

PLA (proximity ligation assay). To analyze colocalization of DSS1/R-
loop in HelLa-shDSS1 cells expressing wild-type or mutants Flag-GFP-
DSS1, where endogenous DSS1 was depleted by doxycycline treatment
(1pg/ml, 72 h), proximity ligase assays (PLAs) were carried out as per
manufacturers protocol (Duolink PLA kit; DU092101; Sigma-Aldrich).
Cells were cultured with glass-bottom dishes (SKU#801002; NEST) and
pretreated with CPT (10 pM, 2h) before removing doxycycline or
DMSO (control). The cells were washed with PBS and pre-
permeabilized with 0.5% Triton X-100 in PBS, before being fixed with
1% of formaldehyde/PBS for 15 min. The fixed cells were washed twice
with PBS and blocked with Duolink Blocking buffer for 1 h at 37 °C with
humidity. Next, the cells were incubated with anti-GFP (Abcam, ab290)

and S9.6 (EMD Millipore, MABE1095) antibodies in Duolink antibody
diluent at 4 °C overnight. In situ PLA probes (anti-mouse plus and anti-
rabbit minus) were diluted 1:5 in Duolink antibody diluent and incu-
bated to detect anti-GFP (rabbit) and anti-§9.6 (mouse) antibodies for
1h at 37 °C. After being washed with 1x Wash buffer A solution three
times for 5 min each, dishes were incubated at 37 °C for 30 min with 1x
Duolink ligation buffer solution and then washed twice with 1x Wash
buffer A solution for 5 min each. For amplification signals, 1x Amplifi-
cation mix solution was prepared as per the manufacturer’s instruc-
tions and added into dishes for incubation at 37 °C for 100 min in the
dark. Lastly, dishes were washed with 1x Wash buffer B solution three
times for 5 min each and 0.01x diluted Wash buffer B solution once for
5 min before being mounted with emulsion oil, including DAPI, and
applied to the confocal microscope (FV3000; Olympus). Foci forma-
tion was analyzed using ImageJ (1.53a version; NIH) software.

RNA/DNA hybrid slot blot. To examine the R-loops levels in HeLa-
shDSS1 cells expressing wild-type or mutants GFP-DSS1, where
endogenous DSS1 was depleted by doxycycline treatment (1 pg/ml,
72 h), RNA/DNA hybrid slot blot assays were carried out as reported
before®. After cells were treated with camptothecin (CPT; 10 puM,
2 h) and then further incubated for another 2 h, cells were directly
lyzed with DNAzol (Invitrogen), and purified genomic DNA (gDNA)
was sonicated (50% of power; 10/20 s interval of ON/OFF x3). The
concentration of gDNA sheared was measured by Nanodrop. After
being treated with RNase Il (1 Unit; Invitrogen, AM2290) and RNase
T1 (1000 Units; Thermo Fisher Sci., ENO541) at 37 °C for 15 min to
cleave dsRNA and ssRNA, respectively, the indicated concentration
of gDNA was applied to slot blot assay using Minifold I dot blot
apparatus (Schleicher & Schuell). To remove the RNA/DNA hybrid,
gDNA was treated with RNase H (10 Unit; NEB, M0297S) at 37 °C for
1h. The membrane was blocked for 1 h at room temperate in 5% milk
and incubated overnight with the $9.6 antibody (Millipore;
MABE1095) at 1:1000 concentration. The membranes were devel-
oped using ECL detection reagents, and the signals were quantified
using ImageJ software. Double-stranded DNA (dsDNA) antibody was
used as a loading control.

Statistical analysis

The statistical analysis was performed using Prism 10 (GraphPad
Software, Inc., La Jolla, CA; http://www.graphpad.com/quickcalcs/
ttestl.cfm) on the data from at least three independent experiments,
as specified. Statistical significance was assessed by a two-tailed
unpaired Student’s t-test or two-way ANOVA. *P<0.05, *P<0.0],
P < 0.001, and ***P < 0.0001 were considered significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this
article and its Supplementary information files. Materials used in the
analysis are available upon request from the corresponding author.
Source data are provided with this paper in the Figshare Repository at
https://doi.org/10.6084/m9.figshare.25939660.
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