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CHAPTER 1 - INTRODUCTION

The genetic information of every living organism is contained within the DNA and its
integrity needs to be preserved for the inheritance of traits to their offspring. Therefore,
cells have developed a complex DNA repair system to protect genetic information from
endogenous and exogenous sources of DNA damage. In this Introduction, | will describe
the main DNA damaging insults and their origin. Next, | will introduce general aspects of
the DNA damage response (DDR), describing main features of DNA damage sensing,
DDR signalling and DNA repair pathways. This thesis project relates to the interplay
between DNA repair factors involved in homologous recombination repair pathway (HR),
in particular the Breast Cancer susceptibility gene 2 (BRCAZ2), with RNA binding proteins/
RNA helicases, in this context. Therefore, | will give an extensive and detailed overview
on these topics presenting the mechanistic and functional aspects of HR and describing
BRCAZ2 structure, functions and its involvement in tumorigenesis. | will emphasize the link
between DNA-RNA structures or R-loops, genomic instability and DDR discussing the
interplay of RNA helicases and nucleases and DNA repair proteins in resolving R-loops.
Finally, I will focus on RNA helicases involved in RNA metabolism specifically at DNA
breaks that is the general context in which I am going to describe and discuss the results of
my project regarding BRCA2 and the RNA helicase DDX5.

The role of DNA-RNA hybrids at DSBs has attracted a lot of interest in the last few years
and although is being actively studied, there are many aspects of their function that are
controversial. Moreover, a growing number of factors have been implicated in DNA-RNA
hybrid regulation at DSBs yet fundamental mechanistic aspects of this process remain to
be elucidated. This thesis project should contribute to advance our understanding on this

recent field.



1. Importance of the DNA damage response and DNA-RNA hybrids metabolism in

maintaining genome integrity

1.1. The DNA damage response

The maintenance of genomic integrity is important for the survival of all organisms. The
DNA molecule is highly vulnerable to chemical modification, which can cause numerous
lesions. In fact, our genome is constantly exposed to diverse sources of damage (Fig. 1); it
is estimated that the DNA can experience up to 10° spontaneous lesions of different origin
per day’. These insults can arise from endogenous and exogenous sources: examples of
endogenous sources are spontaneous reactions like hydrolysis, leading to the formation of
abasic sites and causing deamination or alkylation?. Another example is represented by the
reactive oxygen species (ROS) generated by mitochondria, peroxisomes etc., that induce
extensive damage to the genome including base oxidation and DNA single-strand breaks
(SSBs)®. Common exogenous agents causing lesions in the DNA include ultraviolet (UV)
or ionizing radiations (IR): the main consequence of UV rays on the DNA structure is the
formation of covalent links between adjacent pyrimidine bases (photodimers), whereas IR
induce base modifications, SSBs and DNA double-strand breaks (DSBs) by direct
ionization or indirect ROS production. Other exogenous sources of DNA damage are
chemical agents used in cancer chemotherapy (alkylating agents, crosslinking agents such
as mitomycin C (MMC) and cisplatin) or man-produced chemicals (ex. hidrocarbons or
aldehydes in cigarette smoke)*.

To preserve genomic integrity, cells have developed an arsenal of DNA healing strategies-
collectively known as the DNA damage response (DDR) that detect different types of
damage and initiate the appropriate repair pathway or, if irreparable, induce cell cycle
arrest and/or apoptosis. In the case of errors in DNA repair or in DNA replication itself,
these lesions can be converted into permanent mutations and therefore passed-on to the
next generations of cells. One important consequence of mutations is the loss of tumor-
suppressor genes and the improper activation of oncogenes, which can trigger uncontrolled
cellular proliferation and the development of malignant cells. Indeed, genome instability is

a hallmark of all forms of cancer®®.
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Figure 1. Damage types, DNA lesions and cell fate. Top: most common endogenous and exogenous
sources of DNA damage and resulting DNA lesions. Bottom: according to the amount of DNA damage,
cells can activate DNA damage-specific repair processes or induce apoptosis, leading to cell survival or

death, respectively. However, in both scenarios mutations can occur engendering malignant transfor-

mation (Shiloh, 2003").

1.1.1. DNA damage sensing and signalling

The DDR s a signal transduction pathway consisting of sensors, transducers and effectors
that detects DNA damage and induces a specific response to this in order to protect the cell
and ensure genome integrity’. In the last 30 years, a conserved set of DNA damage
signalling kinases have been identified and widely characterized; they are traditionally
categorized in apical and downstream (or effector) kinases (Fig. 2). The apical kinases are
ataxia telangiectasia-mutated (ATM), ATM and Rad3-related (ATR), that belong to the
PIKK kinase family, and the DNA-dependent protein kinase, catalytic subunit, (DNA-
PKcs) 8. Generally, ATR is activated by a wide range of genotoxic stresses, such as
replication stress. ATR is recruited via its partner protein ATRIP to extended tracts of
ssDNA coated with the ssDNA binding protein replication protein A (RPA) 1. ATRIP-
bound ATR interacts directly with ssDNA-coated RPA and promotes ATR localization to
sites of replication stress and DNA damage®. Full activation of ATR requires also the

presence of activator proteins such as TopBP1, and ssDNA/dsDNA junctions®?.
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Figure 2. DNA damage response activation. DNA damage sensor proteins (MRN complex, RPA and
ATRIP) are essential for apical kinases activation (ATM, ATR and DNA-PKcs). Once activated, apical

kinases phosphorylate and activate downstream kinases, essential for responses to DNA damage, such

as cell-cycle arrest, in order to allow DNA damage repair. (Sulli et al. 201113)

In contrast to ATR, ATM and DNA-PKcs associate with the ends of DSBs®. In particular,
the heterodimer Ku (Ku70/Ku80) binds to the ends of DSBs first and recruit DNA-PKcs in
order to start a cascade of phosphorylation events on downstream targets that are involved
in DSBs DNA blunt ends processing’®. By contrast, ATM is recruited to chromatin in
response to DSBs in a process that requires ATM binding to the C-terminus of NBS1, a
component of the MRE11-RAD50-NBS1 (MRN) complex, which contributes also to ATM
activation®?.

Activated apical kinases transfer stimulatory phosphorylation to the downstream effector
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checkpoint kinases, CHK1 and CHKZ2, that in turn catalyze phosphorylation events that
would coordinate the cellular responses to DNA damage as part of the canonical DNA
damage checkpoint. ATM and ATR utilize checkpoint adaptors to mediate the transfer of
phosphorylation to effector kinases: ATR relies on Claspin to mediate activation of CHK1,
whereas two adaptors, MDC1 and 53BP1, have been linked to the signalling axis ATM-
CHK2. MDC1 and 53BP1 possess BRCT domains that directly bind to phosphorylated
variant histone H2AX (YH2AX), whose phosphorylation is mediated by ATM or ATR in
response to replication stress®. Once activated, DNA damage signalling kinases CHK1 and
CHK2 mediate a number of cellular responses such as cell cycle arrest®: CHK1 and CHK2
can promote, in turn, the proteasomal degradation of CDC25, a phosphatase that removes
inhibitory modifications from mitotic cyclin-dependent kinases (CDKSs) in order to slow
down or arrest cell-cycle progression. This prevents the cells from entering mitosis
prematurely, providing the time required to repair the DNA or, if the damage is too
extensive, for the activation of senescence or apoptotic pathways!'. Another critical
mediator of cell cycle arrest in humans is the p53 transcription factor, whose classical
function is to trigger the apoptotic program. p53-mediated expression of the CDK inhibitor
protein p21 represents the primary mechanism by which p53 blocks progression through
the cell cycle 812, Other cellular processes affected by the activation of DNA damage
signalling kinases are replication fork stability, transcriptional response, inhibition of
replication origin firing and dNTP regulation®.

Although the DNA damage checkpoints were originally considered as non-essential
regulatory factors, it is now clear that they are one important and integrated part of the
DDR. One typical example that illustrates the physiological importance of these
checkpoint proteins is the disorder Ataxia Telangiectasia. Individuals carrying two mutated
ATM alleles may show loss of motor control owing to Purkinje cell loss, immune

deficiencies and increased predisposition to cancer’.

1.1.2. DNA repair pathways

Because of the plethora of possible DNA lesions, cells have evolved a sophisticated and
highly regulated set of DNA repair systems specific for almost all types of damage (Fig.
3). In some cases, more than one pathway is required for the repair of one type of DNA
damage. In the next section, | will give an overview of the canonical DNA repair pathways
focusing my attention on DSBs repair, the HR pathway and on its important mediator
BRCAZ2.

11
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1.1.2.1. Direct repair, BER, NER, mismatch and DNA damage-associated replication

stress repair

Alkylating agents are a source of DNA damage. They represent a class of reactive
chemicals highly abundant in the environment and in living cells. Externally, alkylating
agents can be components of air, water, food and pollutants whereas within the cells they
can result from oxidative stress. Moreover, due to their cytotoxic properties, many
alkylating agents are currently used as chemotherapeutic drugs®®. As reactive chemicals,
they are able to transfer alkyl-carbon groups onto the DNA generating a variety of covalent
adducts. The pattern of DNA lesions generated by an alkylating agent depends on the
number of reactive sites within the alkylating agent (monofunctional versus bifunctional),
its particular chemical reactivity, the type of alkyl-group addition (methyl or chloroethyl)
and the DNA substrate (double-stranded (ds) or single-stranded (ss)) **. Among the most

common alkylating agents-induced lesions there are N7-methylguanine (7meG),
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N3-methyladenine (3meA) and O°-methylguanine (O®meG). Although 7meG is a relatively
harmless lesion, 3meA and O°meG generate more serious effects and compromise genomic
integrity inducing mutagenesis or blocking essential cellular processes like DNA
replication or transcription®®. Therefore, the repair of these lesions is essential for the
survival of the cell. The main repair mechanisms for alkylation damage include direct
DNA repair, base excision repair (BER), nucleotide excision repair (NER) and mismatch
repair (MMR).

- Direct DNA repair is mediated by a variety of DNA methyl and alkyltransferase such as
0°meG DNA methyltransferase (MGMT) and O6-alkylguanine DNA alkyltransferase
(AGT). In general, their mechanism of action consists in a reaction that transfers the
methyl or alkyl group from the O position of a guanine to a highly conserved cysteine
residue inside AGT or MGMT?'® %6 thereby removing the DNA lesion. Another important
enzyme involved in DNA direct repair is AlkB homologue (ALKBH) family of
a-ketoglutarate-dependent dioxygenases that catalyse the hydroxylation of aberrant methyl
groups® (Fig.4a).

- Base excision repair (BER) is a highly conserved pathway from bacteria to humans and
is responsible for repairing the vast majority of endogenous DNA damage including
alkylations, oxidations, deaminations and depurinations, as well as SSBs. The initial step in
BER s the search for the lesions in DNA by DNA glycosylases'’. In humans, there are
currently 11 known DNA glycosylases, alkyladenine-DNA glycosylase (AAG) is one
example (see fig. 4b) *°. The glycosylases that recognize uracil, thymine, and alkylated
bases remove the damaged base by cleaving the N-glycosyl bond between the base and the
sugar. The resulting abasic site is recognized by an apurinic (AP) endonuclease, APEL, that
cleaves the abasic site leaving a sugar attached to the 5' side of the nick. The resulting 3’
hydroxyl is a substrate for the repair polymerase, DNA polymerase § (Pol ). The gap is
finally filled in and sealed by a DNA ligase!’. Importantly, each step of BER generates
intermediates that are highly toxic; therefore, it is essential to prevent the accumulation of
these intermediates. The X-Ray Cross Complementing 1 (XRCC1), a key BER protein,
coordinates the DNA-processing events of BER to ensure its proper completion®®.

- Nucleotide excision repair (NER) is a versatile mechanism that removes helix-distorting
DNA lesions and structures from the genome. NER removes lesions from the entire
genome®®; however, it partitions in two branches: (i) transcription-coupled repair (TCR)
which involves the repair of DNA damage that specifically blocks the progression of RNA
polymerase 1l (RNAP) along the DNA strand during transcription. (ii) Global genomic

13



repair (GGR); a slower and transcription-independent random process that inspects the
entire genome for DNA damage?®.
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Figure 4. DNA damage repair pathways for alkylated bases. (a) Direct repair consists on the rever-
sal of an alkylated base to a normal base without the need of excision and generation of DNA breaks.
(b) BER removes simple alkyl and oxidative base lesions. (c) NER is especially implicated in eliminat-
ing helix-distorting lesions. (d) MMR mediates the removal of mismatched bases and miss-pairs. See
text for details on the mechanisms. (From Fu et al. 2012%°)

The NER process begins with the recognition of a DNA lesion. Then, dual incisions

flanking the lesion are generated. The lesion-bearing oligonucleotide is removed, a patch is
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synthesized using the undamaged complementary strand as a template, and the patch is
ligated to the contiguous strand (Fig. 4c). Although, most of the steps of NER process are
common between GGR and TCR, the recognition of the DNA lesion differs: in GGR
repair, a helix distorting lesion or structure is directly recognized by XPC, complexed with
hRAD23B and Centrin 2 (CETN2). Then, the complex melts the DNA around the lesion
and recruits the multiprotein complex TFIIH. By contrast, in TCR-recognized DNA lesions
such as bulky adducts, RNAP arrest constitutes the first step for damage recognition. The
arrested elongation complex recruits CSB (ERCCB6), a transcription elongation factor that
translocates along the template DNA together with RNAP. CSB strongly binds the
polymerase when it is blocked at a lesion and changes the DNA conformation by wrapping
the DNA around itself, altering the interface between RNAP and DNA. CSB recruits the
CSA complex and other NER factors whose role is to remove or backtrack RNAP to allow
access to TFIIH8, At this step, in both GGR and TCR, XPB and XPD, two components of
TFIIH complex, unwind the DNA to create a 20-30-nucleotide bubble!® and then XPA,
RPA and XPG are recruited. XPA facilitates the release of the CDK-activating kinase
(CAK) sub-complex from TFIIH, possibly promotes lesion verification by TFIIH and
binds to the DNA lesion in a single-stranded configuration. RPA binds the sSDNA coding
strand and likely has a role in DNA damage signalling by activating the DNA damage
response kinase ATR. Together, TFIIH, XPA and RPA promote the recruitment and
positioning of the endonucleases ERCC1-XPF and XPG, which incise the DNA 5" and 3’
sides of the lesion, respectively. Following excision of the damaged DNA, the gap is filled
by DNA synthesis and ligation, mediated by proliferating cell nuclear antigen (PCNA),
DNA polymerase 8, € or k and DNA ligase 1 or XRCC1-DNA ligase 3%.

Defects in NER lead to diverse clinical consequences such an extreme predisposition to
cancer as it occurs in patients suffering from Xeroderma Pigmentosum (XP), a pathological
disorder leading to hypersensitivity to UV radiation, sun-induced cutaneous features such
as hypopigmentation and hyperpigmentation, and high risk of skin-cancer among others.
Other serious effects derived from NER pathways defects include neurodevelopmental
diseases like Cockayne syndrome and the even more severe cerebro-oculo-facio skeletal
syndrome (COFS), characterized by microcephaly, mental retardation, retinal
degeneration, photosensitivity, among other defects, and a highly reduced life-
expectancy?°.

- Mismatch repair (MMR) is implicated in correcting error-containing sections of the

newly synthesized DNA strand generated after replication. These errors arise especially
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within repeated-sequence motifs, such as microsatellites, when primer and template strands
dissociate and re-anneal incorrectly generating heteroduplex DNA molecules. As a result,
the number of repeated units in the template and in the newly synthesized strand is
different. These heterogeneities are known as insertion/deletion loops (IDLs) and together
with base—base mismatches due to DNA polymerases errors that escape their proofreading
function, represent the main target of MMR repair proteins?l. In MMR, mismatches are
identified and firstly bound by MutSa heterodimer (MSH2-MSH®6) forming a sliding
clamp. Upon an ATP-dependent conformational change, MutSa recruits and binds MutLa
heterodimer (PMS2—MLH1). Diffusion of MUTSo—MUTLa complex leads to nicking of
the DNA either upstream or downstream of the mismatch mediated by the endonuclease
activity of the PMS2 subunit > 22, The nicking serves as an entry point for exonuclease 1
(EXO1) that removes a segment of DNA which is then filled in and repaired by a
combination of Pol §, Pol € and sealed by DNA ligase?? (Fig. 4d). Loss of MMR activity,
due to the lack of function of any of its key players, is associated with tumor development,
microsatellite instability (MSI tumors) and triplet repeat expansions, the latter being at the
origin of neurological diseases such as Huntington disease and myotonic dystrophy?® 24,

- DNA damage-associated replication stress repair generally arises when replication
fork progression during genome duplication is impeded by obstacles of intracellular or
extracellular origin leading to the condition of “replication stress”?> 26, The most common
causes of replication stress include limited nucleotide pool, nicks or gaps in ssSDNA,
unrepaired DNA lesions, ribonucleotide incorporation, repetitive DNA motifs, DNA
secondary structures in the DNA (ex. DNA hairpins, G-quadruplexes) or DNA-RNA
hybrids generating transcription-replication conflicts?®.

The first signal of replication stress is represented by stalling or slowed progression of the
replication fork and/or DNA synthesis. All the obstacles mentioned above can lead to the
generation of ssDNA caused by the uncoupling of the polymerase and the DNA helicase
that continues to unwind the DNA helix regardless the stalling of the polymerase.
Persistence of ssDNA adjacent to the stalled replication fork leads to the coating of SSDNA
by RPA, which in turn stimulates the activation of the DNA damage—checkpoint kinases
ATR and CHK1% % (Fig. 5). ATR-mediated signalling orchestrates different pathways at
stalled replication forks allowing cell-cycle arrest and the regulation of intracellular ANTP
levels, thus ensuring proper fork repair and restart. In addition, ATR phosphorylates and
regulates the activity of several replisome components and fork-remodelling enzymes: for

example, ATR promotes the association of the Fanconi anemia (FA) protein FANCD2
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with the MCM replicative helicase and this interaction slows DNA synthesis and prevents
the formation of long sSDNA stretches under conditions of reduced nucleotide pools.
Moreover, ATR activation can either prevent new origin firing by inhibiting replication
initiation, or promote firing of dormant origins within pre-existing replication factories,

thus allowing completion of DNA synthesis in the vicinity of perturbed replication forks?°.

Checkpoint activation

CHK1
e

ATRIP

ATR

ssDNA
protection

© EMBO

Figure 5. The ATR-mediated replication stress response. After replication fork stalling, the ssSDNA
generated by polymerase—helicase uncoupling is coated by RPA to prevent secondary structure formation.
RPA-coated ssDNA is recognized by ATR. ATR kinase targets CHK1 phosphorylation which prevents
progression through the cell cycle until replication is completed (Adapted from Liao et al, 2018%)

Stalled replication forks and gaps can be restarted by different mechanisms including
translesion synthesis (TLS), template switching (TS), fork regression or HR?". TLS is
catalyzed by specialized low-fidelity DNA polymerases (Pol 1, Pol 1, Pol k, and Revl1) to
bypass DNA lesions. Due to a large active site and the lack of proofreading activity, these
polymerases allow the incorporation of a nucleotide opposite to a damaged DNA template.
On the contrary, TS is proposed to use a recombination-like mechanism by which the
nascent DNA of the sister chromatid is utilized as a temporary template for replication
(Fig. 6 a, b). TLS and TS are generally considered as mechanisms evolved to deal with
damage encountered during replication, a condition commonly known as DNA damage
tolerance (DDT). This pathway allows the replication to continue in the presence of a DNA

lesion by promoting damage bypass. The choice between these two pathways of DDT
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(TLS and TS) is important because it can determine an error-prone or error-free outcome
and a key player driving this choice is proliferating cell nuclear antigen (PCNA). PCNA
regulating role in DDT is mediated by its ubiquitination and SUMOylation?,

e

Arrested replication

X\Oamaged template

A HR mediated template switch B: TLS potymerases mediated TLS

X \Wase switch
\
] L
s B

Nuclectide incorporation
opposite of damage
*h
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Figure 6. Schematic representation of the mechanisms restoring the arrested replication fork at
the damaged DNA template. (a) Homologous recombination (HR)-mediated template switch restores
the arrested replication fork using intact newly synthesized DNA as the template strand and promotes
error-free bypass replication. (b) Translesion DNA synthesis (TLS) polymerases mediate direct bypass

. . R 33
replication across the damaged template in an error-prone manner. (From Abe et al., 2018 ).

HR plays a pivotal role in the repair of ssDNA gaps and DSBs and contributes to the
general robustness of DNA replication®® *°. With the help of recombination mediator
proteins such as BRCA2, RAD51 recombinase nucleates onto ssSDNA to form a

nucleoprotein filament. Subsequently, this filament performs the homology search on the
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intact strand and promotes strand invasion within the homologous DNA duplex. This
results in the formation of a D-loop structure within which the 3'end of the invading strand
primes DNA synthesis®. For a more extensive explanation of HR pathways see section 1.2
(page 29).

Another important contribution of HR proteins at the replication fork is the protection of
the fork from aberrant nuclease activity®: 32, Upon the inhibition of fork elongation, the
BRCAZ2, RAD51 and many other factors such as breast cancer type 1 susceptibility protein
BRCAL or the Fanconi anemia (FA) protein FANCD2%" protect newly replicated DNA
from unscheduled degradation by nucleases such as MRE1131 32 164166 ' Eirst evidence of
BRCAZ2 in protection of stalled replication forks came from a study showing that BRCA2
deficiency de-stabilizes the structure of DNA intermediates formed at stalled replication
forks induced by exposure to hydroxyurea (a common replication stress inducing agent),
subsequently triggering their collapse into DSBs, leading to the proposal that BRCA2
stabilizes the structure of arrested forks to allow their error-free resolution*3. Years later, a
study using a mutant at the C-terminal RAD51 binding site of BRCA2 showed that this
region is dispensable for HR but required to protects nascent DNA strands at stalled forks
from degradation by the MRE11 nuclease®!. Following this discovery, much efforts have
been devoted to uncovering the nucleases and regulatory factors leading to extensive fork
degradation, as well as the structure of the replication fork required for protection and HR
proteins recruitment. Indeed, recent studies have identified that in a BRCA-deficient
background the structure targeted by nucleases is a reversed replication fork!®”-1’°, Fork
reversal is a key mechanism that allows replication forks to reverse their course in order to
cope with DNA lesions!’t. These studies have demonstrated that BRCA2, as well as
BRCAL, is required to stabilize the RAD51 filament on the regressed arms of the reversed
replication fork, thereby protecting the nascent DNA from nucleolytic degradation (Fig. 7).
In addition, BRCA2 has been proposed to prevent ssDNA gap accumulation both at
replication fork junctions and behind forks by stabilizing RAD51 binding®®’. In the
absence of BRCA2, forks with persistent sSDNA gaps would be converted into reversed
forks, leading to extensive degradation. In the context of BRCA-deficient tumors, MRE11
was the first nuclease associated with fork degradation®l: 32 164-166 However, later studies
have also identified EXO1 and DNAZ2 as nucleases contributing to fork degradation in
BRCA-deficient tumors'®. In addition, CtIP protein is likely required to initiate MRE11-
dependent fork degradation'®, although a more recent study seems to contradict this

conclusion proposing a role for CtIP in protecting stalled replication forks from
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Figure 7. Role of HR factors BRCAL/2 and RADS51 in protection of stalled replication forks:
Schematic representation of recent findings on the role of BRCA proteins and RAD51 at stalled replica-
tion forks. In BRCA proficient cells, in case of replication stress causing the stall of the fork, the fork is
reversed and BRCA1/2 are recruited here to stabilize RAD51 nucleoprotein filament preventing sSDNA

degradation. This excessive degradation might be occurring in BRCA-deficient tumors. (From Byrum,

Vindigni, and Mosammaparast 201970).

However, it is important to distinguish this excessive degradation of stalled replication
intermediates that underlies the pathological effects of resection from the limited resection
of nascent DNA strands which is required for efficient fork restart. For example, controlled
DNAZ2-dependent resection of reversed replication forks is a functionally relevant
mechanism mediating reversed-fork restart and providing resistance to prolonged
genotoxic treatments?®.

DNA replication stress is the major source of spontaneous DSBs in dividing cells.
Prolonged fork stalling or failure to resume DNA synthesis by the mechanisms described
above lead to fork collapse and formation of one-ended DSBs?®. Fork collapse or under-
replication of the DNA can contribute to ultrafine bridges, MiDAS (mitotic DNA
synthesis) and sister chromatid bridges as a consequence of the excess of sSSDNA generated
at arrested forks, that can subsequently result in chromosomal instability and diseases®®.

For example, mutations in the cognate binding partner of ATR, ATRIP lead to Seckel
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syndrome, characterized by developmental delay, microcephaly and mental retardation.
Loss of proteins that recognize or repair DNA lesions also leads to a number of human
diseases. For example, loss of the specialized DDT polymerase Pol 1, involved in TLS,
results in a variant form of the cancer-susceptibility condition of Xeroderma

Pigmentosum?®.

1.1.2.2. Inter-strand crosslink repair

Inter-strand crosslinks (ICLs) are lesions that covalently link two bases on the
complementary strands of DNA. These lesions are generated by chemicals with two
reactive electrophilic groups. The formation of ICLs is highly dependent on the sequence
because two nucleophilic groups on opposite strands must be aligned geometrically to
allow the cross-link to occur®*. The presence of an ICL affects the unwinding of the DNA,
an essential step in DNA replication and transcription; thus, ICLs are detrimental for cells,
especially those in rapid division. Not surprisingly, several crosslinking agents such as
mitomycin C (MMC) and cisplatin are used in the clinic as anti-cancer drugs. ICLs such
as aldehydes also form naturally as by-products of cellular metabolism34,

Since ICLs compromise both DNA replication and transcription, it is clear that their repair
is of high importance. Several DNA repair pathways are involved in the repair of ICLs
including NER, HR and TLS. The pathway involved in repairing them will depend on how
the DNA lesion is recognised® % 3. Although in most cases ICLs repair is coupled to
replication and triggered when a DNA replication fork collides with the ICL®®, in the
context of non-replicating DNA, the distortion of the DNA helical structure caused by the
lesion attracts proteins involved in the global damage surveillance of DNA. This process
has been shown to involve proteins of the NER pathway, as XPC implicated in the initial
recognition®®.

In replicating cells, the stalled fork at the site of the lesion attracts protein of the Fanconi
anemia (FA) pathway (Fig. 8). The FA pathway comprises 22 gene products (FANCA to
FANCW). Autosomal biallelic germline inactivation of any of the 22 FA genes (with the
exception of FANCB, which is X-chromosomal) causes Fanconi anemia’®, a genetic

disease that results in sensitivity to ICLs and predisposes patients to bone marrow
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Figure 8. FA pathway for ICLs repair: Upon fork stalling at ICL sites, FANCM-FAAP24-MHF1/2
complex binding activates ATR signalling and promotes recruitment of the FA core complex. The core
complex in turn ubiquitinates the FANCI-FANCD?2 heterodimer, which acts to promote the next steps

of nucleolytic incision to unhook the ICL, translesion synthesis and, finally, HR pathway to repair the

nucleolytic-induced DSB (Adapted from Michl, Zimmer and Tarsounas 201638)

failure and development of cancer®” 14, The inability to repair DNA ICLs is a key cellular
feature of FA and cellular markers for its diagnosis are usually represented by chromosome
breakages'’. Interestingly, biallelic mutations in breast and ovarian cancers susceptibility
genes such as BRCA1/2 and PALB2 are found also in FA patients'’. In particular,

BRCAZ2 was found to be identical to FANCD1 as BRCAZ2 transient transfection could
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restore ICL repair in FANCDL1 deficient cells, establishing a role for BRCA2 in this
pathway'76 177,

The FA pathway operates mainly during the S phase of the cell cycle and requires
converging replication forks. ICL repair is elicited when the replisome is partially
dismantled by eviction of MCM replicative helicase subunits from the chromatin, thereby
enabling ICL recognition by FANCM and its interacting partners FAAP24 and MHF1/2.
FANCM binding adjacent to ICLs leads to recruitment of the FA core complex formed by
FANCI-FANCD2 and ATR-dependent checkpoint activation, which stalls the replisome.
The binding of the FA core complex to the lesion triggers monoubiquitination of the
FANCI-FANCD2 complex, as the central event in the FA pathway. Monoubiquitinated
FANCI-FANCD?2 is recruited to the damaged chromatin and promote downstream
reactions including endonucleolytic incision of the ICL, probably mediated by ERCC4
(NER), translesion synthesis and nucleolytic cleavage-induced DSB repair®” 3, This last
step is preferentially mediated by HR, since many of the first identified FA pathway
factors were involved in HR®. As in DSB repair, the HR step in ICL repair requires the
loading of RAD51 (FANCR) onto the resected DNA followed by strand invasion to
resolve the DSB. Therefore, HR proteins such as PALB2 (FANCN), BRCA1 (FANCYS),
BRCA2 (FANCD1), among others, are essential in this step. Furthermore, RAD51 is also
necessary to protect stalled forks at a ICL lession?®
function for BRCA23%,

and a recent study reported a similar

1.1.2.3. DNA single-strand break (SSB) repair

DNA single-strand breaks (SSBs) are discontinuities in one strand of the DNA double helix
and are usually accompanied by loss of a single nucleotide and by damaged 5°’- and/or 3’-
termini at the site of the break. SSBs can arise from oxidized nucleotides/bases during
oxidative stress, intermediate products of DNA repair pathways (e.g., BER), and aborted
activity of cellular enzymes®® %, It has been estimated that more than 10,000 SSBs are
generated per mammalian cell each day representing the most common type of DNA
lesion,

It is generally accepted that SSBs are repaired by various DNA repair mechanisms that,
globally involve SSB detection, DNA end processing, DNA gap filling, and DNA ligation
steps®®. SSB detection is primarily mediated by poly (ADP-ribose) polymerase-1 (PARP1)3
40 PARP1 rapidly binds to and is activated by DNA strand breaks and subsequently
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modifies itself and other target proteins through the addition of chains of poly-ADPribose
(PAR) using NAD" as substrate®® 41, PARP1 promotes the recruitment of XRCC1, a critical
scaffold protein that interacts with several enzymatic components of SSB repair and
accelerates the process*®. The following step of DNA end processing is mediated by protein
binding partners necessary for conversion of different types of damaged termini to
conventional 3'-hydroxyl and 5'-phosphate termini, including Polf (to remove 5'-
deoxyribose phosphate termini during BER), PNKP (to remove 3’-phosphate and 5'-
hydroxyl termini), APTX (to remove 5-AMP during abortive DNA ligation events), and
TDP1 (to remove Topl peptide from 5'-termini) 2. Once damaged 3’-termini at SSB have
been restored to their conventional hydroxyl configuration, gap filling can occur; which
often involves insertion of the single nucleotide that is missing at most SSBs (short-patch
repair). Other SSBs involve larger DNA gaps (long-patch repair) which require FEN-1 flap-
endonuclease to remove the displaced 5’-nucleotides. The gap filling is carried out by Pol f,
although other DNA polymerases, such as Pol & and Pol ¢ can also perform this role®.
Finally, the DNA ligation step is carried out by Ligl and Lig30*® 42,

Unrepaired SSBs are implicated in human diseases such as neurodegenerative disorders,
cancer, and heart failure. SSB repair has been associated with hereditary genetic diseases
including ataxia-oculomotor apraxia 1 (AOA1) and spinocerebellar ataxia with axonal
neuropathy 1 (SCAN1). Importantly, all SSB repair proteins currently associated with
neurological disease are associated with DNA processing step. Both germline and tumor-
associated variants of genes encoding SSB repair proteins (e.g., XRCC1, APE1, and Pol )
have been identified in humans, suggesting SSB repair also as a tumor suppressor

mechanism3% 42,

1.1.2.4. DNA double-strand break (DSB) repair

DSBs are generated when the two complementary strands of the DNA double helix are
physically dissociated into two separate chains. They are considered as the most cytotoxic
DNA lesions and it has been calculated that even one single DSB can trigger the arrest of
the cell cycle®®. DSBs pose an immediate threat to the stability of the genome because
when repaired inappropriately they can lead to chromosome rearrangements, amplification
or loss of chromosome material or translocations, thereby disrupting gene structure and
function. Indeed, germline mutations in DSB repair genes cause genomic instability in
numerous hereditary human diseases such as many forms of cancer, developmental

disorders and premature ageing*+°.
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As many kind of DNA damage lesions, DSBs can form as a result of exposure to either
exogenous or endogenous agents. Some well-known exogenous DSBs inducing agents are
anticancer chemotherapeutic drugs (cisplatin, MMC, radiomimetic compounds and
topoisomerase inhibitors) and ionizing radiation (IR). IR leads to extensive base damage®*:
generally, the more common outcome of IR exposure are SSBs by producing radiolysis
radicals that attack the sugar-phosphate backbone, which can be later converted into DSBs.
Frequently, at high doses of irradiation, two such nicks are present in both complementary
DNA strands within one helical turn leading to DSBs*" “8, Endogenous sources of DSBs
include ROS that trigger both SSBs and DSBs upon DNA base oxidation*or defective

telomere metabolism that may originate DSBs at chromosome termini®.
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Figure 9. Induction of single- and double-ended DSBs (A) In the presence of a SSB, the replication
fork is converted into a single-ended DSB. (B) When replication fork progression is impeded by a
blocking DNA lesion, the complementary nascent strands create a so called “chicken foot” structure by
reversion of the stalled fork and re-annealing of the parental strands; cleavage of this structure induces a

single-ended DSB. (C) Double-ended DSB, generally induced by IR exposure or endonuclease cleav-

age. (From So et al. 201751)

However, most of the endogenously-generated DSBs are associated with DNA replication.
SSBs are transformed into DSBs when reached by a replication fork (Fig. 9A). In addition,
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when a replication fork is blocked, fork regression through annealing of the nascent strands
(which are complementary) generates a four-branched structure called chicken foot.
Specialized endonucleases can resolve this structure generating a DSB (Fig. 9B). In both of
these cases, replication fork stalling leads to the formation of single-ended DSBs, whereas
double ended DSBs are generally associated to IR or endonuclease induced DNA damage
(Fig. 9C)°L. Despite their high toxicity, DSBs may be deliberately generated by the cell for
a specific biological purpose, for instance, to initiate recombination between homologous
chromosomes during meiosis. Also, DSBs naturally occur as intermediates during
developmentally regulated rearrangements, such as V(D)J recombination and
immunoglobulin class-switch recombination in B-cells. Recent evidence suggest the
coevolution of processes that couple introduction of programmed DSBs to their accurate
repair in order to constitute an effective safeguard against genomic instability®?,

Repair of DSBs involves four possible pathways (Fig. 10): two of them, classical non
homologous end joining (C-NHEJ) and HR have been extensively studied and are
considered the two main DSBs repair mechanisms. More recently, two other pathways,
alternative end joining (alt-EJ) and single-strand annealing (SSA), have been shown to
operate in many different conditions and to contribute to genomic rearrangements and
oncogenic transformation® 3, Among the four, HR and C-NHEJ have evolved as high-
fidelity processes.

C-NHEJ can take place along the entire cell cycle and it does not require a homologous
sequence. The starting step in c-NHEJ consists on the rapid binding of KU proteins, Ku70—
Ku80, to both ends of the broken DNA molecule to prevent promiscuous end resection.
Once bound, Ku70-Ku80 recruits and activates DNA-PKcs which, in turn, triggers an
extensive signalling cascade that orchestrates downstream repair®. Briefly, binding of KU
to blunt DNA ends requires minimal DNA processing mediated by the nuclease Artemis,
activated upon interaction with DNAPKCcs, and specialized DNA polymerases A and y, and
repair is directly assisted by two scaffold proteins, XRCC4 and the non-homologous end-
joining factor 1 (XLF) that bind to DNA ligase 4 (L1G4) responsible for sealing the break
4554 A number of accessory factors support or regulate c-NHEJ, including the MRN
complex, found involved in the stabilization of distant breaks and in the processing of
DNA ends > and PARP proteins implicated in the correct ligation of DNA ends®®. Several
additional positive and negative regulators of Ku70/Ku80 have been identified such as
proteins containing a KU binding motif like the Aprataxin-and-polynucleotide

kinase/phosphatase-like Factor (APLF) and the exonuclease/helicase mutated in Werner
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syndrome (WRN) .

Despite the mutagenicity of c-NHEJ that may arise in repetitive sequences, the fast kinetics

of ¢c-NHEJ has a clear role in protecting genome integrity notably by suppressing

chromosomal translocations, at least for the majority of repair events®. Mutations in c-

NHEJ pathway components are associated with a variety of human pathological disorders

such as diverse immunodeficiency-associated syndromes, observed in carriers of mutated

Artemis, XRCC4 and DNA-PKcs®.

HR takes place mainly during the S phase of the cell cycle, where a sister chromatid can be

used as a homologous template to copy and restore the DNA sequence missing on the

damaged chromatid. The search for sequence homology as a template for HR requires the

presence of ssDNA at the DSB end. This intermediate can be generated by the resection

step which consists in the nucleolytic degradation of the 5’strand of a DSB. Some
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Figure 10. Four pathways to repair DSBs. The repair of DSBs relies primarily on whether DNA end

resection occurs. When resection is blocked, repair through c-NHEJ is favored (left). However, when

DNA resection occurs, three pathways (alt-EJ, SSA and HR) can compete for the repair of DSBs (from

left to right). Details of each pathway are described in the text. (From Chang et al. 201754)

of the most important players of HR pathway are the proteins BRCA2 and RAD51. As

HR-mediated DSBs repair is particularly relevant for this thesis project, 1 will include an

extensive description of it in section 1.2 (page 29).
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Alt-EJ is an alternative pathway that mainly operates during the S and G2 phases of the
cell cycle on 3’ ssDNA ends generated by DNA resection when c-NHEJ is compromised®®
% PARP1 plays the initial role in alt-EJ recognizing and tethering either sSDNA nicks or
blunt dsSDNA ends. In addition, PARP1 recruits MRN and CtIP to the DSB end. CtIP
enhances the MRN endonuclease activity resulting in an internal single-strand break within
the 5’ strand. The short single-strand fragment at the DSB end is then degraded by the
MRN exonuclease activity. The loading of the EXO1 or DNA2 generates longer stretches
of RPA-coated ssDNA. Following resection, short regions of sequence complementarity
ranging from 2 to 20 nucleotides are exposed within the RPA-coated sSSDNA regions. Here,
PARP1 plays another role in DNA end bridging and alignment, at which point non-
complementary 3’ tails are removed. Error-prone gap filling is performed most likely by
the polymerase Polf, and sealing of the nick is carried out by LIG1 or LIGIIIo®® *°. Repair
of DSBs by alt-EJ is inherently mutagenic potentially giving rise to chromosomal
translocations as well as intra- and inter-chromosomal deletions and insertions®® 3:98.5,

SSA is a non-conservative homology-directed repair (HDR) pathway (which, generally,
involve loss of nucleotides), that does not entail the presence of a sister chromatid®* ©°.
Similarly to alt-EJ and HR, SSA is initiated by end resection mediated by CtIP, thus occurs
preferentially during the late S and G2 phases of the cell cycle. However, in contrast to alt-
EJ, SSA requires >20bp of homology. SSA joins direct repeat sequences (e.g., tandem
repeats) at 3’ssDNA end through annealing at the cost of deletion of the intervening
sequence between the repeats. RAD52 is responsible for the annealing of the flanking
repeats resulting from the end resection®’. The nuclease activity of ERCC1 in complex
with ERCC4 then removes the non-homologous 3’ssDNA tails, which is enhanced by
RAD52. Polymerases and ligases are in charge of the final steps - gap filling and ligation -
although the exact players remain poorly understood®. In order to reveal complementary
homologous sequences, SSA requires extensive DNA end resection and RPA
displacement; moreover, sequence information can be lost or rearranged if the overlapping
ends pairs are unsuitably joined. Therefore, SSA is considered to be an obligatorily error-
prone pathway®®. Given the various possibilities available for DSBs repair, these four

pathways could potentially compete for access to the free DNA ends of a DSB.
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Figure 11. A decision tree for DNA double-strand break repair. Schematic representation of DSB
repair pathway choice. In blue, the critical aspects influencing the choice of the repair pathway (in vio-

let). In red, the activity triggered after pathway choice. In grey, most important mediators of each DSB

repair pathway. (From Scully et al. 201945)

Thus, as illustrated in Figure 11, the regulation of pathway choice could be depicted as a
“decisional tree” where the branch points represent points of commitment to c-NHEJ or
HR, points where physiological sub-pathways are selected and steps at which repair
intermediates are vulnerable to hijacking by error-prone repair pathways*. One crucial
factor that determines pathway choice in this context is DNA end resection: the presence of
a ssDNA tail, for instance, can affect Ku70-Ku80 binding and c-NHEJ pathway. Extensive
end resection is stimulated in the S/G2 phase of the cell cycle in a manner that depends on

CDK activity, which mediates phosphorylation of multiple substrates such as CtIP* %,
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Thus, the phase of the cell cycle is also a key influencing DSB repair pathway choice.
Accessory factors also contribute via the modulation of end resection; for instance, the
balance between BRCAL and 53BP1 regulates pathway choice by either promoting or
preventing end resection®. In addition, it is becoming increasingly clear that the native
chromatin state of the damaged DNA and its position within the nucleus influences DNA
repair kinetics and pathway choice®. Finally, once resection takes place, the formation of a
RAD51 nucleoprotein filament becomes the critical step to trigger a conservative repair by
sister chromatid recombination instead of other error-prone pathways that also require
resection. For instance, RAD51 is negatively controlled at different levels by key factors of
other resection-dependent DSB repair pathways such as Pol6, implicated in Alt-EJ%3,

1.2. Homologous recombination-mediated DSB repair

HR is an essential process that uses the redundant genetic information existing on the sister
chromatids (or homologous chromosomes) when both strands of the DNA double helix are
compromised by DNA damage®4. HR plays essential roles as DNA replication support, the
repair of DSBs in somatic cells and in meiosis, where it is important to generate genetic
diversity*® %2, In contrast to SSA that can be mutagenic, HR is a conservative homology-
directed pathway.

Upon DSB induction, the MRN complex rapidly localizes to the damaged DNA. MRE11
binds to CtIP for the initiation of DNA-end resection through endonucleolytic cleavage of
the S5'-terminated strand upstream from the DSB end. Starting from the nick, the
exonuclease activity of MRE11 degrades DNA in a 3’ to 5’ direction towards the DSB end.
The resulting single-stranded DNA (ssDNA) overhang is immediately coated by RPA to
protect the sSDNA from degradation or self-annealing. The 5'-recessed end now represents
a preferred substrate for the 5’ to 3’ exonuclease EXO1 to carry out extended resection.
Alternatively, extended resection is catalyzed by the combined endonuclease and helicase
activities of DNA2-BLM in human cells®® % (Fig. 12).

Other DNA end resection regulators, both positive and negative, have been described. For
example, BRCAL, in complex with BRCALl-associated RING domain protein 1 (BARD1),
interacts with CtIP and MRN and is implicated in DNA end resection especially
counteracting the NHEJ factor 53BP1 in S/G2 phase of cell cycle®. Another important
function of BRCAL is in a later step of HR; indeed, it allows the recruitment of BRCA2 to
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essential for an endonucleolytic cleavage and initial short-range DNA end resection. Subsequent step of
extensive DNA resection (long-range DNA end resection) is mediated by EXO1 or DNA2/BLM. (From
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DSBs through the bridging protein PALB2. BRCAZ2 is required to assist RAD51 loading
onto ssDNA and displace RPA and thus, to promote RAD51 nucleoprotein filament
formation®”: ©: 5% In particular, my PhD supervisor and her collaborators showed, using
both single molecule visualization of individual RAD51 nucleoprotein filaments and
ensemble experiments, that through the BRC motifs, BRCA2 stimulates the ssDNA
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binding activity of RAD51 by modulating its ATPase activity while preventing the
assembly of RAD51 onto dsDNA" 108,
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Figure 13. Model depicting the function of BRCA2 in HR-mediated DSBs repair. A DSB is resect-
ed to reveal a 3’ ssDNA tail that is immediately coated by RPA. BRCA2 binds to the ssDNA /dsDNA
junction and loads RAD51 onto the RPA-coated sSDNA while preventing its unproductive assembly on
dsDNA. This allows the formation of a stable pRAD51 nucleoprotein filament, essential for the search

of homology on a donor DNA duplex and to promote DNA strand invasion for the repair of the dam-

aged chromosome. (From Jensen, Carreira and Kowalczykowski 201067)

The modulation of RAD51 DNA binding preference then promotes the subsequent steps of
recombination. The successful purification of full-length BRCA2 allowed them to confirm
these findings with the entire BRCA2°": % (Fig. 13).

The RAD51-ssDNA nucleoprotein filament searches the entire genome for homology
regions in association with other factors, such as RAD54. Five RAD51 paralogs are

involved in assisting RAD51-ssDNA nucleoprotein filament stability, optimizing its
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efficiency and, at the same time, restricting RAD51 function to appropriate DNA
substrates. Mutations in any of the RAD51 paralogs lead to defects in RAD51 foci
formation and DNA damage sensitivity, thus suggesting that all of them are essential and
could have specific function’?. During synapsis (physical connection between two DNA
regions with homology), the RAD51-ssDNA complex facilitates the base-pairing between
the invading DNA substrate and the homologous duplex DNA template resulting on a
displaced strand or D-loop. Upon pairing of the 3’ extremity of the broken molecule with
the donor sequence, DNA synthesis by a polymerase (usually Pold or TLS polymerases)
restores the sequence information disrupted by the DSB® 72, Depending on how the D-
loop structure is disrupted, it is possible to distinguish different HR sub-pathways (Fig.
14). The double Holliday junction (dHJ) formation and the synthesis dependent strand
annealing (SDSA) are the two main HR sub-pathways. dHJ is predominant in meiotic
recombination and occurs when the D-loop captures also the second end of the break not
involved in strand invasion. Subsequently, the 3’ssDNA overhang forms a dHJ with the
homologous chromatid which can be processed by a resolvase complex (composed of

MUS81 and EME1 and structure-specific endonucleases)”. The outcome of this process is
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Figure 14. HR sub-pathways. Top: first step HR mediated DSBs repair pathway leading to search for
homology, DNA invasion and formation of D-loop heteroduplex. Resolution of D-loop structure can occur

in different ways, generating HR sub-pathways: from the left to the right SDSA, formation of dHJ and BIR.
(From Piazza and Heyer 201965)
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mainly crossover products, although, because of the possible gene conversion events, non-
crossover products can also be generated® ™ 3, SDSA is the major HR sub-pathway in
somatic cells; in it, the strand invasion leads to the copying of the template but, in this case,
the new strand is displaced from the donor and is captured by the second end of the DSB.
The resulting single Holliday junction then slides down the DNA duplex in the same
direction in a process called branch migration, displacing the extended strand from the
template strand. This displaced strand pops up to form a 3'overhang in the original double-
stranded break duplex, which can then anneal to the opposite end of the original break
through complementary base pairing. Therefore, SDSA produces only non-crossover
products because the flanking markers of the heteroduplex DNA are not exchanged® ™ 73,
Break-induced replication (BIR) occurs when a single end of the DSB acts independently;
this may take place when one side of the break fails to engage with a homologous sequence
or when the two ends find different homologous templates. In addition, BIR arises in case
of single-ended DSBs, which, as described above, can occur due to replication through a
DNA lesion that results in fork stalling or collapse, or through telomere erosion that
exposes a single-ended DSB. The most relevant difference between BIR and other HR sub-
pathways is the DNA synthesis mode; in BIR, after DNA strand invasion and D-loop
formation, the invading strand is extended by DNA synthesis (mostly mediated by Pola)
concomitant to D-loop migration, driven by a helicase, potentially Pifl or MCM. In the
process, the newly synthesized DNA accumulates unrepaired DNA lesions’. Therefore,
although HR is generally considered an error-free pathway, if not perfectly regulated, it

can also lead to the accumulation of lesions and chromosome rearrangements®,

1.3. BRCAZ2: structure and roles as a custodian of genome integrity

1.3.1. The tumor suppressor BRCA2

BRCA2 was discovered in 1995 as a gene implicated in the predisposition to breast and
ovarian cancer’ %!, In addition, inherited mutations affecting a single copy of BRCA2 also
significantly elevate the risk of cancers in the pancreas, male breast, prostate, and other
tissues’® "6 7. Furthermore, biallelic mutations in BRCA2 are also found in Fanconi
anemia patients leading to predisposition to various types of cancer at early age®’®.

The earliest clues about the importance of BRCA2 in maintaining genome integrity came

from observations in mice showing that Brca2-mutated mice exhibited early embryonic
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lethality and DNA repair defects similar to Rad51-defective mice’ . At the same time,
BRCA2 was found to physically interact with RADS51 in vitro®. In addition, Brca2-
defective mouse cells where shown to exhibit chromosome rearrangements such as
translocations and chromosome breakages®! making the hypothesis of a direct role of
BRCAZ2 in DNA repair even stronger. Later on, the role of BRCA2 in HR was directly
measured using a recombination reporter assay in CAPAN-1 cells (pancreatic BRCA2
deficient cancer cells)®? which could be rescued by transient transfection of BRCA2%,
Afterwards, based on the established interactions between the BRC motifs of BRCA2 and
RADS51, together with the preferential binding of BRCA2 to ss DNA!? it was proposed
that BRCAZ2 could facilitate recruitment of RADS51 to sites of processed DSBs requiring
repair and enhance RAD51-promoted strand invasion!'t. In support of this hypothesis,
Brh2 (BRCAZ2 ortholog in U. maydis), was shown to stimulate the ATPase activity of
Rad51 on RPA-coated DNA containing a single-stranded gap and to promote Rad51-
filament formation on RPA-coated gapped DNA, while decreasing the amount of bound
RPA, suggesting its role as a Rad51 mediator®,

Therefore, it is not surprising that BRCA2 (as well as other factors involved in DNA
repair, such as BRCA1 and PALB2) function as tumor suppressors and that inherited
mutations in these genes confer significant lifetime risks of breast, ovarian, and other
cancers. Indeed, BRCA-deficient cells usually accumulate aberrations in both chromosome
structure (translocations, large deletions or chromosome fusions®?®) and number, reflecting
inaccurate chromosome segregation®™: 12%and genome instability which are hallmarks of
tumorigenesis’®. The structural aberrations typically include breaks affecting a single sister
chromatid, as well as tri-radial and quatri-radial chromosomes (Fig. 15). These

abnormalities denote defects in HR and can be explained by error-prone
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Figure 15. Structural chromosomal aberrations in metaphase spreads from murine embryonic fi-
broblasts homozygous for a targeted truncation in Brca2. (A) Typical metaphase spread, with arrows
marking abnormal chromosomes. Chromatid-type aberrations enlarged in (B-D) show breaks affecting a

single sister chromatid, tri-radial and quatri-radial chromosomes, respectively. (From Patel et al. 199881)

mechanisms like NHEJ or SSA82 130. 131 that take over the DNA lesions in the absence of
BRCAZ2. These pathways promiscuously re-ligate broken DNA ends, particularly across
short microhomologies. Consistent with this notion, human cancers harbouring
homozygous mutations in BRCA2 display not only extensive structural rearrangements in
chromosomes but also many short deletions (<50 bp) with overlapping microhomology at
breakpoint junctions®®2,

The abnormal chromosome number may be explained by other functions of BRCAZ2 in
mitosis such its role in cytokinesis® % 1% and in the alignment of chromosomes that we
have recently reported®.

As mention above, BRCA2 mutation carriers typically inherit a single mutated copy in
their germline. Following the Knudson 2-hits theory for tumor suppressors®?°, the wild-
type copy is lost in a process called loss-of-heterozygosity (LOH)™* 135 136 However,
recent genomic studies have shown that a fraction of these tumor retain BRCA2 wild-type
allele, suggesting that heterozygous mutations affecting BRCA2 might suffice for
carcinogenesis'®’. If so, haploinsufficiency may be the driver condition for tumorigenesis.

Along these lines, a recent study proposes that exposure to naturally occurring
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concentrations of formaldehyde or acetaldehyde may contribute to the carcinogenesis in
individuals with heterozygous BRCA2 mutations®38.

1.3.2. Structure and functional domains of BRCA2

Human BRCA2 is 3,418 amino acids in size (~390 kDa) comprised in 26 exons of
different sizes®® (Fig.16). Since it was discovered, an ever increasing number of interacting
partners of BRCA2 have been described, especially in those BRCA2 regions containing
well defined functional domains. Arguably, the search for new potential interactors of
BRCA2 may be a good strategy to characterize the disordered regions still poorly
understood. Indeed, the lack of significant sequence similarity with other human proteins
as well as the little conservation in mammalian evolution have made BRCA2 a protein
particularly difficult to characterize. As an example, mouse Brca2 shows only 59% amino
acid identity with the human BRCA2%. Nevertheless, BRCA2 homologs have been found
in several eukaryotes, including fungi, worms, plants and flies. For instance, the
counterpart in the fungus Ustilago maydis, Brh2, was the first to be shown to load RAD51
onto ssDNA at the junction with dsDNA®" &  As mentioned before, BRCA2 binds
primarily to RAD51 through the BRC repeats, an array of 8 consecutive interspersed
motifs of about 35 aa in length contained in the central region of BRCAZ2. This interaction
is essential for the formation of RAD51 foci at DNA breaks in vivol®. Accordingly, single
point mutations within an individual BRC motif, some of which are associated with
familial early-onset cancer, are sufficient to disrupt the interaction with RAD51%7. In
humans, the BRC repeats cover around 1200 aa, and at least 6 of them directly interact
with RAD51, with BRC4 having the highest affinity for RAD51%7,
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Figure 16. BRCAZ2 structure. Schematic representation of BRCA2 structure displaying its functional do-

mains (in color) and its interaction partners (below) as well as phosphorylation sites by CDKs (P). Details

are described in the text. (Adapted from Martinez, Baldeyron and Carreira 201586)
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Via this interaction, the BRC repeats alter the conformation of RAD51 and modulate the
DNA binding preference of RAD51. First, BRC repeats promote assembly and stability of
RAD51 on ssDNA by locally reducing its ATPase activity; in addition, they block the
assembly of RAD51 on dsDNAX" 1% thus favouring the formation of an active RAD51
nucleoprotein filament on sSDNA. The BRC repeats 1-4 allow RAD51 nucleation onto
ssSDNA and stabilize the nascent nucleoprotein filament by limiting its ATPase activity
(locked conformation). Once nucleation has been completed, BRC repeats 5-8 bind the
nascent RAD51 nucleoprotein filament and further promote filament extension (Fig. 17).
In addition, a study from our lab showed that the BRC repeats can also bind to the meiosis-
specific recombinase, DMC1 promoting the formation of DNA strand invasion products
(D-loops) between homologous molecules in a fashion similar to RAD51™8 They
demonstrated that BRC6-8 bind with higher affinity to DMCL1 rather than RAD51, and all
BRC repeats (with the exception of BRC4) stimulate joint molecule formation by DMC1,
identifying BRCA2 as a mediator of HR in meiotic cells!!8,
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Figure 17. Role of BRCAZ2 in promoting RAD51 nucleoprotein filament assembly in HR-mediated
DSBs repair: Proposed model for BRCA2 function during HR pathway to allow the assembly of RAD51
nucleoprotein filament essential for DNA strand invasion and search for homology during HR. Five cru-

cial steps can be identified in this process. (details in the figure and in the text). (From Carreira and Ko-

walczykowski 2011'")

The BRC repeat region is followed by the C-terminal region composed of approximately
1000 residues which is the best conserved portion of BRCA2 (Fig. 16). This aspect has
facilitated the description of the functional domains included in this region. This is also the
only region so far where pathogenic missense mutations have been described; our lab has
also contributed to their characterization®? . This region comprises the canonical DBD
which is composed of five domains: 3 oligonucleotide/oligosaccharide binding folds (OB
folds), a helical domain, and a tower domain'!!. The CTD together with one BRC repeat
BRCA2 are sufficient to promote the assembly of RAD51 onto ssDNA and
ssDNA/dsDNA junctions®” 112, The CTD binds to DSS1 (deleted in split hand/split foot)
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111 a small acidic protein that has been shown to promote RAD51-loading activity of
BRCA2 and its stability'!3. Moreover, the interaction of DSS1 masks a nuclear export
signal in BRCA2 and thereby controls both BRCA2 and RAD51 nuclear localization!4,
More recently, DSS1 has been proposed to promote BRCA2-dependent HR by reducing
the affinity of RPA for ssDNA, thereby facilitating a handoff of ssSDNA from RPA to
RAD511%6,

Unlike the C-terminal region, The N-terminal region of BRCA2 (hereafter BRCA2nT) is
particularly weakly conserved and highly disordered®® ®. Disordered regions usually exist
as highly dynamic ensembles with thousands of conformations and undergo disorder-to-
structure transitions upon binding to their partners. A relevant contribution to BRCA2nT
characterization came from a recent work from our lab that revealed of a novel DNA
binding domain (DBD) in this region. In particular, in this work the lab found that, in vitro,
this second N-terminal DNA binding domain (NTD) comprised in the region from 250-
500 aa, can bind different DNA structures including dsDNA and can promote the DNA
strand exchange activity of RAD51 in isolation. In addition, a missense breast cancer
variant located in the NTD affects NTD dsDNA-binding and impairs HR stimulation on
dsDNA/ssDNA junction containing substrates'®. These results suggest that both NTD and
CTD are required for RAD51 assembly onto ssDNA in the context of full length BRCA2.
Recently, three-dimensional electron microscopy reconstructions of full-length human
BRCAZ2 have reported that it dimerises to form an elliptical kidney-bean shape in which
two sets of BRC repeats with bound RADS51 line up in the middle part. The dimeric
BRCAZ2 is shown to bind to ~ 70nt ssDNA and promotes RAD51 nucleation, but not
filament growth'®®. This finding could be in agreement with a model depicting a role of
both NTD and CTD in RAD51 loading during HR%. Additional studies are necessary to
explore the interplay between these two DBDs, especially in order to know how they are
coordinated in vivo and if they exhibit specificity for different DNA substrates or DNA
damage.

In addition, BRCA2nt binds to the Partner and Localizer of BRCA2 (PALB2). PALB2
chromatin association is important to localize BRCA2 at the sites of DNA damage®® *2. In
addition, PALB2 binds BRCAL1 serving as the molecular scaffold in the formation of the
BRCA1-PALB2-BRCA2 complex®. Moreover, PALB2 binds DNA, preferentially D-loop
structures, and directly interacts with RAD51 to stimulate strand invasion®*. Depletion of
PALB2 leads to a decrease in HR efficiency, MMC hypersensitivity and reduction of the
retention of BRCAZ2 in the nucleus®. Therefore, as BRCA1 and BRCA2, PALB?2 is also
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considered a breast cancer predisposing gene. PALB2 BRCAZ2-binding site is shared with
another factor called EMSY. EMSY-BRCAZ2 interaction leads to deactivation and
transcriptional repression of BRCAZ2; indeed, sporadic breast and ovarian cancer cells
show strong amplification of EMSY and this is associated with poor prognosis®.

The N-terminal region also contains several binding sites for the cell cycle master regulator
Polo-like kinase 1 (PLK1) . CDK1 phosphorylation of T77 residue triggers this
interaction, which in turn favors further BRCA2 phosphorylation at S193. These events
promote BRCA2 localization to the midbody where it interacts with Myosin 11C (NMCII),
a molecular motor protein that binds to cytoskeletal actin and regulates cytokinesis®. . In
addition, BRCAZ2 interacts with other components of midbody, such as CEP55 and Alix in
order to promote abscission'®. Moreover, CDK-dependent BRCA2-PLK1-binding is
important to facilitate PLK1-mediated RAD51 phosphorylation, which, in turn, mediates
the association of RADS51 with stressed replication forks in order to protect the genomic
integrity of proliferating human cells®,

Importantly, in a recent work from the lab, we showed a new role for PLK1-mediated
BRCAZ2 phosphorylation in the control of mitosis. We identified a conserved PLK1-
phosphorylated site at T207 of BRCA2 that is phosphorylated during mitosis. We found
that this step promotes the formation of a tetrameric complex between BRCA2, PLK1 the
phosphatase PP2A and phosphorylated-BUBR1, which is required for the formation of
stable kinetochore-microtubule attachments®®. Impairing BRCA2 phosphorylation by
PLK1, as observed in BRCA2 breast cancer variants S206C and T207A, alters the
tetrameric complex resulting in unstable kinetochore-microtubule interactions, misaligned
chromosomes, faulty chromosome segregation and aneuploidy®. Interestingly, this
function appears to be distinct from the HR activity of BRCAZ2.

BRCAZ2 residues 290-453 specifically interact with histone acetyl-transferase P/CAF®’,
which acetylates BUBR1 in mitosis. BRCAZ2 has been shown to act as a scaffold protein
bringing together P/CAF and BUBR1 for proper spindle assembly checkpoint (SAC)
activation'®. Moreover, the interaction with P/CAF suggests a role of BRCA2 in
transcriptional activation exploiting the histone modifying activity of P/CAF. BRCA2
cooperates with both BRCAL and P/CAF to enhance AR (Androgen Receptor) and GRIP1
(coactivator of AR)-mediated transactivation, promoting the anti-proliferative effect of
ARlOS.

The regions interspaced between the BRC repeats also harbor a PLK1 phosphosite

although its function remains unknown (ref 98). This region also harbours a nuclear export
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signal (NES) required for cytoplasmatic localization of BRCA2'% and an interaction site
for the kinesin-like coiled-coil high mobility group protein HMG20b (known also as
BRAF35), essential for BRCA2 functions in cytokinesis; specifically, disruption of this
interaction leads to delayed cell division and accumulation of binucleated cells*®. In
addition, the C-terminal region of BRCA2 binds to the actin binding protein Filamin A,
relevant for BRCAZ2 localization to the midbody during cytokinesis®,

The C-terminal region of BRCAZ2 also includes a binding site for the tumor suppressor
p53. Indeed, p53 transactivation deficiency leads to HR suppression and overexpression of
BRCAZ2 inhibits the apoptotic and transcriptional activity of p53 reducing the expression
levels of its targets genes, such as p21*°. At the extreme C-terminus, BRCA2 contains two
nuclear localization signals (NLS). Thus, truncated mutants not containing this region are
non-functional because they cannot translocate into the nucleus®?!,

Finally, a second RAD51 binding site lays in the C-terminal region although, unlike the
BRC repeats, this region seems to bind only RAD51 oligomeric form. Phosphorylation of
S3291 by CDKs takes place in G2/M transition of the cell cycle and prevents this
interaction, which, in turn, promotes disassembly of RAD51 filaments once HR repair is
complete!?, Interestingly, disrupting this interaction by a S3291A or S3291E mutation
impairs the protective function of BRCAZ2 at stalled replication forks while sparing DSB

repair establishing a new role for the interaction between BRCA2 and RAD515L,

1.3.3. BRCAZ2 variants of unknown clinical significance (VUS)

As mentioned above, germline mutations affecting a single copy of BRCAZ2 significantly
increase the risk of breast and ovarian cancer’ 22 123 Indeed, recent studies report that
inherited mutations in BRCA2 gene are associated to a 69% of risk to develop breast
cancer by the age of 80 and 17% of risk to develop ovarian cancer; BRCA2 mutations also
increase the risk of prostate, pancreas and male breast cancer’®.

Since BRCA2 discovery, thousands of variants that occur in the human BRCA2 gene have
been identified, but only a fraction of them are reliably known to cause cancer
susceptibility’?* 125, Founder mutations inducing cancer susceptibility have been identified
amongst the Ashkenazi Jewish population, as well as in Iceland for instance. The great
majority of pathogenic or likely pathogenic mutations (80%) generate a premature
termination codon, truncating the encoded protein and potentially decreasing its expression

through nonsense-mediated mRNA decay?® and are, usually, distributed throughout the
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protein. By contrast, a 10% of pathogenic mutations are missense variants that generate a
stable mutant protein; they have been found to cluster in specific and limited regions of the
protein, such as OB folds region and helical domain in BRCA2'®. However, a large
number of missense alleles are classified as being variants of unknown significance (VUS),
posing a challenge for accurate risk assessment and clinical management in mutation
carriers. Many efforts have been done to assess a classification of these variants
considering the frequency of the variant in cases versus controls, co-occurrence with a
known deleterious mutation, co-segregation with the disease in families, occurrence of
disease in relatives, and biochemical evidence, such as residue position, conservation and
functional assays!®. Given the growing number of BRCA2 (and BRCA1) VUS, their
organized collection appeared mandatory. For this reason, in 2009 the Evidence-based
Network for the Interpretation of Germline Mutant Alleles (ENIGMA) international
consortium was established (https://enigmaconsortium.org/)}*°. ENIGMA is a wide
research-based consortium with the aim of providing methods to facilitate specifically the
classification of variants of BRCA1 and BRCA2 and of other breast cancer susceptibility
genes of which our lab has been part of. the consortium provides the criteria for assessing
variant significance based on multifactorial likelihood models that include population,
clinical evaluation, bioinformatics prediction, functional characterization and promotes
data sharing of large-scale projects with variant annotations!*!: 42, Over time, the
ENIGMA variant classification data have been collected in the global BRCA Exchange
database, together with data from other clinical and population databases (e.g., ClinVar,
LOVD, GnomAD), to provide updated and revised reports of variant interpretations*,

VUS are difficult to classify for three main reasons: i) lack of sufficient population-based
statistical evidence, especially if found in many different pathological conditions and
population subgroups ii) scarcity of functional evidence, since they are often missense or
synonymous substitutions located in domains of not known functional relevance, and iii)
different evaluations by clinicians and researchers'**, Through great efforts, several
experimental approaches have been developed in the last few years to determine variant
functions in pathological processes®. In this context, it is important to choose the
appropriate model system to recapitulate the biochemical alterations and their biological
consequences. The evaluation of missense substitutions is more challenging than
truncating mutations since, in the former, the effects on protein structure and/or function is
not straight forward!**. The importance of the functional evaluation of VUS has become

even more evident in recent years with the increase in the number of VUS detected thanks
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to the advance in sequencing technologies and to the advent of personalized therapies such
as PARP inhibitors (PARPi)*1% : indeed, the assignment of specific treatments
depending on the mutational profile of the tumor can have a big impact on the management
and prognosis of patients. The number of functional assays is expanding ranging from
HDR (HR) assays!*° to studies with conditional knock-out cells allowing the evaluation of
the capacity of the gene variant to rescue lethality, DNA repair, and resistance to PARPi*®
151 Other assays focus on micronucleus formation and centrosome amplification in
mutated cell lines or on the restoration of resistance to damaging agents by BRCA2 variant
complementation, or on increased chromosome breakage after y-irradiation>2-1%4,

In time, these functional assays will provide data that could be used to establish a model
for VUS evaluation as demonstrated in this study to which our group has contributed to3%.
This model will become an indispensable tool for the assessment of the clinical relevance

of variants of uncertain significance.

1.4. R-loops and genome instability

In the past decade, the advances in next-generation sequencing have revolutionized our
understanding of the regulatory role of RNAs in cellular functions'®®. For example, RNA
can exert its regulatory function through the formation of DNA-RNA hybrids and R-loops,
when an invading RNA on a duplex DNA results in the displacement of ssDNA. R-loops
were first identified 40 years ago in vitro; 20 years later, their existence was demonstrated
in vivo in the bacteria Escherichia coli. However, it was not until the first evidence of their
function during immunoglobulin (Ig)-class-switch recombination (CSR) that the research
on RNA-DNA hybrids and R-loops gained larger attention®. In the last few years, several
studies have identified important roles of these structures in gene regulation and DNA
repair'®. However, as by-products of transcription, R-loops can also interfere with the
transcription process and contribute to genome instability when their removal by dedicated
enzymes fails.

Genome-wide mapping has demonstrated that R-loops form in particular in promoter
regions of transcriptional active genes %% 194 Generally, in this context, R-loops can form
when a nascent transcript re-anneals back on the DNA template: in this case, the R-loop
formation is called in cis. RNAP pausing at transcriptional start sites or collisions between
transcription and replication machinery can also be the cause of in cis R-loops. In addition,

R-loops can form in trans when an RNA molecule transcribed from a distant
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Figure 18. Factors promoting R-loop formation and stabilization: Schematic representation of typical

conditions implicated in favouring the formation of R-loops, particularly in the context of transcription.
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genomic locus is used to hybridize with a DNA2, Figure 18 highlights most common
factors implicated in R-loops generation and stabilization. Several studies have suggested
that R-loop formation is strongly promoted by particular DNA conditions and sequence
context, for example, the presence of GC-rich DNA sequences. In particular, in vitro
studies have reported that G-rich transcripts complementary to C-rich DNA strand are
responsible for the generation of stable R-loops!®. Secondary structures generated onto the
displaced ssDNA of an R-loop can also favour its stabilization. For instance, it has been
shown that G-quadruplex (G4) structures, secondary structures that are composed of
quartets of guanine bases held together by Hoogsteen base pairing and base stacking, can
form at the ssSDNA of the R-loops formed across immunoglobulin loci during CSR and this
factor makes them more stable as re-annealing of the two DNA strands is disfavoured®.
Moreover, topological constraints occurring during transcription can also influence R-loop
formation. Negative supercoiling due to dsDNA opening during transcription has been
shown to promote the hybrid formation with the nascent transcript. In addition, current
mathematical models propose that R-loops can absorb negative supercoiling, thereby
relieving topological strain on the overall DNA molecule and stabilizing the R-loop
structure®”. Furthermore, during transcription, the presence of a nick on the non-template
DNA strand increases the chances of an R-loop to be formed; indeed, upon unwinding of
DNA duplex, a nick on the non-template strand can impede DNA strands to re-anneal and
favour DNA-RNA hybrid formation!®. Finally, beyond factors that can promote R-loop
formation, the absence of proteins and enzymes involved in processing these structures can

also represent a strong cause for their persistence and stabilization as discussed in the next
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section.

1.4.1. R-loops: physiological roles and causes of genome instability

As mentioned above, although it is clear that R-loops can represent a threat for genome
integrity, they are also intermediates in several cellular processes regulating genome
dynamics (Fig. 19B). For instance, R-loops are essential intermediates in the initiation of
DNA replication in mitochondrial DNA, bacterial plasmids and the bacteriophages ColEL.
In all these cases, the replication mechanism requires an RNA molecule used as a template
for DNA synthesis that will then be processed by an RNAseH enzyme in order to remove
the RNA and generate a primer for DNApol to extend and terminate DNA replication®®°.
Moreover, among the most known physiological roles of R-loops is their function as a
natural sources for 1g-CSR. This process occurs at special regions called repetitive switch
(S) regions. They are characterised by high G-content and are targets of the B cells-specific
activation-induced cytidine deaminase (AID). In B cells, S regions can form R-loops that
are acted upon by AID at the displaced G-rich ssSDNA to generate the DSBs responsible for
CSR, Finally, R-loops can serve as intermediates for CRISPR-Cas9 activity since the
guide-RNA forms a DNA-RNA hybrid to identify the target for Cas9-mediated
cleavage?®.

Interestingly, increasing evidence indicates that R-loops play roles in gene expression (Fig.
19C); this is supported by the fact that often R-loops form at promoters or transcription
termination sites. For instance, R-loops could avoid methylation and transcription silencing
of CpG islands promoter regions when they form in their proximity; indeed, these regions
are often associated with unmethylation. It has been proposed that DNA methyl-
transferases may bind with more affinity dsDNA than a DNA-RNA hybrid, so R-loops
could act preventing their action and transcription silencing®® 21, Moreover, it has been
shown that R-loops are present at gene promoters of long non-coding RNAs (IncRNAS)
involved transcription activation or repression. In response to R-loops presence at these
promoters, the binding of transcription factors is affected, thus impeding IncRNAs
production and influencing INcRNAs targets transcription activation or repression?%? 2%, n
some cases, the INcRNAs can directly form R-loops at promoter regions and regulate gene
expression®®* 2% |n addition to localization at promoters in human genes, R-loops can be

also enriched over G-rich terminator elements. This situation could facilitate RNAP
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Figure 19. Physiological roles of R-loops in cellular processes and gene regulation: (B) Representation
of three examples of typical cellular processes in which R-loops are implicated (from the top to the bottom,
replication of mitochondrial DNA, 1g-CSR, and CRISPR-Cas9 activity). (C) Schematic representation of
common situation where R-loops are involved in gene regulation and, in particular, impeding transcription
factors (TF) binding to promoters, triggering transcription silencing (top), or repressors and DNA methyl-

transferases, promoting transcription (middle). Finally, presence of R-loops at G-rich transcription termi-

nation sites could facilitate RNAP pausing (bottom). (Adapted from Garcia-Muse and Aguilera, 2019191)

pausing before efficient termination. In fact, the DNA-RNA helicase Senataxin (SETX)
has been reported to act on R-loops positioned downstream of gene poly(A) signals,
removing them and allowing the recruitment of termination factors®® 207, The
physiological roles of R-loops raise the question of how their formation is regulated. One
good example is provided by CRISPR-Cas9 mechanism as mentioned above®®.
Interestingly, an increasing number of factors such as DHX9 and DDX1 have been found
involved in this regulation?® 2°°. DDX1 helicase can unwind G4 structures found in the Ig
S-region transcript, allowing the RNA to hybridize with the DNA and providing the
ssDNA substrate needed for AID action and CSR?®.

Therefore, R-loops are widely exploited in the genome for the regulation of cellular
processes such as DNA replication and gene expression.

In spite of their physiological roles however, unscheduled R-loops can lead to DNA

damage and ultimately genome instability. The first observations that pointed to R-loops as
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being a threat for genome integrity came from studies demonstrating that mutations in
genes involved in biogenesis, splicing and export of mRNA exhibited elevated R-loops
levels, increased DNA damage and transcription-associated recombination?!® 211 212 One
explanation for the R-loop-associated genome instability is the possible action that
nucleases, DNA modifying enzymes (ex. AID), and genotoxic metabolites could exert on
the displaced ssDNA, more susceptible to DNA mutagenic agents than dsDNA (Figure
20A). In addition, it has been proposed that R-loops could be the source of unscheduled
DNA-replication if the RNA acts as a primer for highly mutagenic DNA synthesis®®.
However, the most plausible explanation for R-loop-induced genome instability in S-G2
cells is the deleterious effect of these structures on replication fork (RF) progression
causing their stalling and, eventually, fork breakage (Fig. 20 B). Indeed, different studies
have shown a correlation between DNA damage arising during replication and the
presence of R-loops?!3 24 215 |n fact, R-loops are considered a cause of transcription-
replication conflicts (TRCs). In support to this, recent works have shown that RNAseH
overexpression can rescue replication-associated damage and fork slowing in condition of
active transcription'® 2'°, Moreover, FA pathway factors such as FANCA, FANCD2 and
FANCM, that act during replication to repair ICLs, have been shown to suppress or resolve
R-loops?t6 217 Although TRCs are certainly connected to deficiency in R-loops-protecting
factors??® 221 the exact mechanism of how genome instability arises from TRCs is still not
clear: one possibility could be that R-loops themselves, or in association with RNA
polymerase (RNAP), represent an obstacle for RF progression triggering RF blockage. In
favour of this hypothesis, depletion of the FACT chromatin-remodelling complex in
yeasts, a factor that exchanges nucleosomes around the RNA polymerase during
transcription elongation, leads to the accumulation of R-loops and R-loop-dependent DNA
damage suggesting that FACT is important for avoiding R-loop-mediated TRCs???. At the
present, two models are generally accepted for TRCs formation according to the direction
of movement of RNAP related to the replication fork, and each of them leads to different
consequences (Fig 20B). In the head-on collision model, RF and RNAP proceed in
opposite directions and collide; these R-loops are the ones that preferentially cause DNA
breaks??. Alternatively, RNAP and RF may travel in the same direction leading to co-
directional conflicts.
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These TRCs may arise from R-loops stabilized by an DNA-RNA hybrid binding protein??,
R-loops seem to arise more often from head-on TRCs as reported in yeast and bacteria??®
224 In addition, R-loops may cause chromosomal rearrangements, especially in the context
of repetitive DNA sequences or common fragile sites (CFS), regions that are difficult to
replicate. Indeed, several studies have reported R-loops accumulation at these loci
supporting the idea that R-loops can be a source of TRCs in these regions. In agreement
with this, the presence of R-loops seems connected to the genome instability at
trinucleotide repeat sequences® and CFS that can be rescued by R-loop removal®®L,

One more threat to genome instability correlated to R-loops is transcriptional stress
generated by either stalling, arrest or backtracking of RNAP. R-loops are reported to block
transcription in vitro and to alter it in vivo??5. However, as previously described, R-loops
are known to influence gene expression also via transcription activation. It is still not clear
how cells discriminate between these two opposite effects on transcription. It is possible

that programmed R-loops are highly regulated in order to be removed by dedicated
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enzymes right after having accomplished their regulatory. Transcriptional stress may arise
in two different modes: (i) RNAP pausing could be dictated by an associated R-loop; (ii)
an R-loop could trigger the stalling of upstream RNAPs?%. Importantly, transcription-
coupled NER (TC-NER), has been involved in the removal of R-loops inducing RNAP
stalling. Although the mechanism for R-loops removal in this context has not been fully
clarified, recent studies proposed that TC-NER nucleases such as XPG and XPF may
excise R-loops that block transcription, leaving a ssSDNA gap that could progress to a
double-strand break (DSB) with additional strand breaks or DNA replication?8. 227: 228,

In conclusion, these studies have led to identify R-loops as a source of genome instability
mainly through DNA breakage occurring at the displaced ssDNA or following

transcriptional and/or replication stress.

1.4.2. R-loops preventing and processing factors

The strong association between R-loops and genome instability explains the importance of
factors that prevent their formation in cells or process the persistent and potential harmful
ones. One first barrier against DNA-RNA hybrids formation is represented by RNA
Binding Proteins (RBPs) that through the binding to the nascent mRNA protect it from
annealing back to the DNA template during transcription elongation. Several RBPs
including the serine/arginine-rich splicing factor 1 (SRSF1), components of the
cleavage/polyadenylation machinery, and components of the TREX (mRNA export)
complex involved in the coupling of transcription, processing, and nuclear export of
transcripts, prevent R loop formation and DNA breaks'®®. To avoid the formation of R-
loops, it has been proposed that RBPs may package nascent pre-mRNA and/or promote
their co-transcriptional processing thereby avoiding the presence of unprocessed transcripts
that could hybridize with the DNA template. Additionally, as mentioned before, negative
supercoiling generated by the opening of the DNA duplex during transcription can favour
the annealing of the nascent RNA back on the DNA template. Thus, factors like
topoisomerases, which reduce topological constrains, are important to counteract this
Effect221’ 229, 230_

As mentioned above, high levels of transcription are generally associated with R-loop
formation. However, several studies suggest that it is not the only cause of R-loops
accumulation as demonstrated by R-loops accumulating mutants that exhibit transcription

defects'®. Chromatin state also represents a factor influencing R-loops formation. In yeast,
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mutants in histones H3 and H4 exhibit high levels of R-loop?®!. In mammals, different
studies have also correlated R-loops accumulation with an “open” state of the chromatin%*
233 Along the same lines, human cells deprived of the histone deacetylase SIN3A also
accumulate DNA-RNA hybrids %2, Since SIN3A can interact with mRNA exporting
factors, such as the THO complex, it is tempting to speculate that this complex could
contribute to R-loops prevention not only by promoting mRNA export, but by also
facilitating a close state of the chromatin. In agreement, heterochromatin appears to be an
obstacle for R-loops formation®®*,

Besides R-loop prevention, cells have developed different mechanisms to resolve these
structures and protect genome integrity. Some known factors include nuclease enzymes
belonging to RNAseH family, conserved ribonucleases from bacteria to humans that, as
already mentioned, are able to degrade the RNA moiety specifically in DNA-DNA hybrid
context. Two main types of RNAseH enzymes have been described: RNAseH1 and
RNAseH2. Although both are efficient at removing DNA-RNA hybrids, according to
recent evidence from yeast, they appear to be differentially regulated: whereas RNAseH2
action is predominant during G2/M phase of cell cycle in both R-loop processing and
ribonucleotide excision repair (RER), RNAseH1 can function in a cell cycle-independent
manner and it is highly activated in presence of robust R-loop accumulation®4. Although
they act also physiologically removing RNA primer in hybrids at the Okazaki fragments,
several studies from bacteria to humans have reported that cells depleted of RNAseH
enzymes accumulate R-loops and, in particular, RNAseH1 overexpression can repress
phenotypes associated with persistent R-loops?t® 211 229. 235 Nevertheless, the removal of
DNA-RNA hybrids by degradation of RNA may come with a cost because it often results
in the degradation of large chunks of newly synthetized RNA. This is perhaps why a large
number of RNA-dependent helicases have evolved to process R-loops. RNA helicases
found to be involved in this context include SETX, which, as already mentioned, has been
implicated in R-loops resolution also in combination with DNA repair factors like BRCA1,
promoting transcription elongation and termination?8 206 236, 237, 240 ' DE AxQ-like putative
RNA/DNA helicase Aquarius (AQR) has also been implicated in R-loops resolution and in
preventing R-loops-dependent damage??’. In addition, many RNA helicases belonging to
the DEAD-box (DDX) family have been implicated, directly or indirectly, in R-loops
metabolism such as DDX19, DDX23, DDX21, DDX1 and DDX5206: 209. 227, 238, 239, 241-244,

264

For instance, DDX19, a nucleopore-associated mRNA export protein, was found to unwind
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DNA-RNA hybrids in vitro and cells depleted of DDX19 showed an increase in R-loops
and DSBs suggesting that it acts on R-loops arising from replication stress or DNA

damage?®®®

. Additionally, phosphorylated DDX23 is recruited to pausing RNAP at R-loops
enriched site and mediates R-loops resolution and transcription elongation?*?, A more
detailed overview on DEAD-box proteins will be given in section 1.5 (page 58).

But, why cells need all these RNA-helicases for R-loops resolution? One reason could be
that each of them is specific for a subset of DNA-DNA hybrids in different cellular
contexts; alternatively, they could act as RNA chaperons sequestering RNA and avoiding
the possibility of DNA-RNA hybridization. Further studies are required to address this
question. For example, proteomic approaches based on DNA-RNA hybrid pull-down have
revealed a large number of potential factors implicated in this context?*! 245 and, although
the data generated requires further validation, this strategy appears a convincing tool to

reveal novel factors involved in R-loop formation or suppression.

1.4.3. R-loops and DDR

As discussed above, R-loops can be the cause of RF stalling and DNA breaks. Thus, R-
loops can activate ATM and ATR and trigger the DDR3, In particular, a recent study
shows that head-on TCRs activate ATR whereas co-directional TCRs preferentially lead to
ATM activation®*®, However, ATM activation could arise from the conversion of an R-
loop into a DSB, mediated by replication through a gap in the displaced ssDNA or the
action of nucleases to process R-loops (Fig. 21A). In turn, ATR activation could derive
from the RPA-coated ssDNA present at an R-loop-stalled fork (Fig. 21B)?%,

Nonetheless, R-loops can activate ATM- and ATR- mediated DDR also in absence of
DSBs and in non-replicating cells. For instance, it has been shown that RNAP pausing due
to DNA lesions blocking transcription triggers R-loops formation, which in turn promote
ATM activation in a replication-independent manner?*’. Moreover, recent evidence
indicate that RPA colocalizes with R-loops throughout the cell cycle, working as a sensor
of these structures®*®. This could stimulate ATR activation independently of DNA
replication (Fig. 21C). In support of this hypothesis, a recent work has shown that ATR is
activated by the RPA-coated displaced strand of R-loops resulting from the transcription of
centromeric proteins during mitosis?*®. Further studies will be needed to explore whether

R-loops can activate ATR in a non-canonical manner in other contexts and especially, if
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this is the case, how this activation is controlled.

1.4.3.1. Interplay between RNA helicases and nucleases involved in RNA meta-

bolism and DNA repair proteins in resolving R-loops

In addition to RNA nucleases and helicases, DDR factors implicated in DNA damage
repair pathways have also been involved in the processing of these structures. For instance,
in the context of TRCs, ATM and ATR appear to be important for the recruitment of
SETX at these sites to promote DNA-RNA hybrids resolution®°. Another example is ATR
activation of DDX19 that promotes its translocation from the nuclear pore to the nucleus in
order to resolve DNA-RNA hybrids at TRCs?8.

However, the most important indications of a role of DNA repair pathways in R-loops
resolution comes from evidence showing that cells depleted of factors such as BRCA1,
BRCAZ2 and diverse members of FA pathway (FANCD2, FANCA, and FANCM) among
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others, accumulate R-loops. For example, overexpression of RNAseH1 in FANCD?2-
depleted cells lead to a decrease of RF stalling phenotype and reduced DNA damage.
Interestingly, although the binding of FANCD2 to R-loops stimulate FANCD2
monoubiquitination and function!®, FANCD2 can also mediate R-loops removal in
combination with RNA-processing enzymes such as DDX47'%, FANCM has also been
proposed to remove R-loops by it DNA-RNA unwinding activity demonstrated in vitro®,

Although diverse studies have shown a correlation between BRCA1 and BRCA2 DNA
repair proteins with R-loops resolution, a clear mechanism is lacking. As mentioned
before, BRCAL in complex with SETX contributes to R-loop removal in the context of
transcription termination sites. In agreement, the disruption of this interaction leads to
persistent R-loops and DNA damage at these sites?®. Another study implicates BRCAL in
transcription elongation indicating that RNAP pausing could induce R-loops accumulation
and perhaps tumorigenesis in BRCAL1 deficient cells?’.

As described before, BRCA2 depleted cells also accumulate R-loops. Bhatia and
colleagues showed that BRCAZ2 interaction with DSS1 and PCID2, two components of
mRNP biogenesis and export complex TREX-2'®". The authors proposed that in this
context, BRCA2 may act as a scaffold protein for the recruitment of other factors involved
directly in R-loops processing.

In a recent work, BRCAZ2 has been proposed as relevant for the transition of RNAP from
promoter-proximal pausing (PPP) sites to active transcription elongation. In this scenario,
BRCAZ2 inactivation lead to stalling of RNAP at PPP sites resulting in R-loops
accumulation proposing a different model to explain how BRCAZ2 repair protein could be
involved in R-loops metabolism*®. Thus, both BRCA1 and BRCAZ2 are able to repress R-
loops-induced transcriptional stress by promoting transcription elongation.

A convincing argument for the function of DNA repair factors in resolving DNA-RNA
hybrids is suggested by their accumulation upon silencing of very common factors
involved in DNA repair pathways such as ATR, ATM, CHK1, CHK2, UBE2B, and
RAD18%,

Finally, because many of the factors discussed above are also involved in DSBs repair,
they might also be involved in the removal of R-loops accumulated at sites of DSBs. A
more detailed description of this possibility will be provided in the next section.

1.4.3.2. R-loops and DSB repair
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Favourable topological conditions such as local negative supercoiling accumulating behind
RNAP during transcription, can promote DNA-RNA hybrid formation promoting DNA
strands opening and facilitating the hybridization of nascent transcript with the DNA
template in cis. Therefore, DNA breaks generating a nick could also relieve the topological
tension, triggering DNA opening and rotation, and generating sSDNA that will be more
prone to anneal with the nascent RNA in transcribed regions, thus inducing DNA-RNA
hybrids and R-loops formation?2. In support of this hypothesis, it has been reported that a
sSDNA nick in Ig switch regions as well as treatment with the topoisomerase | (TOPI)
inhibitor camptothecin (CPT) (that blocks re-ligation of the ssDNA nicks generated by
TOPI), induce DNA-RNA hybrid formation®®2. In human cells, ssDNA nicks and DSBs
induced by laser micro-irradiation lead to R-loops formation; in this scenario, the DDR
kinases ATM, ATR and DNA-PKGcs trigger the exclusion of RBPs from damaged DNAZ,
Also in humans, the DEAD-box protein DDX1 forms foci at DSBs in cells exposed to IR.
These foci are sensitive to RNAseH and transcription inhibitors treatment suggesting they
are DNA-RNA hybrid dependent®®*. Moreover, DDX1 displays unwinding activity in vitro
on these substrates suggesting this activity may serve for the removal of DNA-RNA
hybrids at DSBs. Other studies in yeast also supported the idea that DNA breakage can
induce DNA-RNA hybrids at the sites of the break?>®.

Therefore, ssDNA nicks and DSBs represent a driving force for the formation and
stabilization of DNA-RNA hybrids at these sites. In addition, several labs have proposed a
DSB-induced de novo small non-coding RNA (sncRNAs)-transcription in different
organisms. Indeed, although canonical transcription of genes flanking DNA breaks is often
suppressed?® several transcription factors as well as RBPs are recruited at DNA damage

sites®0?

. Whether this event requires specialized mechanisms or is just a consequence of
chromatin relaxation upon DNA damage needs further study. As a result of transcription
activation at these sites, several species of DNA damage-associated RNAs have been
described such as DNA-damage response RNAs (DDRNAs) and DSB-induced RNA
(diRNA). Their biogenesis is linked to the RNA interference (RNAI) pathway although the
nature of the precursor transcript is still unknown. DDRNAs and diRNAs have been shown
to promote DDR activation and DSBs repair by HR?®. Recently, DSBs-induced-de novo
transcription of diRNAs has been linked to the formation of DNA-RNA hybrids®’.

All these findings rise the important question of how the presence of DNA-RNA hybrids
influence DSB repair.

On the one hand, it has been proposed that DNA-RNA hybrids present at DSBs could
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promote their repair: for instance, a study in S. pombe refers to these hybrids as
intermediates of HR-mediated DSBs repair in which annealing of the RNA to the ssSDNA
generated upon resection would regulate this step, impeding hyperesection as observed
upon RNAseH overexpression. However, for the repair to take place, RNAseH is required
to remove these hybrids to allow RPA coating on ssDNA. The same study also reported
RNAP stalling at induced DSBs suggesting that formation of DNA-RNA hybrids as
intermediates in DSBs repair is a regulated process requiring transcription for the
generation of hybrids DNA-RNA and RNAseH action to remove them?®. On the other
hand, a different study in S. cerevisiae indicates that RNAseH is not required for efficient
DSBs repair, although RNAseH double mutants show R-loops accumulation and forks
collapse during replication.

Different studies have shown a decrease of human HR repair factors such as RAD51,
RAD52, BRCA1/2 at DSBs in response to RNAseH overexpression suggesting that DNA-
RNA hybrids are required for their recruitment??® 27, Moreover, HR repair factors are
reported to be enriched at induced DSB of actively transcribed regions in human cells?*®.
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Figure 22. Possible outcomes of DNA-RNA hybrids formation at DSBs sites. When a DSB occur (a)
recognition of DNA ends by NHEJ factors (b) or DNA end resection could promote different NHEJ- and
HR-mediated repair respectively. However, the formation of a DNA-RNA hybrid before resection (e)
could affect normal recognition of DNA ends by NHEJ factors (f) and promote non-template DNA deg-
radation (g) committing DSB repair toward HR pathway, as canonical DNA end resection (d). In the case

of DNA-RNA hybrids at DSBs, their removal is necessary for further steps of HR repair pathway. (From

Aguilera and Gomez-Gonzales, 2017252)
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In spite of these advances, whether DNA-RNA hybrids have a direct role in mediating
DSBs repair remains unclear. Indeed, DNA-RNA hybrids may form upon resection by the
annealing of RNA on the ssDNA tail generated upon resection or they could be generated
at DSBs before resection with the possibility of committing the repair of DSB to HR rather
than NHEJ (Fig. 22). If this occurs, the non-template strand would be now prone to
degradation by nucleases. The structural alterations caused by the formation of a hybrid
before resection (which determines DNA repair pathway choice) could affect the
recognition of broken DNA ends by NHEJ factors, thus committing the DSB repair
pathway towards HR?2. In support of this model, DSBs occurring at highly transcribed
regions are favourably repaired by HR, whereas NHEJ is more active on DSBs generated
in poorly transcribed chromatin?®®.

Persistent R-loops flanking DSBs could affect recruitment of DNA repair factors, alter
chromatin structure or induce the error-prone repair pathways??°. In this regard, a recent
genome-wide mapping of DNA-RNA hybrids performed in the DSBs inducible cell system
(DiVA cells) revealed that R-loops are enriched at regions of the chromatin flanking DSBs
and that SETX RNA helicase is recruited at these sites. Importantly, depletion of SETX
affected RAD51 recruitment channelling repair through NHEJ?®, reinforcing the idea that
the proper removal of DNA-RNA hybrids may promote DSBs repair by HR. Moreover, in
yeast, RNAseH mutants have been reported to induce defective breaks repair by BIR
pathway or blocking DSBs resection??> 26!, Along these lines, mammal cells show a
decrease in the recruitment of HR factors such as CtIP in response to AQR depletion??,
Interestingly, a recent study shows that CtIP itself is important for R-loop prevention,
although its proposed role in directly processing these structures was presented as
independent of DSBs?2,

In conclusion, further studies are required to assess how DNA-RNA hybrid formation at
DSBs is regulated and whether they have an active function in DNA repair pathway

choice.

1.4.3.3. BRCA2 and R-loop metabolism

A wealth of recent evidence suggest that BRCA2 (as well as also BRCAL) is implicated in
the turnover of R-loops structures. BRCA2 was first shown to be involved in R-loops
processing or prevention when accumulation of these structures was observed in BRCA2-

depleted cells!®”. Whereas BRCAL role in this context has been associated at R-loops
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formed at transcription termination sites (more details on BRCAL implication in R-loops
resolution will be discussed in section 1.4), the origin of R-loop accumulation following
BRCAZ2 inactivation has been less clear. It has been reported that BRCA2 might participate
in MRNP biogenesis through the interaction of its partner DSS1, with PCID2 component of
the mRNA transcription and export (TREX). Since R-loops are usually co-transcriptional,
they could be associated to the exported mRNA and BRCA2 could support the recruitment
of proteins and enzymes able to process these structures'®’. Interestingly, human BRCA2
has recently been shown to bind to the RNAP and BRCAZ2 inactivation was found to trigger
RNAP stalling and unscheduled R-loops accumulation at promoter-proximal pausing (PPP)
sites in actively transcribed genes. DNA breaks marked by YH2AX formation was increased
at these genomic sites in BRCA2-deficient cells, suggesting that unscheduled R-loops
formed at PPP sites may be processed into DSBs!®. Moreover, it has been recently
proposed that, in the context of HR-mediated DSBs repair, BRCA2 could recruit RNaseH?2
(an enzyme important for the specific degradation of RNA in DNA-RNA structures) to
DSBs, where it might regulate the turnover of DNA-RNA hybrids at the damage sites'°.
Finally, a recent paper showed that overexpression of RNaseH1, known to degrade RNA
from DNA-RNA hybrids 8, ameliorated the formaldehyde-induced replication stress and
chromosomal aberrations of BRCA2 heterozygous cells, suggesting that R-loops might
mediate the formaldehyde-induced cellular anomalies following the inactivation of one
BRCA2 allele®®,

Collectively, these observations suggest that unscheduled R-loop accumulation may be a
major source of the endogenous DNA damage that leads to spontaneous chromosomal
instability following the inactivation of BRCA2.

1.5. DEAD-box (DDX) family of proteins: focus on DDX5

Several RNA helicases belonging to the DEAD-box (DDX) family, including DDX5, have
been involved in the processing of DNA-RNA structures.

DEAD-box proteins belong to the superfamily 2 (SF2) helicases and are classified as ATP-
dependent RNA helicases that include 38 members in humans, 25 in yeast, and 9 in
bacteria®®®. Similar to other SF2 RNA helicases, DEAD-box proteins contain 12 highly
conserved motifs that are responsible for RNA-dependent ATPase and ATP-dependent

helicase activities. The name “DEAD-box” originates from the single letter amino acid
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Figure 23. Non-processing unwinding activity of DEAD-box proteins. Schematic representation of the
DEAD-box RNA helicases unwinding cycle. Black lines represent RNA strands and the red ovals are the
two RecA-like domains connected by a flexible linker. When DEAD-box protein does not bind RNA, the
two RecA-like domains are farther apart and exhibit a flexible “opened” conformation. After ATP and
dsRNA binding (1) for next unwinding activity, the two RecA-like domains come closer together to form
a “closed”. This leads to the bending of one RNA strand and results in local duplex destabilization (~6
bp) (2). ATP hydrolysis and inorganic phosphate release convert the two RecA-like domains back to the
“opened” conformation (3). In presence of longer than 6 bp duplexes multiple cycles of unwinding are

required (4) until the helicase fully disrupts the partially opened duplex (5). (From Xing, Ma and Tran
2019°")

code Asp (D)-Glu (E)-Ala (A)-Asp (D) that is present in the highly conserved motif II.
DEAD-box proteins are implicated in all major aspects of RNA metabolism, from
synthesis to biological activity, and to inevitable decay?®®. Similar to other RNA helicases,
DEAD-box proteins unwind RNA duplexes in an ATP-dependent manner?®” and, as
previously mentioned, some of them are reported to unwind also DNA-RNA hybrids 23 254
241, 243, 244, 264, 265 A common unwinding mechanism shared by most of RNA helicases
consists in a first binding of the helicase to a single-stranded region next to the duplex and
then its translocation in a unidirectional manner. This mechanism is known as
translocation-based duplex unwinding®®®. In contrast, DEAD-box proteins do not unwind
in a translocation-based fashion but rather, load directly onto the duplex region and
separate the two strands by twisting on of the RNA strands. This particular capacity of
DEAD-box proteins is linked to the fact that they contain a structurally conserved helicase

core that consists of two globular RecA-like domains (RecA_N and RecA_C) which are
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connected by a flexible linker to form a characteristic “dumbbell-like” core. During RNA
unwinding, the two domains adopt a closed conformation upon cooperative binding of the
double strand RNA (dsRNA) and ATP. This allows to bend one strand of the RNA, which
results in the destabilization of the dsRNA structure following release of the “unbent”
RNA strand?’. ATP hydrolysis then leads to the helicase dissociation from ssRNA and to
the end of a single round of the unwinding cycle. However, a single ATP hydrolysis cycle
only unwinds approximately six base pairs of dsSRNA; thus, to separate a longer duplex,
multiple unwinding cycles are required. Indeed, following the binding of a second ATP
molecule, the DEAD-box helicase can recycles back on the same RNA substrate or,
alternatively, find a new target?®’ (Fig. 23).

One of the main functions of DEAD-box proteins is to act as ribonucleoprotein (RNP)
chaperone. This role requires the ability to bind different types of RNAs in a sequence-
independent manner, since DEAD-box recognize the phosphate backbone of RNAZ7: 269,
In addition, it has been reported that some accessory domains or protein co-factors may
confer DEAD-box proteins a specificity for certain substrates?®® /%, The role of DEAD-
box proteins as chaperones relay on their ability to remodel RNA structures using their
unwinding and annealing activities, the latter being ATP independent. The remodelling of
RNA structures mediated by DEAD-box proteins allow the exposure of RNA motifs
required for the interaction with RBPs; on the other hand, DEAD-box proteins themselves
can function as platform for the formation of RBPs-RNA structures complexes. Examples
of RNA chaperone activity carried out by DEAD-box proteins have been shown in the
context of splicing and mMRNA export?®°,

DDX5 (or p68) RNA helicase was first identified forty years ago; later, analysis of its
sequence showed strong similarities with murine translation initiation factor elF4A, also
classified as DEAD-box helicase. A paralog of DDX5, DDX17 (or p72) was also
identified, with a level of identity with DDX5 of 69.7%. Several studies have characterized
this helicase in humans, Drosophila (Rm62) and yeast (Dbp2), demonstrating a high
evolutionary conservation 2. DDX5 possess a typical DEAD-box helicase core consisting
of 12 DEAD-box motifs, whereas the N- and C-terminal are more diverse. For instance,
arginine and glycine (RG)-rich regions, important for RNA and protein interaction, that are
normally at C-terminal region in other members, can be found at both N- and C-terminus
in DDX5. Additionally, DDX5 contains low homology-sequences at C-terminus called C-
terminal extensions (CTEs) whereas these extensions are present at both N- and C-

terminus in DDX17 and this is one of the most important differences between the two
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paralogs?’?.

DDX5 unwinding activity was described for the first time thirty years ago. DDX5
recombinant protein was purified from human cells and it showed ATPase and ATP-
dependent helicase activity on dsSRNA?"2. Recent works based on DDX5 and Dbp2 purified
from bacteria, demonstrated the low processivity of both helicases although DDX5 has
faster unwinding activity that Dbp2?™% 273, They also differ on the ATP-dependent
annealing activity described for Dbp2 but not for DDX5. Interestingly, the same study
showed that a truncated DDX5 lacking CTEs acquires annealing activity suggesting that
these extended regions could have an impact on how DDX5 interacts with dsRNA.
Importantly, both Dbp22™ and DDX5 can unwind DNA-RNA hybrids in vitro®4. In this
study, DDX5 was found to be methylated by the protein arginine methyltransferase 5
(PRMT5) at the RG-rich motifs which allows its interaction with the exoribonuclease
XRN2. This complex is important for the resolution of R-loops at transcription termination
sites?4,

As most of DEAD-box proteins, DDX5 also shows a wide range of functions in RNA
metabolism ranging from post-transciptional gene regulation to ribosome biogenesis.
Several studies have shown a variable localization of DDXS5 in the cell according to the
cell-cycle status: for instance, in interphase, DDX5 shows a more clear nuclear pattern
whereas it locates to the cytoplasmic during G2/M phase. Its localization may dependent
on DDXS5 post-translational modification and on cell type?”. Interestingly, DDX5 has been
involved in transcription regulation in cancer. Indeed, DDXS5 is a co-activator of oncogenic
transcription factors such as estrogen receptor (ER) and androgen receptor (AR), which are
important in the breast and prostate cancer, respectively. 2728, Importantly, other studies
have shown DDX5 as a coactivator of the tumor suppressor p53 in response to DNA
damage?”® explaining the sensitivity to y-irradiation observed in selected tissues following
DDXS5 depletion. This study suggests that DDX5 has selective coactivator activity for p53
in response to DNA damage and may modulate the decision between cell cycle arrest and
apoptosis, favouring cell survival?”®. A more recent analysis in breast cancer context
revealed that DDX5-p53 interplay may regulate expression of PLK1. Indeed, it was shown
that DDX5 can associate with the promoter of PLK1 and stimulate its expression in p53-
deficient breast cancer cells?’®. In addition, it is well established that DDX5 is

280 prostate?’” and breast

overexpressed in various types of cancers including colon
cancers?’®, Depletion of DDX5 has been shown to inhibits cancer cell growth indicating it

may be involved in cancer development. In this regard, a small molecule inhibitor of
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DDXS5, Supinoxin™ (RX-5902), has been already developed for cancer therapy, and it is
in a clinical trial in patients with metastatic triple negative breast cancer (ClinicalTrials.gov
identifier: NCT02003092)?"*. This suggests that DDX5 is a promising drug target for
cancer.

DDX5 has been found important also in chromatin modification through the regulation of
long non-coding RNAs (IncRNAs), essential for their interaction with histone modifiers?’*.
A large number of studies have focused on DDX5’s role in mRNA processing, especially
in splicing and mRNP export. For instance, DDX5 has been reported to interact with the
spliceosome and contributes to its catalytic activation?’t. Moreover, DDX5 has been found
important in alternative splicing regulation targeting specific sequence elements. Indeed,
DDX5 could regulate this process resolving particular RNA structures such as RNA G-
quadruplexes, although it is not clear whether DDXS5 actively processes these structures??.
Additional evidence supports a role of DDX5 in mRNA export, mediating not only the
association between export factors with the mRNA but, likely, promoting the translocation
of the mRNP through the nuclear pores?’!. Other works associate DDX5 to Nonsense-
mediated decay (NMD), a surveillance pathway essential to target mMRNA for degradation.
Common targets for this pathway are mRNAs that exhibit a premature termination codon.
DDX5 has been described to stabilize the assembly of the NMD machinery onto the
targeted mRNASs?®2. Furthermore, DDX5 appears involved in ribosome biogenesis. Indeed,
DDX5 associates with rDNA and its overexpression leads to an increase of rRNA
transcripts, suggesting that DDX5 promotes rDNA transcription. Interestingly, R-loops
identified in rDNA affect its transcription. Therefore, it is tempting to speculate that DDX5
is required at rDNA to resolve R-loops and facilitate rDNA transcription. On the other
hand, DDX5 could also function in ribosome biogenesis promoting the assembly of RBPs
on rRNA in order to process it?’t. Additional reported functions of DDX5 are in micro-
RNA generation and processing, signalling and glucose metabolism?™2,

In conclusion, DDX5 plays important roles in several aspects of RNA metabolism, from
RNA processing and export to regulation of RNA levels and gene expression. However,
more studies are required to understand how different RNP and RNA conformations

regulate the different functions of DDX5.

1.6. Hypothesis and objectives of this thesis project

My thesis project focuses on the role of DDX5 and BRCA2 at DNA-DNA hybrids in the

62



context of DSBs repair.

Cells have evolved diverse DDR pathway to face both endogenous and exogenous sources
of DNA damage and ultimately to prevent tumorigenic transformation. Among the most
toxic and mutagenic lesions are DSBs that, if not repaired, lead to chromosome loss or
fragmentation, chromosomal rearrangements and genetic instability.

The tumor suppressor BRCAZ2 participates in the DDR, in particular in HR, the
predominant mechanism employed by cells to accurately repair DSBs. A wealth of
evidence suggests that mutations affecting this function of BRCA2 lead to genomic
instability and tumorigenesis.

BRCA2 is a large protein consisting of 3418 aa (390 KDa) %. It comprises several
functional domains related to its HR function including the C-terminal DNA binding
domain, the BRC repeats that bind RAD51 and DMC1 (RAD51 homolog in meiosis) and a
PALB2 (partner and localizer of BRCA2) interacting site at the N-terminus. Recently, our
laboratory has described a new DNA binding domain in the N-terminal region that is
important for HR%®. Despite these findings, the function of the N-terminal region of
BRCAZ2, which represent one third of the protein (around 1000 aa), remains poorly
understood mainly because of its highly disordered nature which complicates its
characterization. Therefore, our laboratory performed an N-terminus "interactome™ to shed

light on the functions of this region.

OBJECTIVE 1
Biochemical and cell-based confirmation of the BRCA2 interacting RBPs and RNA

helicases identified by proteomics screen.

The N-terminus “interactome” revealed that the BRCA2nT interactors are enriched in
different categories and one of the most enriched was represented by RNA binding
proteins and RNA helicases. Interestingly, some of these proteins have been involved in
the DDR and in the case of RNA helicases this seems to be associated to their ability to
process R-loops and DNA-RNA hybrids?3® 244254,

R-loops and DNA-RNA hybrids formation is concomitant to the process of transcription;
however, when unscheduled, these DNA-RNA structures represent a source of genome
instability'®®. Interestingly, the formation of R-loops can be enhanced by ssDNA and
dsDNA breaks?® and emerging evidence indicate that DNA-RNA hybrids can accumulate
at DSBs 228 239 255, 283, 284 |mportantly, BRCA2 deficient cells accumulate R-loops
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providing evidence for its role in either R-loop prevention or processing™®® 187,
Additionally, BRCA2 has been found to regulate transcription elongation!® and in this
scenario, BRCA2 inactivation leads to R-loops mediated genome instability. Finally, a
recent work report a role of BRCA2 in modulating DNA-RNA hybrid levels at DSBs
through its interaction with RNAseH21%°,

All these findings prompted us to ask whether BRCAZ2 could cooperate with the interacting
RNA helicases identified in our MS analysis in preventing or processing DNA-RNA
structures.

Thus, the first objective of this PhD project was to confirm by biochemical and cell based
tools the results obtained from our proteomics screen. We could confirm the interaction of
BRCAZ2 with the DEAD-box RNA helicase DDX5 by co-immunoprecipitation (co-1P) and
pull-downs performed in human cells These preliminary results were further confirmed by
in situ Proximity Ligation Assay (PLA), a cell-based technique that allows detecting two
proteins that are in close proximity (< 40 nM). Both of these approaches were carried out
in presence or absence of DNA damage (irradiation or Mitomycin C treatment) to test
whether the interaction was enriched upon DNA damage. We also sought to refine the
DDXS5 interacting site by co-IP using different truncated fragments of BRCA2. Finally,
using the purified proteins and pull-downs assays we determined whether the interaction

was direct.

OBJECTIVE 2
Assess the role of the interaction of BRCA2 and DDX5 in DNA-RNA hybrid

resolution

The recent findings describing DDX5 unwinding activity on DNA-RNA hybrids in
vitro?®*, together with the proposed role of BRCA2 in R-loops metabolism®® 187 led us to
investigate the role of the confirmed interaction between BRCA2 and DDX5 in the
resolution of DNA-RNA hybrids.

Several RNA helicases such as DDX1%% 24 or DDX21%* have been described as
participating in the DDR: this role seems to be dependent on their unwinding activity on
DNA-RNA hybrids or R-loops formed at DNA damage sites that could affect proper DNA
repair. Thus, as second objective of this PhD project, we first aimed to characterize DDX5
role in the resolution of DNA-RNA structure in association with BRCAZ2 in the context of
DSBs.
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We first aimed to confirm the role of DDX5 in suppressing DNA-RNA structures by
looking at the genome-wide spectrum of DNA-RNA hybrids (DNA-RNA
Immunoprecipitation (DRIP)) that accumulate upon its depletion. We also sought for
evidence for an accumulation of DNA-RNA hybrids at DSBs in these cells using PLA with
the DNA-RNA hybrids specific antibody S9.6 and the DNA-damage specific marker
yH2AX or at specific R-loop enriched regions, after DSBs induction, exploiting the U20S
DIVA cell system?®°, We then looked for evidence of DDX5 association with DNA-RNA
hybrids by PLA and its association with DSB using laser micro-irradiation and Chromatin-
Immunoprecipitation (ChIP) and whether this association was dependent on BRCAZ2.

To get mechanistic information we then used radiolabeled R-loops and purified DDX5 and
BRCAZ2 to test the possible effect of BRCA2 on the unwinding activity of DDXG5.

OBJECTIVE 3
Examine the effect of disrupting BRCA2-DDX5 interaction on DNA-RNA resolution
and on DSBs repair by HR

To determine the specific role for BRCA2-DDX5 interaction we looked for a mutation that
could alter the binding. Following the mapping to the first 250aa of BRCA2, we decided to
focus on a BRCA2 missense variants identified in breast cancer patients previously
characterized in the lab in the context of mitosis®* located in this region. Using BRCA2
deficient cells stably complemented with BRCA2 WT or containing the selected variants
(stable cell lines previously developed in our lab), we assessed the effect on BRCA2-
DDXS5 interaction. Once identified a variant altering the interaction, we used cells bearing
this variant to study their phenotype, DNA-RNA hybrid levels upon DNA damage and the
purified mutated protein to assess its capacity to stimulate DDX5 unwinding activity in
vitro. Finally, we evaluated whether BRCA2-DDXS5 interaction was required for DSBs
repair by HR.
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CHAPTER 2

BRCA2 is a multidomain and multifunctional protein involved in several pathways
throughout the cell cycle, as described in detail in Chapter 1. Over the last years my
laboratory has used different approaches to understand the function of BRCAZ2, focusing
especially on those regions of the protein that remain still poorly understood, such as the
N-terminal region of BRCA2 (BRCA2nr).

This thesis project reveals DDX5 as a new partner of BRCA2 nt and contributes to clarify
the role of BRCA2 in DNA-RNA hybrids metabolism. In the next Results section, I will

give a detailed description of this work outlined in the Objectives section.

Results

To shed light on the function of the highly disordered N-terminal region of BRCA2, Juan
Martinez in the lab performed a proteomics mass spectrometry screen on this region. For
this purpose, he used a fusion construct composed of a N-terminal tandem of maltose
binding protein tags (2xMBP) tag and two nuclear localization signals (NLS) followed by
the first 1000 aa of BRCA2 (hereafter BRCA2 nt). As a control he used 2xMBP-NLS
alone (hereafter 2xMBP). The two constructs were transiently expressed in HEK293T
cells. Then, he performed an amylose pull-down from nuclear cell extracts and loaded the
samples on SDS-PAGE gel. ~24 gel slices of the gel were submitted to trypsin digestion
and the peptides extracted from each slice were analizyed by nano-liquid chromatography-
coupled to tandem mass spectrometry (MS) at the Mass Spectrometry facility of Institut
Curie to identify potential partners (Fig 1A). From this analysis, several factors involved in
diverse cellular functions such as DNA damage or chromatin remodelling were identified
as possible interactors. Interestingly, several RNA binding proteins (RBPs) and especially
RNA helicases appeared particularly enriched in this analysis (Fig. 1B). Importantly, some
of these RPBs have already been found involved in DNA damage response (DDR) and in
the resolution of DNA-RNA hybrids, such as RNA helicases DDX1%° 2% DDX5%4
DDX21%** and the RBP RBMX?%, Thus, we next aimed to confirm the potential

interactions revealed by MS analysis.

21. OBJECTIVE1
Biochemical and cell-based confirmation of the BRCA2 interacting RBPs and RNA

helicases identified by proteomics screen
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Figure 1. Investigation of potential partners of BRCA2nt. (A) Schematic representation of method used
for BRCA2nr interactome. HEK293T cells were transfected with 2xMBP-NLS- BRCA2nt and 2xMBP-NLS
constructs, subjected to an amylose pull-down, loaded on a SDS-PAGE and processed for mass spectrometry
(MS).(B) DEAD-box helicases found enriched in the BRCA2yt interactome. Label free protein quantifica-
tion. (Left) BRCAZ2 (in italics) and DDX Protein ID present in the MS screen showing the fold enrichment of
each protein in BRCA2nt/ 2XMBP. Infinite-fold indicates proteins that are only present in BRCA2nt sample.
(Right) Quantification of the protein abundance in molar fraction percentage (mol %) in each pull-down as

indicated based on label free emPAI quantification as described in Ishihama et al., 20053%,
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To confirm these interactions we performed an amylose pull-down with benzonase-treated
whole cell extracts of HEK293T cells transfected with the same constructs (2xMBP and
BRCAZ2nT) as in the MS. Cells were either left untreated or treated with y-irradiation (IR,
6Gy) to detect interactions enriched upon DNA damage. Our results revealed that DDX5
and DDX21 could specifically co-purify with BRCA2nt and exposure to IR moderately
enhanced the interaction of DDX5 with BRCA2nt. In contrast, we were unable to confirm
the interaction between RBMX and BRCA2nt (Fig. 2A). Co-Immunoprecipitation (co-IP)
using a BRCA2 specific antibody confirmed DDX5 interaction with endogenous BRCA2,
whereas we could not validate the same result for DDX21. This analysis confirmed the
complex of BRCA2 with DDX5 in benzonase-treated conditions although IR did not
enhance the formation of the complex (Fig. 2B).

To further confirm their co-localization of DDX5 and BRCAZ in the cell we performed an
in situ Proximity Ligation Assay (PLA) with specific antibodies anti-BRCA2 and anti-
DDX5 in U20S cells left untreated or exposed to IR (6Gy) 4 hours before fixation. For
every PLA experiment | will present in this thesis, | carried out two single-antibody
controls to assess the specificity of the PLA signal. Analysis and quantification of single
PLA spots per nucleus showed that BRCA2 and DDX5 colocalized in the cell and their
proximity was enhanced in cells exposed to IR (Fig. 2C). As both BRCA2 and, more
recently, DDX5 have been shown involved in DNA-RNA hybrids resolution®” 264 we
tested whether BRCA2-DDX5 interaction was dependent on the presence of DNA-RNA
hybrids. Overexpression of RNAseH1 (RH), a nuclease able to degrade specifically the
RNA molecule in a DNA-DNA hybrid, reduced PLA signal and this was further
accentuated in IR conditions (Fig. 2C). Finally, to evaluate the dependence of the
interaction on transcription expected from the sensitivity to RH treatment we treated cells

with Cordycepin, a transcription inhibitor.
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Figure 2. BRCA2? interacts with DDX5 (A) Amylose pulldown from HEK293T whole cells extracts
expressing 2xMBP-BRCA2yt in untreated or irradiated cells (6Gy; +IR). Lysates treated with Benzonase.
DDX5 and BRCA2nt (MBP) detected by immunoblot. StainFree images of the gels before transfer was
used as loading control (cropped image is shown). (B) Immunoprecipitation (IP) of endogenous BRCA2
from HEK293T cells treated or not with IR (6Gy), as indicated. Lysates treated with Benzonase. Normal
mouse 1gG was used as negative control. Immunoblot for DDX5 and BRCAZ2 detection in both Input and
IP samples. StainFree images of the gels before transfer was used as loading control (cropped image is
shown). C) Top: Representative images of in situ proximity ligation assay (PLA) between BRCA2 and
DDXS5 antibodies in U20S cells either left untreated (-) or irradiated (4h post-IR; 6 Gy). When indicated,
cells were transfected with a plasmid expressing RNase H1 (RH) 24h before or treated with Cordycepin
(Cordy) for 2h at 37°C before fixation. Single antibody controls from untreated siC cells are shown. Scale
bar indicates 10 um. Bottom: Quantification of the number of PLA spots per nucleus. At least 300 cells
per condition were counted from three independent experiments. For statistical comparison of the
differences between the samples we applied a Kruskal-Wallis test followed by Dunn’s multiple
comparison test, the p-values show significant differences. The red line in the plot indicates the median,

each symbol represents a single PLA spot.

Similarly to RH overexpression, inhibition of transcription led to a decrease in PLA spots
in both untreated and irradiated conditions suggesting that the co-localization of BRCA2
and DDX5 is dependent on transcription (Fig. 2C). Thus, DDX5 interacts with BRCA2 N-
terminus; this interaction is enhanced particularly in IR conditions and favoured by DNA-
RNA hybrids and transcription.

Next, to define a shorter region of BRCA2 sufficient to bind DDX5 we performed an
amylose pull-down in HEK293T cells overexpressing a series of truncated fragments
contained in the BRCA2nt. The three 2xMBP-NLS-tagged fragments comprised either
BRCA2 aa 1-250, 1-500 or 1-750 (hereafter BRCA2ti, BRCA2.T,,
BRCAZ2_13 ,respectively) or the 2xMBP tag as control (Fig. 3A). We found that the three
BRCAZ2 fragments but not the control 2xMBP were able to form a complex with DDX5
that was not sensitive to benzonase treatment included in the reaction (Fig. 3A). These
results indicate that the first 250 aa of BRCA2 (BRCAZ2r1) are sufficient to bind DDX5.
Next, to find out whether the interaction was direct, we purified BRCA2t; from HEK293T
cells with a protocol already established in the lab!®, and MBP-DDX5-GST as previously
described®®. 2xMBP-NLS-BRCA2r; was purified from HEK293T cells using affinity
chromatography followed by a weak ion exchange chromatography. An example of the
purification procedure and the fractions obtained in a typical experiment are illustrated in
Fig. 3B. MBP-DDX5-GST expression vector (kind gift from E. Tran., Purdue University,

US) was expressed in bacteria and was purified using a glutathione resin
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followed by cation-exchange chromatography as previously described?®. The purity of the
protein was assessed by SDS-PAGE gel (Fig. 3C).

Equal amount (200 ng) of the two proteins were mixed together and incubated with
glutathione resin. Importantly, BRCAZ2+11 was readily eluted from the glutathione resin only
in the reaction containing GST-DDX5-MBP indicating that the interaction between
BRCAZ2 and DDX5 is direct (Fig. 3D).

Taken together, these results indicate that DDX5 RNA helicase physically binds BRCA2
and that the interacting site is comprised within the first 250 aa of BRCA2.

2.2. OBJECTIVE 2

Assess the role of the interaction of BRCA2 and DDX5 in DNA-RNA hybrid
resolution

Both BRCA2- and DDX5-depleted cells have been reported to accumulate DNA-RNA
hybrids!®” 264 We confirmed these data using U20S cells transfected with either BRCA2
or DDX5 siRNA. DNA-RNA hybrids accumulated upon DDX5 and BRCAZ2 depletion as
detected by Immunostaining with S9.6 antibody that recognize DNA-RNA hybrids?® (Fig.
4A). As DDX5 possesses ATP-dependent helicase activity on DNA-RNA hybrids in
vitro?®* 265 e next tested whether a DDX5-helicase dead mutant (DDX5-HD) could
rescue the high levels of DNA-RNA hybrids observed in DDX5-depleted cells. We
generated a construct expressing DDX5-GFP WT or a construct in which we introduced an
alanine substitution in residue K144 of DDX5, a highly conserved residue previously
shown to be required for the unwinding activity of DDX5%®° (DDX5-HD-GFP). DDX5-
GFP WT and DDX5-HD-GFP constructs were transfected in U20S cells depleted of
endogenous DDX5 or of BRCA2. As shown in Fig. 4B, DDX5-GFP WT was able to
rescue the S9.6 intensity signal in both BRCA2- and DDX5-depleted cells. However,
DDX5-HD-GFP was also able to reduce S9.6 intensity signal, indicating that the helicase
activity is dispensable for preventing DNA-RNA hybrids in these conditions. It is possible
that an excess of RNA binding activity due to the overexpression suffices to suppress the
formation of DNA-RNA hybrids (coll. A. Aguilera, CABIMER, Sevilla).
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Figure 4. Depletion of BRCA2 and DDX5 leads to accumulation of DNA-RNA hybrids. (A)
Representative immunofluorescence images of U20S cells depleted of DDX5 (siDDX5), BRCA2
(siBRCAZ2) or control cells (siC) and stained with the DNA-RNA hybrid antibody S9.6. Scale bar indicates
10 um. Right: Quantification of the relative intensity of S9.6 staining. The data represent at least 500 cells
per condition from three independent experiments. The median, 10th to 90th centile range (boxes and
whiskers) are plotted. For statistical comparison of the differences between the samples we applied a t test.
The p-values show significant differences. (B) Quantification of S9.6 immunofluorescence of U20S cells
depleted of BRCA2 (siBRCA2), DDX5 (siDDX5) or control cells (siC) expressing either DDX5-GFP or
DDX5-HD-GFP. The red line in the plot indicates the median, each symbol represents the value of a single
cell. The statistical significance of the difference was calculated with Mann-Whitney U-test; the p-values
show the significant difference. The data represent at least 235 cells per condition from three independent

experiments

bDXS depletion have been reported to increase replication stress sensitivity?®4. Because
unscheduled DNA-RNA hybrids represent a barrier for replication!®? 218 219 we tested
whether DDX5 associated with DNA-RNA hybrids in replicating cells. We labelled U20S
cells with EAU to monitor replicating cells and performed in situ PLA using anti-DDX5

and anti-S9.6 primary antibodies.
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Our data revealed that DDX5 associates with DNA-RNA hybrids and this is dependent on
transcription (Fig. 5A); However, the association with the hybrids was independent of
replication, since both EAU and non-stained cells displayed similar levels of DDX5-5S9.6
PLA signal (Fig. 5B). The PLA signal for DNA-RNA hybrids was specific since it was

sensitive to RH overexpression.
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Figure 5. DDX5 associates with DNA-RNA hybrids (A) Representative images of in situ PLA experi-
ment performed between DDX5 and S9.6 antibodies in U20S cells. When indicated, cells were treated
with Cordycepin (Cordy) for 2h at 37°C before fixation. Single antibody controls from untreated cells are
shown. Scale bar indicates 10 um. Right: Quantification of the number of PLA spots per nucleus in differ-
ent conditions, as indicated. The data represent at least 200 cells per condition from three independent
experiments. (B) Representative images of in situ PLA from U20S cells stained for DDX5 and S9.6
(DNA-RNA hybrids) antibodies in EAU or non-EdU stained cells. Scale bar indicates 10 um. Bottom:
Bottom: Quantification. At least 300 cells per condition were counted from three independent experiments.
For (A) and (B) quantifications statistical comparison of the differences between the samples was per-
formed applying a Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values show

significant differences. The red line in the plot indicates the median, each symbol represents a single PLA

To analyse the genome-wide effect of DDX5 depletion on DNA-RNA hybrids, our
collaborators from A. Aguilera’s lab (CABIMER, Sevilla) performed a DRIPc-seq
experiment providing high-resolution, strand-specific profiling!®,

Meta-plot analysis of the strand-specific composite profile across the average gene body in
both Watson and Crick strands in K562 cells (Fig. 6A, B) revealed an enrichment of DNA-
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RNA hybrids at the 3’ end of the sense strand, corresponding to transcription throughout
the gene body, as well as at the promoters, as previously reported %4 28 Importantly,

DDX5-depleted cells exhibited similar overall distribution pattern of hybrids, but the levels
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Figure 6. Depletion of DDX5 triggers a genome-wide increses of DNA-RNA hybrids. (A)
Representative screenshot of a specific genomic region showing DRIPc-seq profiles at Watson (W) and
Crick (C) strands in K562 cells depleted of DDX5 (siDDX5) or control cells (siC) from two independent
experiments. The siC data were obtained from (GEO, GSE127979)?%, (B) DNA-RNA hybrid distribution
along protein-coding genes. Gene metaplot representing the mean of antisense and sense DRIPc-seq signal

from two independent experiments in K562 cells depleted of DDX5 (siDDXS5) or control cells (siC).

were consistently higher than those obtained with control cells. Therefore, DDX5 depletion
leads to a genome-wide increase in the DNA-RNA hybrids along gene bodies, in
agreement with the several RNA metabolism processes in which it is involved?™.

We next wondered whether DNA-RNA hybrids observed in the absence of DDX5 were

enriched at DSBs sites. Therefore, our collaborators (coll. A. Aguilera, CABIMER,
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Sevilla) compared to a previously reported YH2AX ChIP-seq analysis performed in the
same K562 cells?®, Interestingly, the signal obtained in the DRIPc-seq was enriched in
DDX5-depleted cells around YH2AX ChIP-seq peaks (Fig. 7A), suggesting that DNA-
RNA hybrid accumulation at break-prone sites is enhanced by the loss of DDX5.
Moreover, the overlap of DNA-RNA hybrids and yYH2AX -enriched regions was almost
two-fold higher in DDX5-depleted cells compared to the control cells (Fig. 7B) (from 12%
in siC cells to 22% in siDDX5 cells). These results indicate that DNA-RNA hybrids that

arise upon DDXS5 depletion are enriched in the vicinity of DSBs.
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Figure 7. DDX5-depleted cells exhibit DNA-RNA hybrids in the vicinity of DSBs. (A) DNA-RNA
hybrid metaplot distribution over yYH2AX ChIP-seq peaks, calculated from (GEO, GSE104800)%. Peak
metaplot shows the mean of the DRIPc-seq signal from two independent experiments in K562 cells
depleted of DDX5 (siDDX5) or control cells (siC). (B) Venn diagram representing the overlap between
YH2AX-positive genes in K562 cells (yYH2AX ChIP-seq) and genes that specifically accumulate hybrids
in control cells (top) or in DDX5- depleted cells (bottom).

In agreement, in situ PLA using S9.6 and anti- YH2AX antibodies performed in DDX5- or
BRCAZ2- depleted U20S cells showed a two-fold increase in the number of DNA-RNA
hybrids associated with DSBs compared to control cells. The signal was sensitive to RH

overexpression and Cordycepin treatment (Fig. 8A), suggesting that both BRCA2 and
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BRCAZ2 (siBRCA2), DDX5 (siDDXS5) or control cells (siC). When indicated, cells were transfected with
RNase H1 (RH) 24h before or treated with Cordycepin (Cordy) for 2h at 37°C before fixation. Single
antibody controls from non-irradiated siC cells are shown. Scale bar indicates 10 pm. Right: Quantification
of PLA spots per nucleus in each condition as indicated. At least 300 cells per condition were counted from
three independent experiments For statistical comparison of the differences between the samples we applied a
Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values show significant differences.
The red line in the plot indicates the median, each symbol represents a single PLA spot. (B) yYH2AX ChIP-
gPCR signal values at RBMXL1 and HIST1H2BG loci in U20S DiVA cells transfected with the indicated
siRNAs and either untreated cells (-OHT) or after tamoxifen addition (+OHT). The data represent the mean +
SEM from at least two independent experiments. The statistical significance of the difference was calculated

with unpaired t-Student test; the p-values show the significant difference. (C) Relative DRIP-gPCR signal
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values at RBMXL1, HIST1H2BG and SNRPN loci in U20S cells transfected with the indicated siRNAs and
treated in vitro with RNase H1 (RH) pre-immunoprecipitation where indicated. The experiment was
performed in both untreated cells (-OHT) and after tamoxifen addition (+OHT). The data represent the mean
+ SEM from at least four independent experiments. The statistical significance of the difference was

calculated with unpaired t-test; the p-values show the significant difference.

DDXS5 depletion lead to a transcription-dependent increase in DSBs-associated DNA-RNA
hybrids. However, these data do not discriminate between DNA-RNA hybrids causing
DNA damage from those arising upon DNA break induction thus, we next performed a
DRIP experiment in the U20S DIVA cell system?® (coll. A. Aguilera, CABIMER,
Sevilla). In these cells, around 100 DSBs, marked by YH2AX, are genecrated by the
restriction enzyme AsiSI at specific sites upon treatment with tamoxifen (OHT). The
analysis was focused on the RBMXL1 gene containing an AsiSI cut-site and a control gene,
HIST1H2BG, not containing an annotated AsiSI cut-site but that was previously shown to
accumulate spontaneous DNA-RNA hybrids upon DDX5 loss?®*. Both of these genomic
loci are highly transcribed, thus prone to DNA-RNA hybrids. Chromatin-
Immunoprecipitation (ChlP) using anti- yH2AX antibody confirmed the induction of DNA
damage upon OHT treatment at the RBMXL1 locus but not at the HIST1IH2BG locus, as
expected (Fig. 8B). In agreement with previous reports, depletion of Senataxin (SETX) or
of BRCAZ2 caused an increase on DNA-RNA hybrids levels in RBMXL1 locus upon OHT
treatment compared to control cells 2%, Interestingly, DDX5- depleted cells also showed
a significant increase (Fig. 8C). In all these conditions, RH treatment strongly reduced
DRIP signal confirming its specificity. By contrast, no significant increase in hybrids was
observed in HIST1IH2BG gene or at the non-transcribed locus SNRPN upon OHT
treatment. Altogether, these data indicate that BRCA2- and DDX5-depleted cells
accumulate DNA-RNA hybrids particularly at DSB sites.

These results raised the question as to whether DDX5 was recruited to DNA damage sites
and if so, whether BRCA2 could affect its retention at these regions. Therefore, we
performed a laser micro-irradiation (405 nm) experiment in Hoechst 33258-sensitized
U20S cells transiently expressing DDX5-GFP to follow the localization of DDX5 within
the nucleus upon DNA damage induction in real time. This system has been extensively
reported in the literature to monitor the recruitment of DDR proteins and RBPs at DNA
damage sites?®> 220, To assess the efficiency of our system, we monitored the recruitment
of the early marker of DSBs GFP-53BP1. As expected, GFP-53BP1 signal re-localized at

laser tracks within 2 min post-irradiation and the signal at the tracks increased over time

78



reaching a maximum at around 10 min post-irradiation (Fig. 9). Prior laser irradiation,
DDX5-GFP showed a nuclear pattern, as previously reported?®?, although some stronger
signal could be found at nucleolar regions, probably due to its overexpression (Fig. 9).
However, in contrast to GFP-53BP1, DDX5-GFP signal disappeared specifically from the
DNA damage tracks in a pattern defined as “anti-stripe” already reported for other RBPs
and DEAD-box proteins?8> 292294 (Fig. 9) (coll. S. Vagner, Institut Curie, Orsay).
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Figure 9. BRCA2 enhances DDX5 retention at DNA damage. Top: Scheme showing the experimental
set up for laser irradiation in DDX5-GFP transfected U20S cells depleted of BRCA2 (siBRCA2) or control
cells (siC). Bottom left: Western blot showing the siRNA mediated knock-down of BRCA2 from U20S
cells transfected with DDX5-GFP. Bottom right: Live cell imaging of the recruitment of GFP-53BP1 or
DDX5-GFP to DNA damage tracks at different time points as indicated. Exposure and processing were
adjusted to best demonstrate stripes and anti-stripes. Scale bar indicates 10 um. Right: Quantification of the
recruitment of DDX5-GFP showing the percentage of transfected cells that exhibit DDX5-GFP “anti-stripe”
pattern at DNA damage tracks at the times indicated in cells depleted of BRCA2 (siBRCAZ2) or treated with

control siRNA (siC). The data represent the mean + SEM from three independent experiments.

The analysis of cells showing anti-stripe pattern out of the total of DDX5-GFP positive
cells revealed that up to 25% of the cells showed this pattern 10 min after irradiation
whereas the rest of the cells presented pan-nuclear DDX5-GFP staining. Importantly,
BRCAZ2 depletion led to 63% of cells with anti-stripe pattern already at 6 minutes post-
irradiation (Fig. 9).Thus, only 37 % of the cells retained DDX5 at the laser tracks in
BRCAZ2- depleted cells compared to the 75% in cells expressing BRCA2. This phenotype

could be explained by the fact that DDX5 has been found important for transcription
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regulation in response to DNA damage?’®; thus, DDX5 could be excluded from laser tracks
following transcription silencing occurring upon induction of DNA damage®* %4 and
BRCAZ2 could have a role in retaining or re-localizing it at laser-induced DNA damage

sites.
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Figure 10. DDX5 localization at induced DSBs is dependent on BRCAZ2. (A) Relative DDX5 ChlIP-
gPCR signal values at RBMXL1 and HIST1H2BG loci in U20S cells transfected with the indicated
siRNAs and either untreated cells (-OHT) or after tamoxifen addition (+OHT). The data represent the
mean + SEM from at least four independent experiments. The statistical significance of the difference
was calculated with unpaired t-Student test; the p-values show the significant difference. (B) Top:
Representative images of immunofluorescence of U20S cells depleted of BRCA2 (siBRCA2), DDX5
(siDDX5) or control cells (siC) and either untreated cells (-OHT) or after tamoxifen addition (+OHT), as
indicated. Bottom: Quantification of the number of yH2AX foci per nucleus (left) and DDX5 nuclear
intensity (right). The data represent at least 800 cells per condition from three independent experiments.
The red line in the plot indicates the median, each symbol represents the value of a single cell. The

statistical significance of the difference was calculated with Mann-Whitney U-test; the p-values show the

- . ater

To further investigate this possibility, we monitored the presence of DDX5 directly at
DSBs by ChIP using again the U20S DIVA cell system?®°, (coll. A. Aguilera, CABIMER,
Sevilla). Again, the two genomic loci RBMXL1 and HIST1IH2BG were used in order to
compare DDX5 occupancy at induced DSBs. The occupancy of DDX5 at the RBMXL1
gene increased upon DSB induction (+OHT) in control cells. Importantly, this increase was
not observed in BRCA2-depleted cells (Fig. 10 A). Moreover, DDX5 was not enriched at
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the control HIST1IH2BG gene, where there is no AsiSI cut site (Fig. 10 A). Furthermore,
we measured the nuclear fluorescence intensity of endogenous DDX5 in cells depleted of
BRCAZ2 in the same cells to determine any difference upon DNA damage induction. DSB
induction via OHT treatment resulted in an increased number of YH2AX foci in all cells;
although more YH2AX foci were observed in DDXS5-depleted cells compared to control
cells in agreement with a previous report?®* (Fig. 10 B). In addition, the nuclear intensity of
DDXS5 increased upon DSB induction in control cells whereas it remained unchanged in
BRCAZ2-depleted cells (Fig. 10 B). Thus, these results suggest that DDX5 nuclear
localization increases upon DNA damage in a BRCA2- dependent manner (coll. A.
Aguilera, CABIMER, Sevilla). Taken together, these data indicate a role of BRCA2 in
promoting DDXS5 retention at DNA damage sites.

The unwinding activity of DDX5 on dsRNA is well documented?’22"* more recently,
DDXS5 has been shown to unwind R-loops and DNA-RNA hybrids in vitro?®* 2°° and these
findings suggest that the role of DDXS5 in processing DNA-RNA hybrids in cells could be
mediated by this helicase activity. Thus, we decided to assess whether DDX5 unwinding
activity on R-loops could be affected by BRCAZ2. For this purpose, we used purified MBP-
DDX5-GST (Fig. 3C) and we purified full length BRCA2 from HEK293T cells using the
construct GFP-MBP-BRCA2 and following our standard protocol, as described above (Fig.
3B left panel) (Fig. 11A. The unwinding assays were performed using synthetic
radiolabeled R-loops substrates. Increasing concentrations of DDX5 (1-5 nM) were
incubated with the substrate for 30 min in a reaction containing Mg?* and ATP: Our results
show that, under these conditions, DDXS5 is able to unwind up to 40% of the total R-loop
substrate added in the reaction, as measured by the release of free radiolabeled RNA, in
agreement with a previous report®®*. Importantly, adding 2 nM of purified full length
BRCAZ2, the unwinding activity of DDX5 was enhanced, reaching 80% of the total R-loop
substrate unwound. These results suggest that BRCA2 promotes DDX5 unwinding activity
(Fig. 11B). To further investigate whether the DDX5-interacting region of BRCA2 was
sufficient to stimulate DDX5 helicase activity, we performed a similar assay, this time
adding purified BRCAZ2r: fragment to the reaction (Fig. 3B). Interestingly, similarly to full
length BRCA2, BRCA271 was able to stimulate DDX5 unwinding activity up to 70% (Fig.
11C). However, higher concentration of BRCA27: (50 nM) was required compared to
BRCAZ2 full length (2 nM) to get similar stimulation. This is probably due to the disordered
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Figure 11. BRCA2 stimulates the R-loop unwinding activity of DDX5. (A) SDS PAGE gel showing
purified full-length EGFP-MBP-BRCA2. (A) (B) Left: PAGE gel showing a representative unwinding
assays in which purified MBP-DDX5-GST (1-5 nM) was incubated with %P — labelled synthetic R-loop
substrate in presence or absence of 2 nM purified EGFP-MBP-BRCAZ2 (B) or 50 nM purified BRCA2t;
(C). Right: Quantification of the unwinding experiments showing the percentage of free RNA relative to
the R-loop substrate (unwound product) as a function of DDX5 concentration alone (black) or in presence
of BRCA2 (A) or BRCA2r; (B). The data represent the mean + SD of at least three independent
experiments.

nature of isolated BRCA2 N-terminal region®. Altogether, these results demonstrate that
BRCAZ2 is able to stimulate the R-loop unwinding activity of DDX5 and this activity
requires the first 250 aa of BRCA2. Moreover, as previously shown in a work from our
lab, BRCA2nT contains a N-terminal DNA binding domain comprised in BRCAZ2+2 (250-

500 aa). Therefore, the helicase stimulatory function of BRCA2 we observe probably
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Figure 12. DDX5 favors DSBs repair by homologous recombination. Top: Representative
immunofluorescence images of cells stained for y-H2AX (A) and RAD51 (B) in U20S cells depleted of
DDX5 (siDDX5) and in control cells (siC) in non-treated (NT) or different time points after exposure to
IR (6Gy), as indicated. Scale bar indicates 10 um. Bottom: Graphs showing the average number of y-
H2AX (A) and RADS51 (B) repair foci and distribution of number of foci per nucleus in both cell lines.
The data represent the mean + SEM of three independent experiments, whereas in distribution graphs the
red line represents the median. At least 500 cells per condition were counted from three independent
experiments. For statistical comparison of the differences between the samples we applied a Kruskal-

Wallis test followed by Dunn’s multiple comparison test, the p-values show significant differences

depends on protein-protein interaction with DDX5 rather than on BRCA2 ability to bind

DNA.
Finally, as several studies have reported that DNA-RNA hybrids formed at DSBs could
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affect HR-mediated repair, we aimed to assess the possible impact of the DNA-RNA
hybrid accumulation at DSBs induced by DDX5 depletion on their repair. For this purpose,
DDX5-depleted and control U20S cells were exposed to y-irradiation (6 Gy) at different
time points. After fixation, an immunostaining for detection of YH2AX and RADS1 was
conducted to evaluate the efficiency of DSB repair via HR. As expected, the number of
yH2AX foci increased upon irradiation in both control and DDX5-depleted cells (Fig.
12A). Interestingly, DDX5-depleted cells showed an increased number of yYH2AX foci in
untreated conditions compared to control cells indicating DDX5 depletion triggers DNA
damage, as shown above (Fig. 10B) and as reported?®*. Importantly, the kinetics of RAD51
recruitment was strongly altered in DDX5-depleted cells: Control cells reached a
maximum of RAD51 foci number 1 hour after irradiation and started recovering 4 hours
post-irradiation. In contrast, 4 hours were required to reach the same levels in DDX5-
depleted cells indicating a delayed recruitment of RAD51 and HR-mediated DSBs repair
(Fig. 12B).

2.3. OBJECTIVE 3

Examine the effect of disrupting BRCA2-DDX5 interaction on DNA-RNA resolution
and on DSBs repair by HR

Based on the mapping of BRCA2-DDX5 interaction to the first 250 aa of BRCA2
(BRCAZ271) we next seek to find BRCAZ2 breast cancer variants localized in this region that
could alter the interaction to examine its impact in cells and on the helicase activity of
DDX5.

We chose T207A, a variant of unknown significance (VUS) that alters a highly conserved
residue already characterized in the lab in the context of mitosis®*. Interestingly, DLD1
cells stably expressing BRCA2-T207A displayed high levels of R-loops as detected by
S9.6 fluorescence intensity (Fig. 13A) (coll. with A. Aguilera). This was further confirmed
by DNA-RNA hybrid immunoprecipitation (DRIP) at HISTIH2BG genomic locus which
was sensitive to RH treatment (coll. A. Aguilera) (Fig. 13B). As observed before for U20S
cells depleted of BRCA2 (Fig. 4A) and in agreement with the literature'®’, DLD1 BRCA2-
deficient cells accumulated DNA-RNA hybrids (Fig. 13C).
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Figure 13. Cells bearing BRCA2 T207A mutation show accumulation of DNA-RNA hybrids. (A)
Left: Representative images of S9.6 immunofluorescence of DLD1 cells bearing BRCA2 (WT) or
BRCA2-T207A (T207A). The merged images show the signal of S9.6, nucleolin (nucleoli) antibodies
and DAPI staining. Scale bar indicates 25 um. Right: Quantification of the relative intensity of S9.6
staining. The data represent at least 500 cells per condition from three independent experiments. The
median, 10th to 90th centile range (boxes and whiskers) are plotted. For statistical comparison of the
differences between the samples we applied a t test. The p-values show significant differences. (B) (C)
Relative DRIP-gPCR signal values at the HISTIH2BG loci in DLD1 cells bearing BRCA2 (WT) and
BRCA2-T207A (T207A) (A) or BRCA2** and BRCA2" DLD1 cells (B). pre-IP cells were treated in
vitro with RNase H1 (RH) when indicated. The data represent the mean + SEM from at least seven
independent experiments. The statistical significance of the difference was calculated with unpaired t-

Student test; the p-values show the significant difference.

Next, using DLD1 cells stably expressing GFP-tagged BRCA2 WT and BRCA2-T207A
we conducted a GFP-trap pull-down from whole cell extracts to assess whether T207A
could alter BRCA2-DDXS5 interaction.
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Figure 14. Cells bearing BRCA2-T207A show reduced BRCAZ interaction with DDX5 (A) Left: GFP
pull-down assay from whole cells extracts of BRCA2 deficient DLD1 expressing BRCA2 (WT) or the
variant T207A (T207A). DLD1 BRCA2** (+/+) cell extracts are used as control for the GFP-trap. DDX5
and BRCA2 were detected with specific antibodies against DDX5 and BRCA2, respectively. StainFree
images of the gels before transfer was used as loading control (cropped image is shown). Right:
Quantification of the GFP-trap pull-down experiments calculated as the co-immunoprecipitated DDX5
with either BRCA2 WT or BRCA2-T207A relative to the input levels of DDX5 and the amount of
immunoprecipitated EGFPMBP-BRCAZ2. Results are presented as the fold change compared to the
BRCA2 WT clone. The data represents the mean + SD of three independent experiments. Statistical
significance of the difference was calculated with unpaired t test; the p-values show the significant
difference. (B) Left: Representative images of in situ PLA performed with antibodies for DNA-RNA
hybrids (S9.6) and YH2AX in BRCA2 deficient DLD1 cells (BRCA27) expressing BRCA2 WT or the
variant T207A, as indicated. When indicated, cells were transfected with RNAseH1 (RH) 24h before or
treated with Cordycepin (Cordy) for 2h at 37°C before fixation. Single antibody controls from untreated
BRCA2 WT cells are shown. Scale bar indicates 10 um. Right: Quantification of the number of PLA spots
per nucleus. At least 400 cells were counted per condition from three independent experiments. For
statistical comparison of the differences between the samples we applied a Kruskal-Wallis test followed
by Dunn’s multiple comparison test, the p-values show significant differences. The red line in the plot

indicates the median, each symbol represents a single PLA spot.

As shown in Fig. 14A, although the protein levels of BRCA2 were variable (see INPUT),

86



the amount of pull-down BRCA2 protein was equivalent in the two samples (GFP-trap
pull-down). As a control for specificity we used DLD1 parental cells that express
endogenous BRCA2 (BRCA2**). According to what we demonstrated in HEK293T cells
(Fig. 2B), we confirmed that BRCA2 and DDX5 form a complex also in DLD1 cell line.
Importantly, the levels of DDX5 pull-down with BRCA2-T207A were reduced to almost
half as compared to BRCA2 WT expressing cells, as indicated in the quantification (Fig.
14A). To further confirm these results, we performed an in situ PLA using anti-BRCA2
and anti-DDX5 antibodies in DLD1 cells stably expressing BRCA2-WT or BRCA2-
T207A left untreated or exposed to IR (6 Gy) 4 hours before fixation. In agreement with
the PLA results in U20S cells (Fig. 2C), we confirmed in DLD1 cell line that BRCAZ2 and
DDXS5 are in close proximity in the nucleus and that DNA damage induced by irradiation
enhances this co-localization (Fig. 14B). Importantly, PLA analysis also indicated that the
co-localization between BRCA2 and DDX5 was reduced in cells bearing BRCA2-T207A
variant compared to BRCA2-WT and that the difference was more pronounced upon
irradiation.

Taken together, these findings suggest that the interaction of BRCA2 with DDX5 is
affected in cells expressing the breast cancer variant of BRCA2-T207A.

Given that BRCA2-T207A expressing cells accumulate R-loops and that BRCA2-DDX5
interaction is reduced in these cells, we tested whether DDX5 association with DNA-RNA
hybrids was also affected in these cells which would support an active role of BRCA2 in
this context. As shown with U20S cells, in situ PLA with $9.6 and anti-DDX5 antibodies
revealed that DDX5 associate with hybrids in DLD1 cells. In contrast, BRCAZ2-deficient
DLD1 cells (BRCA2™) exhibited very low PLA signal compared to DLD1 BRCA2 WT
expressing cells suggesting that BRCA2 may indeed play a role in DDX5 localization at
DNA-RNA hybrids (Fig. 15A). More importantly, BRCA2-T207A expressing cells
displayed a reduction of PLA spots compared to BRCA2 WT upon irradiation (6Gy, 4h),
similar to BRCA2™"", suggesting that the impaired interaction with DDX5 leads to a defect
in the association of DDX5 with DNA-RNA hybrids in irradiated conditions. Given that
BRCA2- and DDX5-depleted U20S cells accumulate DNA-RNA hybrids at DSBs (Fig.
8A), we tested if this was the case in DLD1 BRCA2-T207A cells. Interestingly, DLD1
T207A expressing cells also displayed increased levels of DNA-RNA hybrids associated
with DSBs as detected by PLA using S9.6 and anti- YH2AX antibodies. The signal was

specific as it was sensitive to RH overexpression and Cordycepin treatment (Fig. 15B).
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Figure 15 BRCA2-DDX5 disrupted interaction leads to increased DSB-associated DNA-RNA
hybrids. (A) Representative images of In situ PLA performed between DDX5 and S9.6 (DNA-RNA
hybrids) antibodies in BRCA2 deficient DLD1 cells (BRCA27) or cells bearing BRCA2 (WT) or
BRCA2-T207A (T207A), as indicated. Cells were fixed directly or 4h post-irradiation (6Gy). Single
antibody controls in non-irradiated BRCA2 WT cells are shown. Scale bar indicates 10 pm. Bottom:
Quantification of the number of PLA spots per nucleus. At least 400 cells were counted per condition
from three independent experiments. For statistical comparison of the differences between the samples we
applied a Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values show significant
differences. The red line in the plot indicates the median, each symbol represents a single PLA spot. (B)
Top: Representative images of In situ PLA performed between YH2AX and S9.6 (DNA-RNA hybrids)
antibodies in BRCA2 deficient DLD1 cells (BRCA27) bearing BRCA2 (WT) or BRCA2-T207A
(T207A). When indicated, cells were transfected/treated with RNase H1 (RH) or Cordycepin (Cordy)
prior to fixation. Single antibody controls in non-irradiated BRCA2 WT cells are shown. Scale bar
indicates 10 um. Bottom: Quantification of the number of PLA spots per nucleus. At least 400 cells were
counted per condition from three independent experiments. For statistical comparison of the differences
between the samples we applied a Kruskal-Wallis test followed by Dunn’s multiple comparison test, the

p-values show significant differences. The red line in the plot indicates the median, each symbol
To find out whether this increase was due to a defect in the unwinding activity of DDX5
we purified BRCA2t1 T207A from human cells as we did for BRCAZ2r: and tested again
the helicase activity of DDX5 now in the presence of this fragment. Interestingly,
BRCAZ27:-T207A inhibited the helicase activity of DDX5 (Fig. 16A) suggesting that the
fraction of BRCA2-T207A that binds DDX5 results in a non-productive interaction with
DDX5
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Figure 16. BRCA2 T207A variant affects DDX5 unwinding activity on R-loops. (A) Left: PAGE gel
showing a representative unwinding assays in which purified MBP-DDX5-GST (1-5 nM) was incubated
with ¥2P — labelled synthetic R-loop substrate in presence or absence of 50 nM purified BRCA2t; T207A.
Middle: Quantification of the unwinding experiments showing the percentage of free RNA relative to the
R-loop substrate (unwound product) as a function of DDX5 concentration alone (black) or in presence of
BRCA2r; T207A. The data represent the mean + SD of at least three independent experiments. Right:
SDS-PAGE showing 650 ng of purified 2xMBP-BRCA2+1; T207A used in the unwinding assay. (B) Left:
GST pulldown assay using purified BRCA211 (B2r11), BRCA271 T207A (B211 T207A) and DDX5; MBP
antibody was used for the detection of both proteins. UB: unbound; E: eluate. Right: Quantification of the
GST pull-down experiments calculated as the pulled-down DDX5 with either BRCA2t1 WT or BRCA2r;
T207A relative to the input levels of DDX5 and the amount of pulled-down 2xMBP-BRCAZ2r:. Results
are presented as the fold change compared to BRCA2r; WT. The data represents the mean + SD of three
independent experiments. Statistical significance of the difference was calculated with unpaired t test; the

p-values show the significant difference.

precluding its unwinding activity. Indeed, GST-pulldown, performed as in figure 3D,
revealed that although mildly reduced compared to BRCA2t{WT, an important fraction of
BRCA2r: T207A can still interact with DDX5 (Fig. 16B), thus likely influencing its
unwinding activity on R-loops.

Thus, BRCA2-T207A reduces BRCA2-DDX5 productive interaction, impairing the
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localization of DDX5 at DNA-RNA hybrids especially in cells exposed to DNA damage

and inhibiting its unwinding activity.
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Figure 17. RAD51 kinetics of recruitment is affected in cells bearing T207A mutation. Representative
immunofluorescence images of DLD1 BRCA2 deficient cells (BRCA2”) or BRCA2™ cells expressing
BRCA2 WT or BRCA2-T207A in non-treated (NT) or at different time points post-IR (6 Gy), as indicated,
stained for y-H2AX (A) RAD51 (B). Bottom: Graph showing the average number of (A) y-H2AX and (B)
RADS51 repair foci in the three cell lines and graphs of distributions of y-H2AX and RAD51 repair foci per
nucleus. The data represent the mean + SEM of three independent experiments whereas in distribution
graphs the red line represents the median. At least 500 cells per condition were counted from three
independent experiments For statistical comparison of the differences between the samples we applied a

Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values show significant differences

In fig. 12B we showed that DDX5-depleted U20S cells, exhibited a defect in the Kinetics
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of RAD51 foci formation upon irradiation compared to control cells. This result suggested
a role of DDXS5 in facilitating HR-mediated DSBs repair. To find out whether this function
was associated with BRCAZ2 interaction we tested RAD51 foci kinetics in DLD1 cells
expressing BRCA2-T207A variant, which affect BRCA2-DDX5 interaction. Thus, we
monitored YH2AX and RADS51 foci formation by immunostaining at different time points
after y-irradiation (6Gy) in both BRCA2 WT and T207A expressing DLD1 cells using
DLD1 BRCAZ2-deficient cells as control,. As expected, the number of yH2AX foci
increased upon DSBs induction by IR in all three cell lines and subsequently decreased in
later time points, in agreement with the repair of DSBs lesions (Fig. 17A). Interestingly,
similarly to what we observed for DDX5-depleted U20S cells, the number of RAD51 foci
detected in DLD1 cells bearing BRCA2-T207A was significantly lower than in BRCA2
WT cells, particularly at 2 and 4 h post-irradiation and only reached the same levels as WT
at 8h post-IR. These results suggest that the kinetics of RAD51 recruitment at DSBs is
defective in cells where BRCA2-DDXS5 interaction is altered (Fig. 17B). According to the
literature, BRCA2 cells showed very low number of RAD51 foci upon IR at all time
points (Fig. 17B).

Taken together, these data suggest that BRCA2-DDX5 interaction facilitate DSBs repair
by HR pathway.

If the role of BRCA2-DDX5 facilitating repair by HR is dependent on their activity
resolving DNA-RNA hybrids, removing these hybrids should rescue the phenotype we
observe. For this purpose, we overexpressed RNAse H1 in cells bearing BRCA2-T207A
and monitored YH2AX and RADS51 foci formation at 2 hours after irradiation. As expected,
untreated cells showed few yH2AX and RADS51 foci, which was not altered by RH
overexpression (Fig. 18A). As expected, after irradiation the number of yH2AX foci and
RADS51 foci increased. Importantly, overexpression of RNAase H1 in these conditions
partially restored the levels of RAD51 foci to almost WT levels whereas the number of
YH2AX foci remained unchanged (Fig. 18A). These results strongly suggest that the
persistent DNA-RNA hybrids at IR-induced DSBs are at the origin of the delay observed
in the kinetics of appearance of RAD51 foci in DLD1 bearing BRCA2-T207A.

Finally, DNA-RNA hybrids forming at DSBs have been shown to influence their repair by
either promoting or impeding HR or also regulating DNA end-resection?® 2% 255 Qur data
indicates that DNA-RNA hybrids could have an impact on steps of HR pathway that

involve RAD5S1, i.e., downstream DNA-end resection; however, these hybrids could have
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Figure 18. DDX5-BRCAZ2 interaction favors DSBs repair by homologous recombination. (A) Top:
Representative immunofluorescence images of DLD1 BRCA2-T207A cells not treated and 2h post-
irradiation (6Gy), as indicated, stained for yH2AX and RAD51. Right: Quantification of the number of
yYH2AX foci (left) or RAD51 foci (right) per nucleus. When indicated, cells were transfected with plasmid
PEGFP-M27 expressing RNaseH1 (RH) 48h prior fixation. The data shown is from at least 400 cells per
condition from three independent experiments. For statistical comparison of the differences between the
samples we applied a Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values
show significant differences. The red line in the plot indicates the median; each symbol represents a
single focus. (B) Representative immunofluorescence images of DLD1 BRCA2 WT or BRCA2-T207A
cells 4h post-irradiation (6Gy) stained for yH2AX foci and RPA. Right: Quantification of the number of
yH2AX and RPA foci per nucleus, as indicated. The data represent at least 400 cells per condition from
two independent experiments. For statistical comparison of the differences between the samples we
applied a Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values show significant

differences. The red line in the plot indicates the median, each symbol represents a single focus.
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also an impact on the resection step. To find out, we monitored the formation of RPA foci
in BRCA2 T207A cells exposed to irradiation as a proxy for the presence of ssSDNA which
is the product of resection. Interestingly, although the number of yYH2AX foci number was
similar in BRCA2-T207A and BRCA2 WT expressing cells, BRCA2-T207A cells
displayed a decreased number of RPA foci compared to BRCA2 WT cells (Fig. 18B).
These results suggest that resection is affected in these cells probably due to the persistent
DNA-RNA hybrids at DSBs; alternatively, DNA-RNA hybrids formed at the ssDNA
overhang generated upon resection may impede normal RPA coating leading to the same
outcome. Overall, these results suggest that the DNA-RNA hybrids that accumulate in cells
bearing the breast cancer variant T207A interfere with the repair of DSBs by HR.

3. Discussion

In this PhD project, we have identified a novel partner of BRCA2, the RNA helicase
DDX5. We demonstrate an important role for this interaction in the resolution of DNA-
RNA hybrids that form in the vicinity of DSBs which, in turn, promotes their repair by
HR.

Our results reveal a function of DDX5 at DNA-RNA hybrids in the context of DNA
damage, either induced at specific sites (DiVA cell system) or upon irradiation, and we
demonstrate that this role is supported by BRCA2. More specifically, we show that
BRCAZ2 enhances the retention of DDX5 at DNA damage lesions and the association of
DDX5 at DNA-RNA hybrids in irradiated cells.

Mechanistically, we establish that BRCA2 stimulates DDX5 unwinding activity on R-
loops in vitro, an activity that appears to be driven by protein-protein interaction through
the N-terminal region of BRCA2. Importantly, we report that BRCA2-DDX5 interaction
favours the kinetics of appearance of RAD51 foci in cells exposed to irradiation.

A previous work showed that DDX5 influences p21 transcription mediating p53 and
RNAPII recruitment to p21 promoter?”®. The authors reported that DDX5 depletion leads
to sensitivity to y-irradiation because of this function. Our findings showing the effect of
DDX5 depletion on RAD51 foci formation raises the possibility that the sensitivity to y-
irradiation observed in that study could be due, at least in part, to the impaired DNA-RNA
hybrid resolution at DSBs following exposure to this treatment.

The role of DDXS5 in the resolution of DNA-RNA structures has been studied recently in

the context of replication stress?®*. In particular, the authors reported an increase in
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sensitivity to replication-stress inducing agents such as hydroxyurea upon depletion of
DDX52%%4, Moreover, they showed that PRMT5-mediated methylation of DDX5 is needed
for its interaction with XRN2 exoribonuclease and this is required for suppressing R-loops
at transcription termination sites in the absence of DNA damage. Although in this thesis
project we have focused on a DDXS5 role in the resolution of hybrids in the context of
DSBs because the interaction we observe with BRCAZ is enhanced in these conditions, we
also found that DDX5-depleted cells accumulate DNA-RNA hybrids genome-wide
confirming the global role of DDX5 in preventing DNA-RNA structures. Since BRCA2-
DDX5 interaction was not restricted to conditions in which DNA damage was induced
(Fig. 2A, B) it is possible that BRCA2 could also work in complex with DDX5 or other
RNA helicases (see Fig. 1B) to resolve DNA-RNA hybrids outside DSBs.

In this project we could confirm the DDX5 unwinding activity on R-loops as previously
reported®*. Importantly, we found that this activity is stimulated by BRCA2, thus
describing a novel role for this important tumor suppressor. However, how this stimulation
occurs requires further investigation. One possibility could be that BRCA2 binding
influences DDX5 ATP hydrolysis activity, which is indispensable for DDX5 unwinding
activity, as shown in previous studies and confirmed in this work?®* 265272 (Fig, 11). This
mechanism for a stimulatory effect mediated by BRCA2 was already shown for
recombinase RAD51%7. A second possibility is based on the particular mechanism used by
DEAD-box proteins to unwind its substrates: instead of translocation-based duplex
unwinding, it has been reported that DEAD-box helicases bind to the RNA strand of an
RNA duplex (or DNA-RNA hybrids) and trigger the “bending” of RNA strand in order to
destabilize the entire structure?®’. Thus, a change in DDX5 conformation induced by the
interaction with a partner, such as BRCA2, could modify its affinity for RNA and finally
influence the efficiency of its unwinding activity. Moreover, several studies have classified
DDXS5 as low processive RNA helicase?’!: 23 274; thus, it is not surprising that in order to
increase its unwinding activity rate, DDX5 could rely on interacting partners, such as
BRCAZ2, which could be also enhancing DDX5 specificity for certain substrates?’*.

The DDX5 unwinding activity described in vitro and stimulated by BRCAZ2, could be
essential for the resolution of DNA-RNA hybrids formed at DSBs and to ensure their
proper repair by HR. This idea is supported by our results showing that overexpression of
RH in T207A variant-expressing cells that impair BRCA2-DDX5 interaction, partially
restores the delayed kinetics of appearance of RAD51 foci in these cells (Fig.18A). Cells
bearing this variant also showed increased levels of DSBs-induced DNA-RNA hybrids,
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which could explain the delay observed in the formation of RAD51 foci in these cells.
Importantly, the fact that BRCA2t1 T207A precludes DDX5 unwinding activity on DNA-
RNA hybrids in vitro (Fig. 16A) strongly supports this idea. These findings also suggest a
role of BRCA2 upstream its canonical function in the recombination process as the
resolution of DNA-RNA hybrids precedes the loading of RAD51 (Fig. 18A). In agreement
with this hypothesis, another study revealed that OB-folds-mediated association between
BRCAZ2 and PAR chains is required for an early recruitment of BRCA2 at DSBs which in
turn serves recruit the nuclease EX01%%,

In this PhD project we shed light on a function of DDXS5, never investigated before, in the
context of DSBs repair by HR. Although we could not observe a clear recruitment of
DDX5 at sites of DNA breaks or detect DDX5 foci, the anti-stripe pattern we observe
shortly after laser micro-irradiation strongly suggests that DDXS5 is re-localized in the
nucleus in response to DNA damage and that this re-localization is supported by BRCA2
(Fig. 9, 10).

This work also contributes to the discussion on the role of RNA and RNA binding proteins
in DSB repair. Indeed, a large number of recent studies have identified several RNA
binding/processing factors involved in transcription, splicing regulation or miRNA
biogenesis as important in the DDR 209 241, 254, 260, 283, 295, 327-331 ‘NMoreover, RNA binding
motifs have been identified in DNA repair factors, suggesting that they could cooperate
with RNA processing enzymes at DNA damage sites?®® 24- 32 |n addition, recent meta-
analysis studies indicate that RNA processing factors found involved in the DDR, are not
only recruited to DNA damage but are also modified in response to DDR, suggesting these
modifications are orchestrated by the DDR to regulate the repair outcome*3, These
findings also imply that RNA itself has a role in the DDR: consistent with this, RNAseA
treatment, which degrades all RNA species, has been shown to alter the recruitment of
DNA repair factors?® 334, Likewise, inhibiting transcription leads to similar results?® 322,
suggesting that native RNA transcripts are required for proper DNA repair.

Our results are in agreement with the reports showing that DNA-RNA hybrids form at
DNA breaks and impact DSB repair. Some of these studies suggest that hybrids formed at
DSBs could be intermediates and/or serve as regulators of repair pathway choice?!8®: 228 2%,
283 For example, removal of DNA-RNA hybrids by RH overexpression have been shown
to alter the DNA damage recruitment of several DNA repair factors & 322, Moreover,
DNA-RNA hybrids also re-localize to DNA damage sites in response to DDR?3 283,

indicating that they could have a role in facilitating DDR signaling propagation.
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Importantly, a recent work reveals an interaction between R-loops and DDR factors such
as PARP1 and DNA-PKs?¥, suggesting that these structures are implicated in canonical
DNA repair beyond RNA-mediated DNA repair. Although we have indications that
BRCAZ2 can bind DNA-RNA hybrids in vitro, it would be interesting to reveal whether
BRCA2 binds DNA-RNA hybrids at DSBs.

Other studies have shown that DNA-RNA hybrids facilitate or impede the HR repair
process?3®: 260,261,262 n hoth scenarios however, DNA-RNA hybrids need to be removed to
allow DNA repair by HR.

In addition to their role at DSBs, the mechanism of DNA-RNA hybrids generation is also
unclear. It is reasonable to think that the opening of the DNA duplex following the
generation of a break in a highly transcribed region could promote the annealing of an
RNA transcript back to the template strand; consequently, the modification of the DNA
ends of the DSB could disfavor their recognition by NHEJ factors and commit DSBs repair
towards HR?2. However, recent investigation reveals that there is no significance
difference in the levels of R-loops at HR-repaired sites compared to NHEJ-repaired sites,
suggesting that R-loops generation at DSBs is independent of the repair pathway>2..
Importantly, the same study, exploring the transcriptional status of R-loops forming sites,
reveals that R-loop formation at DSBs is dependent on the transcriptional activity of the
locus via the availability of pre-existing transcripts®?*. Moreover, a fraction of pre-existing
RNA transcripts has been shown to serve as homology template in a process similar to
HR208. 322-324 These reports support the idea that DDR could orchestrate R-loops formation
to facilitate repair.

An interesting hypothesis is that R-loop formed at DSBs may result from RNAP pausing
due to the transcriptional suppression in response to DNA damage, leading to an increased
probability of DNA-RNA hybrids formation around these damaged sites®® 260, A more
provocative hypothesis suggests that the formation of hybrids may be the consequence of
de novo transcription triggered by DSB induction. Indeed, the conformational changes in
the DNA following a DNA break could promote the recruitment of transcription factors at
these sites, and several studies have reported the formation of DNA-damage induced
RNAs through DROSHA and DICER activity?®® 284 2% \which were more recently
associated with the formation of DNA-RNA hybrids at DSBs?®’. However, this hypothesis
remains controversial as a recent study failed detecting any type of small RNAs arising
from endogenous DSBs, even though DROSHA and DICER were found essential for
DSBs repair. Interestingly, DROSHA has been found implicated in transcription
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activation3% and termination®?®, suggesting how it could be implicated in DNA damage-
related RNA processing.

DNA-RNA hybrids at DSBs may also form following the resection step, exploiting the
sSDNA generated and altering RPA binding. In this case, the HR pathway would be
already committed as suggested by the study revealing that the DEAD-box protein DDX1
is involved in the resolution of those DNA-RNA hybrids?*®. Similar to that study, we
found that DDX5 interaction with BRCA2 favors RPA coating as cells expressing
BRCA2-T207A variant exhibit a decrease in RPA foci compared to BRCA2 WT cells (Fig.
18B). These results can give rise to different interpretations: i) resection could be affected
because of the persistence of DNA-RNA hybrids. ii) It is also possible that in the context
of a highly transcribed region, RPA coating could be reduced not only if the RNA
transcript anneals to the 5° DNA strand, impeding its resection, but also if, regardless of
whether resection takes place at the 5 end, RNA anneals on the 3’ strand.

In this study we also provide evidence that DDX5- and BRCA2-depleted cells display an
enrichment of DNA-RNA hybrids upon DSB induction (Fig. 8C). Moreover, BRCA2-
DDXS5 interaction as detected by PLA is sensitive to transcription inhibition and RH
overexpression, especially in irradiated conditions (Fig. 2C), supporting the idea that this
complex could be required for the resolution of hybrids formed at DSBs.

A recent report shows that SETX-depleted cells exhibit a decrease RAD51 foci formation
with a concomitant increase in 53BP1 foci upon DSB induction although the kinetics of
repair remained unaffected. We found that DDX5 depletion impairs the recruitment of
RAD®S1 after irradiation and observed a clear delay in the kinetics of appearance of RAD51
foci suggesting that the timely repair of DSBs is affected in these conditions (Fig. 12B).
Accordingly, cells expressing BRCA2 breast cancer variant T207A, that alters BRCA2-
DDXS5 interaction, also display a delay in the Kinetics of appearance of RAD51 foci (Fig.
17B). Importantly, the fact that the delayed kinetics can be partially rescued by RH
overexpression in BRCA2-T207A cells strongly suggests that the DNA-RNA hybrid
resolution activity of BRCA2-DDX5 directly impacts HR. Therefore, according to our
results, we favor the idea that DNA-RNA hybrids represent an impediment for the HR
process.

In this work, we mapped DDX5-interaction site to the first 250 aa of BRCA2 ((BRCA2T1),
(Fig. 3A). Given that the RAD51 binding domain essential for HR-recombination lays in
BRCAZ2 central region (BRC repeats) (Fig. 3A) it is possible that both proteins could bind
BRCAZ2 at the same time to ensure the efficiency of HR-mediated DSB repair.
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In addition, it is possible that BRCAZ2 acts through different interacting partners to remove
DNA-RNA hybrids'®. Indeed, a recent study has described the interaction between
BRCA2 and RNAseH2 nuclease for the degradation of DNA-RNA hybrids generated at
DSBs™. However, the phenotype derived from disruption of BRCA2-RNAseH?2
interaction as well as the effects on HR-mediated repair efficiency were not assessed in
that study. This example, together with other factors implicated in the resolution of DNA-
RNA hybrids at DSBs independently of BRCA22% 260 261, 262 " coyld explain why in
absence of DDX5 (Fig. 12B) or in cells expressing BRCA2 T207A variant (Fig. 17B), HR-
mediated DSBs repair is still possible, although delayed.
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Figure 19. Working model for BRCA2-DDX5 interaction in DSBs repair. When a DSB occurs,
resection or the relaxation of the DNA molecule at the break site may induce the formation of DNA-RNA
hybrids. DDXS5, as well as other RBPs, coating the nascent transcript could therefore be found in proximity
to the break. The interaction between BRCA2 and DDX5 could be essential for the removal of the DSB-
induced DNA-RNA hybrids, leading to efficient HR-mediated DSB repair (left). In cells were BRCA2-
DDXS5 interaction is perturbed, DDX5 cannot efficiently resolve DNA-RNA hybrids. Thus, the recruitment
of other DNA-RNA hybrids resolving factors might be required leading to a delayed or less efficient HR-
mediated DSB repair (right).

Interestingly, the same breast cancer variant characterized here, T207A, was already
described in a recent work from the lab in the context of mitosis: we showed that BRCA2-
T207A leads to a reduced interaction with PLK1 with detrimental consequences in
chromosome alignment, segregation and aneuploidy®. Although we showed that the

function in chromosome alignment is uncoupled to the DNA repair activity of BRCA2, we
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observed a mild sensitivity to MMC that could not be explained from the mitotic
phenotype. Our results showing the delay in RAD51 repair foci upon DNA damage in cells
bearing T207A may explain this mild sensitivity to DNA damage as we expect a fraction
of DNA-RNA hybrids at DSBs to persist in these cells precluding DSB repair.

Importantly, without altering the canonical BRCA2 domains directly implicated in HR
function, mainly the BRC repeats and the CTD, this variant has indirect and deleterious
effects on RAD51-mediated DSBs repair. To our knowledge, this is the first time this kind
of indirect effect is observed in BRCA2 VUS. High levels of R-loops arising from
endogenous or exogenous aldehydes have been proposed to be a cause of tumorigenesis in
BRCA2-mutation carriers'®®, Thus, our findings may have implications in the evaluation
and classification of BRCAL1/2 VUS and suggest that testing the levels of DNA-RNA
hybrids could be an independent method to reveal the functional impact of missense
variants and evaluate their pathogenicity.

In general, revealing BRCA2 dysfunctions correlated with breast cancer mutations, as
illustrated by this thesis project, could significantly contribute not only to the discovery of
new important functions of BRCA2 but also, to the evaluation of cancer risk in patients
bearing these mutations.

In conclusion, our results could be summarized in a model in which the essential role of
BRCA2-DDXS5 interaction is the removal of DNA-RNA hybrids that form following the
induction of DSBs, presumably in the context of actively transcribed regions (Fig. 19):
BRCA2 may retain or relocalize DDX5 at DNA damage sites, possibly already in its
vicinity due to its role binding at nascent transcripts. Once there, DDX5 could act to
resolve DNA-RNA hybrids promoted by BRCA2 enabling the subsequent steps of DSB
repair by HR. Other nucleases and/or RNA helicases, interacting or not with BRCA2 or
other repair factors, may help the removal of hybrids at DSBs in a delayed or less efficient
manner, as observed in the absence of DDX5 or in conditions disrupting BRCA2-DDX5
interaction (BRCA2-T207A expressing cells).

4. Outlook and Perspectives
In this thesis project, we described a new function of BRCA2 repair factor in complex with
DDX5 RNA helicase in the context of DSBs repair by HR. This work helps explain why
BRCAZ2-deficient cells!®” accumulate DNA-RNA hybrids and places BRCA2 upstream its
canonical step in HR. Our findings also describe a new role for DDX5 in resolving DNA-
RNA structures at DSBs sites.
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A question raised by this and other works investigating DNA-RNA hybrids and R-loops
resolving factors, especially in the context of DNA damage, is why do cells need so many
helicases/nucleases to perform the same function. This apparent redundancy may be due to
the cellular context such as the type of DNA damage where the DNA-RNA is formed, the
levels of transcription or the chromatin status at a given DSB. Consistent with this, cells
depleted of Senataxin were found sensitive to etoposide but not IR?®°® whereas DDX5
depleted cells are sensitive to IR?”°. We showed in a previous report that cells bearing
BRCA2-T207A variant exhibit mild sensitivity to MMC. It would be interesting to know
whether cells bearing BRCA2-T207A are sensitive to IR. Our results suggest that
transcription favours BRCA2-DDXS5 interaction and promotes the accumulation of DSBs-
associated DNA-RNA hybrids in DDX5-depleted cells; However, further studies will be
required to pinpoint the specificity of BRCA2-DDX5 interaction to resolve DNA-RNA
hybrids at DSBs.

We have also suggested that the formation of hybrids at DSBs in the absence of DDX5 or
DDX5-BRCAZ2 interaction impair HR suggesting that the DNA-RNA hybrids associated
with DSBs commit the DSBs repair towards HR. Additional studies would be needed to
understand the fraction of these DSBs that are channelled to other perhaps error-prone
repair pathway which do not necessarily requires an efficient removal of DNA-RNA
hybrids such as NHEJ. Along these lines, Senataxin depletion was reported to augment
DSB repair by NHEJ?,

A crucial step in the choice of DSBs repair is DNA resection. Our results do not clearly
demonstrate if resection is defective following DNA-RNA hybrids accumulation in T207A
bearing cells; however, the fact that the number of RPA foci in BRCA2-T207A cells
exposed to IR is reduce suggest that this might be the case. Further analysis to more
specifically examine if resection is properly occurring in these conditions (such as
measuring amount of ssSDNA at breaks as well as search for recruitment of factors, as
EXO1, directly involved in this process) could be useful to confirm this hypothesis.
Importantly, resection might be a determinant for the choice of RNA helicase operating on
hybrids at DSBs.

Our results indicate that BRCA2 stimulates unwinding activity of DDX5 on R-loops in
vitro. However, as discussed before, the mechanism by which this stimulation is mediated
has not been completely elucidated. One hypothesis is that BRCAZ2, as demonstrated for
RAD51% could modify the ATP binding or ATP hydrolysis rate of DDX5, since DDX5

helicase activity on these R-loops substrates is dependent on ATP. Assays revealing the
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ATP hydrolysis rate associated with DDX5, in presence or not of BRCAZ2, could confirm
this hypothesis. However, my attempts to test this using TLC and monitoring the release of
32p; from [y*2P]-ATP following the addition of purified DDX5 have failed even if I could
measure the ATPase of RAD51, our positive control (data not shown in the manuscript). In
the future, the use of different conditions or alternative methods such as fluorometric
assays would help testing this first hypothesis. Another possibility is based on the fact that
DEAD-box proteins including DDX5, unwind RNA duplexes by “bending” one RNA
strand, destabilizing the structure. Therefore, a conformational change in DDX5 protein,
due to its direct interaction with BRCAZ2, could increase its ability to bind RNA or drive its
specificity for selected substrates explaining the stimulatory activity of BRCA2. For this
purpose, we could examine by Electrophoretic Mobility Shift Assay (EMSA) the R-loop
and DNA-RNA binding activity of DDX5 following the addition of recombinant BRCA2
to the reaction. To further address the point of specificity f it could be very informative
performing both EMSA and unwinding assays with purified DDX5 and BRCAZ2 proteins
incubated with dsRNA as well.

As an RNA binding protein, it is possible that in some contexts, DDX5 RNA binding
activity per se leads to the prevention of RNA hybridization to the DNA. Indeed, in the
absence of DNA damage, our results show that a helicase dead DDX5 (DDX5-HD) can
rescue of DNA-DNA hybrids accumulation observed in DDX5-depleted cells. A previous
work has shown that the methylation of DDX5 is required in these conditions. The authors
suggested that the unwinding activity of DDX5 on R-loops could be required to relax and
facilitate the opening of these structures, favouring XRN2 nuclease activity, however that
study did not clearly assess whether the helicase activity of DDX5 was needed?®*. Whether
this is the case in the context of DNA-RNA hybrids at DSBs is also unclear; however, the
fact that BRCA2-T207A cells accumulate DNA-RNA hybrids and BRCA21:-T207A
inhibits DDX5 unwinding activity in vitro suggests that the unwinding activity of DDX5 is
required to resolve DNA-RNA hybrids at DSBs. To proof this point further we could
overexpress DDX5-HD in irradiated cells or in the DiVA cell system monitoring DNA-
RNA hybrids upon induction of DSBs.

Finally, BRCA2 has been described to bind RNAseH2 to regulate the levels of DNA-RNA
hybrids at DSBs in a scenario where de novo transcription is occuring®®®; whether this
interaction takes place in complex with DDX5 or they represent different pools dealing
with different subsets of DNA-RNA hybrids at DSBs remains to be elucidated.
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6. Matherials and Methods

Cell lines

The human cell lines HEK293T and U20S cells (kind gift from Dr. Mounira Amor-
Gueret) were cultured in DMEM (Eurobio Abcys, Courtaboeuf, France) media containing
25 mM sodium bicarbonate and 2 mM L-Glutamine supplemented with 10% heat inactive
FCS (EuroBio Abcys). The BRCA2 deficient colorectal adenocarcinoma cell line DLD1
BRCA273% (HD 105-007) and the parental cell line DLD1 BRCA2*"* (HD-PAR-008) was
purchased from Horizon Discovery (Cambridge, England). The cells were cultured in
RPMI media containing 25 mM sodium bicarbonate and 2 mM L-Glutamine (EuroBio
Abcys) supplemented with 10% heat inactivated fetal calf serum (EuroBio Abcys). The
DLD1 BRCA2™ cells were maintained in growth media containing 0.1 mg/ml hygromycin
B (Thermo Fisher Scientific). The stable cell lines of DLD17- BRCA2 deficient cells
expressing BRCA2 WT or T207A generated as described® were cultured in growth media
containing 0.1 mg/ml hygromycin B and 1 mg/ml G418 (Sigma-Aldrich). DIVA cells
(AsiSI-ER-U20S) (kind gift from G. Legube) were cultured in DMEM (Gibco)
supplemented with antibiotics, 10% FBS and 1 ug/ml puromycin. For AsiSI-dependent
induction of DSBs, cells were incubated for 4h in medium containing 300 nM trans-4-
Hydroxytamoxifen (4OHT) (Sigma, H7904). K562 cells (ATCC, CCL-243) were cultured
in Iscove's Modified Dulbecco's medium (IMDM; GIBCO) supplemented with 10% heat
inactivated fetal bovine serum (Sigma Aldrich) and 1% antibiotic-antimycotic (BioWEST).

All cells were cultured at 37°C with 5% CO2 in a humidified incubator and all cell lines
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used in this study have been regularly tested negatively for mycoplasma contamination
(MycoAlert, Lonza).

Plasmids, transfections and inhibitors

All BRCA2 N-terminal expression constructs containing the sequence coding for BRCA2
amino acids 1-250 (BRCAZ2t;), 1-500 (BRCAZ2,15), 1-750 (BRCAZ2.1;3) or 1-1000
(BRCA2 n1) and EGFP-MBP-BRCA2 subcloning in phCMV1 expression vector were
generated as described!®,

The point mutation T207A in the 2xMBP-BRCAZ2t: and EGFP-MBP-BRCA2 have been
described before®.

The point mutation K144A in the were introduced in the pcDNA 6.2 CMV EmGFP-DDX5
vector using QuikChange Il site-directed mutagenesis kit (Agilent Technologies) using
primers 0AC965 and 0AC966 (see APPENDIX, Table 3)

GFP-53BP1 construct was obtained by Gateway cloning (Thermo Fisher Scientific) into
pCDNAG.2-GFP of a construct comprising the coding sequence of 53BP1 (kind gift of P.
Bertrand, CEA, FR).

DDX5-GFP WT and HD constructs were obtained by the insertion of DDX5 sequence
(either WT or K144A mutated) from a pcDNA 6.2 CMV EmGFP vector in a pEGFP-N3
vector (kind gift from Carsten Janke, Institut Curie, FR) using 0AC953/967 primers (see
APPENDIX, Table 3).

MBP-DDX5-GST construct for purification of human DDX5 was a kind gift from
Elizabeth Tran (Purdue University, US).

PCDNA3 CMV expressing RNAseH1 has been previously reported®®’; pEGFP-M27 has
been previously reported3e,

Transfection of either U20S or DLD1 cells with pPCDNA3 CMV expressing RNAseH1
was performed with Turbofect (ThermoFisher Scientific) 24h before fixation (48h before
fixation in case of Fig. 18A).

Transfection of U20S with DDX5-GFP and of DLD1 BRCA2 WT and BRCA2-T207A
clones with either peGFP-C1 (-RH) or pEGFP-M27 (+RH) was performed with
Lipofectamin 3000 (Life Technologies) 24h before fixation.

For transcription inhibition in cells, cordycepin (100 uM, Sigma-Aldrich C3394-25MG)

was added to the growth media for a 2 h treatment at 37°C.

lonizing radiation-induced DNA damage
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Cells were exposed to a ¥’Cs source (GSR D1; dose rate: 0.9 Gy/min) and subsequently
incubated at 37°C for the indicated time.

siRNA transfections

For U20S cells, siRNA transfections were performed using jetPRIME (Ozyme) with 100
nM of the indicated siRNAs following manufacturer’s instructions, except for Fig. 4B, in
which Lipofectamin 3000 (Life Technologies) was used. For BRCA2 depletion we
transfected a combination of the BRCA2 siRNA (SI00000966, Qiagen) and BRCA2
siRNA (Dharmacon D-003462-04) (100 nM each) (Fig. 4A and 8A) or the ON-
TARGETplus SMARTpool human BRCA2 (L-021420-00) (Dharmacon) (Fig. 4B). For
DDX5 depletion we used siRNA targeting DDX5°® (Fig. 4B, 8A, and 12) (see
APPENDIX, Table 1). Experiments were performed 30h or 72h (Fig. 4B) after
transfection.

For experiments using K562 cells (Fig. 6 and 7) siRNA transfections were performed using
Lipofectamin 3000 (Life Technologies) according to manufacturer’s instructions with 100
nM siRNA targeting DDX5%% (see APPENDIX, Table 1) and experiments were performed
72h after transfection.

For experiments using DIVA cells (Fig. 8C and 10), siRNA transfections were performed
using Lipofectamin 3000 (Life Technologies) according to manufacturer’s instructions
with 100 nM of the indicated siRNAs (ON-TARGETplus SMARTpool human SETX (L-
003462-00) (Dharmacon), ON-TARGETplus SMARTpool human BRCA2 (L-021420-00)
(Dharmacon), or siRNA targeting DDX5%% (see APPENDIX, Table 1) and experiments
were performed 72h after transfection.

The non-targeting oligonucleotide (Dharmacon D-001810-04-20, 100 nM) was used as

control (siC) in all cells.

Expression and purification of 2xMBP-BRCA21.250 and EGFP-MBP-BRCA2 2xMBP-
BRCA21-250 and EGFP-MBP-BRCAZ2 were purified as previously described'®. Briefly, ten
to twenty 150 mm plates of HEK293 were transiently transfected with the 2xMBP-
BRCA2:1.250 (BRCA2711) or the EGFP-MBP-BRCAZ2 using TurboFect (Thermo Fisher
Scientific). The cells were harvested 30 h post transfection, lysed in lysis buffer H (50 mM
HEPES (pH 7.5), 250 mM NaCl, 1% NP-40, 5 mM EDTA, 1 mM ATP and 3 mM MgCly,
1 mM DTT, 1 mM PMSF and EDTA-free Protease Inhibitor Cocktail (Roche)) and
incubated with amylose resin (NEB) for 3h at 4°C. The lysate was extensively washed with
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buffer H including 250 mM (EGFP-MBP-BRCAZ2) or 500 mM (BRCAZ21:) NaCl and the
protein was eluted with 20 mM maltose. The eluate was further purified with Bio-Rex 70
cation-exchange resin (Bio-Rad) by NaCl step elution. For the purification of 2xMBP-
BRCA2T1-T207A, we followed the same steps as above except for the Bio-Rex resin that
was substituted by a HiTrap Q HP strong anion exchange column (GE Healthcare). The
size and purity of the final nuclease-free fractions were analysed by SDS-PAGE and
western blotting using anti-MBP antibody or anti-BRCA2 antibody in the case of full-
length BRCA2 purification. Pooled protein was snap frozen in N2 and stored at -80°C.
Concentrations were calculated measuring the intensity of the band on a StainFree gel
(Bio-Rad) via ImageLab software and using the same protein at known concentration as a

reference.

Expression and purification of MBP-DDX5-GST

MBP-DDX5-GST was purified as described?®®. Briefly, expression of MBP-DDX5-GST
in E. coli BL21 (DE3) Star cells was induced using 0.2 mM IPTG at 16°C overnight. Cells
were lysed in a buffer containing 50 mM HEPES (pH 7.5), 250 mM NaCl and 1% NP-40
and disrupted using a French press. The crude lysate was clarified by centrifugation in a
Beckmann Ti45 rotor at 35,000 rpm, 60 min, and the MBP-DDX5-GST was purified from
the soluble lysate using glutathione resin (GE healthcare) followed by cation-exchange
chromatography (SP sepharose, Sigma-Aldrich). The protein was eluted with elution buffer
1 (50 mM Tris— HCI [pH 8.0], 300 mM NaCl, 20% glycerol). StainFree images of the gels
before transfer were used as loading control for the input and cropped image are shown in
the figure. Nuclease-free aliquots were snap frozen in N2 and stored at -80°C.
Concentration was calculated measuring intensity of the band on stain-free gel via

ImageLab software and using Bradford assay.

Amylose and GFP pull-down from whole cell extracts

For amylose pull-down, cell pellets were resuspended in lysis buffer (50 mM HEPES
pH7.5, 250 mM NaCl) supplemented with 1 x protease inhibitor cocktail (Complete,
EDTA-free; Roche), 1 mM PMSF, 1 % NP-40, 1 mM DTT, 1 mM MgCl and 250 units/ml
benzonase (1.5 ml lysis buffer/2.5 x 107 cells). Cell suspension was sonicated and cleared
by centrifugation. The supernatant was then incubated for O/N at 4°C with 60 pl amylose
resin (New England Biolabs) per 2.5 x 107 cells. After 4 washes with washing buffer (50
mM HEPES pH7.5, 500 mM NaCl, EDTA 5 mM), the bound proteins were eluted in
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washing buffer supplemented with 10 mM maltose (Sigma). Eluted proteins were
separated by SDS-PAGE and analysed by western blotting. For all Western blots, the
protein bands were visualized with ChemiDoc XRS+ System (BioRad). StainFree images
of the gels before transfer were used as loading control for the input and cropped image is
shown in the figure.

For GFP-pull-down, DLD1 BRCA2*"* parental cells and DLD1 BRCA2" stable clones
expressing EGFP-MBP-BRCA2 (WT or T207A) pellets were re-suspended in lysis buffer
(50 mM HEPES pH7.5, 100 mM NaCl) supplemented with 1 x protease inhibitor cocktail
(Complete, EDTA-free; Roche), 1 mM PMSF, 1 % NP-40, 1 mM DTT, 1 mM MgCl, and
BSA 100 pg/ml. Cell suspension was sonicated and cleared by centrifugation. The
supernatant was then incubated for 1, 5h at 4°C with 25 ul of pre-equilibrated GFP-TRAP
beads (Chromotek) to pull-down EGFP-MBP-BRCAZ2. The beads were washed 3 times in
lysis buffer with 250 mM NaCl. Bound proteins were eluted by boiling the samples for 4
min in 3x SDS-PAGE sample loading buffer (SB), eluted proteins were separated by SDS-
PAGE and analysed by western blotting. For all Western blots, the protein bands were
visualized with ChemiDoc XRS+ System (BioRad) and quantified by Image LabTM5.2.1
Software (BioRad). To calculate the relative co-immunoprecipitation (co-1P)/co-pull-down
of a protein of interest, the intensity of the band in the co-1P was divided by the intensity of
the band in the input (ImageQuantTMTL software), the ratio co-IP: input of the protein of
interest was then divided by the intensity of the band of the immunoprecipitated protein.
StainFree images of the gels before transfer were used as loading control for the input and
cropped image is shown in the figure.

Amylose pull-down from nuclear cell extracts

Four plates of HEK293T exponentially growing cells were harvested and the cell pellets
were gently resuspended in nuclear isolation buffer (N1B; 10 mM HEPES pH 7.5, 10 mM
KCI, 1.5 mM MgClz, 10 % glycerol, 350 mM sucrose) supplemented with 1 x protease
inhibitor cocktail (Complete, EDTA-free; Roche), 1 mM PMSF and 1 mM DTT (1.5 mL
lysis buffer/2.5 x 107 cells). Samples were kept on ice for 10 min and centrifuged at 1300 x
g for 5 min at 4°C. The pellet (nuclear fraction) was washed with NIB and sonicated. The

pull-down was performed as that of the whole cell extracts above.

Mass spectrometry

Amylose-isolated samples were separated by SDS-PAGE and stained with colloidal blue
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(LabSafe Gel Blue GBiosciences). In-gel digestion was performed, according to standard
protocols. Briefly, 23 to 24 gel slices were excised, washed, and the proteins were reduced
with 10 mM DTT (Sigma) and alkylated with 55 mM iodoacetamide (Sigma). The gel
pieces were washed with 100% acetonitrile and incubated overnight with trypsin (Roche
Diagnostics) in 25 mM ammonium bicarbonate at 30 °C. Peptides extracted from each gel
slice were used directly and analyzed by nano-liquid chromatography-coupled to tandem
mass spectrometry (nanoLC-MS/MS) for protein identification. Each sample was
concentrated and then separated on a C18 reverse phase column, with a linear acetonitrile
gradient (UltiMate 3000 System, Dionex, and column 75 pum inner diameter x 15 cm,
packed with C18 PepMapTM, 3 um, 100 A; LC Packings) before MS and MS/MS. Spectra
were recorded on an LTQ-Orbitrap XL mass spectrometer (Thermo Electron). For
identification, data were searched against the Swiss-Prot “Homo sapiens” database using
Mascot™ (version 2.5.1) one by one band or merged per conditions for emPAI abundance
evaluation. Enzyme specificity was set to trypsin and a maximum of two-missed cleavage
sites were allowed. Oxidized methionine, carbamidomethyl cysteine and N-terminal
acetylation were set as variable modifications. Maximum allowed mass deviation was set
to 2 ppm for monoisotopic precursor ions and 0.8 Da for MS/MS peaks. Result files were
further processed using myProMS software®!®. FDR calculation used Percolator®!! and
was set to 1% at the peptide level for the whole study. To calculate protein abundance we
used the label free exponentially modified protein abundance index (emPAl) and molar %
values obtained in the merged Mascot from each replicate as described3%. Mascot uses
only peptides identified with score at or above homology or identity thresholds for the
calculation of the emPAI values. Fold change ratios for identified proteins were calculated
by dividing the calculated molar percentage value for an individual protein in the
BRCA2nT condition with the cognate 2XMBP condition value.

The Mass Spectrometry datasets generated during this study are available at
ProteomeXchange Consortium via the PRIDE®? partner repository. Project Name:
BRCA2-N-terminus interacting proteins in HEK293T cells

Project accession: PXD018979

Reviewer account details: (Username: reviewer16179@ebi.ac.uk, Password: GcRskL.ia)

Co-immunoprecipitation
Cell pellets were resuspended in lysis buffer (50 mM HEPES pH7.5, 250 mM NacCl, 5
mM EDTA) supplemented with 1 x protease inhibitor cocktail (Complete, EDTA-free;
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Roche), 1 mM PMSF, 1 % NP-40, 1 mM DTT, 1 mM MgCl; and 250 units/ml benzonase
(1.5 ml lysis buffer/2.5 x 107 cells). The cell suspension was sonicated and cleared by
centrifugation. The supernatant was then incubated for 2 h in a rotator at 4°C with 1 pg
Dynabeads Protein G (Life Technologies) and 1 pg primary antibody(or normal IgG where
indicated) per 2.5 x 107 cells. The beads were collected using a magnet and washed 4 times
with washing buffer (50 mM HEPES pH7.5, 250 mM NaCl, EDTA 5 mM). Proteins were
eluted with 50 pl 0.2 M glycine pH 2.2 per sample. 3 pl of 1.5 M Tris-HCI pH 8.8 was
added. Eluted proteins were separated by SDS-PAGE and analysed by western blotting.
For all Western blots, the protein bands were visualized with ChemiDoc XRS+
System(BioRad). StainFree images of the gels before transfer were used as loading control

for the input and cropped image is shown in the figure.

In vitro pull-down

Glutathione resin (GE healthcare) was equilibrated with binding buffer: 50 mM HEPES
(pH 7.5), 250 mM NaCl, 1mM DTT. Purified MBP-DDX5-GST (200 ng) was incubated
with 200 ng of purified 2XMBP-BRCAZ2r; (either WT or T207A) for 30 min at 37 °C and
then batch bound to 30 ul of glutathione resin for 1h at 4 °C under rotation. The complexes
were washed 3 times with washing buffer (50mM HEPES (pH 7.5), 500mM NaCl, 1mM
DTT) containing 0.1% Triton-X 100. Bound proteins were eluted with 30 pl 20mM
reduced Glutathione in binding buffer, resuspended in 3X SDS sample buffer, heated at
54 °C for 5 min and loaded onto a 10% SDS-PAGE gel. Proteins were analysed by
western blotting. For all Western blots, the protein bands were visualized with ChemiDoc
XRS+ System (BioRad).

Antibodies used for Western Blotting

mouse anti-MBP (1:5000, R29, Cat. #MA5-14122, Thermo Fisher Scientific), mouse anti-
BRCA2 (1:1000, OP95, EMD Millipore), mouse anti-DDX5 (1:100 or 1:500, Cat. # sc-
166167 Santa Cruz Biotechnology). Horseradish peroxidase (HRP) conjugated secondary
antibodies used: mouse-IgGk BP-HRP (IB: 1:5000, Cat. #sc-516102, Santa Cruz), goat
anti-mouse 1gG-HRP (1:10 000, Cat.# 115-035-003, Interchim).

In situ Proximity Ligation Assay (PLA)
Cells were seeded on coverslips precoated with 1 pg/ml fibronectin (Sigma) and 20 pg/ml

collagen (Sigma). In case of EAU incorporation, a pulse-label nascent DNA was performed
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with 10 uM EdU for 5 min before fixation. Cells were washed with PBS and cytoskeleton
(CSK) buffer (10 mM PIPES pH 6.8, 100 mM NacCl, 300 mM sucrose, 3 mM MgCl, and 1
X protease inhibitor cocktail (Complete, EDTA-free; Roche)) and permeabilized with
CSK-T buffer (CSK supplemented with 0.5 % Triton-X100). After washes in CSK and
PBS, the cells were fixed with 2 % para-formaldehyde (PFA) for 20 minutes at room
temperature (RT). The cells were then washed 3 times with PBS. . In case of EdU
labelling, before incubation with primary antibodies, samples were incubated for 30
minutes at RT with a Click-mix solution (Biotin-azide 6nM, Sodium ascorbate 10 mM,
CuSO4 2 mM, diluted in PBS 1X) in order to allow EdU-biotin conjugation. In this case,
IF was combined to PLA, adding a primary antibody anti-biotin (1:3000, Bethyl
laboratories, Cat. # BETA150-109A) together with primary antibodies for PLA and
secondary antibody (donkey anti rabbit Alexa-488, 1:1000, Cat. # A-21206, Life
Technologies) together with PLA probes.

In situ PLA was performed following the manufacturer’s specifications (Duolink™,
Sigma) except that the primary antibody was incubated for 1h at 37°C. For quantification,
particle analysis was done using ImageJ software (NIH Image). The nucleus was defined
by an auto-threshold (Huang, Image J) on DAPI, a mask was generated and applied onto
the Texas-Red2 picture to count PLA spots within the nucleus using the plugin Find
Maxima with a prominence of 2000 for Fig. 2C, of 5000 Fig. 5, 8A, 14B and 15. Primary
antibodies used for PLA: BRCA2 (1:2000 OP95 EMD Millipore), DDX5 (1:3000 Cat. #
ab10261 Abcam), S9.6 (1:100000, Protein Expression and Purification Core facility,
Institut Curie), y-H2AX (1:3000 Cat. # 07-164, EMD Millipore).

Immunofluorescence microscopy

For immunofluorescence experiments in Fig. 4A, 12, 17, 18, cells were seeded on co-
verslips pre-coated with 1 pug/ml fibronectin (Sigma) and 20 pg/ml collagen (Sigma) the
day before 6 Gy y—irradiation. At the time indicated after irradiation the coverslips were
washed twice in PBS followed by one wash in CSK Buffer (10 mM PIPES, pH 6.8, 0.1 M
NaCl, 0.3 M sucrose, 3 mM MgCl,, EDTA-free Protease Inhibitor Cocktail (Roche)). The
cells were permeabilized for 5 minutes at room temperature in CSK buffer containing 0.5%
Triton X-100 (CSK-T) followed by one rinse in CSK buffer and one rinse in PBS before
fixation for 20 minutes at room temperature with 2% PFA in PBS. After one rinse in PBS
and one in PBS-T, the cells were blocked for 5 minutes at room temperature with 5% BSA
in PBS-T.
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For immunofluorescence experiments in Fig. 4B, 10B and 13A, cells grown on glass co-
verslips coated with poly-L-Lysine (Sigma) were rinsed with cold PBS and treated for 3
minutes with a TritonX-100 extraction buffer (0.1% TritonX-100, 20mM HEPES-KOH
pH7.9, 50mM NaCl, 3mM MgCl,, 300mM sucrose). In the case of figures 4B and 13A and
C, after extraction, cells were fixed for 8 minutes with methanol at -20°C; coverslips were
then washed three times with PBS and blocked overnight at 4°C in blocking solution (PBS
with 2% BSA). In the case of Fig. 10B, after extraction, DIVA cells were fixed in 4%
FA/2% sucrose in PBS for 10 minutes at room temperature (RT), washed twice in PBS and
re-permeabilized with PBS-TritonX-100 0.5% for 10 minutes at RT. Then were then
blocked at RT for 1h in blocking solution (3% BSA, 0.1% TritonX-100 in PBS).

For all immunofluorescence experiments, cells were incubated overnight at 4°C in block-
ing solution with primary antibodies, except in case of Fig. 4A, when cells were incubated
for 1h at 37°C with S9.6 (1:500, Protein Expression and Purification Core facility, Institut
Curie) and anti-nucleolin (1:1000 Cat. # ab22758, Abcam) antibodies. For Fig. 12, 17 and
18, cells were incubated with anti-yH2AX (1:1000 Cat. # 05-636, EMD Millipore) anti-
RAD51 (1:100 for DLD1 cells, 1:1000 for U20S cells, Cat. # sc-8349, Santa Cruz Bio-
technology) or anti-RPA (1:1000, Cat. # 2208S, Ozyme (Cell Signaling) antibodies. For
Fig. 4B and 13A the mouse S9.6 (1:2000) and rabbit anti-nucleolin (1:1000 Cat. #
ab50279, Abcam) primary antibodies were used on un-transfected cells or S9.6 (1:2000)
and rabbit anti-GFP (1:200, Cat. # ab6556 Abcam) were used in the case of transfected
cells. For Fig. 10B anti-yH2AX (1:1000, Cat. # ab2893, Abcam) or anti-DDX5 (1:500,
Cat. # sc-166167 Santa Cruz) were used. After primary antibody incubation, the coverslips
were rinsed in PBS-T followed by two washes of 10 minutes in PBS-T and blocked for 5
minutes at room temperature with 5% BSA in PBS-T. Cells were incubated with appropri-
ate secondary antibodies (conjugated with Alexa Fluor 488, 546, 568, 594 or 647), diluted
in blocking solution for 1h at RT. After rinsing, coverslips were mounted onto slides using
ProLong Gold Antifade reagent (Invitrogen). Images in Fig. 4B, 10B and 13A were ac-
quired using a Leica DM6000 wide-field microscope equipped with a DFC390 camera
(Leica) at x63 magnification using the LAS AF software (Leica). For Fig. 12, 17 and 18
the camera used was a Hamamatsu Flash 4.0 SCMOS controlled with MetaMorph2.1 soft-

ware (Molecular Devices).

The quantification of S9.6 intensity was performed in the area of the nucleus as determined
by DAPI and subtracting the intensity of S9.6 in nucleoli (stained with an antibody specific

for nucleolin, see above).
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For Fig. 4B, 10B and 13A automated quantification of foci and fluorescence intensities
was performed using the Metamorph v7.5.1.0 software (Molecular Probes).

For Fig. 12, 17 and 18 Z-stacks were taken at 0.5 um intervals to generate a Z-projection
image using ImageJ. For the analysis of y-H2AX, RAD51 and RPA foci, 26 Z-stacks were
taken at 0.2 um intervals to generate a maximal intensity projection using Image J. The
number of yH2AX foci per nucleus were counted with a customized macro using a semi-
automated procedure; the nucleus was defined by an auto-threshold (Otsu, Image J) on
DAPI, a mask was generated and applied onto the Z-projection to count foci within the
nucleus. For the definition of foci we applied the threshold plugin IsoData (ImageJ) and for
the quantification of foci we used the tool Analyze Particles (Imagel) setting a range of 5-
100 pixels? for Fig. 12A and a range of 5-1000 for Fig. 17A and 18 to select only particles
that correspond to the size of a focus. RAD51 and RPA foci were quantified using the
plugin Find Maxima onto the Z-projection with a prominence of 1000 for Fig. 12B and of
5000 for Fig. 17B and 18.

Protein recruitment after laser-induced damage

U20S cells were seeded on glass coverslips precoated with 1 pg/ml fibronectin (Sigma)
and 20 pg/ml collagen (Sigma). Cells were then co-transfected with 2 pg of a DDX5-GFP
construct and BRCA2 siRNA and ON-TARGET plus Non-targeting oligonucleotide (as
described in siRNA section) 48h prior to imaging; or with 2 pg of a construct expressing
GFP-53BP1 also 48h prior imaging. Cells were pre-sensitized by adding 10 mg/ml of
Hoechst dye 33258 to the medium for 5 min at 37°C. Live cell imaging of DDX5-GFP or
GFP-53BP1 at laser tracks was carried out using an inverted Leica confocal laser scanning
SP5 system equipped with a 37°C heating chamber attached to a DMI6000 stand using
63x/1.4 oil objective. DNA damage was generated using a 405 nm laser diode focused onto
a single line (thickness: 1 pixel) within the nucleus to generate the damage. Specifically,
we set the laser output to 70% of maximum power and the scan speed at 10 Hz. GFP signal
was detected between 500-550nm on PM detector. All recordings were performed using
the indicated sampling frequency (512 x 512 image size, line average of 4 and zooming set
to 7.94). To reduce the time of image acquisition, the scan was used in bidirectional regime
and the scan speed was set at 10Hz (10 000 lines by second). The whole system was driv-
en by LAS AF software (Leica). Images were collected at 2, 4, 6, 8, 10, 15 and 20 minutes

after the DNA damage using a 488 nm argon laser.
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The quantification of cells showing a DDX5-GFP “anti-stripe” pattern at DNA damage
tracks (reduced GFP signal at the laser tracks compared to the rest of the nucleus) was per-

formed by manual counting in images visualized in ImageJ.
In vitro unwinding assay

DNA substrates were purchased PAGE-purified from MWG Eurofins and the RNA sub-
strate was purchased from Sigma. The RNA oligonucleotide 0AC864 (see APPENDIX,
Table 2) was 5’ end- labeled with T4 polynucleotide kinase and [y->?PJATP. R loops sub-
strates were prepared by annealing 1 pmol of labeled 0AC864 (RNA) to 2.5 pmol of DNA
oligo 0AC862 (see Table S3) and 2.5 pmol of DNA oligo 0AC863 (see APPENDIX, Table
2) in annealing buffer (1 mM EDTA, 10 mM Tris-HCI at pH 7.6) by heating for 2 min at
95°C followed by slow cooling to room temperature. To assess unwinding activity, 1.5 nM
molecules of R loop substrate was incubated with the indicated concentrations of purified
MBP-DDX5-GST in 25 mM TrisAcO, 5mM MgCl;,ImM DTT, 5mM ATP, 100ug/mL
and 40U RNAse OUT (ThermoFisher Scientific) alone or with the indicated concentration
of purified 2XMBP-BRCAZ2 or 2XMBP-BRCAZ27:. The mixture was incubated at 37°C for
30 min and the reaction products were resolved on 10% PAGE in 1% TAE buffer (40mM
Tris Acetate, 0.5mM EDTA) at 110V for 45 min at room temperature. The gels were dried,
visualized by phosphorimaging (Typhoon, GE Healthcare) and analysed on Image Quant
software (GE Healthcare). In all in vitro unwinding assays, DDX5 unwinding activity was
calculated as the percentage of free radiolabelled RNA relative to the R loop signal.

DNA-RNA immunoprecipitation (DRIP)

DRIP was performed in enzymatically digested DNA from U20S DIVA cells after 72h
transfection, with or without 4h treatment with 4OHT for DSB induction, and treated or
not with RNase H in vitro as previously described??. Analysis was performed by gPCR
using primers located at each of the regions of interest: RBMXL1-fw (GATTGGC-
TATGGGTGTGGAC; RBMXL1-rv (CATCCTTGCAAACCAGTCCT), HIST1IH2BG-Fw
(TGTGACCAAGGCGCAGAAGA), HIST1H2BG-rv (GAGCGCTTGTTGTAGTGGGC),
SNRNP-fw (GCCAAATGAGTGAGGATGGT) and SNRNP-rv
(TCCTCTCTGCCTGACTCCAT). Means and SEM from 4-5 independent experiments

were calculated and statistical significance was analysed using unpaired t-test.

Chromatin immunoprecipitation (ChlIP)
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Cells were crosslinked with a formaldehyde solution added to the culture medium (1%
formaldehyde final concentration) for 10 min at room temperature, with gentle agitation.
Glycine (0.125 M) was added for 5 min to stop the reaction. Cells were washed twice with
cold PBS in the presence of complete protease inhibitor cocktail (Roche) and PMSF and
harvested by. Pelleted cells were lysed in two steps, first using 0.5% NP-40 buffer for nu-
cleus isolation followed by nuclear lysis in 1% SDS lysis buffer. Sonication was performed
using Bioruptor (Diagenode, UCD-200) at high intensity and two cycles of 8 min (30” son-
ication, 30” pause) to achieve DNA fragments of about 200-1000 bp and chromatin was
clarified by centrifugation (13,000 % g, 30 min, 4 °C). For each IP, 20 pg of chromatin
were diluted in IP buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA pH 8, 16.7 mM
Tris pH 8, 167 mM NaCl) and incubated overnight at 4 °C on a rotating wheel with 4 nug
antibody (anti-DDX5 Santa Cruz sc-166167; anti-yH2AX Abcam ab2893; rabbit IgG
SIGMA 18140; and mouse IgG SIGMA 18765 as controls), followed by 2h incubation with
30 ul pre-cleared Dynabeads protein A and Dynabeads protein G (ThermoFisher). Beads
were sequentially washed with increasing salt concentrations (150-500 mM NacCl, 0.1%
SDS, 1% Triton X-100, 2 mM EDTA pH 8, 20 mM Tris pH 8), and LiCl buffer (0.25 M
LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris pH8). Immunopre-
cipitated complexes were resuspended in elution buffer (Tris 10 mM pH 8, EDTA 0.5 mM
pH 8, 1% SDS) and incubated for 20 min at 65°C shaking. After removal of the beads,
SDS concentration was brought to 0.5% by addition of 1x TE and samples were further
incubated overnight at 65°C to revert crosslinking. After 1h proteinase K treatment, im-
munoprecipitated and input DNA were purified with phenol/chloroform and precipitated in

ethanol at -20°C. Samples were resuspended in 50 pl water.
Quantitative PCR analysis

All real-time (RT)-gPCR analysis was performed with iTaq Universal SYBR Green Su-
permix (Bio-Rad) and analyzed on 7500 FAST Real-Time PCR system (Applied Biosys-
tems, Carlsbad, CA).

DRIPc-seq

For genome-wide detection of DNA-RNA hybrids, DRIPc-seq was performed essentially
as described?®’. Briefly, after DRIP, the eluted DNA from five immunoprecipitations of
each sample was treated with 6 U of DNase | (New England BioLabs) for 45 min at 37°C
to degrade all DNA. The resulting RNA was subjected to library construction using the
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TruSeq Stranded Total RNA protocol (Illumina) from the fragmentation step. The quality
of the libraries was checked on a 2100 Agilent Bioanalyzer prior to sequencing on an
Illumina NextSeq500 platform.

DRIPc-seq read mapping, peak calling and annotation

Sequenced paired-ends reads were subjected to quality control pipeline using the FASTQ
Toolkit v.1.0.0 software (Illumina) and aligned to the human reference genome hg38 with
Bowtie2®!3. Reads were separated into Watson and Crick strand using SAMTools®!,
Genome signal tracks were obtained using bamCoverage command from Deeptools®®,
DRIPc-seq peaks were called using MACS231° setting default parameters and FRD<0.01
allowing broad region detection with a 0.1 cutoff. Next, regions covered by peaks in both
replicates in both conditions were merged and fused when closer than 5kb distance for
comparative analysis using BEDtools®'’. Then, number of counts per peak was calculated
using FeatureCounts and RPKM normalized. For further comparative analysis, R loop-gain
peaks were established selecting peaks whose DRIPc signal fold change was higher than
2.5X in siDDX5 respect to the siC control cells in both replicates and vice versa for R
loop-gain peaks in siC cells. Finally, peaks were annotated to genes using ChlPseeker3!8
and genes retrieved from Ensembl release 94 20183%%°. Our analyses were

mainly focus on protein-coding genes considering promoter as -2 Kb from the
transcription start site (TSS) and downstream as +2 Kb from the transcription termination
site (TTS).

For yH2AX peak metaplot, the mean DRIPc-seq signal (mean coverage) from the two
replicates in K562 cells was superimposed on the plot of yYH2AX peaks from previously
reported YH2AX ChIP-seq analysis (GSE 104800)%% performed in the same cells.

The DRIPc-seq datasets generated in this study are available at GEO repository
(GSE150163)

QUANTIFICATION AND STATISTICAL ANALYSIS

The total number of replicates, mean and error bars in graphs are explained in the figure
legends. Statistical significance of differences was calculated with unpaired two-tailed t-
test, one/two-way ANOV A with Tukey’s multiple comparisons test or Mann-Whitney two-
tailed test as indicated in the figure legends. All analyses were conducted using GraphPad
Prism (version Mac OS X 8.4.2).
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7. APPENDIX

Table 1. siRNA used in this study

| SIRNA
TARGET AND SEQUENCES (5°-3”) SOURCE IDENTIFIER
BRCA2 Qiagen Cat# S100000966
CAGCGTTTGTGTATCGGGCAA
BRCA2 ON-TARGETplus SMARTpool Dharmacon Cat# L-021420-00
BRCA2 Dharmacon Cat# D-003462-04
GAAGAAUGCAGGUUUAAUA
DDX5 Mazurek et al., 2012  N/A
GCUCUUUAUAUUGUGUGUUAU (Ref. 309)
SETX ON-TARGETplus SMARTpool Dharmacon Cat# L-003462-00
Non targeting oligonucleotide (siC) Dharmacon Cat# D-001810-01-
20
Table 3. Primers for sequencing, cloning quantitative PCR analysis
[ Primers
NAME AND SEQUENCES (5°-3”) SOURCE IDENTIFIER
0AC914 (sequencing of DDX5-GFP plasmid): Eurofins MWG N/A
ATGTCGGGTTATTCGAGTGACCGAG
0AC149 (sequencing of BRCA21.250 plasmid) Eurofins MWG N/A
TTATTTGCTAGCCCTATTGGATCCAAAGA
G
0AC953 (for DDX5-GFP cloning): Eurofins MWG N/A
CGTGTCGACATGTCGGGTTATTCGAGTGA
CCGAGAC
0AC967 (for DDX5-GFP cloning): Eurofins MWG N/A
CGTACCGGTCCTTGGGAATATCCTGTTGG
CATTGGATAACC
0AC965 (for insertion of K144A mutation in Eurofins MWG N/A
DDX5 sequence):
GTGGCACAGACTGGATCTGGGGCAACAT
TGTCTTATTTGCTT
0AC966 (for insertion of K144A mutation in Eurofins MWG N/A
DDX5 sequence):
AAGCAAATAAGACAATGTTGCCCCAGAT
CCAGTCTGTGCCAC
RBMXL1-fw: GATTGGCTATGGGTGTGGAC @ Aymard etal., 2014 | N/A
(Ref.259)
RBMXL1-rv: CATCCTTGCAAACCAGTCCT | Aymard etal., 2014 | N/A
(Ref.259)
HIST1IH2BG-Fw: Mersaoui et al., 2019 ' N/A
TGTGACCAAGGCGCAGAAGA (Ref.264)
HIST1IH2BG-rv: Mersaoui et al., 2019 ' N/A
GAGCGCTTGTTGTAGTGGGC (Ref.264)
SNRNP-fw: GCCAAATGAGTGAGGATGGT | Bhatiaetal., 2014 N/A 145
(Ref.187)

SNRNP-rv: TCCTCTCTGCCTGACTCCAT Bhatia et al., 2014 N/A
(Ref.187)



Table 3. Oligonucleotides for generation of R-loop generation

| Oligonucleotides

NAME AND SEQUENCES (5°-3”) SOURCE IDENTIFIER
0AC862 (PAGE purified) Song et al. 2017 N/A
GTACCCGGGGATCCTCTAGAGTCGAGCG  (Ref.244)
TCGATCCGAAACTTGGCACTGGCCGTCGT

TTTACAAC

0ACB863 (PAGE purified) Song et al. 2017 N/A
GTTGTAAAACGACGGCCAGTGCCTTTTCC  (Ref.244)
CAGCCTCAATCTCATCACTCTAGAGGATC

CCCGGGTAC
0AC864 (PAGE purified) Song et al. 2017 N/A
GUUUCGGAUCGACGC (Ref.244)

Primary and secondary antibodies

[ Antibodies
anti-MBP (R29) (mouse, immunoblot (IB): Thermo Fisher Cat# MA5-14122
1:5000) Scientific
anti-BRCA2 (OP95) (mouse, (co-IP): 1ug, (1B): A EMD Millipore OP95
1:1000 (PLA); 1:2000)
anti-DDX5 (mouse, (IB): 1:100 or 1:500 (ChIP): ' Santa Cruz Cat# sc-166167
4 ug (IF): 1:500) Biotechnology
anti-DDX5 (goat, (PLA)1:3000) Abcam Cat# ab10261
anti-pSer139-y-H2AX (rabbit, (PLA):1:3000) EMD Millipore Cat# 07-164
anti-pSer139- yH2AX (clone JBW301) (mouse, = EMD Millipore Cat #05-636
IF: 1:1000)
anti--pSer139- yH2AX (rabbit (IF):1:1000) Abcam Cat # ab2893
(ChIP): 4 pg
anti-RADS51 (clone H-92) (rabbit, (IF): 1:100 or = Santa Cruz Cat#sc-8349
1:1000 clone H-92) Biotechnology
anti-RPA32 (rat, (IF):1:1000) Ozyme (Cell Cat# 2208S
Signaling)
anti-DNA-RNA hybrids (59.6) (mouse, Protein Expression
(PLA):1:100000 (IF): 1:500) and Purification
Core facility, Institut
Curie
anti-DNA-RNA hybrids (59.6) ( (IF): 1:2000 Purified from N/A
hybridoma cell line
HB-8730
anti-nucleolin (rabbit, (1F):1:1000) Abcam Cat#ab50279
anti-nucleolin (rabbit, (1F):1:1000) Abcam Cat#ab22758
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anti-GFP (rabbit (IF):1:200)
anti-biotin (rabbit (IF): 1:3000)

anti-rabbit 1gG (ChIP): 4 pg
anti-Mouse 1gG (ChlIP): 4 g

goat anti mouse 1gG-HRP: (co-IP): 1ug
mouse-lgGk BP-HRP (IB: 1:5000)

goat anti-mouse 1gG-HRP (IB: 1:10 000)

chicken anti-rat Alexa Flour 647 (IF): 1:1000

donkey anti-mouse Alexa-594 (IF): 1:1000
donkey anti-rabbit Alexa-488 (IF): 1:1000
goat anti-human Alexa-555 (IF: 1:1000)
donkey anti-mouse Alexa-488 (IF: 1:1000)
chicken anti-mouse Alexa-594 (IF): 1:1000
chicken anti-mouse Alexa-488 (IF): 1:1000
goat anti-mouse Alexa-546 (IF): 1:1000
goat anti-rabbit Alexa-568 (IF): 1:1000

goat anti-mouse Alexa-488 (IF): 1:1000

Bacterial and virus strains

Abcam
Bethyl Laboratories

SIGMA
SIGMA

Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Interchim

Life Technologies
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific

Cat#ab6556
Cat# BETA150-
109A

Cat# 18140
Cat# 18765
Cat# sc-2055

Cat#sc-516102

Cat#115-035-003
Cat#A-21472
Cat#A-21203

Cat#A-21206

Cat#A-21433

Cat#A-21202

Cat#A-21201

Cat#A-21200

Cat#A-11030

Cat#A-11011

Cat#A-11029

 Bacterial and Virus Strains

E. coli DH5a electrocompetent cells

E. coli BL21 (DE3) Star cells

Chemical and reagents

Protein Expression
and Purification
Core Facility,
Institut Curie
Protein Expression
and Purification
Core Facility,
Institut Curie

N/A

N/A

| Chemicals, Peptides, and Recombinant Proteins

Fibronectin from bovine plasma
Collagen

Sigma-Aldrich
Sigma-Aldrich

Cat.F1141-1MG
Cat#C3867-1VL
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Hygromycin B

Puromycin
G 418 Disulfate salt
EdU (5 -ethynyl-2’ -desoxyuridine)

Biotin Azide
Turbofect
Lipofectamine™ 3000 Transfection Reagent

jetPRIME®

cOmplete, EDTA-free Protease Inhibitor
Cocktail

Maltose monohydrate
Glycine

IPTG

L-glutathione
Kanamycin
Ampicillin
Chloramphenicol
Benzonase nuclease
RNAseOUT™
RNase |

DNase |

RNase A

RNase H

Hexokinase
T4 Polynucleotide Kinase

ATP, [y-32P]- 3000Ci/mmol 10mCi/ml
EasyTide

Amersham Protran Nitrocellulose Blotting
Membrane

Amersham ECL Prime Western Blotting
Detection Reagent

Cordycepin, from Cordyceps militaris
trans-4-Hydroxytamoxifen (40HT)
penicillin/streptomycin

Bovine Serum Albumin

Thermo Fisher
Scientific
Sigma-Aldrich
Sigma-Aldrich
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Ozyme
Sigma-Aldrich

Carlo Erba
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
AppliChem
Merck Millipore
Invitrogen

Thermo Fisher
Scientific

New England
Biolabs (NEB)

Thermo Fisher
Scientific

New England
Biolabs (NEB)
Millipore Sigma
New England
Biolabs (NEB)
Perkin Elmer

GE Healthcare Life
Science

GE Healthcare Life
Science

Sigma-Aldrich
Sigma

Eurobio Abcys
Sigma-Aldrich

Cat#10687010

Cat#P8833
Cat#G5013
Cat#A10044

Cat#B10184

Cat#R0532

Cat#L.3000015

Cat#POL114-15

Cat#000000011873
580001

Cat#459865
Cat#G7126-1KG
Cat#16758
Cat#G6529
Cat#K4000

Cat# A9518-5G
Cat#A18060025
Cat#70664-3
Cat# 10777019
Cat# AM2294

Cat# M0303S

Cat# EN0531

Cat# M0297L

Cat#11426362001
Cat# M0201S

BLUS502A250UC

Cat#10600008

Cat#RPN2236

Cat# C3394-25MG
Cat#H7904
CABPES01-04
Cat#A4503
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Hoechst 33258 Sigma-Aldrich Cat# 861405-

100MG
ProLong Diamond Antifade Mountant with Thermo Fisher Cat#P36962
DAPI Scientific
ProLong™ Gold Antifade Mountant Thermo Fisher Cat#P36930
Scientific
iTag Universal SYBR Green Supermix Bio Rad Cat# 172-5125SP1
Purified MBP-DDX5-GST protein This study N/A
Purified 2xMBP-BRCA2 (1-250 aa) WT protein | This study N/A
Purified EGFP-MBP-BRCAZ2 protein This study N/A
Commercial Kits
[ Critical Commercial Assays
Bio-Rad Protein Assay Dye Reagent Concentrate ' Bio-Rad Cat#500-0006
Duolink® In Situ PLA® Probe Anti-Rabbit Sigma-Aldrich Cat#DU092002-
PLUS 100RXN
Duolink® In Situ PLA® Probe Anti-Mouse Sigma-Aldrich Cat#DU092004-
MINUS 100RXN
Duolink® In Situ PLA® Probe Anti-Goat PLUS | Sigma-Aldrich Cat# DU092003-
100RXN
Duolink® In Situ Detection Reagents Red Sigma-Aldrich Cat#DU092008-
100RXN

QuikChange 11 Site-Directed Mutagenesis Kit Agilent Technologie @ Cat. #200523
S

NextSeq 500 kit [llumina Cat# 20024906

Cell lines

[ Experimental Models: Cell Lines

U20S (human osteosarcoma epithelial cell line) | Kind gift from N/A
Mounira Amor-
Gueret
HEK?293T (human embryonic kidney cell line) Kind gift from N/A
Mounira Amor-
Gueret
K562 (Erythromyeloblastoid leukemia cell line) |+ ATCC CCL-243
DLD1 (human colorectal adenocarcinoma cell Horizon Discovery | HD-PAR-008
line)
DLD1 BRCA2" Horizon Discovery HD 105-007
Hucl, T. et al 2008
(Ref. 306)
DLD1 BRCA2" GFPMBPBRCA2 WT clone C1 | Ehlen et al.2020 N/A
(Ref. 84)
DLD1 BRCA2" GFPMBPBRCA2 T207A clone | Ehlen et al.2020 N/A
Bl (Ref. 84)
DIVA cells (AsiSI-ER-U20S) Kind gift from N/A

Gaelle Legube
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Plasmids

| Recombinant DNA

Plasmid 2XMBP-BRCAZ2 (aa 1-250) in Nicolai etal., 2016 = N/A

phCMV1 (Ref. 105)

Plasmid 2XMBP-BRCAZ2 (aa 1-500) in Nicolai etal., 2016 = N/A

phCMV1 (Ref. 105)

Plasmid 2XMBP-BRCAZ2 (aa 1-750) in Nicolai etal., 2016 = N/A

phCMV1 (Ref. 105)

Plasmid 2XMBP-BRCAZ2 (aa 1-1000) in Nicolai etal., 2016 = N/A

phCMV1 (Ref. 105)

Plasmid EGFPMBP-BRCA2 in phCMV1 Nicolai et al., 2016 N/A
(Ref. 105)

Plasmid EGFPMBP-BRCA2 T207A in phCMV1 | Ehlen et al. 2020 N/A
(Ref. 84)

Plasmid DDX5-GFP This study N/A

Plasmid MBP-DDX5-GST Xing et al., 2017 N/A
(Ref. 265)

Plasmid pCDNA3 CMV RNaseH1 Asbroek et al., 2002 | N/A
(Ref. 307)

Plasmid pEGFP-M27 (GFP-RNase H1) Cerritelli et al., 2003 | N/A
(Ref. 308)

Plasmid pPCDNAG6.2-GFP-53BP1 This study N/A

Softwares

[ Software and Algorithms

ImageQuant TL Software GE Healthcare N/A

Image Lab 5.2.1 Software Bio-Rad N/A

MetaMorph2.1 software Molecular Devices N/A

Graph Pad Prism (version Mac OS X 8.4.2)
ImageJ
Fiji

LAS AF SP8 software (FRAP Wizard module)
Bowtie2

SAMTools

GraphPad Software
1.51s, NIH

1.51s, NIH

Leica

Langmead and
Salzberg, 2012 (Ref.
313)

Lietal., 2009 (Ref.
314)

www.graphpad.co
m
https://imagej.nih.g
ov
https://imagej/Fiji.n
ih.gov

N/A

http://bowtie-
bio.sourceforge.net
/bowtie2/index.sht
ml
http://samtools.sour
ceforge.net/
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http://www.graphpad.com/
http://www.graphpad.com/

Deeptools2 Ramirez et al., 2016

(Ref. 315)
MACS2 Zhang et al., 2008

(Ref. 316)
ChlPseeker Yuetal., 2015 (Ref.

318)
Others

[ Other

Amylose resin NEB Cat#E8021S
Bio-Rex 70 cation-exchange resin Bio Rad Cat#1435832
Glutathione Sepharose 4B GE Healthcare Cat#17-0756-01
GFP-TRAP beads Chromotek Cat#gta-20
Dynabeads® Protein G for Immunoprecipitation | Life Technologies Cat#10003D
Dynabeads® Protein A for Immunoprecipitation | Thermo Fisher Cat#10008D

SP Sepharose Fast Flow

Mini-PROTEAN TGX Stain-Free gels 4-15%
Acrylamide/ Bis-Acrylamide 40% Ratio 29/1
Ammonium Persulfate (APS)

TEMED

Sigma-Aldrich
Bio Rad
Euromedex
Bio Rad

Bio Rad

Cat#S1799-100ML
Cat#456-8084
Cat# EU0063-B
Cat# 161-0700
Cat# 161-0800
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Abstract

The BRCA2 tumor suppressor is a DNA double-strand break repair factor
essential to maintain genome integrity. BRCA2-deficient cells spontaneously
accumulate DNA-RNA hybrids, a known source of genome instability. However,
the specific role of BRCA2 on these structures remains poorly understood. Here
we identified the DEAD-box RNA helicase DDX5 as a BRCAZ2 interacting partner.
DDX5 associates with DNA-RNA hybrids that form in the vicinity of DSBs and this
association is enhanced by BRCA2. Notably, BRCA2 stimulates the DNA-RNA
hybrid helicase activity of DDX5. An impaired BRCA2-DDXS5 interaction, as
observed in cells bearing the breast cancer variant BRCA2-T207A, reduces the
association of DDX5 with DNA-RNA hybrids, decreases the number of RPA foci
and alters the kinetics of appearance of RAD51 foci upon irradiation. Our findings
are consistent with DNA-RNA hybrids being an impediment for the repair of DSBs
by homologous recombination and reveal BRCA2 and DDX5 as active players in

their removal.
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BRCAZ2 tumor suppressor protein is involved in genome maintenance mechanisms
including DNA repair by homologous recombination (HR) 12, protection of stalled
replication forks (RFs) 2 and faithful segregation of chromosomes 4°. Recent
reports have revealed that BRCA2-deficient cells accumulate DNA-RNA hybrids or
R loops 7. Unscheduled hybrids may form during transcription representing an
important source of genome instability by either the subsequent action of
nucleases acting on the displaced ssDNA strand or, mainly, by blocking RF
progression leading to transcription-replication conflicts 8. On the other hand, DNA-
RNA hybrid accumulation is enhanced by both single (SSBs) and double strand
DNA breaks (DSBs) ° and recent reports indicate that DNA-RNA hybrids
accumulate in the proximity of DSBs 10-15,

Given the ability of R loops to compromise genome integrity, cells have
developed different strategies to prevent the detrimental accumulation of these
structures. Among these are particularly relevant nucleases such as RNases H1
and H2 and a number of recently characterized RNA helicases 8. The latter
include, in addition to Senataxin ¢, members of the DEAD-box family of RNA
helicases such as DDX1 7, DDX5 %8, DDX21 *°, DDX19 ?° or UAP56/DDX39B?..
Arguably, their mechanism of action is not completely elucidated and their
functional specificity might be determined by the nucleic acid structural context
and the co-factors they interact with.

Several DNA repair proteins have been proposed to act in concert with
helicases and nucleases to direct DNA-RNA hybrid resolution. For example,
BRCAZ2 and other related proteins such as BRCAL or the Fanconi anemia (FA)
canonical factors FANCD2, FANCJ and FANCM reduce DNA-RNA hybrids at
transcription-replication conflicts 2224, Both BRCA1 and BRCA2 have also been

reported to regulate RNA pol Il transcription elongation 2° or termination 26, which
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when defective result in R loop-mediated DNA breaks. Interestingly, a connection
between FA factors and splicing has been recently revealed 2.

In this study we find that BRCA2 interacts with DDX5, a known DEAD-box
RNA helicase 282°, and their association is particularly enriched in DNA damage
conditions. BRCA2 stimulates the DNA-RNA hybrid unwinding activity of DDX5 in
vitro and promotes its association with DNA-RNA hybrids located in the vicinity of
DSBs. Both DDX5-depleted cells and cells bearing a breast cancer missense
variant (T207A), that reduces BRCA2 interaction with DDX5, exhibit increased
DNA damage-associated DNA-RNA hybrids and delays kinetics of HR-mediated
DSB repair. Our results indicate that DNA-RNA hybrids are an impediment for the
repair of DSBs and reveal that BRCA2 and DDX5 are active players in their

removal.

Results

BRCAZ2 physically interacts with DDX5

The N-terminal region of BRCA2 is highly disordered . To get insight on its
function we used a mass spectrometry screen to identify interacting partners using
HEK293T cells overexpressing a fusion protein comprising the first 1000 aa of
BRCA2 fused to a N-terminal 2xMBP tag followed by two nuclear localization
signals (NLS) (hereafter BRCA2nt) or the 2xMBP-NLS alone. Among the potential
protein partners we found several RNA helicases including the DEAD-box RNA
helicase DDX5 29, recently reported to suppress R loops 8(Supplementary Figure
la, Supplementary Table 1). In order to validate the interaction between BRCA2
and DDX5, we performed a pull-down assay and Western blot that showed an
interaction between overexpressed BRCA2nt and endogenous DDXS5 (Figure 1a).

Exposure of HEK293T cells to DNA damage induced by y-irradiation (6Gy)
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enhanced the interaction although the increase was moderate (Figure 1a). We
then confirmed the interaction of the endogenous proteins BRCA2 and DDX5 by
co-immunoprecipitation (co-IP) in both unchallenged and irradiated conditions (y-
irradiation, 6 Gy) (Figure 1b). The association of the endogenous BRCA2 and
DDX5 was not mediated by DNA or RNA as was not affected by benzonase
(Figure 1b). Consistently, using in situ proximity ligation assay (PLA) and specific
antibodies, we found that BRCA2 and DDXS5 colocalized in U20S cells and that
their proximity was enhanced in cells exposed to y-irradiation (Figure 1c).

Given that both BRCA2- and DDX5-deficient cells accumulate DNA-RNA
hybrids 618 we assessed whether the interaction could be promoted by DNA-RNA
hybrids. As shown in Figure 1c, the proximity of BRCA2 and DDX5 in both
untreated and irradiated cells was reduced after overexpression of RNase H1, a
nuclease that specifically degrades the RNA moiety of DNA-RNA hybrids, the
effect being stronger under irradiated conditions. In addition, inhibition of
transcription with cordycepin led to a substantial reduction in the proximity of
BRCA2 and DDX5 in both untreated and irradiated conditions suggesting that their
colocalization is transcription-dependent (Figure 1c).

Next, to define a smaller region of BRCA2 sufficient to bind DDX5 we used
a series of truncated fragments contained in the BRCA2nt used in the proteomic
mass spectrometry screen. We overexpressed three 2xMBP-NLS-tagged
fragments comprising either BRCA2 aa 1-250, 1-500 or 1-750 or the 2XMBP-NLS
alone as control and performed an amylose pull-down for the detection of DDX5 in
complex with these fragments of BRCA2 (Figure 1d). Three BRCA2 fragments but
not the control 2xMBP-NLS were able to form a benzonase-resistant complex with
DDX5 indicating that the first 250 aa of BRCA2 (hereafter BRCAZ2t1) are sufficient

to bind DDX5 (Figure 1d). To find out if the interaction was direct, we purified
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2XMBP-BRCAZ2T1 from HEK293T cells as we previously reported 3! and MBP-
DDX5-GST from bacteria as previously described 32 and performed a GST pull-
down assay. Importantly, BRCAZ211 was readily eluted from the glutathione resin
only in the reaction containing GST-DDX5-MBP indicating that the interaction
between BRCA2 and DDX5 is direct (Figure le).

Altogether, these results indicate that BRCA2 and DDXS5 interact directly
through the first 250 aa of BRCA2 and suggest that the interaction is enhanced

particularly at DNA-RNA hybrids and in cells exposed to y-irradiation.

DDX5 depletion leads to a genome-wide increase of DNA-RNA hybrids

As demonstrated previously 68, depleting BRCA2 or DDX5 lead to DNA-RNA
hybrids accumulation, visualized by immunofluorescence (IF) using the DNA-RNA
hybrid marker S9.6 in U20S cells 3 (Supplementary Figure 1b). Consistently,
DDX5 overexpression rescued the DNA-RNA hybrid accumulation observed in
DDX5-depleted cells but also of BRCA2-depleted cells (Figure 2a) confirming its
role suppressing these hybrids.

To test whether DDX5 associates with DNA-RNA hybrids, we performed in
situ PLA experiments and found that DDX5 was indeed in close proximity to them
(Figure 2b). As expected for an association with DNA-RNA hybrids, the proximity
was reduced in cells transfected with a plasmid expressing RNAse H1 (Figure 2b).
Given that (i) DDX5 depletion leads to increased sensitivity to replication stress 8
and (ii) unscheduled DNA-RNA hybrids represent a barrier for replication 3436, we
next asked whether this association was particularly enriched in replicating cells.
However, in our conditions, DDX5 association with hybrids was independent of
replication, since both EdU and non-EdU stained cells displayed similar levels of

DDX5-S9.6 PLA signal (Figure 2b), but was dependent on transcription
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(Supplementary Figure 1c).

To analyse the genome-wide effect of DDX5 depletion on DNA-RNA
hybrids, we performed a DRIPc-seq experiment providing high-resolution and
strand-specific profiling of hybrids 37 in K562 cells. Consistent with the reliability of
this method 2, the data obtained from two biological replicates were reproducible
(Figure 2c). Meta-plot analysis of the strand-specific composite profile across the
average gene body revealed an enrichment of DNA-RNA hybrids at the 3’ end of
the template strand (Figure 2d), corresponding to sense transcription throughout
the gene body, as well as an enrichment of DNA-RNA hybrids at the 5’ end of the
non-template strand, corresponding to antisense transcription at the promoters at
the non-template strand, as previously reported 2237, DDX5-depleted cells
exhibited similar overall distribution pattern of hybrids, but the levels were
consistently higher than those obtained with control cells (GEO, GSE127979) 2L
Therefore, DDX5 depletion leads to a genome-wide increase in the DNA-RNA

hybrids along gene bodies, consistent with a role in RNA processing 2.

DDX5 and BRCA2-depleted cells accumulate DNA-RNA hybrids at DSBs
Since BRCA2 and DDXS5 interaction was enhanced after y-irradiation, we
wondered whether DNA-RNA hybrids were enriched at DSB sites in DDX5-
depleted cells. We compared our DRIPc-seq data to a previously reported yH2AX
ChIP-seq analysis performed in the same cell line (GEO, GSE104800) °.
Interestingly, the signal of DRIPc-seq was enriched in DDX5-depleted cells around
YH2AX ChIP-seq peaks (Figure 2e). Moreover, the overlap of DNA-RNA hybrids
and yH2AX-enriched regions was almost two-fold higher in DDX5-depleted cells
compared to the control cells (22% in DDX5-depleted cells compared to 12% in

control cells) (Figure 2f). These results suggest that, in addition to the genome-
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wide accumulation of DNA-RNA hybrids along gene bodies presumably
independent of damage, DDX5 depletion leads to an enrichment of DNA-RNA
hybrids in the vicinity of DSBs. Furthermore, DDX5-depletion caused a two-fold
increase in the number of PLA spots observed with the S9.6 and anti-yH2AX
antibodies that was reduced by RNase H1 and cordycepin (Figure 3a). Similar
results were obtained for BRCA2-depleted cells suggesting that both DDX5 and
BRCA2 depletion cause a transcription-dependent increase in DNA-RNA hybrids
associated with DNA breaks.

These results, however, do not discriminate whether the DNA-RNA hybrid
leads to the break or vice versa. To add some light to this conundrum, we
determined DNA-RNA hybrid levels at DSBs induced in the U20S DIVA cell
system 4°. In these cells, around 100 DSBs (detectable by yH2AX) are generated
by the restriction enzyme AsiSI at specific sites upon treatment with tamoxifen
(OHT), (Supplementary Figure 2). We focused the analysis on two loci: (i) the
RBMXL1 gene containing an AsiSI cut-site and (ii) HIST1H2BG gene that does not
contain an annotated AsiSI cut-site but was previously shown to accumulate DNA-
RNA hybrids upon DDXS5 loss *8. In addition, we used SNRPN gene, which is not
prone to DNA-RNA hybrids, as a negative control 4! (Figure 3b).

Monitoring DNA-RNA hybrids in these cells by DNA-RNA hybrid
immunoprecipitation (DRIP), revealed that, as expected, control cells strongly
accumulated DNA-RNA hybrids at the RBMXL1 gene especially after DSB
induction (+OHT) (Figure 3b). As a control, we confirmed that depletion of the
Senataxin (SETX) DNA-RNA helicase increased hybrids at the cut-sites compared
to the control cells, as previously reported 2. BRCA2-depleted cells also showed a
similar trend, consistent with a previous report 1. Importantly, DDX5-depleted cells

showed an enrichment of DNA-RNA hybrids upon induction of DSBs (Figure 3b).
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The levels of DNA-RNA hybrids were strongly reduced by RNase H1 treatment
demonstrating the specificity of the signal. The levels of DNA-RNA hybrids were
not significantly affected by OHT addition in the HIST1H2BG gene, nor in a non-
transcribed region (SNRPN) (Figure 3b), indicating that the effect observed
depends on the induction of the break and transcription. Altogether, these results
suggest that BRCA2 and DDX5 depleted cells exhibit increased levels of DNA-

RNA hybrids at DSBs sites.

BRCA2 helps retain DDX5 at DNA damage sites

To determine whether BRCA2 could modulate DDX5 retention at damaged sites
we performed laser irradiation (405 nm) in U20S live cells sensitized by Hoechst
33258 transfected with DDX5-GFP and monitored the recruitment of DDX5 at DNA
damage tracks as described before for DNA repair proteins 42 and RBPs 3. We
verified the efficiency of our system to specifically recruit DSB repair proteins by
monitoring under the same conditions the recruitment of the early DSB marker
GFP-53BPL1. As expected, GFP-53BP1 signal re-localized at laser tracks within 2
min post-irradiation and the signal at the tracks increased over time reaching a
maximum at around 10 min post-irradiation (Figure 4a). Before laser irradiation,
DDX5-GFP exhibited a predominant nuclear staining as previously reported 44,
although with some accumulation of signal at the nucleoli probably due to its
overexpression (Figure 4a). In contrast to GFP-53BP1, DDX5-GFP signal
decreased specifically at the DNA damage tracks, detected in 11% of the cells
upon laser microirradiation (Figure 4a). This “anti-stripe” pattern already reported
before for other RBPs and DEAD-box proteins 434546 started within the first 2 min
post-irradiation and reached 25% of the cells at 10 min post-irradiation whereas

the rest of the cells showed DDX5 pan-nuclear staining. Interestingly, depletion of
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BRCAZ2 resulted in a widespread “anti-stripe” pattern of DDX5-GFP in the cell
population reaching 63% of the cells at 6 min (Figure 4a). Thus, only 37% of the
cells retained DDX5 at the laser tracks in BRCA2-depleted cells compared to the
75% in cells expressing BRCAZ2.

Since DDX5 has been involved in transcription regulation in response to
DNA damage #’, the “anti-stripe” pattern observed here suggests that DDX5 is
excluded from the DNA damage sites probably due to the local repression of
transcription concomitant to DNA damage 4648, and that BRCA2 retains or re-
localizes DDX5 at laser-induced DNA damage tracks. To confirm this possibility,
we took advantage again of the U20S DIVA cell system %% and measured directly
the presence of DDX5 at DSBs by ChIP. The occupancy of DDX5 at the RBMXL1
gene increased upon DSB induction (+OHT) in control cells. Importantly, this
increase was not observed in cells depleted of BRCA2 (Figure 4b). Furthermore,
DDX5 was not enriched at the control HIST1IH2BG gene, where there is no AsiSI
cut-site (Figure 4b). We also monitored the nuclear fluorescence intensity of DDX5
to determine any difference upon DNA damage induction. As expected, DSB
induction with OHT treatment resulted in a robust increase of yH2AX foci in all
conditions (Figure 4c). Endogenous DDX5 displayed a distinct granular nuclear
pattern as previously reported in interphase cells 4° (Figure 4c). In addition, DDX5
nuclear intensity increased upon DSB induction in control cells whereas it
remained unchanged in BRCA2-depleted cells (Figure 4c). These results suggest
that DDX5 nuclear localization increases upon DNA damage in a BRCA2-

dependent manner and that BRCA2 helps retain DDX5 at DNA damage sites.

BRCA2 stimulates the R loop unwinding activity of DDX5

DDX5 can unwind R loops and DNA-RNA hybrids in vitro 18 32 suggesting that its
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helicase activity might be required to process DNA-RNA hybrids in cells. Thus, we
next assessed whether DDX5 R loop unwinding activity was altered by BRCA2.
We purified GFP-MBP-BRCAZ2 from human HEK293T cells following our standard
protocol % and assessed the unwinding activity of DDX5 on synthetic radiolabeled
R loops substrates in vitro. The incubation of increasing concentrations of DDX5
(1-5 nM) with the R loop substrate for 30 min reached up to 40% of unwound
product in a reaction that required ATP and Mg?* (Figure 5), consistent with a
previous report 8, Importantly, the addition of nearly-stoichiometric concentration
of purified BRCAZ relative to DDX5 (2 nM) stimulated DDX5 helicase activity up to
two-fold reaching 80% of unwound product (Figure 5). To find out whether the
region of interaction, BRCA2r: (Figure 1d, e), was sufficient to stimulate this
activity, we conducted the same unwinding assay now in the presence of
BRCAZ2r1. Interestingly, as with full-length BRCA2, BRCA2rt1 was able to stimulate
DDX5 unwinding of R loops, although the concentration of BRCA2t1 required to
achieve similar stimulation as the full-length BRCA2 was ~25-fold higher (Figure
5). This is perhaps not surprising given the disordered nature of the N-terminal
region in isolation 30,

Taken together, these results reveal that nearly-stoichiometric amounts of
BRCA2 stimulate the R loop unwinding activity of DDX5. We previously showed
that the region from 250-500aa of BRCA2 contains a DNA binding domain 32,
which is not comprised in the DDX5 binding region (Figure 1d, e). Therefore, the
stimulatory function of BRCAZ2 depends primarily on direct protein-protein

interaction through the first 250 aa of BRCA2 and not on its DNA binding activity.

BRCAZ2-T207A cells show reduced interaction with DDX5 leading to

increased DNA-RNA hybrids
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Following the mapping of the interaction and the helicase stimulatory activity to the
first 250 aa of BRCA2 (BRCAZ211) we searched for BRCA2 missense variants
identified in breast cancer patients that could disrupt the interaction with DDX5.
We selected T207A, a breast cancer variant of unknown clinical significance

(VUS) (clinvar/variation/VCV000052028.2) affecting a highly conserved residue in

the region of BRCA2r1 that we had characterized previously in the context of
mitosis °. Using DLD1 BRCA2-deficient cells stably complemented with GFP-
tagged BRCA2 WT or BRCA2-T207A, we performed a GFP-trap pull-down assay
to detect bound DDX5. Although the levels of BRCA2 WT and BRCA2-T207A
were variable (see input levels in Figure 6a), the amount of pull-down BRCA2
protein was equivalent in the two samples (GFP-trap pull-down). BRCA2-T207A
association with DDX5 was consistently reduced by two-fold as compared to
BRCA2 (Figure 6a).

We next wondered whether cells bearing the T207A variant accumulated
DNA-RNA hybrids. In agreement with a previous report using BRCA2-depleted
cells ® and reproduced in U20S cells here (Supplementary Figure 1b) we found
that DLD1 BRCAZ2-deficient cells (BRCA27") accumulated DNA-RNA hybrids, as
detected by an increase in S9.6 nuclear IF signal, compared to the DLD1 cells
bearing endogenous BRCA2 (BRCA2**)(Supplementary Figure 3a). This was also
confirmed by DRIP at the HIST1H2BG locus (Supplementary Figure 3b).
Importantly, BRCA2" cells stably expressing BRCA2-T207A augmented the levels
of DNA-RNA hybrids by 1.5-fold compared to the cells complemented with BRCA2
WT (Figure 6b). Consistently, a 2.4-fold increase in the levels of DNA-RNA hybrids
was detected by DRIP at the HIST1H2BG locus (Figure 6c). These increased
levels were specific to DNA-RNA hybrids as they were dramatically reduced upon

RNase H1 treatment (Figure 6¢, Supplementary Figure 3c).
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Given that BRCAZ2 interaction with DDX5 seemed relevant upon DNA
damage, we analyzed whether these conditions would promote DDX5 retention or
localization to damaged sites by in situ PLA (Figure 6d). As shown before in U20S
cells (Figure 1c), the proximity between BRCA2 and DDX5 was enhanced by
irradiation in DLD1 cells bearing BRCA2 WT. In contrast, cells bearing BRCA2-
T207A displayed consistently reduced proximity of BRCA2 and DDX5 in both
conditions (Figure 6d).

Importantly, BRCA2-T207A cells also exhibited a clear reduction of DDX5-
S9.6 PLA signal compared to the BRCA2 WT cells. The signal in BRCA2-T207A
cells exposed to DNA damage was equivalent to that of BRCA27 cells (Figure 6e).
These results confirm that BRCA2-DDX5 interaction promotes
localization/retention of DDX5 to DNA-RNA hybrids at DNA breaks. Moreover,
T207A bearing cells increased the levels of DNA-RNA hybrids associated with
DNA breaks as manifested by an increased levels of S9.6-yH2AX PLA spots
compared to control cells (Figure 6f). The effect was transcription-dependent and
specific to DNA-RNA hybrids as shown by the dramatic signal reduction caused by
cordycepin and RNase H1 treatments, respectively (Figure 6f).

To find out whether this increase was due to a defect in the unwinding
activity of DDX5 we purified BRCA2711-T207A from human cells as for BRCA211
and tested again the helicase activity of DDX5 now in the presence of this
fragment. Interestingly, BRCA2711-T207A inhibited the helicase activity of DDX5
(Figure 6g) suggesting that the fraction of BRCA2-T207A that binds DDX5 results
in a non-productive interaction with DDX5 precluding its unwinding activity.

Thus, BRCA2-T207A reduces BRCA2-DDX5 productive interaction,
impairing the localization of DDX5 at DNA-RNA hybrids especially in cells exposed

to DNA damage and inhibiting its unwinding activity.
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DDX5-BRCAZ2 interaction favors DSBs repair by homologous recombination
Finally, we assessed the possible impact of the DNA-RNA hybrids observed in
DDX5-depleted cells or BRCA2-T207A cells on the repair of DSBs by HR. We
used cells exposed to y-irradiation (6 Gy) at different time points and quantified the
number of yH2AX foci, as a marker of DSBs, and RADS51 foci, as a marker of HR
repair. As expected, the number of yH2AX foci increased upon irradiation in both
control and DDX5-depleted U20S cells (Supplementary Figure 4a). Interestingly,
although the number of RAD51 foci gradually increased upon exposure to
irradiation in both cell lines, the kinetics was clearly affected in DDX5-depleted
cells (Figure 7a). In control cells, the number of RAD51 foci reached a maximum
1-hour after the irradiation and started recovering 4 hours post-irradiation,
consistent with the repair of the damage. In contrast, 4 hours were required to
reach the same maximum levels in DDX5-depleted cells. A delay in the kinetics of
appearance of RAD51 foci post-irradiation was also observed in DLD1 cells stably
expressing BRCA2-T207A variant versus BRCA2 WT (Figure 7b, Supplementary
Figure 4b). Of note, in agreement with the slower growth rate we observed in
DLD1 cells compared to U20S cells, the peak of RAD51 foci was observed only at
4 hours post-irradiation in DLD1 BRCA2 WT cells and was not reached even at 8
hours post-irradiation in BRCA2-T207A cells. Consistent with previous reports >,
the number of RAD51 foci was severely reduced in BRCA2- cells exposed to IR
as compared to the BRCA2 WT cells (Figure 7b).

DNA-RNA hybrids that form at DSBs have been shown to alter the outcome
of their repair by either promoting or impeding DNA end-resection 1352, one of the
early steps of HR pathway. To test the consequences of the observed DNA-RNA

hybrid accumulation due to the lack of BRCA2-DDX5 interaction on DNA-end
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resection, we monitored the formation of RPA foci, a protein that coats ssSDNA
immediately upon resection 3, in irradiated DLD1 cells bearing BRCA2 WT or
BRCA2-T207A. Interestingly, cells bearing T207A mutation showed reduced
number of RPA foci after y-irradiation compared to BRCA2 WT cells even if the
levels of yH2AX were equivalent in both cell lines (Figure 7c¢) suggesting that end-
resection might be affected in these cells.

If the increased levels of DNA-RNA hybrids observed in T207A cells is
causing the delay observed in the appearance of RPA and RAD51 repair foci,
reducing the DNA-RNA hybrids should rescue this delay. To test this hypothesis,
we overexpressed RNase H1 in cells bearing T207A and monitored the number of
RADS51 foci upon y-irradiation as compared to non-irradiated cells. Importantly,
overexpression of RNase H1 partially restored the levels of RAD51 foci at 2h after
treatment without significantly changing the number of DSBs, as monitored by
yH2AX foci (Figure 7d, Supplementary Figure 4c). Overall, these results suggest
that the DNA-RNA hybrids that accumulate in cells bearing T207A variant interfere

with the repair of the DNA damage by HR.

Discussion

In this work, we establish that BRCA2 physically binds the RNA helicase DDX5
and demonstrate that this interaction plays an active role in the resolution of DNA-
RNA hybrids associated with DSBs that favors their repair by HR.

BRCAZ2 retains DDX5 at DNA damage sites and stimulates its DNA-RNA hybrid
unwinding activity in vitro. We show that either depleting DDX5 or precluding the
interaction of BRCA2 and DDX5, as observed in the breast cancer variant BRCA2-
T207A, reduce the efficiency of HR repair by altering the kinetics of RAD51 repair

foci.
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Our findings suggest that DDX5 functions at DNA-RNA hybrids that form in
the vicinity of DSBs and its association with these structures is enhanced by
BRCA2. Several observations support this interpretation: (1) DDX5-depleted cells
accumulate DNA-RNA hybrids genome-wide and particularly at DSBs; (2) BRCA2
is required to retain/relocalize DDX5 at induced-DSBs and laser micro-irradiation
tracks, and (3) the proximity of DDX5 to DNA-RNA hybrids under DNA damage
conditions (IR) decreases in cells bearing a BRCA2 missense variant that impairs
BRCA2-DDX5 interaction.

Although enhanced, BRCA2 interaction with DDXS5 is not restricted to DNA
damage conditions. DDX5 has been recently reported to suppress spontaneous R
loops at R loop-prone loci, an activity that requires DDX5 methylation by PRMT5
18 Here we show that the role of DDX5 preventing DNA-RNA hybrids is
ubiquitous, since the increase in DNA-RNA hybrids after depletion of DDX5 is
observed genome-wide. Whether BRCAZ2 acts in concert with DDX5 or other RNA
helicases to resolve spontaneous DNA-RNA hybrids needs further study.

As its homolog in yeast Dbp2, DDX5 can unwind DNA-RNA hybrids both
alone or in the context of R loops in vitro 1832, Notably, we found that BRCA2
stimulates the unwinding activity of DDX5 on R loops in vitro, thus defining a novel
function for BRCA2. Mechanistically, it is possible that BRCA2 binding modifies
the ATP hydrolysis rate of DDX5, as shown for the recombination enzyme RAD51
54, Unlike canonical RNA helicases, DEAD-box proteins unwind duplex RNA by
“bending” one of the RNA strands 28. Thus, it is also conceivable that BRCA2
interaction changes the conformation of DDX5 so that it binds with different affinity
to RNA. An altered ATPase or RNA binding affinities of DDX5 may also explain
why BRCA211-T207A precludes DDX5 DNA-RNA helicase activity. Besides, it is

not surprising that this type of non-processive helicases rely on co-factors for
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substrate specificity, whether an RNA or a DNA-RNA hybrid, and/or to enhance
their activity 28. Interestingly, these findings suggest a role of BRCA2 upstream its
canonical position in the recombination process as the resolution of DNA-RNA
hybrids precedes the loading of RAD51 (Figure 7e). Regarding this possibility, a
previous report showed that BRCA2 is recruited early to DNA damage sites
through PolyADP-ribose (PAR) binding °°.

The consequences of DNA-RNA hybrids at the break are controversial:
whereas some reports suggest that hybrids formed at DSBs may preclude the
subsequent steps of the HR repair process 1312, others have suggested that these
structures could act as intermediates of the pathway 3154, In both scenarios
however, DNA-RNA hybrids need to be removed to license DNA repair by HR.
DNA-RNA hybrid resolution could be required at different stages. On the one
hand, DNA-RNA hybrids may form at the breaks before resection facilitated by the
dsDNA rotation freedom conferred by a DSB 9, with the possibility of channeling
repair towards NHEJ as it was shown in cells depleted of Senataxin 2. On the
other hand, DNA-RNA hybrids may form at the ssDNA generated upon resection
impeding RPA binding, in a scenario in which long-range end-resection, required
for HR, is already committed, as described for DDX1-depleted cells 1.
Interestingly, DDX5 interaction with BRCAZ2 favors RPA coating and the timely
repair of DSBs, as measured by RAD51 foci formation, which are not altered by
Senataxin 2. Moreover, the reduced RAD51 foci formation can be partially
rescued by RNase H1 suggesting that the DNA-RNA hybrid resolution activity of
BRCA2-DDX5 directly impacts HR. Thus, our results are consistent with DNA-
RNA hybrids associated with DNA damage being an impediment for the HR
process and BRCA2-DDX5 being active players in their resolution. Because the

domains of interaction of RAD51 and of DDX5 on BRCA2 are separated, it is
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conceivable that the two proteins transiently co-exist bound to BRCAZ2,
presumably enabling the efficient repair of DSBs by HR.

Based on the number of RNA helicases that came out in our mass
spectrometry screen and a previous report 8, it is possible that BRCA2 acts with
other proteins to remove DNA-RNA hybrids. Along these lines, a recent work has
reported the association of BRCA2 with the nuclease RNase H2 at DNA-RNA
hybrids at DSBs 4!, although the phenotype of disrupting the interaction was not
assessed in that study.

We show here that a single missense mutation in BRCA2 reduces the
interaction of BRCA2 with DDX5 resulting in increased DNA-damage dependent
DNA-RNA hybrids. BRCA2-T207A is a breast cancer variant previously
characterized as being defective in the alignment of chromosomes due to its
altered phosphorylation by PLK1 5. In that study, a mild sensitivity of BRCA2-
T207A bearing cells to MMC was shown that could not be explained by the defect
observed in mitosis. It is possible that that sensitivity results from the fraction of
DNA-RNA hybrids at DSBs not resolved in BRCA2-T207A cells. The fact that
T207A alters DDX5 interaction and the removal of DNA-RNA hybrids at DSBs with
consequences in RAD51-mediated repair exemplifies a missense BRCA2 variant
that indirectly affects HR without impairing the canonical HR functional domains of
BRCAZ; that is, the BRC repeats and the C-terminal DNA binding domain,
previously associated with breast cancer risk 5657, This, and the cumulative impact
of this variant on the functions of BRCA2 may have potential implications for
cancer risk assessment.

In summary, our results are in agreement with a model in which the removal
of DNA-RNA hybrids formed as a consequence of DSBs is favored by the direct

interaction between the DSB repair factor BRCA2 and the RNA helicase DDX5
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(Figure 7e). We envision a scenario in which BRCA2 interacts with and retains
DDX5 at the DSB site at a DNA transcribed region harboring a DNA-RNA hybrid,
thus promoting its DNA-RNA helicase activity to enable HR repair. Other proteins,
such as RNA helicases or RNases might also contribute to DNA-RNA hybrid
removal but, when BRCA2-DDX5 interaction is impaired, as exemplified by the
BRCA2-T207A breast cancer variant, the reaction would either be delayed or less

efficient.

Methods

Cell lines

The human cell lines HEK293T and U20S cells (kind gift from Dr. Mounira Amor-
Gueret) were cultured in DMEM (Eurobio Abcys, Courtaboeuf, France) media
containing 25 mM sodium bicarbonate and 2 mM L-Glutamine supplemented with
10% heat inactive FCS (EuroBio Abcys). The BRCA2 deficient colorectal
adenocarcinoma cell line DLD1 BRCA2"- 58(HD 105-007) and the parental cell line
DLD1 BRCA2** (HD-PAR-008) was purchased from Horizon Discovery
(Cambridge, England). The cells were cultured in RPMI media containing 25 mM
sodium bicarbonate and 2 mM L-Glutamine (EuroBio Abcys) supplemented with
10% heat inactivated fetal calf serum (EuroBio Abcys). The DLD1 BRCA2" cells
were maintained in growth media containing 0.1 mg/ml hygromycin B (Thermo
Fisher Scientific). The stable cell lines of DLD1”- BRCA2 deficient cells expressing
BRCA2 WT or T207A generated as described ° were cultured in growth media
containing 0.1 mg/ml hygromycin B and 1 mg/ml G418 (Sigma-Aldrich). DIVA cells
(AsiSI-ER-U20S) (kind gift from G. Legube) were cultured in DMEM (Gibco)
supplemented with antibiotics, 10% FBS and 1 pug/ml puromycin. For AsiSI-

dependent induction of DSBs, cells were incubated for 4h in medium containing
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300 nM trans-4-Hydroxytamoxifen (40OHT) (Sigma, H7904). K562 cells (ATCC,
CCL-243) were cultured in Iscove's Modified Dulbecco's medium (IMDM; GIBCO)
supplemented with 10% heat inactivated fetal bovine serum (Sigma Aldrich) and
1% antibiotic-antimycotic (BioWEST).

All cells were cultured at 37°C with 5% COz2 in a humidified incubator and all cell
lines used in this study have been regularly tested negatively for mycoplasma
contamination (MycoAlert, Lonza).

Plasmids, transfections and inhibitors

All BRCA2 N-terminal expression constructs containing the sequence coding for
BRCA2 amino acids 1-250 (BRCAZ2t1), 1-500 (BRCAZ2,. 1), 1-750 (BRCA2 13) or
1-1000 (BRCAZ2 nt) and EGFP-MBP-BRCA2 subcloning in phCMV1 expression

vector were generated as described 3.

The point mutation T207A in the 2xMBP-BRCA2r1 and EGFP-MBP-BRCA2 have
been described before °.

GFP-53BP1 construct was obtained by Gateway cloning (Thermo Fisher
Scientific) into pPCDNAG6.2-GFP of a construct comprising the coding sequence of
53BP1 (kind gift of P. Bertrand, CEA, FR).

DDX5-GFP construct was obtained by the insertion of DDX5 sequence from a
pcDNA 6.2 CMV EmGFP vector) in a pEGFP-N3 vector (kind gift from Carsten
Janke, Institut Curie, FR) using 0AC953/967 primers (see Supplementary Table
2).

MBP-DDX5-GST construct for purification of human DDX5 was a kind gift from
Elizabeth Tran (Purdue University, US).

PCDNA3 CMV expressing RNAseH1 has been previously reported®; pEGFP-M27

has been previously reported®°.
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Transfection of either U20S or DLD1 cells with pCDNA3 CMV expressing
RNAseH1 was performed with Turbofect (ThermoFisher Scientific) 24h before
fixation (48h before fixation in case of Figure 7d).

Transfection of U20S with DDX5-GFP and of DLD1 BRCA2 WT and BRCA2-
T207A clones with either pEGFP-C1 (-RH) or pEGFP-M27 (+RH) was performed
with Lipofectamin 3000 (Life Technologies) 24h before fixation.

For transcription inhibition in cells, cordycepin (100 uM, Sigma-Aldrich C3394-

25MG) was added to the growth media for a 2 h treatment at 37°C.

lonizing radiation-induced DNA damage
Cells were exposed to a 13’Cs source (GSR D1; dose rate: 0.9 Gy/min) and

subsequently incubated at 37°C for the indicated time.

SiRNA transfections

For U20S cells, siRNA transfections were performed using jetPRIME (Ozyme)
with 100 nM of the indicated siRNAs following manufacturer’s instructions, except
for Figure 2a, in which Lipofectamin 3000 (Life Technologies) was used. For
BRCA2 depletion we transfected a combination of the BRCA2 siRNA
(S100000966, Qiagen) and BRCA2 siRNA (Dharmacon D-003462-04) (100 nM
each) (Figure 3a and Supplementary Figure 1b) or the ON-TARGETplus
SMARTpool human BRCA2 (L-021420-00) (Dharmacon) (Figure 2a). For DDX5
depletion we used siRNA targeting DDX5 6! (Figure 3a, 7a and Supplementary
Figure 1b) (see Supplementary Table 3). Experiments were performed 30h or 72h
(Figure 2a) after transfection.

For experiments using K562 cells (Figure 2c-f) siRNA transfections were

performed using Lipofectamin 3000 (Life Technologies) according to
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manufacturer’s instructions with 100 nM siRNA targeting DDX5 ! (see
Supplementary Table 3) and experiments were performed 72h after transfection.
For experiments using DIVA cells (Figures 3b, 4b and 4c), siRNA transfections
were performed using Lipofectamin 3000 (Life Technologies) according to
manufacturer’s instructions with 100 nM of the indicated siRNAs (ON-
TARGETplus SMARTpool human SETX (L-003462-00) (Dharmacon), ON-
TARGETplus SMARTpool human BRCA2 (L-021420-00) (Dharmacon), or SiRNA
targeting DDX5 6! (see Supplementary Table 3) and experiments were performed
72h after transfection.

The non-targeting oligonucleotide (Dharmacon D-001810-04-20, 100 nM) was

used as control (siC) in all cells.

Expression and purification of 2xMBP-BRCA271 (WT and T207A) and EGFP-
MBP-BRCAZ2

2XMBP-BRCA21-250 and EGFP-MBP-BRCAZ2 were purified as previously
described3!. Briefly, ten to twenty 150 mm plates of HEK293 were transiently
transfected with the 2xMBP-BRCA21-250 (BRCAZ2t1) or the EGFP-MBP-BRCA2
using TurboFect (Thermo Fisher Scientific). The cells were harvested 30 h post
transfection, lysed in lysis buffer H (50 mM HEPES (pH 7.5), 250 mM NacCl, 1%
NP-40, 5 mM EDTA, 1 mM ATP and 3 mM MgClz2, 1 mM DTT, 1 mM PMSF and
EDTA-free Protease Inhibitor Cocktail (Roche)) and incubated with amylose resin
(NEB) for 3h at 4°C. The lysate was extensively washed with buffer H including
250 mM (EGFP-MBP-BRCAZ2) or 500 mM (BRCA2T1) NaCl and the protein was
eluted with 20 mM maltose. The eluate was further purified with Bio-Rex 70 cation-
exchange resin (Bio-Rad) by NaCl step elution. For the purification of 2xMBP-

BRCA211-T207A, we followed the same steps as above except for the Bio-Rex
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resin that was substituted by a HiTrap Q HP strong anion exchange column (GE
Healthcare). The size and purity of the final nuclease-free fractions were analysed
by SDS-PAGE and western blotting using anti-MBP antibody or anti-BRCA2
antibody in the case of full-length BRCA2 purification. Pooled protein was snap
frozen in N2 and stored at -80°C. Concentrations were calculated measuring the
intensity of the band on a StainFree gel (Bio-Rad) via ImageLab software and

using the same protein at known concentration as a reference.

Expression and purification of MBP-DDX5-GST

MBP-DDX5-GST was purified as described 2. Briefly, expression of MBP-DDX5-
GST in E. coli BL21 (DES3) Star cells was induced using 0.2 mM IPTG at 16°C
overnight. Cells were lysed in a buffer containing 50 mM HEPES (pH 7.5), 250 mM
NaCl and 1% NP-40 and disrupted using a French press. The crude lysate was
clarified by centrifugation in a Beckmann Ti45 rotor at 35,000 rpm, 60 min, and the
MBP-DDX5-GST was purified from the soluble lysate using glutathione resin (GE
healthcare) followed by cation-exchange chromatography (SP sepharose, Sigma-
Aldrich). The protein was eluted with elution buffer 1 (50 mM Tris— HCI [pH 8.0],
300 mM NaCl, 20% glycerol). StainFree images of the gels before transfer were
used as loading control for the input and cropped image are shown in the figure.
Nuclease-free aliquots were snap frozen in N2 and stored at -80°C. Concentration
was calculated measuring intensity of the band on stain-free gel via ImagelLab

software and using Bradford assay.

Amylose and GFP pull-down from whole cell extracts
For amylose pull-down, cell pellets were resuspended in lysis buffer (50 mM

HEPES pH7.5, 250 mM NaCl) supplemented with 1 x protease inhibitor cocktail
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(Complete, EDTA-free; Roche), 1 mM PMSF, 1 % NP-40, 1 mM DTT, 1 mM MgCl:
and 250 units/ml benzonase (1.5 ml lysis buffer/2.5 x 107 cells). Cell suspension
was sonicated and cleared by centrifugation. The supernatant was then incubated
for O/N at 4°C with 60 pl amylose resin (New England Biolabs) per 2.5 x 107 cells.
After 4 washes with washing buffer (50 mM HEPES pH7.5, 500 mM NaCl, EDTA 5
mM), the bound proteins were eluted in washing buffer supplemented with 10 mM
maltose (Sigma). Eluted proteins were separated by SDS-PAGE and analysed by
western blotting. For all Western blots, the protein bands were visualized with
ChemiDoc XRS+ System (BioRad). StainFree images of the gels before transfer
were used as loading control for the input and cropped image is shown in the
figure.

For GFP-pull-down, DLD1 BRCA2** parental cells and DLD1 BRCA2 stable
clones expressing EGFP-MBP-BRCA2 (WT or T207A) pellets were re-suspended
in lysis buffer (50 mM HEPES pH7.5, 100 mM NacCl) supplemented with 1 x
protease inhibitor cocktail (Complete, EDTA-free; Roche), 1 mM PMSF, 1 % NP-
40, 1 mM DTT, 1 mM MgClz2 and BSA 100 pg/ml. Cell suspension was sonicated
and cleared by centrifugation. The supernatant was then incubated for 1, 5h at 4°C
with 25 pl of pre-equilibrated GFP-TRAP beads (Chromotek) to pull-down EGFP-
MBP-BRCAZ2. The beads were washed 3 times in lysis buffer with 250 mM NacCl.
Bound proteins were eluted by boiling the samples for 4 min in 3x SDS-PAGE
sample loading buffer (SB), eluted proteins were separated by SDS-PAGE and
analysed by western blotting. For all Western blots, the protein bands were
visualized with ChemiDoc XRS+ System (BioRad) and quantified by Image
LabTM5.2.1 Software (BioRad). To calculate the relative co-immunoprecipitation
(co-IP)/co-pull-down of a protein of interest, the intensity of the band in the co-IP

was divided by the intensity of the band in the input (ImageQuantTMTL software),
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the ratio co-IP: input of the protein of interest was then divided by the intensity of
the band of the immunoprecipitated protein. StainFree images of the gels before
transfer were used as loading control for the input and cropped image is shown in

the figure.

Amylose pull-down from nuclear cell extracts

Four plates of HEK293T exponentially growing cells were harvested and the cell
pellets were gently resuspended in nuclear isolation buffer (NIB; 10 mM HEPES
pH 7.5, 10 mM KCI, 1.5 mM MgClz, 10 % glycerol, 350 mM sucrose)
supplemented with 1 x protease inhibitor cocktail (Complete, EDTA-free; Roche), 1
mM PMSF and 1 mM DTT (1.5 mL lysis buffer/2.5 x 107 cells). Samples were kept
on ice for 10 min and centrifuged at 1300 x g for 5 min at 4°C. The pellet (nuclear
fraction) was washed with NIB and sonicated. The pull-down was performed as

that of the whole cell extracts above.

Mass spectrometry

Amylose-isolated samples were separated by SDS-PAGE and stained with
colloidal blue (LabSafe Gel Blue GBiosciences). In-gel digestion was performed,
according to standard protocols. Briefly, 23 to 24 gel slices were excised, washed,
and the proteins were reduced with 10 mM DTT (Sigma) and alkylated with 55 mM
iodoacetamide (Sigma). The gel pieces were washed with 100% acetonitrile and
incubated overnight with trypsin (Roche Diagnostics) in 25 mM ammonium
bicarbonate at 30 °C. Peptides extracted from each gel slice were used directly
and analyzed by nano-liquid chromatography-coupled to tandem mass
spectrometry (nanoLC-MS/MS) for protein identification. Each sample was

concentrated and then separated on a C18 reverse phase column, with a linear
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acetonitrile gradient (UltiMate 3000 System, Dionex, and column 75 um inner
diameter x 15 cm, packed with C18 PepMapTM, 3 um, 100 A; LC Packings)
before MS and MS/MS. Spectra were recorded on an LTQ-Orbitrap XL mass
spectrometer (Thermo Electron). For identification, data were searched against the
Swiss-Prot “Homo sapiens” database using Mascot™ (version 2.5.1) one by one
band or merged per conditions for emPAIl abundance evaluation. Enzyme
specificity was set to trypsin and a maximum of two-missed cleavage sites were
allowed. Oxidized methionine, carbamidomethyl cysteine and N-terminal
acetylation were set as variable modifications. Maximum allowed mass deviation
was set to 2 ppm for monoisotopic precursor ions and 0.8 Da for MS/MS peaks.
Result files were further processed using myProMS software 2. FDR calculation
used Percolator®® and was set to 1% at the peptide level for the whole study. To
calculate protein abundance we used the label free exponentially modified protein
abundance index (emPAIl) and molar % values obtained in the merged Mascot
from each replicate as described®. Mascot uses only peptides identified with score
at or above homology or identity thresholds for the calculation of the emPAl
values. Fold change ratios for identified proteins were calculated by dividing the
calculated molar percentage value for an individual protein in the BRCA2nt
condition with the cognate 2XMBP condition value.

The Mass Spectrometry datasets generated during this study are available at
ProteomeXchange Consortium via the PRIDE ©° partner repository. Project Name:
BRCA2-N-terminus interacting proteins in HEK293T cells

Project accession: PXD018979

Reviewer account details: (Username: reviewerl6179@ebi.ac.uk, Password:

GcRskKLia)

Co-immunoprecipitation
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Cell pellets were resuspended in lysis buffer (50 mM HEPES pH7.5, 250 mM
NaCl, 5 mM EDTA) supplemented with 1 x protease inhibitor cocktail (Complete,
EDTA-free; Roche), 1 mM PMSF, 1 % NP-40, 1 mM DTT, 1 mM MgCl2 and 250
units/ml benzonase (1.5 ml lysis buffer/2.5 x 107 cells). The cell suspension was
sonicated and cleared by centrifugation. The supernatant was then incubated for 2
hina

rotator at 4°C with 1 ug Dynabeads Protein G (Life Technologies) and 1 ug
primary antibody(or normal IgG where indicated) per 2.5 x 107 cells. The beads
were collected using a magnet and washed 4 times with washing buffer (50 mM
HEPES pH7.5, 250 mM NaCl, EDTA 5 mM). Proteins were eluted with 50 ul 0.2 M
glycine pH 2.2 per sample. 3 ul of 1.5 M Tris-HCI pH 8.8 was added. Eluted
proteins were separated by SDS-PAGE and analysed by western blotting. For all
Western blots, the protein bands were visualized with ChemiDoc XRS+
System(BioRad). StainFree images of the gels before transfer were used as

loading control for the input and cropped image is shown in the figure.

In vitro pull-down

Glutathione resin (GE healthcare) was equilibrated with binding buffer: 50 mM
HEPES (pH 7.5), 250 mM NaCl, 1mM DTT. Purified MBP-DDX5-GST (200 ng)
was incubated with 200 ng of purified 2XMBP-BRCA211 for 30 min at 37 °C
and then batch bound to 30 ul of glutathione resin for 1h at 4 °C under rotation.
The

complexes were washed 3 times with washing buffer (50mM HEPES (pH 7.5),
500mM NacCl, 1mM DTT) containing 0.1% Triton-X 100.

Bound proteins were eluted with 30 yl 20mM reduced Glutathione in binding

buffer,
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resuspended in 3X SDS sample buffer, heated at 54 °C for 5 min and loaded onto
a

10% SDS—PAGE gel. Proteins were analysed by western blotting.

For all Western blots, the protein bands were visualized with ChemiDoc XRS+

System(BioRad).

Antibodies used for Western Blotting

mouse anti-MBP (1:5000, R29, Cat. #MA5-14122, Thermo Fisher Scientific),
mouse anti-BRCAZ2 (1:1000, OP95, EMD Millipore), mouse anti-DDX5 (1:100 or
1:500, Cat. # sc-166167 Santa Cruz Biotechnology). Horseradish peroxidase
(HRP) conjugated secondary antibodies used: mouse-lgGk BP-HRP (IB: 1:5000,
Cat. #sc-516102, Santa Cruz), goat anti-mouse IgG-HRP (1:10 000, Cat.# 115-

035-003, Interchim).

In situ Proximity Ligation Assay (PLA)

Cells were seeded on coverslips precoated with 1 ug/ml fibronectin (Sigma) and
20 ug/ml collagen (Sigma). In case of EdU incorporation, a pulse-label nascent
DNA was performed with 10 uM EdU for 5 min before fixation. Cells were washed
with PBS and cytoskeleton (CSK) buffer (10 mM PIPES pH 6.8, 100 mM NacCl,
300 mM sucrose, 3 mM MgCl2 and 1 x protease inhibitor cocktail (Complete,
EDTA-free; Roche)) and permeabilized with CSK-T buffer (CSK supplemented
with 0.5 % Triton-X100). After washes in CSK and PBS, the cells were fixed with
2 % para-formaldehyde (PFA) for 20 minutes at room temperature (RT). The cells
were then washed 3 times with PBS. . In case of EdU labelling, before incubation
with primary antibodies, samples were incubated for 30 minutes at RT with a Click-

mix solution (Biotin-azide 6nM, Sodium ascorbate 10 mM, CuS0O4 2 mM, diluted in
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PBS 1X) in order to allow EdU-biotin conjugation. In this case, IF was combined to
PLA, adding a primary antibody anti-biotin (1:3000, Bethyl laboratories, Cat. #
BETA150-109A) together with primary antibodies for PLA and secondary antibody
(donkey anti rabbit Alexa-488, 1:1000, Cat. # A-21206, Life Technologies) together
with PLA probes.

In situ PLA was performed following the manufacturer’s specifications (Duolink™,
Sigma) except that the primary antibody was incubated for 1h at 37°C. For
guantification, particle analysis was done using ImageJ software (NIH Image). The
nucleus was defined by an auto-threshold (Huang, Image J) on DAPI, a mask was
generated and applied onto the Texas-Red2 picture to count PLA spots within the
nucleus using the plugin Find Maxima with a prominence of 2000 for Fig. 1C, of
5000 Fig. 2c, 3a, 6b, e, f and Supplementary Figure 1d. Primary antibodies used
for PLA: BRCA2 (1:2000 OP95 EMD Millipore), DDX5 (1:3000 Cat. # ab10261
Abcam), S9.6 (1:100000, Protein Expression and Purification Core facility, Institut

Curie), y-H2AX (1:3000 Cat. # 07-164, EMD Millipore).

Immunofluorescence microscopy

For immunofluorescence experiments in figures 7a-d Supplementary Figure 1b
and 4c, cells were seeded on coverslips pre-coated with 1 pg/ml fibronectin (Sig-
ma) and 20 ug/ml collagen (Sigma) the day before 6 Gy y—-irradiation. At the time
indicated after irradiation the coverslips were washed twice in PBS followed by
one wash in CSK Buffer (10 mM PIPES, pH 6.8, 0.1 M NaCl, 0.3 M sucrose, 3 mM
MgCl2, EDTA-free Protease Inhibitor Cocktail (Roche)). The cells were permea-
bilized for 5 minutes at room temperature in CSK buffer containing 0.5% Triton X-
100 (CSK-T) followed by one rinse in CSK buffer and one rinse in PBS before fixa-

tion for 20 minutes at room temperature with 2% PFA in PBS. After one rinse in
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PBS and one in PBS-T, the cells were blocked for 5 minutes at room temperature

with 5% BSA in PBS-T.

For immunofluorescence experiments in figures 2a, 4c, 6b, Supplementary Figure
3a and c, cells grown on glass coverslips coated with poly-L-Lysine (Sigma) were
rinsed with cold PBS and treated for 3 minutes with a TritonX-100 extraction buffer
(0.1% TritonX-100, 20mM HEPES-KOH pH7.9, 50mM NacCl, 3mM MgClz, 300mM
sucrose). In the case of figures 2a, 6b, Supplementary Figure 3a and c, after ex-
traction, cells were fixed for 8 minutes with methanol at -20°C; coverslips were
then washed three times with PBS and blocked overnight at 4°C in blocking solu-
tion (PBS with 2% BSA). In the case of figure 4c, after extraction, DIVA cells were
fixed in 4% FA/2% sucrose in PBS for 10 minutes at room temperature (RT),
washed twice in PBS and re-permeabilized with PBS-TritonX-100 0.5% for 10
minutes at RT. Then were then blocked at RT for 1h in blocking solution (3% BSA,
0.1% TritonX-100 in PBS).

For all immunofluorescence experiments, cells were incubated overnight at 4°C in
blocking solution with primary antibodies, except in case of figure S1B, when cells
were incubated for 1h at 37°C with S9.6 (1:500, Protein Expression and Purifica-
tion Core facility, Institut Curie) and anti-nucleolin (1:1000 Cat. # ab22758, Abcam)
antibodies. For figures 7a-d and Supplementary Figure 4c, cells were incubated
with anti-yH2AX (1:1000 Cat. # 05-636, EMD Millipore) anti-RAD51 (1:100 for
DLDL1 cells, 1:1000 for U20S cells, Cat. # sc-8349, Santa Cruz Biotechnology) or
anti-RPA (1:1000, Cat. # 2208S, Ozyme (Cell Signaling) antibodies. For figures
2a, 6b, Supplementary Figure 3a and c the mouse S9.6 (1:2000) and rabbit anti-
nucleolin (1:1000 Cat. # ab50279, Abcam) primary antibodies were used on un-

transfected cells or S9.6 (1:2000) and rabbit anti-GFP (1:200, Cat. # ab6556
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Abcam) were used in the case of transfected cells. For figure 4c anti-yH2AX
(1:1000, Cat. # ab2893, Abcam) or anti-DDX5 (1:500, Cat. # sc-166167 Santa
Cruz) were used. After primary antibody incubation, the coverslips were rinsed in
PBS-T followed by two washes of 10 minutes in PBS-T and blocked for 5 minutes
at room temperature with 5% BSA in PBS-T. Cells were incubated with appropri-
ate secondary antibodies (conjugated with Alexa Fluor 488, 546, 568, 594 or 647),
diluted in blocking solution for 1h at RT. After rinsing, coverslips were mounted
onto slides using ProLong Gold Antifade reagent (Invitrogen). Images in figures
2a, 4c, 6b, Supplementary Figure 3a and ¢ were acquired using a Leica DM6000
wide-field microscope equipped with a DFC390 camera (Leica) at x63 magnifica-
tion using the LAS AF software (Leica). For figures 7a-d, Supplementary Figure 1b
and 4c the camera used was a Hamamatsu Flash 4.0 sSCMOS controlled with

MetaMorph2.1 software (Molecular Devices).

The quantification of S9.6 intensity was performed in the area of the nucleus as
determined by DAPI and subtracting the intensity of S9.6 in nucleoli (stained with
an antibody specific for nucleolin, see above).

For figures 2a, 4c, 6b, Supplementary Figure 3a, ¢c automated quantification of foci
and fluorescence intensities was performed using the Metamorph v7.5.1.0
software (Molecular Probes).

For figures 7a-d and Supplementary Figure 4c Z-stacks were taken at 0.5 ym
intervals to generate a Z-projection image using ImageJ. For the analysis of y-
H2AX, RAD51 and RPA foci, 26 Z-stacks were taken at 0.2 ym intervals to
generate a maximal intensity projection using Image J. The number of yH2AX foci
per nucleus were counted with a customized macro using a semi-automated

procedure; the nucleus was defined by an auto-threshold (Otsu, Image J) on
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DAPI, a mask was generated and applied onto the Z-projection to count foci within
the nucleus. For the definition of foci we applied the threshold plugin IsoData
(ImageJ) and for the quantification of foci we used the tool Analyze Particles
(ImageJ) setting a range of 5-100 pixels? for Supplementary Figure 4a and a range
of 5-1000 for Fig. 7d, Supplementary Figure 4b to select only particles that
correspond to the size of a focus. RAD51 and RPA foci were quantified using the
plugin Find Maxima onto the Z-projection with a prominence of 1000 for Fig. 7a

and of 5000 for Fig. 7b, c.

Protein recruitment after laser-induced damage

U20S cells were seeded on glass coverslips precoated with 1 ug/ml fibronectin
(Sigma) and 20 pug/ml collagen (Sigma). Cells were then co-transfected with 2 ug
of a DDX5-GFP construct and BRCA2 siRNA and ON-TARGET plus Non-targeting
oligonucleotide (as described in sSiRNA section) 48h prior to imaging; or with 2 ug
of a construct expressing GFP-53BP1 also 48h prior imaging. Cells were pre-
sensitized by adding 10 mg/ml of Hoechst dye 33258 to the medium for 5 min at
37°C. Live cell imaging of DDX5-GFP or GFP-53BP1 at laser tracks was carried
out using an inverted Leica confocal laser scanning SP5 system equipped with a
37°C heating chamber attached to a DMI6000 stand using 63x/1.4 oil objective.
DNA damage was generated using a 405 nm laser diode focused onto a single
line (thickness: 1 pixel) within the nucleus to generate the damage. Specifically,
we set the laser output to 70% of maximum power and the scan speed at 10 Hz.
GFP signal was detected between 500-550nm on PMdetector. All recordings were
performed using the indicated sampling frequency (512 x 512 image size, line av-
erage of 4 and zooming set to 7.94). To reduce the time of image acquisition, the

scan was used in bidirectional regime and the scan speed was set at 10Hz (10
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000 lines by second). The whole system was driven by LAS AF software (Leica).
Images were collected at 2, 4, 6, 8, 10, 15 and 20 minutes after the DNA damage

using a 488 nm argon laser.

The quantification of cells showing a DDX5-GFP “anti-stripe” pattern at DNA dam-
age tracks (reduced GFP signal at the laser tracks compared to the rest of the nu-

cleus) was performed by manual counting in images visualized in ImageJ.

In vitro unwinding assay

DNA substrates were purchased PAGE-purified from MWG Eurofins and the RNA
substrate was purchased from Sigma. The RNA oligonucleotide 0AC864 (see
Supplementary Table 4) was 5' end- labeled with T4 polynucleotide kinase and [y-
32P]ATP. R loops substrates were prepared by annealing 1 pmol of labeled
0AC864 (RNA) to 2.5 pmol of DNA oligo 0AC862 (see Supplementary Table 4)
and 2.5 pmol of DNA oligo 0AC863 (see Supplementary Table 4) in annealing
buffer (1 mM EDTA, 10 mM Tris-HCI at pH 7.6) by heating for 2 min at 95°C fol-
lowed by slow cooling to room temperature. To assess unwinding activity, 1.5 nM
molecules of R loop substrate was incubated with the indicated concentrations of
purified MBP-DDX5-GST in 25 mM TrisAcO, 5mM MgClz2,2mM DTT, 5mM ATP,
100ug/mL and 40U RNAse OUT (ThermoFisher Scientific) alone or with the indi-
cated concentration of purified 2XMBP-BRCA2 or 2XMBP-BRCAZ2r1. The mixture
was incubated at 37°C for 30 min and the reaction products were resolved on 10%
PAGE in 1% TAE buffer (40mM Tris Acetate, 0.5mM EDTA) at 110V for 45 min at
room temperature. The gels were dried, visualized by phosphorimaging (Typhoon,

GE Healthcare) and analysed on Image Quant software (GE Healthcare). In all in
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vitro unwinding assays, DDX5 unwinding activity was calculated as the percentage

of free radiolabelled RNA relative to the R loop signal.

DNA-RNA immunoprecipitation (DRIP)

DRIP was performed in enzymatically digested DNA from U20S DIVA cells after
72h transfection, with or without 4h treatment with 40OHT for DSB induction, and
treated or not with RNase H in vitro as previously described 6. Analysis was per-
formed by gPCR using primers located at each of the regions of interest:
RBMXL1-fw (GATTGGCTATGGGTGTGGAC; RBMXL1-rv (CATCCTTGCAAAC-
CAGTCCT), HIST1H2BG-Fw (TGTGACCAAGGCGCAGAAGA), HIST1IH2BG-rv
(GAGCGCTTGTTGTAGTGGGC), SNRNP-fw (GCCAAATGAGTGAGGATGGT)
and SNRNP-rv (TCCTCTCTGCCTGACTCCAT). Means and SEM from 4-5 inde-
pendent experiments were calculated and statistical significance was analysed

using unpaired t-test.

Chromatin immunoprecipitation (ChIP)

Cells were crosslinked with a formaldehyde solution added to the culture medium
(1% formaldehyde final concentration) for 10 min at room temperature, with gentle
agitation. Glycine (0.125 M) was added for 5 min to stop the reaction. Cells were
washed twice with cold PBS in the presence of complete protease inhibitor cocktail
(Roche) and PMSF and harvested by. Pelleted cells were lysed in two steps, first
using 0.5% NP-40 buffer for nucleus isolation followed by nuclear lysis in 1% SDS
lysis buffer. Sonication was performed using Bioruptor (Diagenode, UCD-200) at
high intensity and two cycles of 8 min (30” sonication, 30" pause) to achieve DNA
fragments of about 200—-1000 bp and chromatin was clarified by centrifugation

(13,000 x g, 30 min, 4 °C). For each IP, 20 ug of chromatin were diluted in IP buff-
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er (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA pH 8, 16.7 mM Tris pH 8, 167
mM NaCl) and incubated overnight at 4 °C on a rotating wheel with 4 ug antibody
(anti-DDX5 Santa Cruz sc-166167; anti-yH2AX Abcam ab2893; rabbit IgG SIGMA
18140; and mouse IgG SIGMA 18765 as controls), followed by 2h incubation with
30 ul pre-cleared Dynabeads protein A and Dynabeads protein G (ThermoFisher).
Beads were sequentially washed with increasing salt concentrations (150-500 mM
NacCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 8, 20 mM Tris pH 8), and LiCl
buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris
pH8). Immunoprecipitated complexes were resuspended in elution buffer (Tris 10
mM pH 8, EDTA 0.5 mM pH 8, 1% SDS) and incubated for 20 min at 65°C shak-
ing. After removal of the beads, SDS concentration was brought to 0.5% by addi-
tion of 1x TE and samples were further incubated overnight at 65°C to revert
crosslinking. After 1h proteinase K treatment, immunoprecipitated and input DNA
were purified with phenol/chloroform and precipitated in ethanol at -20°C. Samples

were resuspended in 50 pl water.

Quantitative PCR analysis

All real-time (RT)—gPCR analysis was performed with iTag Universal SYBR
Green Supermix (Bio-Rad) and analyzed on 7500 FAST Real-Time PCR system

(Applied Biosystems, Carlsbad, CA).

DRIPc-seq

For genome-wide detection of DNA-RNA hybrids, DRIPc-seq was performed
essentially as described (Sanz and Chedin 2019). Briefly, after DRIP, the eluted
DNA from five immunoprecipitations of each sample was treated with 6 U of

DNase | (New England BioLabs) for 45 min at 37°C to degrade all DNA. The
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resulting RNA was subjected to library construction using the TruSeq Stranded
Total RNA protocol (lllumina) from the fragmentation step. The quality of the
libraries was checked on a 2100 Agilent Bioanalyzer prior to sequencing on an

lllumina NextSeg500 platform.

DRIPc-seq read mapping, peak calling and annotation

Sequenced paired-ends reads were subjected to quality control pipeline using the
FASTQ Toolkit v.1.0.0 software (Illumina) and aligned to the human reference
genome hg38 with Bowtie2¢”. Reads were separated into Watson and Crick strand
using SAMTools®. Genome signal tracks were obtained using bamCoverage
command from Deeptools®®.

DRIPc-seq peaks were called using MACS270 setting default parameters
and FRD<0.01 allowing broad region detection with a 0.1 cutoff. Next, regions
covered by peaks in both replicates in both conditions were merged and fused
when closer than 5kb distance for comparative analysis using BEDtools . Then,
number of counts per peak was calculated using FeatureCounts and RPKM
normalized. For further comparative analysis, R loop-gain peaks were established
selecting peaks whose DRIPc signal fold change was higher than 2.5X in siDDX5
respect to the siC control cells in both replicates and vice versa for R loop-gain
peaks in siC cells. Finally, peaks were annotated to genes using ChlPseeker 2
and genes retrieved from Ensembl release 94 201872. Our analyses were mainly
focus on protein-coding genes considering promoter as -2 Kb from the
transcription start site (TSS) and downstream as +2 Kb from the transcription
termination site (TTS).

For yH2AX peak metaplot, the mean DRIPc-seq signhal (mean coverage)

from the two replicates in K562 cells was superimposed on the plot of YH2AX
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peaks from previously reported yH2AX ChlP-seq analysis (GSE 104800) 3°
performed in the same cells.

The DRIPc-seq datasets generated in this study are available at GEO repository
(GSE150163)

QUANTIFICATION AND STATISTICAL ANALYSIS
The total number of replicates, mean and error bars in graphs are explained in the

figure legends. Statistical significance of differences was calculated with unpaired
two-tailed t-test, one/two-way ANOVA with Tukey’s multiple comparisons test or
Mann-Whitney two-tailed test as indicated in the figure legends except for Figure
3b where one-tailed t-test was used. All analyses were conducted using GraphPad

Prism (version Mac OS X 8.4.2).
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Figure Legends

Figure 1. BRCA2 physically interacts with DDX5
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(a) Amylose pulldown from benzonase-treated HEK293T cell lysates expressing
2XMBP-BRCA2nt in untreated or irradiated cells (6Gy; +IR). DDX5 and BRCA2nt
(MBP) detected by immunoblot. StainFree images of the gels before transfer was
used as loading control (cropped image is shown). (b) Immunoprecipitation (IP) of
endogenous BRCAZ2 from benzonase-treated HEK293T cell lysates treated or not
with IR (6Gy), as indicated. Normal mouse IgG was used as negative control.
Immunoblot of DDX5 and BRCAZ2. StainFree images of the gels before transfer
was used as loading control (cropped image is shown). (c) Top: Representative
images of in situ proximity ligation assay (PLA) between BRCA2 and DDX5
antibodies in U20S cells either left untreated (-) or irradiated (4h post-IR; 6 Gy).
When indicated, cells were transfected with a plasmid expressing RNase H1 (RH)
24h before or treated with Cordycepin (Cordy) for 2h at 37°C before fixation.
Single antibody controls from untreated siC cells are shown. Scale bar indicates
10 um. Bottom: Quantification of the number of PLA spots per nucleus. For
statistical comparison of the differences between the samples we applied a
Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values show
significant differences. The red line in the plot indicates the median, each symbol
represents a single PLA spot. (d) Top: Diagram showing the BRCA2 N-terminal
truncations used in this study. Bottom: Amylose pulldown from HEK293T whole
cells extracts overexpressing the indicated BRCA2 N-terminal truncations
(BRCA271, BRCA2.12, BRCA2.13) or the 2xMBP tag. DDX5 and BRCA2nt
truncations were detected using specific antibodies against DDX5 and MBP,
respectively. StainFree images of the gels before transfer was used as loading
control (cropped image is shown). (e) Left: GST pulldown assay using purified
BRCAZ211 (B271) and DDX5; MBP antibody was used for the detection of both

proteins. UB: unbound; E: eluate. Right: SDS-PAGE showing 300 ng of purified
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MBP-DDX5-GST and of 2xMBP-tagged BRCA211 used in the pulldown assay.

Figure 2. DDX5 depletion leads to a genome-wide accumulation of DNA-RNA
hybrids particularly enriched at DSBs

(a) Left: Representative images of S9.6 immunofluorescence of U20S cells
depleted of BRCA2 (siBRCAZ2), DDX5 (siDDX5) or control cells (siC) expressing
DDX5-GFP. The merged images show the signal of S9.6, nucleolin (nucleoli)
antibodies and DAPI staining. Scale bar indicates 25 um. Right: Quantification of
S9.6 average nuclear intensity of U20S cells depleted of BRCA2 (siBRCA2),
DDXS5 (siDDX5) or control cells (siC) expressing DDX5-GFP. The red line in the
plot indicates the median, each symbol represents the value of a single cell. The
statistical significance of the difference was calculated with Mann-Whitney U-test;
the p-values show the significant difference. The data represent at least 235 cells
per condition from three independent experiments. (b) Top: Representative
images of in situ PLA performed with DDX5 and S9.6 antibodies (DNA-RNA
hybrids) in EdU positive or negative U20S cells. When indicated, cells were
transfected with a plasmid expressing RNaseH1 (RH). Bottom: Quantification. At
least 300 cells per condition were counted from three independent experiments.
For statistical comparison of the differences between the samples we applied a
Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values show
significant differences. The red line in the plot indicates the median, each symbol
represents a single PLA spot. See also Figure S3B. (c) Representative screenshot
of a specific genomic region showing DRIPc-seq profiles at Watson (W) and Crick
(C) strands in K562 cells depleted of DDX5 (siDDX5) or control cells (siC) from
two independent experiments. The siC data were obtained from (GEO,

GSE127979) 2. (d) DNA-RNA hybrid distribution along protein-coding genes.
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Gene metaplot representing the mean of antisense and sense DRIPc-seq signal
from two independent experiments in K562 cells depleted of DDX5 (siDDX5) or
control cells (siC). (e) DNA-RNA hybrid metaplot distribution over yH2AX ChlP-seq
peaks, calculated from (GEO, GSE104800) *°. Peak metaplot shows the mean of
the DRIPc-seq signal from two independent experiments in K562 cells depleted of
DDXS5 (siDDX5) or control cells (siC). (f) Venn diagram representing the overlap
between yH2AX-positive genes in K562 cells (yH2AX ChlP-seq) and genes that
specifically accumulate hybrids in control cells (top) or in DDX5- depleted cells

(bottom).

Figure 3. DDX5 and BRCA2 depleted cells accumulate DNA-RNA hybrids at
DSBs sites. (a) Left: Representative images of in situ PLA between S9.6 and
yH2AX antibodies in U20S cells depleted of BRCA2 (siBRCA2), DDX5 (siDDX5)
or control cells (siC). When indicated, cells were transfected with a plasmid
expressing RNase H1 (RH) 24h before or treated with Cordycepin (Cordy) for 2h
at 37°C before fixation. Single antibody controls from non-irradiated siC cells are
shown. Scale bar indicates 10 um. Right: Quantification of PLA spots per nucleus
in each condition as indicated. For statistical comparison of the differences
between the samples we applied a Kruskal-Wallis test followed by Dunn’s multiple
comparison test, the p-values show significant differences. The red line in the plot
indicates the median, each symbol represents a single PLA spot. (b) DRIP-gPCR
signal values at RBMXL1, HIST1H2BG and SNRPN loci in U20S DIVA cells
transfected with the indicated siRNAs and treated in vitro with RNase H1 (RH) pre-
immunoprecipitation where indicated. The experiment was performed in both
untreated cells (-OHT) and after tamoxifen addition (+OHT). The data represent

the mean + SEM from at least four independent experiments. The statistical
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significance of the difference was calculated with unpaired t-test; the p-values

show the significant difference.

Figure 4. BRCA2 enhances DDX5 retention at DNA damage sites. (a) Top:
Scheme showing the experimental set up for laser irradiation in DDX5-GFP
transfected U20S cells depleted of BRCA2 (siBRCAZ2) or control cells (siC).
Bottom left: Western blot showing the siRNA mediated knock-down of BRCA2
from U20S cells transfected with DDX5-GFP. Bottom right: Live cell imaging of the
recruitment of GFP-53BP1 or DDX5-GFP to DNA damage tracks at different time
points as indicated. Exposure and processing were adjusted to best demonstrate
stripes and anti-stripes. Scale bar indicates 10 um. Right: Quantification of the
percentage of transfected cells that exhibit DDX5-GFP “anti-stripe” pattern
(reduced GFP signal at DNA damage tracks compared to the signal in the
nucleus) at the times indicated in cells depleted of BRCA2 (siBRCA2) or treated
with control siRNA (siC). The data represent the mean + SEM from three
independent experiments. (b) DDX5 ChIP-gqPCR signal values at RBMXL1 and
HIST1H2BG loci in U20S DIVA cells transfected with the indicated siRNAs and
either untreated cells (-OHT) or after tamoxifen addition (+OHT). The data
represent the mean + SEM from two independent experiments. The statistical
significance of the difference was calculated with unpaired t-Student test; the p-
values show the significant difference. (c) Top: Representative images of
immunofluorescence of U20S DIVA cells depleted of BRCA2 (siBRCA2), DDX5
(siDDX5) or control cells (siC) and either untreated cells (-OHT) or after tamoxifen
addition (+OHT), as indicated. Bottom: Quantification of the number of yH2AX foci
per nucleus (left) and DDX5 nuclear intensity (right). The data represent at least

800 cells per condition from three independent experiments. The red line in the
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plot indicates the median, each symbol represents the value of a single cell. The
statistical significance of the difference was calculated with Mann-Whitney U-test;

the p-values show the significant difference.

Figure 5. BRCAZ2 stimulates the R loop unwinding activity of DDX5. Left:
PAGE gel showing a representative unwinding assays in which purified MBP-
DDX5-GST (1-5 nM) was incubated with 3?P — labelled synthetic R loop substrate
in presence or absence of 2 nM purified EGFP-MBP-BRCAZ2 (top gel) or 50 nM
purified BRCA2T1 (bottom gel). Right: Quantification of the unwinding experiments
showing the percentage of free RNA relative to the R loop substrate (unwound
product) as a function of DDX5 concentration alone (black) or in presence of
BRCAZ2 (red) or BRCA21 (pink). The data represent the mean + SD of at least

three independent experiments.

Figure 6. Cells bearing BRCA2 T207A show reduced BRCAZ2 interaction with
DDX5 leading to increased DSB-associated DNA-RNA hybrids. (a) Left: GFP
pull-down assay from whole cells extracts of BRCA2 deficient DLD1 expressing
BRCA2 (WT) or the variant T207A (T207A). DLD1 BRCA2** (+/+) cell extracts are
used as control for the GFP-trap. DDX5 and BRCA2 were detected with specific
antibodies against DDX5 and BRCAZ2, respectively. StainFree images of the gels
before transfer was used as loading control (cropped image is shown). Right:
Quantification of the GFP-trap pull-down experiments calculated as the co-
immunoprecipitated DDX5 with either BRCA2 WT or BRCA2-T207A relative to the
input levels of DDX5 and the amount of immunoprecipitated EGFPMBP-BRCAZ2.
Results are presented as the fold change compared to the BRCA2 WT clone. The

data represents the mean + SD of three independent experiments. Statistical
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significance of the difference was calculated with unpaired t test; the p-values
show the significant difference. (b) Top: Representative images of S9.6
immunofluorescence of DLD1 cells bearing BRCA2 (WT) or BRCA2-T207A
(T207A). The merged images show the signal of S9.6, nucleolin (nucleoli)
antibodies and DAPI staining. Scale bar indicates 25 um. Bottom: Quantification of
S9.6 average nuclear intensity of DLD1 cells bearing BRCA2 (WT) or BRCA2-
T207A (T207A). The red line in the plot indicates the median, each symbol
represents the value of a single cell. The data represent at least 1000 cells per
condition from three independent experiments. The statistical significance of the
difference was calculated with Mann-Whitney U-test; the p-values show the
significant difference. (c) Relative DRIP-gPCR signal values at the HIST1IH2BG
locus in DLD1 cells bearing BRCA2 (WT) or BRCA2-T207A (T207A) and treated in
vitro with RNase H1 (RH) pre-immunoprecipitation where indicated. The data
represent the mean + SEM from at seven independent experiments. The statistical
significance of the difference was calculated with unpaired t-Student test; the p-
values show the significant difference. (d) Left: Representative images of an in situ
PLA between BRCA2 and DDXS5 antibodies in DLD1 BRCA2 WT (WT) or BRCA2-
T207A (T207A). Cells were fixed directly (-) or 4h post-irradiation (6Gy). Single
antibody controls in untreated BRCA2 WT cells are shown. Scale bar indicates 10
pum. Right: Quantification of the number of PLA spots per nucleus. At least 500
cells were counted per condition from three independent experiments. For
statistical comparison of the differences between the samples we applied a
Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values show
significant differences. The red line in the plot indicates the median, each symbol
represents a single PLA spot. (e) Left: Representative images of In situ PLA

performed between DDX5 and S9.6 (DNA-RNA hybrids) antibodies in BRCA2
201



deficient DLD1 cells (BRCA27) or cells bearing BRCA2 (WT) or BRCA2-T207A
(T207A), as indicated. Cells were fixed directly or 4h post-irradiation (6Gy). Single
antibody controls in non-irradiated BRCA2 WT cells are shown. Scale bar
indicates 10 um. Right: Quantification of the number of PLA spots per nucleus. At
least 400 cells were counted per condition from three independent experiments.
For statistical comparison of the differences between the samples we applied a
Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-values show
significant differences. The red line in the plot indicates the median, each symbol
represents a single PLA spot. (f) Left: Representative images of In situ PLA
performed between yH2AX and S9.6 (DNA-RNA hybrids) antibodies in BRCA2
deficient DLD1 cells (BRCA27) bearing BRCA2 (WT) or BRCA2-T207A (T207A).
When indicated, cells were transfected/treated with RNase H1 (RH) or Cordycepin
(Cordy) prior to fixation. Single antibody controls in non-irradiated BRCA2 WT cells
are shown. Scale bar indicates 10 um. Right: Quantification of the number of PLA
spots per nucleus. At least 400 cells were counted per condition from three
independent experiments. For statistical comparison of the differences between
the samples we applied a Kruskal-Wallis test followed by Dunn’s multiple
comparison test, the p-values show significant differences. The red line in the plot
indicates the median, each symbol represents a single PLA spot. (g) Left: PAGE
gel showing a representative unwinding assays in which purified MBP-DDX5-GST
(1-5 nM) was incubated with 3?P — labelled synthetic R loop substrate in presence
or absence of 50 nM purified BRCA2711-T207A. Middle: Quantification of the
unwinding experiments showing the percentage of free RNA relative to the R loop
substrate (unwound product) as a function of DDX5 concentration alone (black) or
in presence of BRCA2r11-T207A (green). The data represent the mean + SD of at

least three independent experiments. Right: SDS-PAGE showing 650 ng of
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purified 2XMBP-BRCA271-T207A used in the unwinding assay.

Figure 7. DDX5-BRCAZ2 interaction favors DSBs repair by homologous
recombination. (a) Top: Representative immunofluorescence images of cells
stained for RAD51 (green) in U20S cells depleted of DDX5 (siDDX5) and in
control cells (siC) in non-treated (NT) or different time points after exposure to IR
(6Gy), as indicated. Scale bar indicates 10 um. Bottom: Graph showing the
average number of RAD51 repair foci in both cell lines. The data represent the
mean + SEM of three independent experiments. (b) Top: Representative
immunofluorescence images of DLD1 BRCA2 deficient cells (BRCA27) or BRCA2-
I-cells expressing BRCA2 WT or BRCA2-T207A in non-treated (NT) or at different
time points post-IR (6 Gy), as indicated; stained for RAD51 (green). Bottom: Graph
showing the average number of RAD51 repair foci in the three cell lines. The data
represent the mean + SEM of three independent experiments. (c) Left:
Representative immunofluorescence images of DLD1 BRCA2 WT or BRCA2-
T207A cells 4h post-irradiation (6Gy) stained for yH2AX foci and RPA. Right:
Quantification of the number of yH2AX and RPA foci per nucleus, as indicated.
The data represent at least 400 cells per condition from two independent
experiments. For statistical comparison of the differences between the samples we
applied a Kruskal-Wallis test followed by Dunn’s multiple comparison test, the p-
values show significant differences. The red line in the plot indicates the median,
each symbol represents a single focus. (d) Left: Representative
immunofluorescence images of DLD1 BRCA2-T207A cells 2h post-irradiation
(6Gy), as indicated, stained for yH2AX and RAD51. Right: Quantification of the
number of yH2AX foci (left) or RAD51 foci (right) per nucleus. When indicated,

cells were transfected with a plasmid expressing RNase H1 (RH) 48h prior
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fixation. The data shown is from at least 400 cells per condition from three
independent experiments. For statistical comparison of the differences between
the samples we applied a Kruskal-Wallis test followed by Dunn’s multiple
comparison test, the p-values show significant differences. The red line in the plot
indicates the median; each symbol represents a single focus. See also
Supplementary Figure 4c. (e) Model. DNA-RNA hybrid formation may be
enhanced in the vicinity of DSBs due to the DNA rotation freedom provided by the
break. Left: Through its interaction with DDX5, BRCAZ2 helps retain DDX5 at DSBs
and stimulates its helicase activity to resolve the DNA-RNA hybrids. Removal of
the RNA from the hybrid would trigger RPA binding to the exposed ssDNA
followed by the subsequent loading of RAD51 by BRCA2 and the displacement of
RPA to resume HR. Right: When the interaction of BRCA2 with DDX5 is impaired
as in cells bearing the breast cancer variant BRCA2-T207A, DDX5 would not
mediate hybrid removal, leading to hybrids that persist longer delaying the coating
of the ssDNA by RPA. Eventually, the RNA from the hybrids would be cleared by
other nucleases and helicases such as RNase H1 or Senataxin in a likely less

efficient manner.
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Supplementary Figure 1. Related to Figure 1 and 2. DEAD-box proteins
identified in the proteomics mass spectrometry screen and DNA-RNA
hybrids levels in BRCA2- and DDX5-depleted cells. (a) DEAD-box helicases
enriched in the BRCA2nt interactome. Label free protein quantification. (Left)
BRCAZ2 (in italic) and DDX Protein ID present in the proteomics mass
spectrometry screen. (Center) Heat-map showing fold enrichment of each protein
in BRCA2nt1/ 2xMBP. Infinite-fold indicates proteins that are only present in
BRCA2nt sample and not in pull-down performed with the 2xMBP. (Bottom) Heat-
map log2 color scale. (Right) Bar graph showing protein abundance in molar
fraction percentage (mol %) in each pull-down (yellow in 2xMBP, blue in
BRCAZ2nr) based on label free emPAI quantification (see Methods section). (b)
Left: Representative immunofluorescence images of U20S cells depleted of DDX5
(siDDX5), BRCA2 (siBRCAZ2) or control cells (siC) and stained with S9.6 antibody
(DNA-RNA hybrids) and anti-nucleolin and counterstained with DAPI. Scale bar
indicates 10 um. Right: Quantification of the relative intensity of S9.6 staining. The
data represent at least 500 cells per condition from three independent
experiments. The red line in the scatter plot represents the median. For statistical
comparison of the differences between the samples we applied a t test. The p-
values show significant differences. (¢) Representative images of in situ PLA
experiment performed between DDX5 and S9.6 antibodies in U20S cells. When
indicated, cells were treated with Cordycepin (Cordy) for 2h at 37°C before
fixation. Single antibody controls from untreated cells are shown. Scale bar
indicates 10 um. Right: Quantification of the number of PLA spots per nucleus in
different conditions, as indicated. The data represent at least 200 cells per
condition from three independent experiments. For statistical comparison of the

differences between the samples we applied a Kruskal-Wallis test followed by
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Dunn’s multiple comparison test, the p-values show significant differences. The
red line in the plot indicates the median, each symbol represents a single PLA
spot.

Supplementary Figure 2. Related to Figure 3. DNA break detection by yH2AX
ChIP in U20S DIVA cells. yH2AX ChIP-gPCR signal values at RBMXL1 and
HIST1H2BG loci in U20S DiVA cells transfected with the indicated siRNAs and
either untreated cells (-OHT) or after tamoxifen addition (+OHT). The data
represent the mean + SEM from at least two independent experiments. The
statistical significance of the difference was calculated with unpaired t-Student
test; the p-values show the significant difference.

Supplementary Figure 3. Related to Figure 6. DNA-RNA hybrids associated
with DNA breaks accumulate in BRCA2-T207A cells. (a) Quantification of the
average nuclear intensity of S9.6 antibody in DLD1 BRCA2** and BRCA27 cells.
The red line in the plot indicates the median, each symbol represents the value of
a single cell. The data represent at least 2000 cells per condition from four
independent experiments. The statistical significance of the difference was
calculated with Mann-Whitney U-test; the p-values show the significant difference.
(b) Relative DRIP-gPCR signal values at the HIST1H2BG locus in DLD1 BRCA2**
and BRCA2 cells and treated in vitro with RNase H1 (RH) pre-
immunoprecipitation where indicated. The data represent the mean + SEM from at
five independent experiments. The statistical significance of the difference was
calculated with unpaired t-Student test; the p-values show the significant
difference. (c) Quantification of the average nuclear intensity of S9.6 antibody in
DLD1 BRCA2-WT (WT) or BRCA2-T207A (T207A) cells transfected with either a
plasmid expressing GFP alone (-RH) or GFP-RNase H1 (+RH), as indicated. The

red line in the plot indicates the median, each symbol represents the value of a
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single cell. The data represent at least 170 cells per condition from two
independent experiments. The statistical significance of the difference was
calculated with Mann-Whitney U-test; the p-values show the significant difference.
Supplementary Figure 4. Related to Figure 7. yH2AX foci in DDX5-depleted
U20S cells and DLD1 cells bearing BRCA2-T207A variant exposed to IR. (a)
Left: Representative immunofluorescence images of cells stained for yH2AX
antibody in U20S cells depleted of DDX5 (siDDX5) and in control cells (siC) in
cells left untreated (-) or at different time points after exposure to IR (6Gy), as
indicated. Scale bar indicates 10 um. Right: graph showing the average number of
yH2AX foci. The data represent the mean + SEM of three independent
experiments. (b) Left: Representative immunofluorescence images of three
independent experiments of nuclear yH2AX foci in BRCAZ2 deficient DLD1 cells
(BRCA27) or BRCA2'-bearing BRCA2 WT or BRCA2-T207A variant in cells left
untreated (-) or at different time points after exposure to IR (6Gy), as indicated.
Scale bar indicates 10 um. Right: Graph showing the average number of yH2AX
foci. The data represent the mean + SEM of three independent experiments. (c)
Left: Representative immunofluorescence images of DLD1 BRCA2-T207A stained
for yH2AX and RAD51. When indicated, cells were transfected with a plasmid
expressing RNaseH1 (+RH) 48h prior fixation. Right: Quantification of the number
of yH2AX foci (left) or RAD51 foci (right) per nucleus. The data shown is from at
least 400 cells per condition from three independent experiments. For statistical
comparison of the differences between the samples we applied a Kruskal-Wallis
test followed by Dunn’s multiple comparison test, the p-values show significant
differences. The red line in the plot indicates the median; each symbol represents

a single focus.
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Sessa et al., Supplementary Tables 2-4 and legend supplementary Table 1
Supplementary Table 1. Protein partners identified in BRCA2nt interactome.
The list shows all the proteins identified in the proteomics mass spectrometry
screen. Fold-enrichment for each protein (BRCA2nT/2XMBP) is indicated, unique
proteins in the BRCA2nt pull-down sample do not have a numerical value but only
a emPAI (mol%). Only proteins for which the ratio BRCA2nT/2XMBP >2 and those
unigue to BRCA2nt are shown. Protein abundance is expressed as emPAI (%)
(exponentially modified protein abundance in molar fraction percentage) as
previously described (Ishihama et al., 2005).

(Due to the size of the table, the content of this table is included as a separate
Excel file: Supplementary Table 1)

Supplementary Table 2: Primers used to subclone DDX5 into the pEGFP-N3

vector

Construct Oligo name  Sequence (5’-3’)

DDX5-GFP Fw: 0AC953 CGTGTCGACATGTCGGGTTATTCGAGTG
ACCGAGAC
Rv: 0AC967 CGTACCGGTCCTTGGGAATATCCTGTTG
GCATTGGATAACC

Supplementary Table 3. siRNA used in this study

SiRNA

TARGET AND SEQUENCES (5'-3) SOURCE IDENTIFIER

BRCA2 Qiagen Cat# SI00000966

CAGCGTTTGTGTATCGGGCAA

BRCA2 ON-TARGETplus SMARTpool Dharmacon Cat# L-021420-00

BRCAZ2 Dharmacon Cat# D-003462-04

GAAGAAUGCAGGUUUAAUA

DDX5 Mazurek et al., N/A

GCUCUUUAUAUUGUGUGUUAU 2012

SETX ON-TARGETplus SMARTpool Dharmacon Cat# L-003462-00

Non targeting oligonucleotide (siC) Dharmacon Cat# D-001810-01-
20
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Supplementary Table 4. DNA and RNA sequences used for R loop substrate

preparation

Oligonucleotides

NAME AND SEQUENCES (5’-3')

SOURCE

IDENTIFIER

0AC862 (PAGE purified)
GTACCCGGGGATCCTCTAGAGTCGAGC
GTCGATCCGAAACTTGGCACTGGCCGTC
GTTTTACAAC

Song et al. 2017

N/A

0AC863 (PAGE purified)
GTTGTAAAACGACGGCCAGTGCCTTTTC
CCAGCCTCAATCTCATCACTCTAGAGGA
TCCCCGGGTAC

Song et al. 2017

N/A

0AC864 (PAGE purified)
GUUUCGGAUCGACGC

Song et al. 2017

N/A
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BRCA2 phosphorylation by PLKT
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The BRCA2 tumor suppressor protein is involved in the maintenance of genome integrity
through its role in homologous recombination. In mitosis, BRCA2 is phosphorylated by Polo-
like kinase 1 (PLK1). Here we describe how this phosphorylation contributes to the control of
mitosis. We identify a conserved phosphorylation site at T207 of BRCA2 that constitutes a
bona fide docking site for PLK1 and is phosphorylated in mitotic cells. We show that BRCA2
bound to PLK1 forms a complex with the phosphatase PP2A and phosphorylated-BUBR1.
Reducing BRCA2 binding to PLK1, as observed in BRCA2 breast cancer variants S206C and
T207A, alters the tetrameric complex resulting in unstable kinetochore-microtubule inter-
actions, misaligned chromosomes, faulty chromosome segregation and aneuploidy. We thus
reveal a role of BRCA2 in the alignment of chromosomes, distinct from its DNA repair
function, with important consequences on chromosome stability. These findings may explain
in part the aneuploidy observed in BRCA2-mutated tumors.
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role in DNA repair by homologous recombination (HR)!2

that takes place preferentially during S/G2 phases of the
cell cycle3. BRCA2 has also emerging functions in mitosis, for
example, at the kinetochore, it forms a complex with BUBR14%, a
protein required for kinetochore-microtubule attachment and a
component of the spindle assembly checkpoint (SAC)®7. These
two activities of BUBR1 involve different partners and are func-
tionally distinct®®. BRCA2 has been proposed to contribute to
BUBRI SAC activity®10, although due to confounding results in
the BUBRI interaction site in BRCA2, it is unclear if this inter-
action is direct®>. At the end of mitosis, BRCA2 localizes to the
midbody and assists cell division by serving as a scaffold protein
for the central spindle components'!~13, In mitosis, BRCA2 is a
target of phosphorylation by PLK1 both in its N-terminal
region!®15 and in its central region'?, although the functional role
of these phosphorylation events remains unclear.

PLK1 is a master regulator of the cell cycle that is upregulated in
mitosis'®!7. Among other functions, PLK1 directly binds and
phosphorylates BUBR1 at several residues including the two
tension-sensitive sites $676'% and T680' in prometaphase allowing
the formation of stable kinetochore-microtubule attachments.
This activity needs to be tightly regulated to ensure proper
alignment of the chromosomes at the metaphase plate®*!3, The
kinase activity of Aurora B is essential to destabilize erroneous
kinetochore-microtubule interactions?? whereas the phosphatase
PP2A protects initial kinetochore-microtubule interactions from
excessive destabilization by Aurora B2l This function is achieved
through the interaction of PP2A-B56 subunit with BUBRI phos-
phorylated at the Kinetochore Attachment and Regulatory Domain
(KARD) motif (including residues S670, $676, and T680)'°. Thus,
the interplay between PLKI, BUBRI1, Aurora B, and PP2A is
necessary for the formation of stable kinetochore-microtubule
attachments.

PLK1 is recruited to specific targets via its Polo-box domain
(PBD)?2. PBD interacts with phosphosites characterized by the
consensus motif S-[pS/pT]-P/X?3. These phosphosites are pro-
vided by a priming phosphorylation event, usually mediated by
CDKI1 or other proline-directed kinases!7; however, there is also
evidence that PLK1 itself might create docking sites (“self-prim-
ing”) during cytokinesis?425,

Several BRCA2 sites have been suggested as phosphorylated by
PLK1 in mitosis, some of which belong to a cluster of serines and
threonines located in BRCA2 N-terminus around residue $19314,
We set out to investigate which of these sites are phosphorylated
by PLK1, and to reveal whether these phosphorylation events play
a role in the regulation of mitotic progression. Here, we
demonstrate that the two conserved residues S193 and T207 are
phosphorylated by PLK1, and that phosphorylated BRCA2-T207
is a bona fide docking site for PLK1. By investigating the phe-
notype of BRCA2 missense variants that limit the phosphoryla-
tion of BRCA2-T207, we reveal an unexpected role for BRCA2 in
the alignment of chromosomes at the metaphase plate. We
demonstrate that phosphorylation of BRCA2-T207 by PLK1
facilitates the formation of a complex between BRCA2-PLKI-
pBUBRI and the phosphatase PP2A. A defect in this function of
BRCA2 is manifested in chromosome misalignment, chromo-
some segregation errors, mitotic delay and aneuploidy, leading to
chromosomal instability.

The BRCA2 tumor suppressor protein plays an important

Results

Breast cancer variants alter PLK1 phosphorylation of BRCA2.
Several missense variants of uncertain significance (VUS)
identified in BRCA2 in breast cancer patients are located in the
N-terminal region predicted to be phosphorylated by PLK1

2 NATUF

(around $193) (Breast information core (BIC)26 and BRCA-
Share?”), summarized in Supplementary Table 1. To find out if
any of these variants affected PLK1 phosphorylation in this
region, we puriﬁed fragments comprising amino acids 1 to 250
of BRCA2 (hereafter BRCA2, »5,) from human embryonic
kidney cells (HEK293T) and used an in vitro kinase assay to
assess the phosphorylation by PLK1 of the fragments containing
either the WT sequence, the different BRCA2 variants M192T,
S196N, S206C, and T207A, or the mutant S193A, previouslI
reported to reduce the phosphorylation of BRCA2 by PLK1!4,
As expected, S193A reduced the phosphorylation of BRCA2, 550
by PLK1 (Fig. 1a, b). Interestingly, variants T207A and $206C
also led to a 2-fold decrease in PLKI phosphorylation of
BRCA2, 5 (Fig. 1a, b). In contrast, M192T and S196N did not
significantly modify the phosphorylation of BRCA2, 5, by
PLK1 (Fig. 1a, b). The phosphorylation observed in the BRCA2
fragments is specific of the recombinant PLK1 kinase as it is
PLK1 concentration dependent (Supplementary Fig. 1a, b) and
when replacing the PLK1-WT by a kinase-dead (PLK1-KD)
version of the protein (K82R)?3, purified using the same pro-
tocol, or adding a PLK1 inhibitor (BI2536) to the reaction, the
phosphorylation of BRCA2, ,5, decreased significantly (Fig. lc,
lanes 4 and 5 compared to lane 3; Fig. 1d).

Together, these results show that VUS T207A and S206C
identified in breast cancer patients impair phosphorylation of
BRCA2, ,5, by PLK1 in vitro.

BRCA2-T207 is a target of phosphorylation by PLKI. The
reduction of BRCA2 phosphorylation in BRCA2, ;5 containing
T207A and S206C variants suggested that these residues could be
targets for PLK1 phosphorylation. We investigated this possibility
by following the PLK1 phosphorylation kinetics of two over-
lapping fragments of BRCA2 N-terminus comprising $206 and
T207 (hereafter BRCA245 515 and BRCA2,99_554) using Nuclear
Magnetic Resonance (NMR) spectroscopy (Fig. 2a). Together,
these fragments cover a large N-terminal region of BRCA2
including the cluster of conserved residues around $193 (from
amino acid 180 to amino acid 210; Supplementary Fig. 1c). NMR
analysis allows residue-specific quantification of SN-labeled
peptide phosphorylation. Figure 2b shows superimposed 'H-
I5N HSQC spectra of BRCA245 215 and BRCA2,99_2s4 before
(black) and after (red) phosphorylation with recombinant PLK1.
Analysis of these experiments revealed phosphorylation of $193
and of three other phosphosites, including T207, by PLK1 in the
BRCA2 region from amino acid 48 to amino acid 284. Interest-
ingly, while T219 and T226 conservation is poor, T207 and S193
are conserved from mammals to fishes (Supplementary Fig. 1c)
suggesting that both residues are important for BRCA2 function.

BRCA2 variant T207A alters PLK1 phosphorylation kinetics.
Having identified T207 as a target of phosphorylation of PLK1,
we next compared the residue-specific phosphorylation kinetics
in the polypeptide WT BRCA2,3 5,3 containing the variant
T207A that displayed reduced overall phosphorylation (Fig. 1a,
b). (The production of a !*N-labeled recombinant fragment
comprising S206C yielded an insoluble protein precluding NMR
analysis). Time-resolved NMR experiments revealed that PLK1
phosphorylates significantly less BRCA245 5,3 containing the
variant T207A than the WT peptide (Fig. 2¢). The initial phos-
phorylation rate of $193 was decreased by a factor of 2 (Fig. 2d),
and T207 was, as expected, not phosphorylated, being mutated
into an alanine. Similar results were obtained using BRCA2,9 584
(Supplementary Fig. 2). This NMR analysis is consistent with the
in vitro kinase assay performed using the BRCA2,_,5, fragment
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purified from human cells (Fig. 1), in which T207A reduces the
phosphorylation of BRCA2,_5, fragment by PLK1.

Variants T207A and S206C reduce the interaction of BRCA2
with PLK1. The finding that T207 is efficiently phosphorylated
by PLK1 in BRCA245 515 and BRCA2,99_5s4 (Fig. 2b) together
with the observation that T207A mutation causes a global
decrease in the phosphorylation of these fragments (Fig. 2c;
Supplementary Fig. 2) and the prediction that T207 is a docking
site for PLK1ppp, binding?? made us hypothesize that T207 might
be a “self-priming” phosphorylation event required for the
interaction of PLK1 with BRCA2 at this site. If so, the variants
that reduce phosphorylation of T207 by PLK1 would be predicted

to alter PLKIppp binding. To test this hypothesis, we examined
the interaction of PLK1 with the VUS-containing polypeptides.
We overexpressed 2xMBP-BRCA2,_,5, constructs carrying these
variants in U20S cells to detect the endogenous PLKI1 that co-
immunoprecipitates with 2xMBP-BRCA2,_,5, using amylose
pull-down. As expected, overexpressed BRCA2,_ 5, was able to
interact with endogenous PLK1 from mitotic cells but not from
asynchronous cells (predominantly in G1/S) where the levels of
PLK1 are reduced (Fig. 3a, lane 2 compared to lane 1). Further-
more, the variants T207A and S206C showed a weaker interac-
tion with PLK1 than the WT protein (Fig. 3a, pull-down lanes 4,
6 compared to lane 2, Fig. 3b) despite the protein levels of PLK1
remaining unchanged (Fig. 3a, compare PLK1 input lanes 4 and 6
to lane 2). In contrast, the effect of M192T and S196N on the
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interaction was mild (Fig. 3a, compare pull-down lanes 10 and 12
to lane 8, Fig. 3b). These results suggest a self-priming phos-
phorylation by PLK1 on T207.

To provide further evidence that the PLK1-mediated phos-
phorylation of BRCA2 favors BRCA2 binding, we performed an
in vitro kinase assay with recombinant proteins followed by an
amylose pull-down and eluted the bound proteins with maltose.
PLK1 was found in the maltose elution with BRCA2; 55,-WT

demonstrating that PLK1-phosphorylated BRCA2,_»59 binds to
PLK1 (Fig. 3c lane 4, Fig. 3d). In contrast, the fraction of PLK1 in
the eluate of BRCA2; ,5-T207A was substantially reduced
(Fig. 3¢, lane 8 compared to lane 4, Fig. 3d) indicating that the
phosphorylation of T207 is required for efficient binding to PLK1
and confirming our results with cell lysates (Fig. 3a, b). Strikingly,
we observed no difference in PLK1 binding between BRCA2; 50~
WT phosphorylated by PLK1 or its kinase dead mutant (PLK1-
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KD; Fig. 3¢, lane 6 compared to lane 4, Fig. 3e) or in the absence
of ATP (Fig. 3f, lane 6 compared to lane 4, Fig. 3g). However, pre-
incubating BRCA2, ,5o-WT with phosphatase before the addition
of PLKI1 resulted in a 2-fold decrease in the binding to PLK1
indicating that the phosphorylation of BRCA2 is required for the
interaction with PLK1 (Fig. 3f lane 12 compared to 10, Fig. 3g).

A199

BRCA2 peptide

T207 is a bona fide docking site for PLK1. To demonstrate the
recognition of pT207 by PLKI1, we measured the affinity of
recombinant PLK1pgp, (the target recognition domain of PLK1)
for a synthetic 17 aa peptide comprising phosphorylated T207.
Using isothermal titration calorimetry (ITC), we found that
recombinant PLKlpgp bound to the pT207 peptide with an
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Fig. 3 BRCA2 variants showing reduced phosphorylation by PLK1 impair PLK1 binding. a Amylose pull-down of U20S transiently expressing 2xMBP-BRCA2;.
250 (WT), the variants (M192T, S196N, S206C, and T207A) or the 2XMBP-tag treated with nocodazole as indicated. 4-15% SDS-PAGE followed by WB using
anti-PLK1 and anti-MBP antibodies. StainFree images are used as loading control (cropped image is shown). b Quantification of co-immunoprecipitated PLK1
with WT in (a), relative to the input levels of PLK1. Results are presented as the fold change compared to WT. The data represent the mean + SD of three to four
independent experiments (WT (n=4), M192T (n=4), S196N (n = 4), S206C (n=4), T207A (n = 3)). One-way ANOVA test with Dunnett's multiple
comparisons test was used to calculate statistical significance of differences (p-values compared to WT). ¢ PLK1 (or PLK1-KD) as indicated in vitro kinase assay
followed by amylose pull-down of BRCA2; 50-WT or T207A. 10% SDS-PAGE followed by WB using anti-PLK1 and anti-MBP antibodies. d, e Quantification of
the PLK1 pull-down in (c) relative to the PLK1 levels in the input. Results are presented as the fold change compared to BRCA2;.250-WT in (d) and PLK1-WT in
(e). The data represent the mean + SD of three independent experiments, two-tailed unpaired t-test was used to calculate significance of differences (ns (non-
significant)). f PLK1 in vitro kinase assay followed by amylose pull-down assay as in (¢) Left panel: with or without ATP as indicated. Right panel: The 2x-MBP-
BRCA2;.250-WT polypeptide was pre-treated with phosphatase (FastAP) for 1h before the amylose pull-down (¢). In (¢) and (f): UB: unbound, E: eluted.

g Quantification of the PLK1 pull-down in (f) relative to the PLK1 levels in the input. Results are presented as the fold change compared to kinase assay
performed with non-phosphatase treated BRCA2;.250-WT in the presence of ATP. The data represent the mean + SD of three to five independent experiments
(+ATP (n=5), —ATP (n=5), +PPAse (n= 3)), one-way ANOVA test with Dunnett's multiple comparisons test was used to calculate statistical significance
of differences (p-values compared to +ATP; ns (non-significant)). h-k Isothermal Titration Calorimetry (ITC) thermograms showing binding of PLK1pgp to a 17
aa BRCA2 peptide containing (h) pT207, (i) T207, (j) A207, (k) C206pT207. Residues S206 and pT207 are highlighted in pink (5206) and magenta (pT207)
in the peptide sequences. I Left panel: 3D cartoon representation of the crystal structure of PLK1pgp (Polo-box 1in green and Polo-box 2 in blue) bound to the
BRCA2 peptide containing pT207 (in red except for S206 (pink, sticks) and pT207 (magenta, sticks)). Right panel: zoom in on the interface between PLKlpgo
and the BRCA2 peptide (from A199 to 1210). The amino acids of PLK1pgp and BRCA2 involved in the interaction are highlighted in sticks representation with

hydrogen bonds depicted as dark gray dots. Source data are available as a Source Data file.

affinity of K;=0.09 +0.01 uM (Fig. 3h), similar to the optimal
affinity reported for an interaction between PLKlpgp and its
phosphorylated target?>. Consistently, PLK1pgp bound to the
fragment BRCA2,9.254 with nanomolar affinity upon phos-
phorylation by PLK1 (K;=0.14+0.02uM; Supplementary
Fig. 3a), whereas it did not bind to the corresponding non-
phosphorylated polypeptides (Fig. 3i, Supplementary Fig. 3b).
Mutation T207A also abolished the interaction (Fig. 3j), in
agreement with the pull-down experiments (Fig. 3a-d). More
surprisingly, the phosphomimetic substitution T207D was not
sufficient to create a binding site for PLKppp (Supplementary
Fig. 2¢). A peptide comprising pT207 and the mutation $206C
could not bind to PLKlpgp (Fig. 3k), as predicted from the
consensus sequence requirement for PLKlppp interaction?3,
Last, a peptide containing pS197, a predicted docking site
for PLK1, bound with much less affinity to PLK1pgp, than pT207
(K4= 17 + 2 uM; Supplementary Fig. 2d).

Finally, we determined the crystal structure of PLK1pgp bound
to the T207 phosphorylated peptide at 3.1A resolution
(Supplementary Table 2). Analysis of this 3D structure showed
that, as expected, the 17 aa BRCA2 phosphopeptide binds in the
cleft formed between the two Polo boxes (Fig. 31). Twelve residues
of the peptide (from A199 to 1210) are well structured upon
binding, burying about 694 A in the interface with PLK1ppp. The
interface between BRCA2 and PLKlpgp is stabilized by 12
hydrogen bonds: the backbone of residues T200 to L209 as well as
the side chain of 5206 are bonded to residues from Polo Box 1,
whereas the side chain of phosphorylated T207 is bonded to
residues from Polo Box 2 (see the zoom view in Fig. 31). The side
chain of S206 participates in two hydrogen-bonding interactions
with the backbone of W414, which exglains the strict requirement
for this amino acid at this position?”. Moreover, the phosphate
group of pT207 participates in three hydrogen-bonding interac-
tions with the side chains of residues H538, K540, and R557 in
Polo Box 2 (see the zoom view in Fig. 3l). This explains the
critical dependence on phosphorylation for binding observed by
ITC (Fig. 3h, i).

Thus, our biochemical and structural analyses demonstrate
that the BRCA2-T207 phosphopeptide interacts with PLK1ppp, as
an optimal and specific PLK1pyp, ligand. It supports a mechanism
in which phosphorylation of T207 by PLK1 promotes the
interaction of PLK1 with BRCA2 through a bona fide docking
site for PLK1 and favors a cascade of phosphorylation events. In
variant T207A, the absence of T207 phosphorylation impairs

6 NATURE

PLK1 docking explaining the reduction of binding to PLK1 and
the global loss of phosphorylation by PLK1. S206C eliminates the
serine residue at —1 position required for PLK1pgp interaction
resulting as well in a strong reduction of BRCA2 binding.

Impairing T207 phosphorylation prolongs mitosis. PLK1 is a
master regulator of mitosis'’. To find out whether the interaction
between BRCA2 and PLK1 was involved in the control of mitotic
progression we examined the functional impact of the variants
that reduce PLK1 phosphorylation at T207 (S206C and T207A)
in the context of the full-length BRCA2 protein in cells. We
generated stable cell lines expressing the BRCA2 ¢cDNA coding
for either the GFPMBP-BRCA2 WT or the variants to comple-
ment DLD1 BRCA?2 deficient human cells (hereafter BRCA2~/~)
(Supplementary Fig. 4a). First, to confirm that the phosphoryla-
tion of T207 by PLK1 takes place in cells we raised a phospho-
specific polyclonal antibody against a peptide encompassing
pT207. Using an antibody against BRCA2 we detected a band that
corresponds to the size of BRCA2 in cell extracts from BRCA2
WT cells, both in mitotic (nocodazole treated) and asynchronous
cells, by Western blotting (Fig. 4a). When the same membrane
was re-probed with the pT207-BRCA2 antibody a band corre-
sponding to BRCA2 was detected only in the mitotic cells and not
in the asynchronous cells (Fig. 4a, lane 1 and 2). In addition,
mitotic cell extracts treated with phosphatase lost the signal
indicating that the band corresponds to a phosphorylation event
(Fig. 4a, lane 3). Finally, cells bearing BRCA2-T207A were
detected with the BRCA2 antibody but showed reduced signal for
the pT207 antibody (Fig. 4a, lane 4) providing evidence of the
specificity of the antibody. We then tested the interaction of full-
length BRCA2 with PLKI1 in these stable clones by GFP pull-
down assay. As expected, PLK1 readily co-purified with full-
length BRCA2 WT from mitotic cells. Importantly, in cells
expressing the variants S206C and T207A, the level of co-purified
PLK1 was greatly reduced (Fig. 4ba, c), confirming the results
obtained with the overexpressed BRCA2,_»5, fragments (Fig. 3a)
now in the context of cells stably expressing the full-length
BRCA2 protein. Thus, BRCA2 interaction with endogenous PLK1
is impaired in cells bearing variants S206C and T207A.

Also, the binding of BRCA2 to PLK1 in cells stably expressing
full-length BRCA2 WT was not reduced by incubating the cells
with a PLK inhibitor (BTO) (Supplementary Fig. 4b), consistently
with results obtained in vitro (Fig. 3c). Altogether, these data
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suggest that another binding site primed by a different kinase
(presumably T77 phosphorylated by CDK1%°) contributes to
BRCA2 binding to PLKI. Consistent with this idea, the binding
of overexpressed 2xMBP-BRCA2, ,5 to the endogenous PLK1 in
U20S cells was completely abolished in the presence of the CDK
inhibitor (RO3306) (Supplementary Fig. 4c, lane 4 compared to
lane 2).

Having confirmed that T207 was a docking site for PLK1 in
cells, we next examined the impact of BRCA2 variants on mitosis.
Therefore, we monitored the time taken for individual cells from

mitotic entry (defined as nuclear envelope break down) to mitotic
exit using live cell imag'mF. Cells expressing the endogenous
BRCA2 (hereafter BRCA21/*) and the BRCA2 WT cells showed
similar kinetics, they completed mitosis, on average, in 47 and 44
min, respectively (Fig. 4d, ) and the majority of the cells (80% for
BRCA2/* and 82% for BRCA2 WT) completed mitosis within
60 min (Fig. 4f). In contrast, cells expressing variants S206C and
T207A augmented the time spent in mitosis (average time of 56
and 66 min, respectively, Fig. 4e). This trend was also observed in
the frequency of cells dividing within 60 min (~49-51%),
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Fig. 4 Cells bearing BRCA2 variants S206C and T207A prolong mitosis. a Protein levels of BRCA2 and pT207-BRCAZ2 in cells bearing BRCA2 WT or the
T207A variant from whole cell lysates of nocodazole-arrested (100 ng/pl for 14 h) or asynchronous cells. 4-15% SDS-PAGE followed by WB using anti-
BRCAZ2. The same blot was stripped and re-probed with anti-pT207-BRCA?2 antibody. Lane 3 protein extracts were pre-treated with phosphatase (FastAP)
for Th before loading onto the gel. Asterisk indicates a non-specific band. (b) GFP-trap pull-down of EGFPMBP-BRCA2 from cells bearing BRCA2 WT,
S206C or T207A. 4-15% SDS-PAGE followed by WB using anti-BRCA2 and -PLK1 antibodies. Asynchronous DLD1 cells with endogenous BRCA2
(BRCA2*/*) were used as control for the pull-down and StainFree images of the gels before transfer as loading control (cropped image is shown).

¢ Quantification of co-immunoprecipitated PLK1 with EGFP-MBP-BRCAZ in (b) relative to the PLK1 protein levels in the input and the amount of pull-down
EGFP-MBP-BRCA2 ((PLK1p /PLK1np.)/EGFP-MBP-BRCA2;p) Results are presented as the fold change compared to the BRCA2 WT clone. The data
represent the mean + SD of three independent experiments. One-way ANOVA test with Dunnett's multiple comparisons test was used to calculate
statistical significance of differences (p-values compared to WT). d Top: Synchronization scheme. Bottom: Representative still images of the time-lapse
videos. Numbers represent time (min) after nuclear envelope break down (NEBD). Scale bar represents 10 um. e Quantification of the time the cells spent
in mitosis in (d). The red line indicates the median (95% Cl). Each dot represents a single cell, n is the total number of cells from two to four independent
experiments (45-60 cells per experiment) (BRCA2/+ (n= 2), WT C1 (n=5), BRCA2~/~ (n=4), $206C A7 (n = 3), T207A B1 (n = 3)). Kruskal-Wallis
one-way analysis followed by Dunn's multiple comparison test was used to calculate statistical significance of differences. f Frequency distribution of the
time spent in mitosis in (d), including cells that fail to divide (DEAD). The error bars represent mean + SD of two to four independent experiments
(BRCA2+/+ (n=2), WT C1(n=5), BRCA2~/~ (n = 4), S206C A7 (n=13), T207A B1 (n = 3)). Two-way ANOVA test with Tukey's multiple comparisons

test was used to calculate statistical significance of differences. Source data are available as a Source Data file.

compared to 82% in BRCA2 WT cells (Fig. 4f). Representative
videos of the still images shown in Fig. 4d are included in
Supplementary movies 1-3.

Taken together, the phosphorylation of T207 takes place in
cells in mitosis. Cells altering this phosphorylation (bearing
$206C and T207A variants) display a significant delay in mitotic
progression compared to BRCA2 WT cells.

Docking of PLK1 at T207-BRCA2 favors a complex with PP2A
and pBUBRI1. BRCA2 forms a complex with BUBR1%3. BUBRI
facilitates kinetochore-microtubule attachments via its interac-
tion with the phosphatase PP2A. Phosphorylation of BUBRI by
PLK1 at the KARD motif comprising the tension-sensitive sites
$676 and T680 promotes interaction with PP2A1%, A defect in the
phosphorylation of BUBR1 weakens its interaction with PP2A
leading to mitotic delay?*30. The mitotic delay phenotype we
observed in BRCA2 mutated cell lines led us to ask whether
BRCA2 and PLK1 formed a tetrameric complex with pBUBR1
and PP2A. Using a GFP pull-down to capture GFP-MBP-BRCA2
from mitotic BRCA2 WT cells, we observed that PLK1, pT680-
BUBRI and PP2A were pull-down together with GFP-MBP-
BRCA2, indicating the formation of a tetrameric complex
(Fig. 5a). As described for pBUBR1!819, PLK13! and PP2A2!, we
found BRCA2 at the kinetochore in mitotic cells (Supplementary
Fig. 5a) as previously reported supporting the idea that this
complex takes place at the kinetochore.

Importantly, cells expressing the variants $206C or T207A
showed a strong reduction in the interaction of BRCA2 with
PLK1, PP2A, BUBRI and pT680-BUBRI in the context of the
tetrameric complex (Fig. 5a, b). Moreover, the overall levels of
BUBRI and pBUBRI1 were also reduced in cells bearing S206C
and T207A variants compared to the WT cells, as detected by
specific antibodies against BUBR1, pT680-BUBRI1 (Fig. 5e-i)
and pS676-BUBRI1 (Supplementary Fig. 5d), and this was also
the case in BRCA2 deficient cells (DLD1 BRCA2~/~ cells) or
U20S cells depleted of BRCA2 by siRNA (Fig. 5f, g).
Furthermore, we observed an overall reduction in the levels
of pBUBRI at the kinetochore (Fig. 5h, i) in cells expressing
T207A compared to WT cells. Consistently, when we
immunoprecipitated BUBR1 from mitotic cells and detected
the levels of co-immunoprecipitated PP2A (PP2AC antibody),
we observed that, although PP2A was readily copurified with
BUBRI1 in the BRCA2 WT cells, expressing BRCA2 variant
T207A reduced the levels of PP2A by ~30% (Fig. 5¢, d)
suggesting that BRCA2 facilitates the formation of a complex
between BUBR1-and PP2A.

8 NATURE

Impaired phosphorylation of T207 leads to chromosome mis-
alignment. The association of PLK1-phosphorylated BUBRI with
PP2A is required for the formation of stable kinetochore-
microtubule attachments!®19, a defect in this interaction resulting
in chromosome misalignment. Therefore, we next examined
whether cells expressing the BRCA2 variants $206C and T207A
altered chromosome alignment. Following thymidine synchro-
nization, the cells were treated with the Eg5 inhibitor Monastrol
(100 uM) for 14 h followed by Monastrol washout and release for
1h in normal media supplemented with the proteasome inhibitor
MG132 to avoid exit from mitosis'®. Chromosome alignment was
then analyzed by immunofluorescence. Importantly, the analysis
of cells expressing S206C and T207A variants showed high fre-
quency of faulty chromosome congression compared to the
BRCA2 WT clone (47% in S206C and 38% in T207 versus 24% in
the BRCA2 WT clone), which was exacerbated in BRCA2~/~
cells (63%) (Fig. 6a, b), as detected by signals of the centromere
marker (CREST) outside the metaphase plate (Fig. 6b). Next, to
find out if this defect in alignment was due to impaired stability of
kinetochore-microtubule interactions as previously reported®!8,
we examined the presence of cold stable microtubules in cells
bearing T207A mutation compared to BRCA2 WT cells. Fol-
lowing the same synchronization procedure as before (Fig. 6a),
the cells were kept on ice for 15 min before fixation. Under these
conditions, BRCA2 WT metaphase cells exhibited relatively intact
bipolar spindles with most CREST-stained kinetochores attached
to the microtubules (a-tubulin) (Fig. 6¢). In stark contrast, almost
all the kinetochore-microtubules attachments were lost in T207A
mutated cells upon cold treatment (Fig. 6¢) as measured by the
relative intensity of a-tubulin in these cells with respect to BRCA2
WT cells (~6-fold reduction of the median) (Fig. 6d).

To better understand the mechanism behind the phenotype
observed in our clones, we overexpressed a phosphomimic
version of BUBR1 RFP-BUBRI1-3D (S670D, S676D, T680D) in
T207A mutated cells to test whether this form of BUBR1 could
restore the misalignment phenotype as previously shown for
BUBR1 depleted cells!. Surprisingly, T207A bearing cells
overexpressing RFP-BUBRI1-3D exhibited a similar misalignment
phenotype (~38% of cells with misalignment) compared to the
non-transfected cells (33%) (Fig. 7a, b). Moreover, BUBR1-3D,
previously shown to be sufficient to restore PP2A binding in
BUBRI deficient cells'?, could not rescue the interaction of
BUBR1 with PP2A in cells bearing BRCA2 S206C variant
(Fig. 7¢). This effect was not due to an increased localization of
PLK1 at the kinetochore in the mutated cells, as the levels of
PLK1 at the kinetochores remained unchanged (Supplementary
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Fig. 6a, b), nor to an increased interaction of PLK1 with BUBRI
in the mutated cells (Supplementary Fig. 6c, d).

Together, these results strongly suggest that docking of PLK1
onto BRCA2 T207 facilitates the formation of a complex
between phosphorylated BUBR1 and PP2A at the kinetochore
that is essential for the stability of microtubule-kinetochore
attachments with direct consequences in chromosome align-
ment. The fact that BUBR1-3D cannot rescue the phenotype

pBUBR1/CREST
&

5

Relative fluorescence intensity

BRCA2 WT  T207A B1

favors the hypothesis that BRCA2 is required for PP2A-BUBRI
interaction.

Reduced T207 phosphorylation lead to defects in chromosome
segregation. Unresolved chromosome misalignment as observed
in cells altering BRCA2 phosphorylation by PLK1 is expected to
drive chromosome missegregation. To find out if this was the case
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Fig. 5 S206C and T207A impair the complex of BRCA2 with PLK1-BUBR1-PP2A and reduce the levels of pBUBR1 at the kinetochore. a Pull-down of
BRCAZ2 using GFP-trap beads from mitotic cell extracts of cells bearing BRCA2 WT cells or the variant S206C and T207A. Complexes containing BRCA2-
BUBR1/pBUBR1-PP2A-PLK1 were detected by 4-15% SDS-PAGE followed by WB using anti-BRCA2, -BUBRY1, -pT680-BUBR1, -PLK1 and -PP2AC (PP2A
catalytic subunit) antibodies. Mitotic BRCA27/+ cells were used as control pull-down. b Quantification of co-immunoprecipitated BUBR1, pBUBR1, PLK1 and
PP2A with EGFPMBP-BRCAZ in (a), relative to the input levels of each protein and the amount of pull-down EGFP-MBP-BRCA2. Results are presented as the
fold change compared to the BRCA2 WT clone. The data represent the mean + SD of three independent experiments. Two-way ANOVA test with Dunnett’s
multiple comparisons test was used to calculate statistical significance of differences. ¢ IP of endogenous BUBR1 from mitotic cell extracts of BRCA2
WT cells or BRCA2-T207A using mouse anti-BUBR1 antibody. Mouse IgG was used as control. 4-15% SDS-PAGE followed by WB using rabbit anti-BUBR1
and anti-mouse PP2AC antibodies. d Quantification of co-IPed PP2A in (¢), relative to the input levels and the amount of IPed BUBR1. Results are presented
as the fold change compared to the BRCA2 WT clone. The data represent the mean + SD of three independent experiments. Unpaired two-tailed t-test was
used to calculate statistical significance of differences. e-g WB showing the protein levels of endogenous BUBR1 and pT680-BUBR1 in nocodazole treated
cells bearing BRCA2 WT or the variants, as indicated (e) BRCA2~/~ or BRCA2+/+ (f). g WB showing the protein levels of endogenous BUBR1 and pT680-
BUBR1 in U20S after depletion of endogenous BRCA2 by siRNA. e-g The mean BUBR1ror and pBUBR1 signal relative to the stain free signal is shown for the
nocadozole treated samples below the blots, results are presented as percentage compared to BRCA2 WT clone. The data represent the mean £ SD of three
(e) and two (f and g) independent experiments. The protein levels of PLK1 in (a, e-g) are shown as a G2/M marker. h Representative images of the
localization of pT680-BUBR1 in cells bearing BRCA2 WT or the variant T207A as indicated. CREST is used as centromere marker and DNA is counterstained
with DAPI. Scale bar represents 1um. i Quantification of the co-localization of pT680-BUBR1 and CREST in (h). The data represent the intensity ratio
(pT680-BUBRT:CREST) relative to the mean ratio of pT680-BUBRT:CREST for the GFP-MBP-BRCA2 WT calculated from two independent experiments (252
pairs of chromosomes analyzed). The red line in the plot indicates the median (95% Cl) ratio, each dot represents a pair of chromosomes. Mann-Whitney

two-tailed analysis was used to calculate statistical significance of differences. Source data are available as a Source Data file.

in cells expressing BRCA2 variants S206C and T207A, we
examined chromosome segregation by immunofluorescence in
cells synchronized by double-thymidine block and released for 15
h to enrich the cell population at anaphase/telophase stage
(Fig. 7d). BRCA2~/~ cells displayed, as expected, an increased
proportion of chromosome bridges (39% vs 16% in cells
expressing BRCA2 WT), whereas the fraction of lagging chro-
mosomes was only mildly increased (7% vs 4% in BRCA2 WT).
The percentage of chromosome bridges in cells expressing S206C
and T207A was moderately increased (23% and 29%, respectively,
compared to 16% in BRCA2 WT). However, the biggest differ-
ence was observed in the percentage of lagging chromosomes
increasing between 3- and 5-fold in the cells bearing the variants
compared to the BRCA2 WT cells (Fig. 7d, e).

Erroneous chromosome segregation generates aneuploid cells
during cell division. Given the strong chromosome segregation
defects observed in cells expressing S206C and T207A we next
analyzed the number of chromosomes in these cells. Total
chromosome counts carried out on metaphase spreads revealed
that 37.1% of BRCA2 WT cells exhibited aneuploidy with
chromosome losses or gains. In the case of S206C and T207A, this
number was elevated to 52.2% and 61.8% of the cells, respectively
(Fig. 8a). An example of the images analyzed can be found in
Fig. 8b. As the number of chromosomes was difficult to assess for
cells with high content of chromosome gains we arbitrarily
discarded cells that contained more than 65 chromosomes. Thus,
tetraploid cells were not included in this measurement. Therefore,
we determined the frequency of tetraploid cells by assessing the
incorporation of BrdU and measuring the frequency of S-phase
cells with >4 N DNA content (Fig. 8c). The frequency of
tetraploidy in cells bearing the variants was <1% of the total
population as in the BRCA2 WT cells (Fig. 8d), and the number
of BrdU positive cells was also equivalent (Supplementary Fig. 7).

Together, these results indicate that, in addition to the severe
chromosome misalignment phenotype, cells expressing $206C
and T207A display high frequency of chromosome missegrega-
tion, including a strong induction of lagging chromosomes and a
mild increase in chromosome bridges. As a consequence, the
incidence of aneuploidy, but not tetraploidy, is greatly exacer-
bated in these cells.

The variants reducing PLK1 phosphorylation of BRCA2 do not
alter HR. Since BRCA2 has a major role in DNA repair by HR,

10 NATURE

the prolonged mitosis observed in the VUS-expressing stable cell
lines (Fig. 4) could result from checkpoint activation through
unrepaired DNA. Thus, we performed a clonogenic survival assay
in the stable clones after treatment with mitomycin C (MMC), an
inter-strand crosslinking agent to which BRCA2 deficient cells are
highly sensitive’2-3%,  As expected, BRCA2 deficient cells
(BRCA2~/~) showed hypersensitivity to MMC treatment whereas
BRCA2 WT cells complemented this phenotype almost to the
same levels as the cells expressing the endogenous BRCA2
(BRCA2*/1). Cells bearing variants $206C and T207A also
complemented the hypersensitive phenotype of BRCA2~/~ cells,
although there was a mild effect compared to the BRCA2 WT cells
(Fig. 9a). These results suggest that the delay in mitosis is not a
consequence of checkpoint activation via unrepaired DNA.

Cells expressing VUS $206C and T207A showed a growth defect
manifested in a reduced number of colonies (Supplementary
Fig. 8a). To exclude a possible bias arising from the different ability
to form colonies we used MTT assay. As shown in Fig. 9b, cells
expressing $206C and T207A showed similar relative viability upon
MMC treatment compared to BRCA2 WT cells or BRCA21/+,
confirming our results. Similarly, the viability upon treatment with
the poly (ADP-ribose) polymerase inhibitor (PARPi) Olaparib was
not affected in cells bearing the variants (Fig. 9c).

To determine directly the levels of spontaneous DNA damage
in these cells and their ability to form DNA repair foci, we
measured the number of nuclear foci of the DSB marker yH2AX
and RAD51 protein, in cells unchallenged (—IR) or 2h after
exposure to ionizing radiation (6 Gy, (+IR)). Our results show
that in the absence of DNA damage, the number of yH2AX foci
or RAD51 foci is comparable in all cell lines including in cells
depleted of BRCA2 (Fig. 9d and Supplementary Fig. 8b); this is
probably due to the high genome instability intrinsic to these
cancer cells. In contrast, the number of RAD51 foci upon
irradiation increased 5-fold in BRCA2*/+ and BRCA2 WT cells
and 3-fold in T207A bearing cells while it remained low in
BRCA2 depleted cells, as expected (Fig. 9¢). We conclude that the
DNA repair foci are only mildly altered in cells expressing T207A.
Representative images of these experiments are shown in
Supplementary Fig. 8b.

A typical feature of replication stress is the appearance of
micronuclei in daughter cells which generally contain DNA
fragments. In contrast, micronuclei with centromeres suggest an
event arising from lagging chromosomes involving whole
chromosomes or chromatids. BRCA2 deficient cells displayed
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Fig. 6 Cells expressing BRCA2 variants S206C and T207A display reduced stability of ki hore-mi bul h and misaligned

chromosomes. a Top: Scheme of the double thymidine block procedure used to synchronize the DLD1 cells for the analysis of chromosome alignment.
Bottom: Quantification of misaligned chromosomes outside the metaphase plate in DLD1 BRCA2 deficient cells (BRCA2~/~) and BRCA2~7~ cells stably
expressing BRCA2 WT or the S206C and T207A variants. n indicates the total number of cells counted for each clone from two (BRCA2~/—, S206C, and
T207A) and four (BRCA2 WT) independent experiments. Statistical significance of the difference was calculated with unpaired two-way ANOVA test with
Tukey's multiple comparisons test, the p-values show the significant differences. b Representative images of the type of chromosome alignment observed
in cells quantified in (a), scale bar represents 10 um. ¢ Top: Scheme of the synchronization procedure for the analysis of cold stable microtubules in the
BRCA2-WT and T207A stable clones. Bottom: Representative images of cold stable microtubules in cells expressing BRCA2 WT or the T207A variant.
Cells treated according to the scheme were co-stained with a-tubulin and CREST, as centromere marker and DNA was counterstained with DAPI. Scale bar
represents 5 um. A zoom-in inset in the images show representative kinetochore-microtubule attachments in each cell line. d Quantification of the relative
intensity of a-tubulin normalized to the one in BRCA2 WT cells in (¢). The data represent the results from two independent experiments from a total of 122
(WT) and 123 (T207A) cells. The red line in the plot indicates the median intensity (95% Cl), each dot representing the intensity for one cell. For statistical
comparison of the differences between the samples we applied Mann-Whitney two-tailed analysis, the p-values show significant differences. Source data
are available as a Source Data file.

an increased number of both types of micronuclei compared to
BRCA2 WT cells. In contrast, cells bearing S206C or T207A
variant did not change the number of micronuclei (Supplemen-
tary Fig. 8d, e) excluding strong replication stress-induced DNA
damage in these cells.

In summary, these results indicate that the role of BRCA2 in
conjunction with PLK1 in mitosis is likely independent of the HR
function of BRCA2 as the variants S206C and T207A affecting
PLK1 phosphorylation of BRCA2 are only mildly sensitive to
DNA damage, do not show an increased number of micronuclei,

Finally, to directly assess the HR proficiency, we performed a
cell-based HR assay by DSB-mediated gene targeting using a site-
specific transcription-activator like effector nuclease (TALEN) and a
promoter-less mCherry donor flanked by homology sequence to the
targeted locus*®. DSB-meditated gene targeting results in mCherry
expression from the endogenous promoter (Fig. 9f) which can be
measured by flow cytometry (Supplementary Fig. 9). Using this
system, BRCA21/* and BRCA2 WT cells showed ~5% of mCherry
positive TALEN-transfected cells (mean of 5.6% for BRCA2/+ and
4.9% for WT) whereas BRCA2~/~ exhibited reduced mCherry
expressing cells (1.8%), as expected. Importantly, TALEN-
transfected cells expressing BRCA2 variants S206C and T207A
showed no significant difference with the BRCA2 WT.

are able to recruit RAD51 to DNA damage sites (as shown for
T207A) and are efficient at DSB-mediated gene targeting.

Discussion

Our results demonstrate that residues $193 and T207 of BRCA2
can be efficiently phosphorylated by PLK1 (Fig. 2), thus extending
the consensus sequence for phosphorylation by this kinase:
position 205 is a serine and not a negatively charged residue, as
generally observed at PLK1 phosphorylation sites?3. Moreover,
pT207 constitutes a bona fide docking site for PLKlpgp
(Fig. 3h-1) that is phosphorylated in mitotic cells (Fig. 4a).
Accordingly, BRCA2 missense VUS reducing the phosphorylation
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Fig. 7 Cells expressing BRCA2 variants S206C and T207A display aberrant chromosome segregation. a Top: Scheme of the synchronization procedure.
Bottom: Quantification of misaligned chromosomes in BRCA2-T207A stable clones transiently overexpressing the 3xFLAG-BUBR1-3D-RFP mutant (S670D,
S676D and T680D). n indicates the total number of cells counted from two independent experiments. Unpaired two-tailed t-test was used to calculate
statistical significance of differences, ns (non-significant)). b Representative images of the type of chromosome alignment observed in cells overexpressing
3xFLAG-BUBR1-3D-RFP quantified in (a); scale bar represents 10 um. ¢ Co-immunoprecipitation of endogenous PP2A with transiently overexpressed 3xFLAG-
BUBR1-3D-RFP mutant from mitotic cell extracts of BRCA2 WT cells or cells bearing the S206C variant using rabbit anti-RFP antibody. Rabbit IgG was used as
control for the BUBRT immunoprecipitation. The immunocomplexes were resolved on 4-15% SDS-PAGE followed by WB using mouse anti-BUBR1 and PP2AC
antibodies. The amount of PP2A co-immunoprecipitated with BUBR1-3D-RFP relative to the input levels of PP2A and the amount of immunoprecipitated BUBR1-
3D-RFP is presented below the blot as mean + SD from two independent experiments. The data are presented relative to the non-treated BRCA2 WT. Asterisk
denotes a non-specific band (d). Top: Scheme of the synchronization procedure. Bottom: Quantification of cells with aberrant chromosomes segregation in
BRCA2~/~ cells and in the clones stably expressing BRCA2 WT, S206C and T207A, as indicated. Two-way ANOVA test with Tukey’s multiple comparisons
test was used to calculate statistical significance of differences (the p-values show the significant differences compared to WT; ns (non-significant)). n in (d)
indicates the total number of cells counted for each clone from two (BRCA2~/~, S206C and T207A) and five (BRCA2 WT) independent experiments. e
Representative images of the type of aberrant chromosome segregation observed in the cells quantified in (d), CREST antibody is used as marker of centromere;
nuclei are revealed with DAPI counterstaining. Scale bar represents 10 pm. Source data are available as a Source Data file.

status of T207 (T207A, S206C) result in a decrease in BRCA2-
PLK1 interaction (Fig. 3a-k, 4b). Cells expressing these two breast
cancer variants in a BRCA2 deficient background display defec-

Aurora B kinase activity!®2!, This interaction is mediated
through the phosphorylation of the KARD motif of BUBRI by
PLK1. BRCA2 does not alter PLK1 interaction with BUBRI

tive chromosome congression (Fig. 6a, b) to the metaphase plate
due to a reduced microtubule-kinetochore stability (Fig. éc, d),
causing a substantial delay in mitosis progression (Fig. 4d-f).
Proper kinetochore-microtubule attachments require the
interaction of BUBRI with the phosphatase PP2A-B56 to balance

(Supplementary Fig. 6c, d). However, we found that BRCA2
forms a tetrameric complex with PLK1-pBUBR1-PP2A, and that
this complex is strongly reduced in cells bearing BRCA2 variants
$206C and T207A (Fig. 5a, b). Furthermore, cells bearing BRCA2
variants S206C and T207A show reduced overall levels of BUBR1
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including pBUBR1(pT680) at the kinetochore (Fig. 5i). Importantly, Cells bearing T207A and $206C variants display chromosome

the fact that in the BRCA2 mutated cells the interaction of PP2A  segregation errors including lagging chromosomes and chromo-
with total BUBRI1 is reduced (Fig. 5¢, d) and that neither this some bridges (Fig. 7d, e). Importantly, these accumulated errors
interaction (Fig. 7c) nor the chromosome alignment defect can be  ultimately led to a broad spectrum of chromosome gains and
rescued by BUBRI-3D overexpression (Fig. 7a, b) strongly suggests  losses (aneuploidy) compared to the wild type counterpart
that PP2A needs to be in complex with PLK1-bound BRCA2 to  (Fig. 8a), but not to tetraploid cells (Fig. 8¢, d), suggesting that
bind BUBR1 and facilitate stable kinetochore-microtubules cytokinesis per se, in which BRCA2 is also involved! =13, is not
attachment for proper chromosome alignment. affected.
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Fig. 8 Cells expressing BRCA2 variants S206C and T207A exhibit aneuploidy. a Distribution of the number of chromosomes observed in metaphase
spreads of stable clones expressing BRCA2 WT, S206C A7 or T207 B1, total number of cells counted; BRCA2 WT (n=105), S206C A7 (n=111) and
T207A B1 (n=110) from two independent experiments. Modal number of chromosomes and percentage deviating from the mode are shown at the top.
Kruskal-Wallis one-way analysis followed by Dunn’s multiple comparison test was used to calculate statistical significance of differences. The cell passage
was between 5 and 9 (BRCA2 WT (p.6 and p.9), S206C A7 (p.5 and p.9) and T207A B1 (p.6 and p.9). b Representative image of two independent
experiments of metaphase spreads of the DLD1 BRCA2 deficient stable cells bearing the S206C BRCA2 variant stained with CREST and counterstained
with DAPI. In this example, the cell contains 45 chromosomes. c-d Analysis of S-phase tetraploid cells in cells bearing BRCA2 WT or the VUS S206C and
T207A measured by flow cytometry after 20 min of BrdU incorporation. ¢ Representative flow cytometry plots of cells stained with anti-BrdU-APC
antibodies and 7-AAD (DNA). d Frequency of S-phase tetraploid cells in stable clones expressing BRCA2 WT or the VUS S206C and T207A. The data
represents the mean * SD of three independent experiments (cell passage: 6-10). One-way ANOVA test with Tukey's multiple comparisons test was used
to calculate statistical significance of differences (the p-values show the difference compared to WT, ns: non-significant). Source data are available as a

Source Data file.

Finally, the function of BRCA2-PLK1 interaction in mitosis
seems to be independent of the HR function of BRCA2 as cells
expressing these variants display mild sensitivity to DNA damage
(MMC) and PARP inhibitors (Fig. 9a-c), normal recruitment of
RAD51 to DNA damage sites (Fig. 9e, Supplementary Fig. 8b),
absence of micronuclei (Supplementary Fig. 8d, e), rescue the
chromosome bridges phenotype of BRCA2 deficient cells
(Fig. 7d) and their HR activity, as measured by a DSB-mediated
gene targeting assay (Fig. 9f, Supplementary Fig. 9). Nevertheless,
we cannot rule out that the mild phenotype observed in cells
bearing S206C and T207A may arise from a disrupted interaction
with an unknown DNA repair factor that would bind to the
region of BRCA2 where these variants localize.

Putting our results together we reveal an unexpected chro-
mosome stability control mechanism that depends on the phos-
phorylation of BRCA2 by PLK1 at T207. We show that BRCA2
pT207 is a docking platform for PLK1 that ensures the efficient
interaction of BUBRI with PP2A phosphatase required for
chromosome alignment. We propose the following working
model (Fig. 9g): in cells expressing BRCA2 WT, PLK1 phos-
phorylates BRCA2 on T207 leading to the docking of PLK1 at this
site. This step promotes the formation of a complex between
BRCA2-PLK1-pBUBRI1-PP2A in prometaphase at the kine-
tochore, leading to an enrichment of phosphorylated BUBR1 and
the phosphatase PP2A to balance Aurora B activity (Fig. 9g, panel
1). Why is BRCA2 required for PP2A interaction with pBUBR1
and, is this regulated by PLK1? It has been reported that BRCA2
fragment from aa 1001 to aa 1255 (BRCA2g9;.1255) comprising a
PP2A-B56 binding motif, binds to the B56 subunit of PP2A; in
addition, the phosphorylation of positions 2 and 8 of this motif
enhances the binding to B5637. In BRCA2, these positions are
occupied by serines that are targets for PLK1. Therefore, it is
likely that the recruitment of PLK1 by BRCA2 T207 would favor
phosphorylation of BRCA2,40,.1255 and binding of the complex
between BRCA2 and PLK1 to PP2A-B56. Non-exclusively,
BUBRI has been reported to bind directly BRCA2 a]thousgh there
are inconsistencies regarding the site of interaction®®. Thus,
either the direct interaction of BRCA2 with PP2A or with BUBR1
or both could be favoring the formation of a complex between
PP2A and pBUBRI.

In cells expressing the variants that impair T207 phosphor-
ylation (S206C, T207A), PLK1 cannot be recruited to pT207-
BRCA2, impairing the formation of the complex with PLKI,
PP2A and BUBRI (Fig. 9g, panel 1’), which in turn reduces the
amount of pBUBRI and its binding to PP2A for stable
kinetochore-microtubule interactions. This leads to chromosome
misalignment defects that prolong mitosis (Fig. 9g, panel 2'); as a
consequence, these cells exhibit increased chromosome segrega-
tion errors (Fig. 9g, panel 3') and aneuploidy.

Although the individual BRCA2 variants analyzed here are rare
(Supplementary table 1), the majority of pathogenic mutations
recorded to date lead to a truncated protein either not expressed
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or mislocalized®® which would be predicted to affect this function.
Consistent with this idea, the BRCA2 deficient cells or cells
transiently depleted of BRCA2 used in this study exhibit low
levels of phosphorylated BUBRI1 (Fig. 5f, g). Thus, the chromo-
some alignment function described here could be responsible, at
least in part, for the numerical chromosomal aberrations
observed in BRCA2-associated tumors®.

Finally, the lack of sensitivity to the PARP inhibitor Olaparib
observed in our cell lines (Fig. 9¢c) has important clinical impli-
cations as breast cancer patients carrying these variants are not
predicted to respond to PARP inhibitor treatment (unlike
BRCA2-mutated tumors that are HR-deficient).

Methods

Cell lines, cell culture, and synchronizations. The human cell lines HEK293T
and U20S cells (kind gift from Dr. Mounira Amor-Gueret) were cultured in
DMEM (Eurobio Abcys, Courtaboeuf, France) media containing 25 mM sodium
bicarbonate and 2 mM L-Glutamine supplemented with 10% heat inactive FCS
(EuroBio Abcys). The BRCA2 deficient colorectal adenocarcinoma cell line DLD1
BRCA2~/~ (Hucl, T. et al 2008) (HD 105-007) and the parental cell line DLD1
BRCA2+/* (HD-PAR-008) was purchased from Horizon Discovery (Cambridge,
England). In DLD1 BRCA2~/~ cell line, both alleles of BRCA2 contain a deletion
in exon 11 causing a premature stop codon after BRC5 and cytoplasmic localiza-
tion of a truncated form of the protein?’. The cells were cultured in RPMI media
containing 25 mM sodium bicarbonate and 2 mM L-Glutamine (EuroBio Abcys)
supplemented with 10% heat inactive FCS (EuroBio Abcys). The DLD1 BRCA2—/—
cells were maintained in growth media containing 0.1 mg/ml hygromycin B
(Thermo Fisher Scientific). The stable cell lines of DLD1~/~ BRCA2 deficient cells
expressing BRCA2 WT or variants of interest generated in this study were cultured
in growth media ining 0.1 mg/ml hyg B and 1 mg/ml G418 (Sigma-
Aldrich). All cells were cultured at 37 °C with 5% CO, in a humidified incubator
and all cell lines used in this study have been regularly tested negatively for
mycoplasma contamination.

For synchronization of cells in mitosis, nocodazole (100-300 ng/ml, Sigma-
Aldrich) was added to the growth media and the cells were cultured for 14 h before
harvesting. For synchroni by double thymidine block, the cells were treated
with thymidine (2.5 mM, Sigma-Aldrich) for 17 h, released for 8 h followed by a
second thymidine (2.5 mM) treatment for 15h.

Plasmids. 2XMBP-, human 2XMBP-BRCA2, 5, and EGFP-MBP-BRCA2 sub-
cloning in phCMV 1 expression vector were g d as described*! 5, In the case
of 2XMBP and 2XMBP-BRCA2,_,s, a tandem of 2 nuclear localization signals
from RAD51 sequence was added downstream the MBP-tag.

Point mutations (M192T, S193A, S196N, S206C, and T207A) were introduced
in the 2xMBP-BRCA2,_»50, EGFP-MBP-BRCA2 vector using QuikChange IT and
QuikChange XL site-directed mutagenesis kit (Agilent Technologies), respectively
(see Supplementary Tables 3, 4 for primer sequences).

For expression of BRCA2,5_5,5 in bacteria, an optimized gene coding for human
His-tagged BRCA2,5515 (WT and T207A) was synthetized by Genscript and
cloned in a pETM13 vector (a TEV site being present between the tag and the
BRCA2 fragment). For expression of BRCA2,4y 544 in bacteria, the human
BRCA2,99-284 was amplified by PCR using full-length BRCA2 as template
(phCMV1-2xMBP-BRCA2, see Supplementary Table 5 for primer sequences). The
PCR product was purified and digested with BamH1 and Sall and cloned into in
the pGEX-6P-1 vector (GE Healthcare) to generate GST-BRCA2,49 544 The point
mutation T207A was introduced in the same way in BRCA2,p.254 as in 2xMBP-
BRCA2, ;50 and the EGFP-MBP-BRCA2. The introduction of the point mutation
was verified by sequencing (see Supplementary Tables 3, 4 for primer sequences).

The PLKI ¢DNA (Addgene pTK24) was cloned into the pFast-Bac HT vector
using Gibson assembly (NEB) (see Supplementary Table 6 for primer sequences).

NICATIONS | (2020)11:1819 | https://doi.org/10.1038/541467-020-15689-9 | www.nature.com/naturecommunications

234



ARTICLE

a b c
® BRCAZ** ® BRCA2* : ::gz..-.
§ o @& eBROAZWT 2
T ®BRCA2ZWT 3 23 3 ® BACA2WT
8 8  BRCAZ” 3 ® S206C A7
£ ® 5206C A7 > = 0 S206C A9
g eT207AB1 2 ssxecie: 2 T207AB1
b £ ] .
c 3 e i O T207AE4
3 o« ® T207AE4 B
p=00009 0 T207AB1
— X
00 05 10 15 20 25 00 05 10 15 20 25 0.0 25 50
MMC (uM) MMC (uM) Olaparib (uM)
d e f
m 137 260 250 372 218 290 193 256 m 137 260 250 372 218 200 193 256
Mean: 13.4 245 12.1 202 136 234 154 228 Mean: 36 156 33 17 21 105 31 8.4 & Homology arms
- =0.0001 lonor 3
[ Joooor AAVS1 -Cherry =" TALE-N—‘—-
o —
=0.0027 3
— admt PPPIRIZC S o
| <0000 ns (AAVS1 locus) Exon 1 o
- L I s " v HR
e O [E—. o <0001 p<00KO! pcOOOOT  p=00002 d -
0000 60 1 1 — Exon 1 v Exon 2
» 80 g mCherry” (FACS)
g 3
g 80 2 p= 00002
‘g. i 8 P =0.0087
g 3 p=00172 o TALEN
% & Lm0 v +TALEN
g g g6
* 2
0 ¥ 3
REGY) - + - + - 4+ - 4 R(EGY) =~ + - + _=- 4+ - E. 4
BRCA2™" BRCA2" BRCA2WT T207AB1 BRCA2™* BRCA2'" BRCA2WT T207AB1 3
SICTRL  siBRCAZ SCTRL  sBRCA2 [
2
0
BRCA2“ BRCA2WT BRCAZ S206CA9 T207AB1
9 Prometaphase Metaphase Anaphase
1 2 3
BRCA2 & 3
wr LW B ¢
* %
2 3
3
BRCA2 " * £ >
5206C =k = a
T207A n F ;

Fig. 9 The DNA repair proficiency is not affected in cells bearing BRCA2 variants S206C and T207A. a Quantification of the surviving fraction of
BRCA2*/+ or stable clones expressing BRCA2 WT or the variants S206C or T207A assessed by clonogenic survival upon exposure to MMC at
concentrations: 0, 0.5, 1.0, and 2.5 uM. Data are represented as mean + SD: BRCA2+/+ (red) (n = 3), BRCA2~/~ (gray) (n=6), WT C1 (black) (n= 6),
S206C A7 (blue) (n=3), T207A B1 (green) (n = 4). b-¢ Quantification of the relative cell viability monitored by MTT assay upon treatment with
increasing doses of MMC (b) or the PARP inhibitor Olaparib (c), as indicated. The data represent the mean + SD of four (b) and three (¢) independent
experiments. a-¢ Two-way ANOVA test with Tukey's multiple comparisons test was used to calculate statistical significance of differences (the p-values
show the significant differences compared to the BRCA2 WT clone). d-e Quantification of the number of YH2AX foci (d) or RADS51 foci per nucleus (e) 2h
after 6 Gy of y-irradiation (+IR) versus non-irradiated conditions (—IR), in DLD1 BRCA2+/+ cells depleted of BRCA2 (siBRCA2) or control cells (siCTRL) or
cells bearing BRCA2 WT or the variant T207A. n indicates the total number of cells counted from two independent experiments. Kruskal-Wallis one-way
analysis followed by Dunn's multiple comparison test was used to calculate statistical significance of differences. The red line in the plot indicates the
mean * SD, each dot represents a single focus. f Top: Scheme of the DSB-mediated gene targeting HR assay. Bottom: Frequency of mCherry positive cells
in cells transfected with the promoter-less donor plasmid (AAVS1-2A-mCherry) without (—TALEN) or with (+TALEN) nucleases. The error bars represent
mean * SD of three to four independent experiments (BRCA2+/+ (n=4), WT (n=4), BRCA2~/~ (n=3), 5206C A9 (n = 3), T207A B1 (n = 4)). Two-
way ANOVA test with Tukey's multiple comparisons test. g Model for the role of PLK1 phosphorylation of BRCA2 T207A by PLK1 in mitosis (see text for
details). In panel 1 and 1’ the two-sided arrows represent a complex between the two proteins as indicated either favored by BRCA2 WT (green) or
impaired in the BRCA2 mutated form (red); in panels 2, 2, 3 and 3’ blue blobs represent chromosomes, red circles represent the kinetochores, red
cylinders represent the centrioles and orange lanes represent the spindle microtubules. Source data are available as a Source Data file.
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To produce PLK1-KD, the point mutation K82R was introduced in the pFast-Bac
HT-PLK1 vector using QuikChange XL site-directed mutagenesis kit (see
Supplementary Table 7 for primer sequences).

The Polo-like binding domain (PBD) of PLK1 (amino acid 326 to amino acid
603) was amplified from the pTK24 plasmid (Addgene) and cloned into a pT7-
His6-SUMO expression vector using NEB Gibson assembly (Gibson Assembly
Master Mix, New England BioLabs, Cat. #E2611S) (see Supplementary Table 7 for
primer sequences). A plasmid containing a smaller PLK1 PBD fragment (amino
acid 365 to amino acid 603) with a N-terminal GST tag was a kind gift from Dr.
Anne Houdusse (Institute Curie, Paris).

To produce the phosphomimic BUBR1 mutant, we introduced the S670D,
$676D and T680D point mutations in the pcDNA3-3xFLAG-BUBR1-RFP
construct (kind gift from Dr. Geert JPL Kops) using QuikChange XL site-directed

genesis kit (see Suppl y Table 8 for primer sequences).

For the DSB-gene targeting assay, we replaced the GFP tag in the promoter-less
AAVSI1-2A-GFP-pA plasmid (kind gift from Dr. Carine Giovannangeli) with the
mCherry tag from the pET28 mCherry plasmid using NEB Gibson Assembly
(Gibson Assembly Master Mix, New England BioLabs, Cat. #E26118S). See
Supplementary Table 11 for primer sequences.

Expression and purification of 2xMBP-BRCA2;.50. The 2xMBP-BRCA2, 55
was purified as previously described*. Briefly, ten 150 mm plates of HEK293T
were transient transfected with the 2xMBP-BRCA2, 5, using TurboFect (Thermo
Fisher Scientific). The cells were harvested 30 h post-transfection, lysed in lysis
buffer H (50 mM HEPES (pH 7.5), 250 mM NaCl, 1% NP-40, 5mM EDTA, 1 mM
DTT, 1 mM PMSF and EDTA-free Protease Inhibitor Cocktail (Roche)) and
incubated with amylose resin (NEB) for 3h at 4 °C. The 2xMBP-BRCA2, ,5, was
eluted with 10 mM maltose. The eluate was further purified with Bio-Rex 70
cation-exchange resin (Bio-Rad) by NaCl step elution. The size and purity of the
final fractions were analyzed by SDS-PAGE and western blotting using anti-MBP
antibody. The 2xMBP-BRCA2,_,5, fragments containing the BRCA2 variants
(M192T, S193A, S196N, S206C, and T207A) were purified following the same
protocol as for WT 2xMBP-BRCA2, 5.

Expression and purification of BRCA2,3.215 and BRCA2,50.254 for NMR.
Recombinant 5N-labeled (WT, T207A) and !>N/!3C-labeled (WT) BRCA2,,.
aiswere produced by transforming Escherichia coli BL21 (DE3) Star cells with the
PETM13 vector containing human BRCA2,5 ;5 (WT and T207A). Recombinant
15N-labeled (WT, T207A) and !3N/!3C-labeled (WT, T207A) BRCA2,00_254 Were
produced by transforming Escherichia coli BL21 (DE3) Star cells with the pGEX-
6P-1 vector containing human BRCA2,49.2s4 (WT and T207). Cells were grown in
a M9 medium containing 0.5 g/l ''NH,Cl and 2 g/l '*C-glucose when '*C labeling
was needed. The bacterial culture was induced with 1 mM IPTG at an ODyy of 0.8,
and it was further incubated for 3 h at 37 °C. Harvested cells were resuspended in
buffer A (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM DTT, 1 mM EDTA) with
1 mM PMSF and 1X protease inhibitors cocktail (Roche) and disrupted by soni-
cation. For BRCA2,5.5, clarified cell lysate was loaded onto Ni-NTA beads
(Thermo Scientific) equilibrated with buffer A. After 1h of incubation at 4 °C,
beads were washed with buffer A containing 20 mM imidazole and eluted with
buffer A containing 500 mM imidazole. The tag was cleaved by the TEV protease
during a 2 hrs dialysis at 4 °C against 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1
mM EDTA 2mM DTT. The sample was then boiled 10 min at 95 °C, spun down 5
min at 16,000 xg to remove thermosensitive contaminants and injected on
Superdex 75 pg (GE Healthcare) equilibrated with 50 mM HEPES 1 mM EDTA pH
7.0. Sample concentration was calculated using its estimated molecular extinction
coefficient of 9970 M~! em~1 at 280 nm. The protein sample was characterized for
folding using NMR HSQC spectra, before and after the heating at 95 °C.

For BRCA2,gq_254, clarified cell lysate was loaded onto Glutathione (GSH)
Sepharose beads (GE Healthcare) equilibrated with buffer A. After 2h of
incubation at 4 °C, beads were washed with buffer A and eluted with buffer A
containing 20 mM reduced glutathione. The tag was cleaved by the precision
protease during an overnight dialysis at 4 °C against buffer B (50 mM HEPES pH
7.0, 1mM EDTA) with 2mM DTT and 150 mM NaCl. The cleaved GST-tag was
removed by heating the sample for 15 min at 95 °C and spun it down for 10 min at
16,000g. Sample concentration was calculated using its estimated molecular
extinction coefficient of 10,363 M~ ! cm~! at 280 nm. The protein sample was
characterized for folding using NMR HSQC spectra, before and after the heating at
95 °C. BRCA2,99_254 Was dialyzed overnight at 4 °C against buffer B with 2
mM DTT.

Expression and purification of PLK1 and PLK1-kinase dead (PLK1-KD). The
recombinant 6xHis-PLK1 and 6xHis-PLK1-K82R mutant (PLK1-KD) were pro-
duced in sf9 insect cells by infection for 48 h (28 °C, 110 rpm shaking) with the
recombinant baculovirus (PLK1-pFast-Bac HT vector). Infected cells were collected
by centrifugation (1300 rpm, 10 min, 4 °C), washed with 1xPBS, resuspended in
lysis buffer (1xPBS, 350 mM NaCl, 1% Triton X-100, 10% glycerol, EDTA-free
Protease Inhibitor Cocktail (Roche), 30 mM imidazole). After 1 h rotation at 4 °C
the lysate was centrifuged (25,000 rpm, 1h, 4°C) and the supernatant was col-
lected, filtered (0.4 um) and loaded immediately onto a Ni-NTA column (Macherey
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Nagel) equilibrated with Buffer A1 (1xPBS with 350 mM NaCl, 10% glycerol and
30 mM imidazole, the column was washed with buffer A2 (1xPBS with 10% gly-
cerol) and the protein was eluted with Buffer B1 (1x PBS with 10% glycerol and
250 mM imidazole). The eluted protein was diluted to 50 mM NaCl with Buffer A
before being loaded onto a cationic exchange Capto S column (GE Healthcare)
equilibrated with Buffer Alcex (50 mM HEPES (pH 7.4), 50 mM NaCl and 10%
glycerol), the column was washed with Buffer Alcex before elution with Buffer
Blcex (50 mM HEPES (pH 7.4), 2M NaCl and 10% glycerol). The quality of the
purified protein was analyzed by SDS-PAGE and the proteins concentration was
determined using Bradford protocol with BSA as standard. The purest fractions
were pooled and dialyzed against storage buffer (50 mM Tris-HCI (pH7.5), 150
mM NaCl, 0.25 mM DTT, 0.1 mM EDTA, 0.1 mM EGTA, 0.1 mM PMSF and 25%
Glycerol) and stored in -80 °C. The purified proteins can be seen in Supplementary
Fig. 10.

Expression and purification of PLK1pgp. The pT7-6His-Sumo-PLK1 PBD (326-
603) plasmid was expressed in Tuner pLacl pRare cells (Protein Expression and
Purification Core Facility, Institut Curie), 2 L of TB medium with Kanamycin and
Chloramphenicol antibiotics were inoculated with cells from the pre-culture. The
cells were grown at 37 °C until an ODg of ~0.85. The temperature was decreased
to 20 °C and the expression was induced by 1 mM IPTG overnight. The cells were
harvested by 15 min of centrifugation at 4690g, at 4 °C. The cell pellets were sus-
pended in 80 ml of 1 x PBS, pH 7.4, 150 mM NaCl, 10% glycerol, EDTA-free
Protease Inhibitor Cocktail (Roche), 5mM B-mercapto-ethanol (8-ME). The sus-
pension was treated with benzonase nuclease and MgCl, at 1 mM final con-
centration for 20 min at 4 °C. The suspension was lysed by disintegration at 2 kbar
(Cell distruptor T75, Cell D) followed by centrifugation at 43,000g, for 45 min, at 4
°C. The supernatant was loaded at 1 ml/min on a His-Trap FF-crude 5 mL column
(GE Healthcare) equilibrated with PBS buffer, pH 7.4, 150 mM NaCl, 10% glycerol,
5mM B-ME (A) and 20 mM imidazole. The proteins were eluted in a linear gra-
dient from 0 to 100% with the same buffer (A) containing 200 mM imidazole, over
10 column volumes (CV). The purest fractions were pooled and dialyzed (8 kDa
cut-off) against 20 mM Tris-HCI buffer, pH 8.0, 100 mM NaCl, 0.5 mM EDTA, 5
mM B-ME, 10% glycerol at 4 °C. 6xHis-SUMO Protease (Protein Expression and
Purification Core Facility, Institut Curie) was added at 1/100 (w/w) and incubated
overnight at 4°C to cleave the 6His-SUMO tag. The cleaved PBD-PLK1 was
purified using Ni-NTA agarose resin (Macherey Nagel), washed with the following
buffer: 20 mM Tris-HCI pH 8.0, 100 mM NaCl, 0.5mM EDTA, 5mM B-ME and
10% glycerol. The sample was incubated with the resin for 1 h at 4 °C and the flow-
through was collected. The sample was concentrated on an Amicon Ultra Cen-
trifugal Filter Unit (10 kDa cut-off) and injected at 0.5 ml/min on a Hi-Load 16/60
Superdex column (GE healthcare), equilibrated with 20 mM Tris-HCI buffer, pH
8.0, 100 mM NaCl, 0.5 mM EDTA, 5mM B-ME. The protein concentration was

i d by spectroph ric of absorbance at 280 nm. The
purified protein is shown in Supplementary Fig. 10.

The GST-tagged PLK1pgp (365-603) was expressed in E. coli BL21 (DE3) STAR
cells, induced with 0.5mM IPTG at an ODgq of 0.6, and grown at 37 °C for 3 h.
The PBD (365-603) was purified by glutathione affinity ch graphy. After
GST cleavage (using a 6His-TEV protease), the tag and the protease were retained
using GST- and NiNTA-agarose affinity ch graphy, and the PBD collected in
the flow-through was further purified by gel filtration chromatography. The protein
was dialyzed against a buffer containing 50 mM Tris-HCI pH 8, NaCl 150 mM, and
5mM B-ME.

In vitro PLK1 kinase assay. 0.5 ug purified 2xMBP-BRCA2, 5, or 25 ng RAD51
protein, was incubated with recombinant active PLK1 (0, 50 or 100 ng) or PLK1-
kinase dead (100 ng) (purchased from Abcam or purified from sf9 insect cells as
detailed above, see Figure EV11B for the comparison of the kinase activity of both
PLK1 preparations) in kinase buffer (25 mM HEPES, pH 7.6, 25 mM B-glycer-
ophosphate, 10 mM MgCl,, 2mM EDTA, 2mM EGTA, 1 mM DTT, 1 mM
Na;VOy, 10 pM ATP and 1 pCi [y*2P] ATP (Perkin Elmer)) in a 25 pl total
reaction volume. After 30 min incubation at 30 °C the reaction was stopped by
heating at 95 °C for 5 min in SDS-PAGE sample loading buffer. The samples were
resolved by 7.5% SDS-PAGE and [y*2P] ATP labeled bands were analyzed with
PhosphorImager (Amersham Bioscience) using the ImageQuant™ TL software
(GE Healthcare Life Science). To control for the amount of substrate in the kinase
reaction, before adding [y2P] ATP, half of the reaction was loaded on a 7.5% stain
free SDS-PAGE gel (BioRad), the protein bands were visualized with ChemiDoc
XRS + System (BioRad) and quantified by the Image Lab™ 5.2.1 Software
(BioRad). The relative phosphorylation of 2xMBP-BRCA2, ,59 was quantified as
32p.labeled 2xMBP-BRCA2, 55 (ImageQuant™ TL software) divided by the
intensity of the 2xMBP-BRCA2, 559 band in the SDS-PAGE gel (Image Lab™ 5.2.1
Software). In the control experiment where PLKI1 inhibitor was used, 50 nM
BI2536 (Selleck Chemicals) was added to the kinase buffer.

2

In vitro protein binding assay. To assess the i between
PLK1 and BRCA2, ,s, after phosphorylation by PLK1, a kinase assay was per-

formed with 0.2 pg recombinant PLK1 or PLK1-kinase dead (PLK1-KD) and 0.5 pg
purified 2xMBP-BRCA2, ;50 (WT or the VUS T207) in kinase buffer supplemented

JNICATIONS | (2020)11:1819 | https://doi.org/10.1038/541467-020-15689-9 | www.nature.com/naturecommunications

236



NATURE COMMUNICATIONS

//doi.org/10

ARTICLE

with 250 pM ATP (no [y*2P] ATP) in a total reaction volume of 20 yl, one control
reaction without ATP was performed with PLK1 and 2xMBP-BRCA2, ,50 WT.
After 30 min incubation at 30 °C, 15 pl amylose beads was added to the reaction
and incubated for 1 h at 4 °C. The beads were centrifuged at 2000g for 2 min at 4°C
and the unbound fraction was collected before the beads were washed three time in
kinase buffer (no ATP) containing 0.5% NP-40 and 0.1% Triton X-100. Bound
proteins were eluted from the beads with 10 mM maltose, protein complexes were
separated by SDS-PAGE and analyzed by western blotting. To control for the
amount of proteins in the reaction, 2 ul of the kinase reaction (before adding the
amylose beads) was loaded as input. The protein bands were visualized with
ChemiDoc XRS + System (BioRad) and quantified by the Image | Lab™ 5.2.1
Software (BioRad). The relative pull-down of PLK1 was q ified as the i

Two molecules of PBD were consecutively positioned. Electron density for the
peptide was clearly visible in the position previously reported in other PBD
structures in complex with phosphorylated peptides (PDB 4056 or 3P35).
Refinement was performed using BUSTER? and PHENIX?®. The model was built
with Coot®. A summary of crystallographic statistics is shown in Supplementary
Table 2. The figures were prepared using Pymol v.1.7.4.0 (Schrédinger, LLC).

Generation of stable DLD1 clones. For generation of DLD1 BRCA2~/~ cell lines
stably expressing human BRCA2 variants of interest, we transfected one 100 mm
plate of DLD1 BRCA2~/~ cells at 70% of confluence with 10 pg of a plasmid

of the PLK1 band in the pull-down divided by the mtenslty of the PLK1 band in the
input (lmageQuant1M TL software).

To discard possible remaining phosphorylation of the 2xMBP-BRCA2,_»54
fragment coming from the purification of the protein from HEK293T cells, the
2xMBP-BRCA2, 5, fragment (WT or the variant T207) was incubated with kinase
buffer (no added ATP) supplemented with FastAP Thermosensitive Alkaline
Phosphatase (Thermo Fisher Scientific Cat. #EF0654) for 1 h at 37 °C before

ion of recombi PLK1 followed by 30 min incubation at 30 °C and 1 h
incubation with amylose beads as described above.

NMR spectroscopy. NMR experiments were carried out at 283 K on 600 and 700
MHz Bruker spectrometers equipped with a triple e cryoprobe. For NMR
signal assignments, standard 3D triple resonance NMR experiments were recorded
on 15N and '3C labeled samp]cs of BRCA2,55;s WT and BRCA2,99.254 WT and
T207A. Analyses of these exp ided backbone

for the non-phosphorylated and phosphorylated forms of these BRCA2 l’ragments
To follow the PLK1 phosphorylation kinetics, the !N labeled fragment
BRCA245 215 (50 pM) was mixed to a first PLK1 sample at 0.1 uM and the >N
labeled fragment BRCA2,9¢.254 (200 pM) was mixed to another PLK1 sample at
1.1 uM. The mixes were incubated at pH 7.8 and 298 K. For each time point, a
140 yl sample was heated during 10 min at 368 K to inactivate PLK1, D,O was
added, the pH was adjusted to 7.0 and a 'H-'>N SOFAST-HSQC experiment *!
was recorded. The HSQC experiments were performed using 2048 x256 time-
points, 64 scans and an interscan delay of 80 ms. Data processing and analysis were
carried out using the Topspin and CcpNmr Analysis 2.4.2 softwares.

Analysis of phosphorylation assays followed by NMR. In the HSQC spectra, the
intensity of peaks of the phosphorylated residues pS193 and pT207, as well as the
intensity of peaks cor ding to their pt ylated form was retrieved at
each time point of the kinetics. In order to estimate the fraction of phosphorylation
for each residue at each point, the function Intensitypnospho) = fIIntensity(non-phospho|
was drawn for each residue, the trendline was extrapolated to determine the intensity
correspondmg to the 100% phosphorylatcd residue and then the percentage of

P ylation could be calculated at each time point by dividing peak intensities
currespondmg to the phosphorylated residue by the calculated intensity at 100%
phosphorylation. Peaks corresponding to residues closed to a phosphorylated residue
(L209 and V211 for pT207; D191, S197, and S195 for pS193) and thus affected by this
phosphorylation were also treated using the same protocol and they were used to
obtain a final averaged curve of the evolution of the percentage of phosphorylation at
positions 193, 207 with time.

h | titration caloril y. ITC were performed with the
PLK1 PBD protein (amino acid 326 to amino acid 603) and BRCA2 peptides in 50
mM Tris-HCI buffer, pH 8.0 containing 150 mM NaCl and 5mM B-ME, using a
VP-ITC instrument (Malvern), at 293 K. We used automatic injections of 8 or 10
ul. The titration data were analyzed using the program Origin 7.0 (OriginLab) and
fitted to a one-site binding model. To evaluate the heat of dilution, control
experiments were done with peptide or protein solutions injected into the buffer.
The peptides used for the ITC experiments were synthesized by GeneCust (Ellange,
LU) or Genscript (Piscataway, NY). The peptides were acetylated and amidated at
the N-terminal and C-terminal ends, respectively (see Supplementary Table 9 for
peptide sequences). Only peptide BRCA2,gq 254 Was expressed in bacteria and
purified as detailed above (see “Expression and purification of BRCA2,99.,54 for
NMR” section).

Crystallization and structure determination. The purified PBD protein (amino
acid 365 to amino acid 603) was concentrated to 6 mg/ml, and mixed to the
194WSSSLATPPTLSS{pT}VLI?!? (pT207) BRCA2 peptide at a 3:1 molar ratio. The
crystals were obtained by hanging drop vapor diffusion method at room tem-
perature (293 K), by mixing 1 pl of complex with 1 pl of solution containing 10%
PEG 3350, 100 mM BisTris pH 6.5, and 5mM DTT. Diffraction data were collected
at the Proxima 1 beamline (SOLEIL synchrotron, Gif-sur-Yvette, France). The
dataset was indexed and integrated using XDS through the autoPROC package’2.
The software performs an amsotroplc cut off (Tlckle et al,, STARANISO (2018)
Global Phasing Ltd.) of merged i y data, a ion of the
structure amplitudes, and applies an anisotropic correction to the data. The
structure was solved by molecular replacement using PHENIX (Phaser) software’?,

g human EGFP-MBP-tagged BRCA2 cDNA (corresponding to accession
number NM_000059) using TurboFect (Thermo Fisher Scientific), 48 h post-
transfection the cells were serial diluted and cultured in media containing 1 mg/ml
G418 (Sigma-Aldrich) for selection. Single cells were isolated and expanded. To
verify and select the clones, cells were resuspended in cold lysis buffer H (50 mM
HEPES (pH 7.5), 250 mM NaCl, 1% NP-40, 5mM EDTA, 1 mM DTT, 1 mM
PMSF and EDTA-free Protease Inhibitor Cocktail (Roche)), incubated on ice for
30 min, sonicated and centrifuged at 10,000g for 15 min, 100 pg total protein lysate
was run on a 4-15% SDS-PAGE followed by immunoblotting using BRCA2 and
GFP antibodies to detect EGFP-MBP-BRCA2. Clones with similar expression levels
were selected for functional studies.

The presence of the point mutations in the genome of the clones was confirmed
by extraction of genomic DNA using Quick-DNA™ Universal Kit (ZYMO
Research) followed by amplification of the N-terminal of BRCA2 (aa 1-267) by
PCR using a forward primers that binds to the end of MBP and a reverse primer
that binds to amino acid 267 in BRCA2, the presence of the point mutations was
confirmed by sequencing of the PCR product (see Supplementary Table 4 and 10
for primer sequences).

Cell itation and For the interaction
between BRCA2, 50 and endogenous PLK1, U20S cells were transfected with
2xMBP-BRCA2, 250 construct (WT, M192T, S193A, S196N, T200K, $206C, and
T207A) using TurboFect (Thermo Fisher Scientific), 30 h post-transfection cells
were synchronized by nocodazole (300 ng/ml), harvested and lysed in extraction
buffer A (20 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% NP40, 2 mM EGTA,
1.5mM MgCl, 50 mM NaF, 10% glycerol, 1 mM Na;VO,, 20 mM 8-glyceropho-
sphate, 1 mM DTT and EDTA-free Protease Inhibitor Cocktail (Roche)). After
centrifugation at 18,000g for 15 min, the supernatant was incubated with amylose
resin (NEB) for 1.5 h at 4 °C. The beads were washed five times in extraction buffer
before elution with 10 mM maltose. Bound proteins were separated by SDS-PAGE
and analyzed by western blotting. Where PLK1 and CDK1 inhibitor was used, the
cells were synchronized in mitosis by nocodazole (14 h) followed by 2 h treatment
with PLK1 inhibitor (50-100 nM BI2536 (Selleck Chemicals) or 50 yM BTO-1
(Sigma-Aldrich)) or the CDK1 inhibitor (10 uM, Ro-3306, (Selleck Chemicals))
before being harvested. The cells were lysed in extraction buffer A, pre-cleared by
centrifugation and total protein lysate was separated by SDS-PAGE and analyzed
by western blotting. Where proteasome inhibitor was used during the mitotic
block, the cells were synchronized by nocodazole for 14 h before the MG-132
(50 uM, Sigma-Aldrich) was added to the media and the cells were cultured for
additional 2 h before harvesting.

For analysis of pBUBRI1, BUBRI, pT207-BRCA2 and BRCA2 levels in mitosis,
nocodazole (100 ng/ml) treated DLD1 BRCA2~/~ clones were lysed in extraction
buffer A, pre-cleared by centrifugation and total protein lysate was separated by
SDS-PAGE and analyzed by western blotting.

For analysis of the interaction between BRCA2-PLK1, BRCA2-BUBRI1 and for
the protein complex BRCA2-pBUBR1/BUBRI1-PP2A(C)-PLKI1 in mitosis, DLD1
BRCA2/~ stable clones expressing EGFP-MBP-BRCA2 (WT or the VUS $206C
or T207A) were synchronized with nocodazole, harvested and lysed in extraction
buffer A. The lysate were pre-cleared by centrifugation before incubation with
GFP-TRAP beads (Chromotek) for 2 h at 4°C to pull-down EGFP-MBP-BRCA2.
Around 3 mg total protein lysate was used per pull-down. The beads were washed 5
times in extraction buffer A and 2 times in extraction buffer A with 500 mM NaCl.
Bound proteins were eluted by boiling the samples for 4 min in 3x SDS-PAGE
sample loading buffer (SB), eluted proteins were separated by SDS-PAGE and
analyzed by western blotting using anti-mouse PLKI, anti-mouse BUBRI, anti-
rabbit pT680-BUBRI, anti-mouse PP2A-C and anti-mouse BRCA2 (OP95)
antibodies.

For i ipitation of endog BUBRI, nocodazole treated DLD1
BRCA2-/~ s(able clones expressing BRCA2 WT or the variants (S206C or T207A)
were lysed in extraction buffer A. After centrifugation, 2000-3000 pg total protein
lysate was pre-cleared by incubation with 20 ul Protein G PLUS-Agarose (Santa
Cruz, sc-2002) for 30 min at 4 °C. The pre-cleared lysate was incubated with 1.25
pg BUBRI mouse antibody or control mouse IgG overnight at 4 °C before addition
of 40 pl Protein G PLUS -Agarose, the lysate was incubated for additional 30 min
before i i were collected by centrifugation. After four washes in
extraction buffer A and two washes in extraction buffer A wnh 500 mM NaCl, the
beads were re-suspended in SB, boiled and the i 1 were analyzed
by western blotting using anti-rabbit BUBR1, anti-mouse PLK] and anti-mouse
PP2A-C antibodies.
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For the interaction between the phosphomimic BUBR1-3D mutant (S670D,
$676D and T680D) and endogenous PP2A, the DLD1 BRCA2~/~ stable clones
expressing BRCA2 WT or the $206C variant was transient transfected with the
pcDNA3-3xFLAG-BUBRI1-3D-RFP construct. The transfection media was
replaced 30 h post-transfection with fresh growth media containing 0.1 pg/ml
nocadozole and the cells were incubated additional 14 h before harvesting. The cells
were lysed and an immunoprecipitation was performed as described above for the
BUBRI immunoprecipitation using rabbit anti-tRFP antibody (Cat.#AB233,
Evrogen) to pull-down the 3xFLAG-BUBR1-3D-RFP protein. Immunocomplexes
were analyzed by western blotting using anti-mouse BUBRI and anti-mouse
PP2A-C antibodies.

For all Western blots, the protein bands were visualized with ChemiDoc XRS +
System (BioRad) and quantified by the Image Lab™ 52,1 Software (BioRad). For
the relative expression levels (Fig. 5g-i, Supplementary Fig. 5d), the intensity of the
band of interest was divided by the intensity of the signal from the stain free gel.
The results are presented as percentage compared to BRCA2 WT clone. To
calculate the relative co-i pitation (co-IP)/co-pull-d of a protein of
interest, the intensity of the hand in the co-IP was divided by the intensity of the
band in the input (ImageQuant™ TL software), the ratio co-IP:input of the
protein of interest was then divided by the intensity of the band of the
immunoprecipitated protein. StainFree images of the gels before transfer were used
as loading control for the input and cropped image is shown in the figures.

Antibodies used for western blotting. mouse anti-MBP (1:5000, R29, Cat.
#MAS5-14122, Thermo Fisher Scientific), mouse anti-BRCA2 (1:1000, OP95, EMD
Millipore), rabbit anti-pT207-BRCA2 (raised for this study using the peptide
203TLSS-pT-VLIVRNEEAC as antigen, Genscript) (1:1000), anti-GFP (1:5000,
Protein Expression and Purification Core Facility, Institut Curie), mouse anti-PLK1
(1:5000, clone 35-206, Cat. #05-844, EMD Millipore), mouse anti-BUBR1 (1:1000,
Cat. #612502, BD Transduction Laboratories), rabbit anti-BUBRI (1:2000, Cat.
#A300-386A, Bethyl Laboratories), mouse anti-PP2A C subunit (1:1000, clone 1D6,
Cat. #05-421, EMD Millipore), rabbit anti-pT680-BUBRI1 (1:1000, EPR 19958, Cat.
#ab200061, Abcam), and rabbn anti-pS676-BUBRI (1:1000, R193, kind gift from
Dr. Erich A. Nigg). H idase (HRP) d 2nd antibodies used:
mouse-IgGk BP-HRP (IB: 1:10 000 Cat. #sc-516102, Santa Cruz), goat anti-rabbit
IgG-HRP (IB: 1:5000, Cat. #sc-2054, Santa Cruz), goat anti-mouse IgG-HRP (1:10
000, Cat.#115-035-003, Interchim), goat anti-rabbit IgG-HRP (1:10 000, Interchim,
Cat.#111-035-003).

sIRNA trinsfe:tlon For analysis of the pT680-BUBRI levels in U20S cells after
of 7 BRCA2 with RNAi, U20S cells were transfected

with 200 1M siRNA targeting the 3'UTR of BRCA2 (siBRCA2 #1: SI00000966,
Qiagen) using jetPRIME (Polyplus Transfection, Cat.#114-07). As control, the cells
were transfected with the 200 nM of the si-control RNA (siRNA control ON-
TARGETplus Non-targeting Pool. D-001810-10-05, Thermo Scientific) The
transfection media was replaced 30 h post-transfection with fresh growth media
containing 0.1 pg/ml nocadozole and the cells were incubated additional 14 h
before harvesting. Total protein lysate was extracted as described above and 30-50
ug total protein lysate was resolved on a 4-15% SDS-PAGE and analyzed by
western blotting using anti-mouse BRCA2 (OP95), anti-mouse BUBR1, anti-rabbit
pT680-BUBRI and anti-mouse PLK1 antibodies (see above for reference number).

For depletion of endogenous BRCA2 in DLD1 BRCA2*/* cells for analysis of
yH2AX and RADS5I foci, the cells were transfected with a combination of the
BRCA2 5'UTR siRNA (SI00000966, Qiagen) and IAC204 (Dharmacon D-003462-
04) (100 nM each) or the ON-TARGET plus Non-targeting oligonucleotide D-
001810-04-20, Thermo Scientific 100 nM) and fixed and expose to IR 30 h post-
transfection (see Supplementary Fig. 8c for the Western blot showing BRCA2
depletion) for analysis of DNA repair foci (see Supplementary Fig. 8c for the
Western blot showing BRCA2 depletion).

Phosphatase treatment. DLD1 BRCA2 '~ cells stably expressing EGFP-MBP-
BRCA2 WT were synchronized in mitosis by nocodazole (14 h), harvested, lysed in
extraction buffer A without phosphatase inhibitors (NaF, Na; VO, and R-glycer-
ophosphate), and pre-cleared by centrifugation. For detection of pT207-BRCA2
and BRCA2, 20 U FastAP Ther itive Alkaline Phosph (Thermo Fisher
Scientific Cat. #EF0654) was added to 200 g of total protein lysate in FastAP
Buffer in a total reaction volume of 60 pl. After 1 h incubation at 37 °C the reaction
was stopped by heating at 95 °C for 5 min in SDS-PAGE sample loading buffer, 30
ul of the reaction was loaded on a 4-15% SDS-PAGE gel, the gel was transferred
onto nitrocellulose membrane and the levels of pT207-BRCA2 were analyzed by
western blotting using anti-pT207-BRCA2 antibody. For detection of pBUBR1 and
BUBRI, increased amount (0-20U) of FastAP Thermosensitive Alkaline Phos-
phatase was added to 15 g of total protein lysate in FastAP Buffer in a total
reaction volume of 60 pl followed by same protocol as described for pT207-BRCA2,
the levels of pS676/pT680-BUBRI were analyzed by western blotting using anti-
PpS676/pT680-BUBRI1 antibodies.

Cell survival and viability assays. For clonogenic survival assay, DLD1 BRCA2
~/= cells stably expressing full-length EGFP-MBP-BRCA2 and the variants (S206C
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and T207A) were treated at 70% of confluence with Mitomycin C (Sigma-Aldrich)
at concentrations: 0, 0.5, 1.0, and 2.5 uM. After 1h drug treatment the cells were
serial diluted in normal growth media penicillis p in (Euro-
bio) and seeded in triplicates into 6-well plates. The media was changed every third
day, after 10-12 days in culture the plates were stained with crystal violet, colonies
were counted and the surviving fraction was determined for each drug
concentration.

Cell viability was assessed with 3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT, #M5655, Sigma Aldrich) after treatment with
MMC and the PARP inhibitor Olaparib (AZD2281, Ku-0059436, #51060, Selleck
Chemicals). For MMC, the cells were plated in triplicates in 96-well microplates
(3000-5000 cells/well) the day before treatment. The cells were washed once in PBS
before addition of serum-free media containing MMC at the concentrations: 0, 1.0
and 2.5 pM. After 1 h treatment the cells were washed once in PBS and incubated
for 72 h in normal growth media before the viability was measured by MTT assay.
For PARP inhibition, the cells were seeded 4 h before 4 days treatment in normal
growth media with Olaparib at concentrations: 0, 2.5 and 5.0 uM.

HR assays. We applied a DSB-mediated gene targeting strategy using site-specific
TALEN nucleases to quantify HR in cells. DLD1 BRCA2~/~ cells stably expressing
full-length GFPMBP-BRCA2 and the variants (S206C and T207A) were transfected
using AMAXA technology (Lonza) nucleofector kit V (Cat. #VCA-1003) with 3 pg
of the promoter-less donor plasmid (AAVS1-2A-mCherry) with or without 1 pg of
each AAVSI-TALEN encoding plasmids (TALEN-AAVS1-5" and TALEN-
AAVSI1-3, see Suppl y Table 12 for , kind gift from Dr. Carine
Giovannangeli). For each transfection, 1 x10° cells were transfected using program
L-024, the cells were seeded in 6-well plate in culture media without selection
antibiotics. The day after transfection the media was changed to media with
selection and 48 h post-transfection the cells were trypsinized and reseeded on a
10-em culture dish and cultured for additional 5 days. The percentage of mCherry
positive cells was analyzed on a BD FACSAria III (BD Bioscience) using the
FACSDiva software and data were analyzed with the FlowJo 10.4.2 software (Tree
Star Inc.).

Analysis of tetraploid cells. For the analysis of S-phase tetraploid cells in the
DLD1 BRCA27/~ stable clones, the cells were incubated with 10 uM BrdU for 20
min before they were harvest, fixed and stained for cell cycle analysis using a APC-
BrdU flow kit (BD Bioscience, Cat. #552598) following the manufacturer’s
instructions.

Labeled cells were analyzed on a BD FACSCanto II (BD Bioscience) using the
FACSDiva software and data were analyzed with the FlowJo 10.4.2 software (Tree
Star Inc.).

1 o Ki o

For staining of pT680-BUBR1
and PLKI at the kinetochore, DLD1 BRCA2 /= stable clones expressing EGFP-
MBP-BRCA2-WT or the variant T207A were seeded on coverslips and treated with
nocodazole (0.25 pg/ml) for 4 h, fixed with 4% PFA in PBS containing 0.5% Triton
X-100 for 20 min at room temperature. The coverslips were rinsed three times in
PBS-T and blocked for 30 min with 4% BSA in PBS before incubation with primary
antibodies (human anti-CREST (1:100, Cat. #15-234-0001, Antibodies Online)
together with either rabbit anti-pT680-BUBR1 (1:500, clone EPR 19958, Abcam,
Cat. #ab200061) or mouse anti-PLK1 (1:500, clone F-8, Santa Cruz Biotechnology,
Cat. #sc-17783), diluted in PBS-T with 5% BSA overnight at 4 °C. After three
washes of 5 min in PBS-T the coverslips were incubated for 2 h incubation at room
temperature with respective Alexa Fluor conjugated secondary antibody (for
pBUBRI; goat anti-human Alexa-488 (1:1000, Cat. #A11013, Life Technologies)
and donkey anti-rabbit Alexa-488 (1:1000, Cat. #A-21206, Thermo Fisher Scien-
tific), for PLK1; goat anti-human Alexa-633 (1:500, Cat. #A21091, Life Technol-
ogies) together with either donkey anti-rabbit Alexa-488 (1:1000, Cat. #A-21206,
Thermo Fisher Scientific) or donkey anti-mouse Alexa-488 (1:1000, Cat. #A-21202,
Thermo Fisher Scientific) diluted in PBS-T with 5% BSA. After two washes of 5
min in PBS-T and one rinse in PBS the coverslips were mounted on microscope
slides.

For staining of BRCA2 at the kinetochore, U20S was transient transfected with
GFPMBP-BRCA2 construct using TurboFect (Thermo Fisher Scientific). The cells
were seeded on c lips 24 h post- fection and incubated for another 24 h
before nocadozole (0.25 pg/ml) was added. The cells were treated for 4 h followed
by fixation as described above for kinetochore localization of pBUBRI, pAuroraB
and PLKI1. BRCA2 was detected by rabbit anti-BRCA2 (1:500, CA1033, EMD
Millipore) and Alexa-488 secondary antibody (donkey anti-rabbit Alexa-488
(1:1000, Cat. #A-21206, Thermo Fisher Scientific), CREST was detected by human
anti-CREST (1:100, Cat. #15-234-0001, Antibodies Online) and Alexa-633
secondary antibody (1:500, Cat. #A21091, Life Technologies)), diluted in PBS-T
with 5% BSA.

Phosphatase inhibitors (50 mM NaF, 1 mM Na;VO,, and 20 mM f-
glycerophosphate) were added to all buffers

Cold stable kinetochore-mi Iii and segregation:
DLD1 BRCA2~/~ cells and the stable clones expressing EGFP-MBP-BRCA2 WT
or the variants (S206C and T207A) were seeded on coverslips in 6-well tissue
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culture plates and synchromzed in mitosis. For analysis of ch

bjective. The camera used is a Hamamatsu Flash 4.0 sSCMOS controlled with the

the cells were synch d by double thymidine (2.5 mM, Sigma-, Aldnch) block,
released for 9 h followed by treatment with Monastrol (100 uM, Sigma-Aldrich) for
16 h. After incubation with Monastrol the cells were washed twice in PBS before 1 h
incubation in media ¢ ining the inhibitor MG-132 (10 uM, Sigma-
Aldrich). To detect cold- stable 1 mlcmlubules cells were synchronized using the
same protocol as for the ch llowed by 15 min of cold
treatment on ice before fixation. For chromosome segregation analysis, the cells
were synchronized by double thymidine block and released in normal growth
media for 11h.

After synchronization, the cells were fixed with 100% methanol for 15 min at
-20°C, rinsed once in PBS before permeabilization with PBS containing 0.1%
Triton-X for 15 min at room temperature. Nonspecific epitope binding was blocked
with 4% BSA (Sigma-Aldrich) in PBS. The coverslips were rinsed in PBS, incubated
with primary antibody (mouse anti-a-tubulin (1:5000, GT114, Cat. #GTX628802,
Euromedex) and human anti-CREST (1:100, Cat. #15-234-0001, Antibodies
Online)) diluted in PBS containing 0.1% Tween-20 (PBS-T) and 5% BSA for 1 h at
room temperature. After incubation, the coverslips were washed three times of 5
min in PBS-T before being incubated for 1 h at room temperature with Alexa Fluor
conjugated secondary antibody (donkey anti-mouse Alexa-594 (1:1000, Cat. #A-
21203, Thermo Fisher Scientific) and goat anti-human Alexa-488 (1:1000, Cat.
#A11013, Life Technologies)) diluted in PBS-T with 5% BSA. The coverslips were
washed two times of 5 min each in PBS-T followed by one rinse in PBS before
being mounted on mlcroscope slldes

For the analysis of ch in cells exp g the
phosphomimic BUBR1-3D mutant (5670D $676D and T680D), the DLD1

MetaMorphZ 1 software (Molecular Devices). For Flg 6a and 7a,7 tu 20 Z-stacks
were taken at 0.2 pm intervals to g a ion image
using Image]. For the analysis of yHZAX and RADS1 foci, 26 Z slacki were taken
at 0.2 pm intervals to generate a maximal intensity projection using the Image |
software (1.51 s, NIH). For the BUBR1-3D-RFP chromosome alignment
experiment, RFP negative cells on the same coverslips were used as control.

The number of yH2AX foci per nucleus were counted by a customized macro
using a semi-automated procedure; the nucleus was defined by an auto-threshold
(Otsu, Image J) on DAPI, a mask was generated and applied onto the Z-projection
to count foci within the nucleus. For the definition of foci we applied the threshold
plugin IsoData (Image]J software (1.51 s, NIH)) and for the quantification of foci we
used the tool Analyze Particles (Image] software (1.51 s, NIH)) setting a range of 5-
100 pixels? to select only particles that correspond to the size of a focus. RAD51
foci were quantified using the plugin Find Maxima onto the Z-projection with a
prominence of 1000.

For analysis of cold stable microtubules images were acquired in an upright
Leica DM B wide-field microscope equipped with a Leica Plan Apo 100x NA
1.4 oil immersion objective. The camera used is a Hamamatsu Flash 4.0 sCMOS
controlled with the MetaMorph2.1 software (Molecular Devices), 20 Z-stacks were
taken on metaphase cells at 0.5 pm intervals to generate a maximal intensity
projection image using the Image] software (1.51 s, NIH). The quantification of the
intensity of a-tubulin in metaphase cells was performed in the area of the spindle
subtracting the background of a-tubulin signal from a different area in the same
cell. The data were then normalized to the mean intensity of the BRCAZ WT cells.

For analysls of ploidy, ki localization and mi lei images

BRCA2~/~ stable clones expressing the T207A variant was
with the pcDNA3-3xFLAG-BUBR1-3D-RFP construct using TurboFect. The day
after transfection the cells were seeded on covershps in 6-well tissue culture plates,
synchronized in mitosis and prepared for i ence.

Aneuploidy: For ancuplmdy analysis the cells were treated with nocodazole for
14h (0.1 pg/ml) to enable chromosome spread; the cells were rinsed in PBS,
incubated for 10 min with KCI (50 mM) at room temperature before they were
spread on coverslips at 900 rpm for 5 min in a Cytospin 4 (Thermo Scientific). The
cells were fixed with 3% paraformaldehyde (PFA) in PBS for 20 min followed by 15
min permeabilization in PBS containing 0.1% Triton X-100. The coverslips were
rinsed three times in PBS, blocked with 5% BSA in PBS before incubation with
human anti-CREST primary antibody (1:100, Cat. #15-234-0001, Antibodi;

were acquired in an inverted comocal Leica SP5 microscope with a plan Apo 63x
NA 1.4 oil immersion objective with the lasers 405, 488, 561 and 633 nm. For
Fig. 8b (aneuploidy), Z-stacks were taken at 0.13 um intervals to generate a
maximal intensity projection image using the Image] software (1.51 s, NIH). For
the counting of chromosomes in the aneuploidy experiment, the quantification was
performed in zoomed areas counting the CREST signal in separated stacks to
ensure the counting of all chromosomes. We were able to count up to 65
chromosomes with certainty, thus >65 CREST signals were discarded and not
included in the analysis.

For the analysis of kinetochore localization, Z-stacks were taken at 0.21 pm
intervals to generate a sum slice projection image using Image], six pairs of

Online) diluted in PBS overnight at 4 °C. After incubation the coverslips were
washed three times of 5min in PBS before 1 h incubation at room temperature
with Alexa Fluor conjugated secondary antibody (goat anti-human Alexa-555
(1:1000, Cat. #A-21433, Thermo Fisher Scientific)) diluted in PBS. After three
washes of 5min in PBS the coverslips were mounted on microscope slides.
yYH2AX and RAD5I foci: For the detection of yH2AX and RAD51 foci, the cells
were seeded on coverslips the day before 6 Gy y-irradiation (GSR D1, Cs-137
irradiator). Two hours after irradiation, the coverslips were washed twice in PBS
followed by one wash in CSK Buffer (10 mM PIPES, pH 6.8, 0.1 M NaCl, 0.3 M
sucrose, 3mM MgCl,, EDTA-free Protease Inhibitor Cocktail (Roche)). The cells
were permeabilized for 5 min at room temperature in CSK buffer containing 0.5%
Triton X-100 (CSK-T) followed by one rinse in CSK buffer and one rinse in PBS
before fixation for 20 min at room temperature with 2% PFA in PBS. After one
rinse in PBS and one in PBS-T, the cells were blocked for 5 min at room
temperature with 5% BSA in PBS-T before incubation for 2 h at room temperature
with primary antibodies diluted in PBS-T with 5% BSA. After primary antibody
incubation, the coverslips were rinsed in PBS-T followed by two washes of 10 min
in PBS-T and blocked for 5 min at room temperature with 5% BSA in PBS-T before
incubation for 1 h at room temperature with respective Alexa Fluor conjugated
secondary antibody diluted in PBS-T with 5% BSA. After one rinse in PBS-T and
two washes of 10 min in PBS-T the coverslips were rinsed in PBS before being
mounted on microscope slides. yH2AX foci were detected by mouse anti-pSer139-
yH2AX (1:1000, clone JBW301, EMD-Millipore, Cat. #05-636) and secondary
antibody donkey anti-mouse Alexa-594 (1:1000, Cat. #A-21203, Thermo Fisher
Scientific). RADS51 foci were detected by rabbit anti-RAD51 (1:100, clone H-92,
Santa Cruz Biotechnology, Cat. #sc-8349), followed by secondary antibody donkey
anti-rabbit Alexa-488 (1:1000, Cat. #A-21206, Thermo Fisher Scientific).

For the analysis of yH2AX and RAD51 foci in DLD1 BRCA2+/+ cells depleted
of BRCA2 by siRNA, the DLD1 BRCA2*/* cells were transient transfected with
siRNA targeting BRCA2 (see section siRNA transfection above). The day after
transfection the cells were seeded on coverslips in 6-well tissue culture plates and
radiated as described above.

Micronuclei: For analysis of micronuclei, DLD1 BRCA2~/~ cells and the stable
clones expressing EGFP-MBP-BRCA2 WT or the variants (S206C and T207A)
were seeded on coverslips in 6-well tissue culture platcs the day before fixation.
Centromeres were detected by human anti-CREST primary anubody (1:100, Cat.
#15-234-0001, Antibodies Online) and Alexa Fluor j

ch per cell were analyzed in 15-21 cells per experiment from two
individual experiment. The results from the quantifications (Fig. 5i, Suppl

Fig. 6b) is represented as the ratio between the intensities for pBUBRl/PLKl and
the CREST signal relative to the mean ratio observed for the BRCA2 WT
complemented cells. For the images in Fig. 5h (pBUBR1:CREST), Supplementary
Fig. 6a (PLK1:CREST) and Supplementary Fig. 8¢ (micronuclei), Z-stacks were
taken to generate a maximal intensity projection image using the Image] software
(1.51's, NIH), except for DAPI where the image is from one Z-stack.

Time-lapse video microscopy of mitotic cells. For phase-contrast video-micro-
scopy DLD1 BRCA2~/~ cells stably expressing full-length EGFP-MBP-BRCA2 and
the variants (S206C and T207A) were seeded in 35 mm Ibidi p-Dishes (Ibidi, Cat.
#81156), synchronized by double thymidine block, released and cultured for 4 h in
normal growth media before the filming was started. The cells were imaged for 16 h
every 5min, at 0il-40X using an inverted video-microscope (Leica DMI6000)
equipped with electron multiplying charge coupled device (EMCCD) camera
controlled by the MetaMorph2.1 software (Molecular Devices). Images were
mounted using the Image ] software (1.51 s, NIH).

Statistical analysis. In all graphs error bars represent the standard deviation (SD)
from at least three independent experiments unless otherwise stated, scatter dot
plots show median with 95% CI. Statistical significance of differences was calcu-
lated with unpaired two-tailed f-test, one/two-way ANOVA with Dunnett’s or
Tukey’s multiple comparisons test, Mann-Whitney two-tailed or Kruskal-Wallis
one-way analysis followed by Dunn’s multiple comparisons test as indicated in the
figure legends. All analyses were conducted using GraphPad Prism version Mac OS
X 8.3.0 (328).

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

Data availability

The data that support the findings of this study are available from the corresponding
authors upon reasonable request. The source data for Fig. 1a-d; Fig. 2; Fig. 3a-k;

Fig. da—f Fig. 5a-i; Figs. 6a, 6d; Fig. 7a, , d; Fig. 8a, d; Fig. 9a-f; Supplementary Fig. la, b;

(goat anti-human Alexa-555 (1:1000, Cat. #A-21433, Thermo Fisher Scientific)).
All coverslips were mounted on microscope slides with ProLong Diamond
Antifade Mountant with DAPI (Cat. #P36966, Thermo Fisher Scientific).
Image acquisition and analysis: For analysis of DNA repair foci, chromosome
alignment and segregation, images were acquired in an upright Leica DM6000B
wide-field microscope equipped with a Leica Plan Apo 63x NA 1.4 oil immersion

dary antibody pp y Figu. 2b, G PP y Fig. 3a-d; ”' y Fig. 4a, ¢;
Suppl y Fig. 5b-d; S y Fig. 6b-d; § y Fig. 7d;
pl y Fig. 8c-d; S y Fig. 10a, b; are avmlable as a Source Data file.

Thc PDB files used durmg slmclure analysis can be retrieved using the PDB codes
4056 and 3P35 on the PDB website: https://www.rcsb.org. The final X-ray structure of
the PLK1 PBD bound to the phosphorylated BRCA2 peptide is also available on this
website, under the code 6GY2.
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Supplementary Fig. 1
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Supplementary Figure 1. Related to Figure 1. PLK1 phosphorylation of the N-terminal
region of BRCA2 and conservation of PLK1 phosphosites

(a) PLK1 in vitro kinase assay with BRCA21.250. Top: The polypeptide 2x-MBP-BRCA2,.250
WT was incubated with increased concentrations (0, 50 and 100 ng) of recombinant PLK1 in
the presence of y*?P-ATP. The samples were resolved on 4-15% SDS-PAGE and the 3?P-
labeled products were detected by autoradiography. Bottom: 4-15% SDS-PAGE showing the
input of 2xMBP-BRCA2;.250 WT (0.5 pg) used in the reaction. (b) Quantification of the
relative phosphorylation in (a). Data are represented as mean + SD from two independent
experiments. (¢) Alignment of the region 2-284 of human BRCA2 with the N-terminal
regions of BRCA2 from 40 different species. Amino acids conserved in more than 30 % of
the species are highlighted with coloured background. A dashed line box identifies the highly
conserved cluster around S193 (amino acid 180 to amino acid 210). Arrows show the amino
acids cited in this manuscript (including the PLK1 phosphosites). Source data is available as

a Source Data file.
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Supplementary Figure 2. Related to Figure 2. PLK1 phosphorylation kinetics of
BRCA2190.284 WT vs T207A

(a) Superimposition of the "H-""N HSQC spectra recorded on the '*N labelled fragments
BRCAZ2190.284 WT (red) and T207A (green) after 5h of incubation with PLK1. The conditions
are the same as in Figure 1. (b,c) Comparison of the phosphorylation kinetics of BRCA219¢.284
WT and T207A performed with two different PLK1 samples. The percentage of
phosphorylation deduced from the intensities of the peaks corresponding to the non-
phosphorylated and phosphorylated residues is plotted as a function of time. WT S193 and
T207 time points are represented by red circles and squares, respectively, while T207A S193

timepoints are represented by green circles. Source data is available as a Source Data file.
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Supplementary Fig. 3
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Supplementary Figure 3. Related to Figure 3. Isothermal Titration Calorimetry (ITC)
thermogram showing binding of PLK1pgp to the fragment BRCA2190.284 or a 10 aa
BRCA2 peptide containing pS197

Thermogram showing the binding affinity of PLK1pgp to the (a) phosphorylated or (b) non-
phosphorylated BRCA2190.284 fragment, purified from bacteria as explained in the Methods
section and also used in the NMR experiments. (¢) Thermogram showing the binding affinity
of PLK Ippp to a 17 aa BRCAZ2 synthetic peptide comprising T207D
(WSSSLATPPTLSSD207VLI). (d) Thermogram showing the binding affinity of PLK 1psp to a
10 aa BRCAZ2 synthetic peptide comprising pS197. Source data is available as a Source Data

file.
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Supplementary Fig. 4
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Supplementary Figure 4. Related to Figures 3-8. BRCA2 protein levels in DLD1 BRCA2™"
stable clones bearing BRCA2 WT and variants utilized in this study and effect of PLK1
and CDKI1 inhibitors on the interaction between BRCA2 and PLK1

(a) BRCAZ2 protein levels in total cell extracts from DLDI1 cells stably expressing EGFP-
MBP-BRCA2 WT (BRCA2 WT C1) or the variants S206C (clones A7 and A9) and T207A
(clones B1 and E4) as detected by western blot using anti-BRCA2 (OP95) antibody. (b) The
effect of PLK1 inhibitors on the interaction between BRCA2 WT and PLK1. BRCA2 WT
cells were treated with nocodazole (100 ng/ml, 14h), then treated with the PLK1 inhibitor
BTO (50 uM, 2h) before harvesting. BRCA2 was pull-down with GFP-trap beads,
immunocomplexes were resolved on 4-15% SDS-PAGE followed by WB using anti-PLK 1
and -MBP antibodies. Unsynchronized BRCA2"* were used as control of pull-down and
StainFree images of the gels before transfer were used as loading control (cropped image is
shown). The amount of PLK1 co-IPed with BRCA2 relative to the input levels of PLK1 and
the amount of pull-down BRCAZ2 is presented below the blot, relative to non-treated BRCA2
WT. (c) The effect of CDK1 inhibitors on the interaction between 2xMBP-BRCA2.350 and
PLK1. U20S cells transiently transfected with the 2xMBP-BRCA2,.250 WT, were arrested in
mitosis with nocodazole (300 ng/ml, 14h) and then treated with CDK1 inhibitor (Ro-3306
50nM, 2h) before amylse pull-down. Complexes were resolved on 4-15% SDS-PAGE
followed by WB using anti-PLK1 and anti-MBP antibodies. The amount of PLK1 co-
immunoprecipitated with 2xMBP-BRCA2;.250 relative to the input levels of PLK1 and the
amount of pull-down 2xMBP-BRCA2,.259 is presented below the blot as mean + SD from
three independent experiments. The data is presented relative to the non-treated BRCA2 WT.
Imunoblots in (a) and (c) are representative of three independent experiments. Source data is

available as a Source Data file.
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Supplementary Fig 5
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Supplementary Figure 5. Related to Figure 5. BRCA2 at the kinetochores and effect of

PLK1 inhibitors and phosphatase treatment on pT680-BUBRI1.

(a) Representative images of the localization of BRCA2 in nocodazole-arrested U20S
transient expressing GFP-MBP-BRCA2 WT. BRCA2 is detected by anti-BRCA2 rabbit
antibody (CA1033), CREST is used as centromere marker and DNA is counterstained with
DAPI. Scale bar represents 1 um. The figures are representative of three independent
experiments. (b) Protein levels of pT680-BUBRI1 in BRCA2 WT stable clone after treatment
with PLK1 inhibitors. After 14h culture with media containing nocodazole (100 ng/ul), PLK1
inhibitors (Bi2536 (50 nM) or BTO (50 uM)) were added to the media and the cells were
cultured for additional 2h before harvesting. The level of pT680-BUBR1 was analyzed in the
total protein extract by western blot. (¢) Phosphatase (Fast AP) treatment of total protein
lysate extracted from DLD1 BRCA2 WT cells treated with nocodazole (100 ng/pul) for 14h.
(d) Western blot showing the expression levels of endogenous BUBR1 and pS676-BUBRI in
nocodazole treated stable clones of DLD1 BRCA?2 deficient cells (BRCA2™") expressing
GFPMBP-BRCA2 WT (BRCA2 WT) or T207A variant. The levels of pS676-BUBR1 was
analyzed in the total protein extract by western blot. The mean pBUBRI signal relative to the
stain free signal is shown for the nocadozole treated samples below the blots. Results are
presented normalized to the protein levels for BRCA2 WT. The data represents the mean +
SD of two independent experiments. Imunoblots in (b-d) are representative of two (b, d) and

three (c) independent experiments. Source data is available as a Source Data file.
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Supplementary Fig. 6
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Supplementary Figure 6. Related to Figure 5. Localization of BRCA2 and PLK1 at the
kinetochores and PLK1-BUBR1 complex in cells bearing variant T207A compared to

WT

(a) Representative images of the localization of PLK1 in nocodazole-arrested DLD1 BRCA2-
" cells stably expressing GFP-MBP-BRCA2 WT or the variant T207A as indicated. CREST is
used as centromere marker and DNA is counterstained with DAPI. Scale bar represents 1 pm.
(b) Quantification of the co-localization of PLK1 and CREST in (a). The data represents the
intensity ratio (PLK1:CREST) relative to the mean ratio of PLK1:CREST for the GFP-MBP-
BRCA2 WT calculated from a total of 180 pairs of chromosomes analysed from two
independent experiments (6 pairs of chromosomes/cell from 15 cells). The red line in the plot
indicates the median (95% CI) ratio, each dot represents a pair of chromosomes. For statistical
comparison of the differences between the samples we applied a Mann-Whitney two-tailed
analysis, the p-values show significant difference. (¢) Co-immunoprecipitation of
endogenous PLK1 with endogenous BUBR1 from mitotic cell extracts of BRCA2 WT cells
or cells expressing the variants S206C or T207A using mouse anti-BUBR1 antibody. Mouse
IgG was used as control for the BUBR1 immunoprecipitation. The immuno-complexes were
resolved on 4-15% SDS-PAGE followed by western blotting, the interactions were revealed
by rabbit anti-BUBR1 and mouse anti-PLK1 antibodies. (d) Quantification of co-
immunoprecipitated PLK1 in (c), relative to the input levels and the amount of
immunoprecipitated BUBR1. Results are presented as the fold change compared to the
BRCA2 WT clone. The data represents the mean + SD of three to four independent
experiments (WT (n=4), S206C A9 (n=4) and T207A B1 (n=3)). Statistical significance of the
difference was calculated with one-way ANOVA test with Dunnett’s multiple comparisons
test, the p-values show the significant difference, ns: non-significant. Source data is available

as a Source Data file.
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Supplementary Fig. 7
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Supplementary Figure 7. Related to Figure 7. BrdU incorporation measured by flow
cytometry of DLD1 BRCA2" stable cell lines expressing BRCA2 WT or BRCA2

variants S206C and T207A.

(a-c) Representative flow cytometry plots for the analysis of S-phase tetraploid cells
(quantified in Figure 7c, d) in the stable DLD1 BRCA2 deficient cells expressing BRCA2
WT (a) or the VUS S206C (b) and T207A (c). Viable cells were gated from the Forward
Scatter (FSC-A) versus Side Scatter (SSC-A) plots and displayed in a 7-AAD-W versus 7-
AAD-A plot to exclude doublets. The gated singlet population was displayed in a APC-A
(BrdU) versus 7-AAD-A (DNA) plot. The S-phase tetraploid population was gated as BrdU*
cells with DNA content >4N. 20,000 singlet events were collected for each experiment. (d)
Frequency of BrdU" cells in the stable clones expressing BRCA2 WT or the VUS as
indicated. The data represents the mean + SD of three independent experiments. Statistical
significance of the difference was calculated with one-way ANOVA test with Tukey’s
multiple comparisons test (the p value show the difference compared to WT, ns: non-

significant). Source data is available as a Source Data file.
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Supplementary Fig. 8
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Supplementary Figure 8. Related to Figure 8. Plating efficiency of unchallenged DLD1
BRCA2" stable clones expressing EGFP-MBP-BRCA2 WT or the variants. and
representative images of DNA damage foci in these cells. Micronuclei in BRCA2” stable
cell lines and BRCA2"~ expressing BRCA2 WT or BRCA2 variants S206C and T207A.
(a) Representative plates showing the number of colonies in unchallenged conditions of the
cells assessed for MMC-clonogenic survival assay quantified in Fig. 9a (500 cells seeded per
6-well plate). (b) Representative immunofluorescence images of two independent
experiments of nuclear yYH2AX and RADS51 foci in DLD1 BRCA2"* cells depleted of
BRCAZ2 (siBRCA2), BRCA2"*control cells (siCTRL), DLD1 BRCA2 deficient cells
(BRCA2") stably expressing BRCA2 WT or the variant T207A, in non-treated (-IR) or two
hours after exposure to 6 Gy of y-irradiation (+IR), as indicated in the images and as
quantified in Fig. 9d, 9e. Scale bar represents 10 um. (c) Representative Western blot of two
independent experiments showing the levels of endogenous BRCA2 in the siRNA transfected
cells imaged in (b) and analysed in Fig. 9d, 9e, at the time for radiation. (d) Frequency of
micronuclei with and without centromeres in DLD1 BRCAZ2 deficient cells (BRCA27") and
BRCA2"" clones stably expressing BRCA2 WT or the variants S206C and T207A. n indicates
the total number of cells counted for each clone from two independent experiments. Statistical
significance of the difference was calculated with two-way ANOVA test with Tukey’s
multiple comparisons test, the p-values show the significant difference, ns: non-significant.
(e) Representative images of micronuclei with and without centromeres observed in cells

quantified in (d), scale bar represents 10 um. Source data is available as a Source Data file.
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Supplementary Figure 9. Related to Figure 8f. Frequency of mCherry positive cells
measured by flow cytometry of DLD1 BRCA2™ stable cell lines expressing BRCA2 WT
or BRCA2 variants S206C and T207A.

(a-e) Representative flow cytometry plots for the analysis of mCherry positive cells in the HR
assay (quantified in Fig. 9f) in DLDI1 cells with endogenous BRCA2 (BRCA2""") (a), DLD1
BRCA2 deficient cells (BRCA2™) (b), BRCA2 deficient cells expressing BRCA2 WT (c) or
the VUS S206C (d) and T207A (e). Viable cells were gated from the Forward Scatter (FSC-
A) versus Side Scatter (SSC-A) plots and displayed in a SSC-H versus SSC-A plot to exclude
doublets. The gated singlet population was displayed in a mCherry-A versus FSC-A plot. The
mCherry positive population was gated from non-transfected cells. 10 000 singlet events were

collected for each experiment. Source data is available as a Source Data file.
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Supplementary Figure 10. SDS-PAGE of the PLK1, PLK1-KD and PLK1-PBD
recombinant proteins utilized in this study and comparison of the kinase activity of each
batch of PLK1

(a) SDS-PAGE showing purified PLK1, PLK1-K82R mutant (PLK1-KD) and PLK1pgp.
Human PLK1 was expressed and purified from sf9 insect cells using Ni-NTA column
followed by a second purification step with a cationic exchange Capto S column. Purified
PLK1 and PLK1-K82R protein (3 ng) were loaded on a 4-15% SDS-PAGE Stain-Free gel.
For purification of PLK 1ppp, 6His-Sumo-PLK Ippp was expressed and purified from bacteria
using a His-TRAP column, the His-tag was cleaved with 6xHis-SUMO Protease and the
cleaved PLK 1ppp was further purified using Ni-NTA agarose resin. The purified protein was
loaded on a 4-20% SDS-PAGE (1.4 ng) and detected by Coomassie staining. Mr; molecular
weight markers. (b) In vitro kinase assay with the purified PLK1 (0.1 pg) from (a) or PLK1
purchased from Abcam, 0.1 ug PLK1 was used in the kinase reaction with either RADS51 (25
ng) or purified 2xMBP-BRCA2.250 WT (0.5 pg) as substrate in the presence of [y*?P]-ATP.
The samples were resolved by 7.5 % SDS-PAGE and **P-labeled products were detected by

autoradiography. Source data is available as a Source Data file.
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Supplementary Table 1: Number of records in ClinVar and BRCAShare data bases of the

variants identified in breast cancer patients altering the amino acids investigated in this work.

The specific VUS utilized in this study are highlighted in bold.

VUS ClinVar BRCAShare
M192T 2 0
S1961 4 0
S196N 4 3
S196T 1 0
S206C 1 1
S206Y 1 0
T207A 3 0
T2071 4 0

Supplementary Table 2: Statistics table for the crystal structure of PBD pT207, a complex

between the Polo-Box Domain of human PLK1 (aa 365 to aa 603) and the 17aa peptide

pT207 of BRCA2 (aa 194 to aa 210, threonine 207 being phosphorylated).

PBD_T207 phosphorylated

(PDB 6GY2)
Data collection
Space group P,
Cell dimensions :
a, b, c(A) 50.000 56.040 61.030
o B,y (°) 80.79 79.23 65.05

Molecules per a.u
Resolution (A)

2
59.70 - 3.106 (3.106 — 3.16)

R 0.056 (0.346)
Rineas 0.076 (0.466)
Ryim 0.051 (0.31)
o (I 10.1 (2.3)
CCis 0.997 (0.821)
Completeness (spherical, %) 93.7 (96.9)
Redundancy 1.94 (1.977)
B Wilson (A2?) 76.9 (78.86)
Multiplicity 1.9 (2.0)
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Refinement
Resolution (A)
No. reflections
R\vork / Rfree
No. Atoms
Protein

Heterogen atoms

Water
R.m.s. deviations

Bond lengths (A)

Bond angles (°)

22.57 -3.11 (3.11-3.15)
9911
0.189/0.215

3788
28
22

0.007
0.97

*Values in parentheses are for highest-resolution shell.

Supplementary Table 3: Primers used to introduce point mutations in EGFPMBP-BRCA2

2xMBP-BRCA2.250, GST-BRCA2190-284 constructs

Mutation | Oligo name Sequence (5°-3”)
S193A Fw : 0AC543 | CCC ACC CTT AGT TCT GCT GTG CTC ATA GTC
Rv : 0AC544 | GAC TAT GAG CAC AGC AGA ACT AAG GGT
GGG
MI192T Fw : 0AC283 | GTGGATCCTGATACGTCTTGGTCAAGTTC
Rv:0AC284 | GA ACT TGA CCA AGA CGT ATC AGG ATC CAC
S196N Fw : 0AC026 | CCTGATATGTCTTGGTCAAATTCTTTAGCTACA
CCACC
Rv: 0AC027 | GGTGGTGTAGCTAAAGAATTTGACCAAGACAT
ATCAGG
S206C Fw : 0AC028 | CCACCCACCCTTAGTTGTACTGTGCTCATAGTC
AG
Rv : 0AC029 | CTGACTATGAGCACAGTACAACTAAGGGTGGG
TGG
T207A Fw : 0AC545 | GGA TCC TGA TAT GGC TTG GTC AAG TTCTTT
AGC

>
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Rv : 0AC546

GCT AAA GAA CTT GAC CAA GCC ATATCA

GGA TCC

Supplementary Table 4: Sequencing primers

Construct Oligo name | Binding Sequence (5°-3°)
site
GFPMBP- Rv: aa 273 TTAGTTCGACTTATCCAATGTGGTCTTT
BRCA2, 0AC131 BRCA2
GST-
BRCA2190-
284
2xMBP- Fw: aa 1-6 TTATTTGCTAGCCCTATTGGATCCAAAGAG
BRCA21.250 | 0AC149 BRCA2
PLK1 Fw : aa 38 AAAGAGATCCCGGAGGTCCTAGTG
0AC907 PLK1

Supplementary Table 5: Primers used to subclone BRCA2190.284 into the pGEX-6P-1 vector

Construct Oligo name Sequence (5°-3)
BRCA2190-284 Fw: 0AC130 TTAGGATCCATGTCTTGGTCAAGTTCT
Rv: 0AC131 TTAGTTCGACTTATCCAATGTGGTCTTT

Supplementary Table 6: Primers used to subclone PLKI cDNA into pFastBac HT

Primer name

Sequence (5°-3”)

GA_pFBtev_R

GCCCTGAAAATACAGGTTTTCGGTCGTTGGGAT
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GA pFB UTR | TTGTCGAGAAGTACTAGAGGATCATAATCA

F

GA WPLK F | ATCCCAACGACCGAAAACCTGTATTTTCAGGGCATGAGT
GCTGCAGTGACTGCA

GA WPLK R | TGATTATGATCCTCTAGTACTTCTCGACAATTAGGAGGC

CTTGAGACGGTT

Supplementary Table 7: Primers used to introduce K82R point mutation in pFastBAC-PLK 1

vector to produce PLK1-KD and to subclone PLK 1ppp (aa 326-603) into pT7-His6-SUMO

Product Oligo name Sequence (5°-3”)

K82R-PLK1 | Fw: GCG GGCAGGATTGTGCCTAAG
0AC905
Rv: CTTAGGCACAATCCTGCCCGC
0AC906

PLK1peD GA_PLKP | ATTGAGGCTCACCGCGAACAGATTGGTGGCTC
DBwt_F

GATTGCTCCCAGCAGCCT

S:\RPLKPDB TTCCTTTCGGGCTTTGTTAGCAGCCGGTCATTA

GGAGGCCTTGAGACGGT

Supplementary Table 8: Primers used to introduce S670D, S676D and T680D point

mutations in pcDNA3-3xFlagBUBR1-RFP construct

Name Sequence (5°-3”)
0AC884 CAA GAA GCT GGA CCC AAT TAT TGA AGA CGA TCG
TGA AGC CGA CCA CTC CTC
0AC885 GAG GAG TGG TCG GCT TCA CGA TCG TCT TCA ATA
ATT GGG TCC AGC TTC TTG
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Supplementary Table 9: Synthetic peptide sequences for Isothermal Titration Calorimetry

(ITC) and X-ray crystallography

Peptide Sequence
pS197 DMSWSS{pS}LAT
T207 WSSSLATPPTLSSTVLI
pT207 WSSSLATPPTLSS{pT} VLI
T207A WSSSLATPPTLSSAVLI
T207D WSSSLATPPTLSSDVLI
CpT207 WSSSLATPPTLSC {pT} VLI

Supplementary Table 10: Primers for amplifying BRCA2 (aa 1-267) from genomic DNA

Primer name Sequence (5°-3”)

Fw : 0ACO035 GGTCGTCAGACTGTCGATGAAGCC

Rv : 0ACO056 CAAAGAGAAGCTGCAAGTCATGGATTTGAAAAAACATC

AGGG

Supplementary Table 11: Oligos used for replacing GFP in AAVS1-2A-GFP to mCherry

using Gibson Assembly strategy

Construct Oligo name Sequence (5’-3”)

AAVSI-2A Fw: 0AC537 TAAAGCGGCCGCGTCGAGTCTAGAGGG

Rv: 0AC538 CATCTCGAGCCTAGGGCCGGG

AAVSI-2A- Fw: 0AC539 cccggceectaggetcgagatgGTGAGCAAGGGCGA
mCherry GGAGGATAAC
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Rv: 0AC540

ctctagactcgacgeggeegetttaCTTGTACAGCTCGT
CCATGCCGC

Supplementary Table 12: TALEN sequences used in DSB-mediated gene targeting assay

Name

Sequence (5°-3”)

TALEN AAVS

5|

TCCCCTCCACCCCACAGT

TALEN AAVS

3

AGGATTGGTGACAGAAAA

18
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Résumeé :

Un nombre croissant d'études soutiennent le fait
gue les protéines majeures du métabolisme des
ARN, telles que les hélicases ARN, sont impliquées
dans la réponse aux dommages a I'ADN. Cette
activité est généralement accomplie par leur
interaction avec des facteurs de réparation de
I'’ADN. BRCA2, une protéine suppressive de tumeurs,
joue un réle crucial dans la réparation des cassures
double-brin (CDB) de I'ADN par recombinaison
homologue (RH) et donc, est un facteur essentiel
pour l'intégrité du génome. Les cellules déficientes
pour BRCA2 accumulent des hybrides ADN-ARN ou
R-loops, une source de dommage a I'ADN,
suggérant ainsi lI'importance de cette protéine dans
la prévention ou la suppression de ces structures.
Toutefois, le role spécifique de BRCA2 dans la
résolution des hybrides ADN-ARN reste inconnu.
Afin de connaitre des potentiels partenaires de
BRCA2, une analyse par spectrométrie de masse
réalisée dans notre laboratoire a révélé un
enrichissement en protéines impliquées dans le
métabolisme de I'ARN, comme les hélicases ARN.
Ces résultats nous ont menés a examiner la
coopération entre BRCA2 et les hélicases ARN dans
la séparation des structures ADN-ARN. Nous avons
d'abord confirmé l'interaction entre I'hélicase ARN
DDX5 et BRCA2, qui est améliorée dans les cellules
exposées a y-irradiation. Ensuite, nous avons réduit
I'interaction aux premiers 250 aa de BRCA2
(BRCA2T1) et avons constaté que celle-ci est directe
en utilisant des protéines purifiées. En collaboration
avec le laboratoire du docteur A. Aguilera (Cabimer,
SP), nous avons montré que la déplétion de DDX5
conduit a une accumulation des hybrides ADN-ARN
dans l'entiereté du génome, particulierement aux
sites de dommages a I'ADN. De plus, nos résultats
indiquent que DDX5 localise aussi aux hybrides
ARN-ADN qui se forment a proximité de CDB.

De maniere intéressante, nous avons constaté que
BRCA2 est important pour la rétention de DDX5
aux sites de dommage a I'ADN induit par
l'irradiation laser. Notamment, des tests de
déroulement de brins in vitro en utilisant les
protéines purifiées DDX5 et BRCA2 ont révélé que
BRCA2 stimule l'activité de déroulement des R-
loops de DDX5. Un variant de signification
inconnue (VSI) trouvé dans de patients atteints de
cancer du sein situé dans la région BRCA2T1
(T207A) réduit I'interaction de BRCA2 avec DDX5
et conduit a l'accumulation des hybrides ADN-
ARN. Les cellules exprimant stablement BRCA2-
T207A montrent également une diminution de
I'association de DDX5 avec les hybrides ARN-ADN,
en particulier lors d'une exposition de cellules a a
l'irradiation. L'analyse de ['efficacité de |la
réparation des CDB par RH dans les cellules
déficientes en DDX5 ou exprimant BRCA2-T207A,
montre une cinétique retardée de I'apparition des
foyers de réparation RAD51 lors de l'irradiation, ce
qui suggére un réle actif de l'interaction BRCA2-
DDX5 pour assurer la réparation par RH
efficacement. En accord avec cette hypothése, la
ribonucléase RNAseH1, qui dégrade
spécifiquement la fraction d'ARN dans les
structures d’ADN-ARN, restaure partiellement le
phénotype de cinétique des foyers RAD51 dans
les cellules BRCA2 T207A. De plus, les cellules
portant le variant BRCA2-T207A ont également
montré un nombre réduit de foyers RPA par
rapport aux cellules qui expriment BRCA2
sauvage, témoins d'un défaut dans I'étape qui
précede le chargement de RAD51 aux CDB.
Ensemble, nos résultats suggérent que les
hybrides ADN-ARN représentent un obstacle a la
réparation des CDB par RH et révélent BRCA2 et
DDX5 en tant que facteurs actifs dans leur
suppression.
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Title : Role of the interaction of BRCA2 and DDX5 in DNA damage response
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Abstract : Increasing evidence support the idea that
proteins involved in RNA metabolism such as RNA
binding proteins (RBPs) and RNA helicases are
directly implicated in the DNA damage response
(DDR). This activity is generally achieved through
their interaction with DNA repair factors.

BRCA2 is a tumor suppressor protein that plays an
important role in the repair of DNA double-strand
breaks (DSBs) by homologous recombination (HR)
as well as protecting stalled replication forks from
unscheduled degradation; therefore, it is essential to
maintain genome integrity. Interestingly, BRCA2
deficient cells accumulate DNA-RNA hybrids or R-
loops, a known source of DNA damage and genome
instability, providing evidence for its role in either R-
loop prevention or processing. However, the specific
role of BRCA2 on these structures remains poorly
understood.

A mass spectrometry screen to identify partners of
BRCA2 performed in our laboratory revealed an
enrichment of proteins involved in RNA metabolism
such as RNA helicases. These findings led us to
investigate whether BRCA2 could cooperate with
these candidate interacting RNA helicases in
processing DNA-RNA structures. First, we confirmed
the interaction of BRCA2 and the DEAD-box RNA
helicase DDX5, which we found is enhanced in cells
exposed to - -irradiation. Then, we narrowed down
the interaction to the first 250 aa of BRCA2
(BRCA2T1) and found that it is direct using purified
proteins. In collaboration with A. Aguilera lab
(Cabimer, SP), we could show that depletion of
DDX5 leads to a genome-wide accumulation of
DNA-RNA hybrids that is particularly enriched at
DNA damage sites. DDX5 associates with DNA-RNA
hybrids that form in the vicinity of DSBs.
Interestingly, we found that BRCA2 is important for
the retention of DDX5 at laser irradiation-induced
DNA damage. Notably, in vitro R-loop unwinding
assays using purified DDX5 and BRCA2 proteins
revealed that BRCA2 stimulates the R-loop helicase
activity of DDX5.

A breast cancer variant of unknown clinical
significance (VUS) located in BRCA2T1 (T207A)
reduced the interaction between BRCA2 and
DDX5 and led to the accumulation of DNA-RNA
hybrids. Cells stably expressing BRCA2-T207A also
showed a decreased association of DDX5 with
DNA-RNA hybrids, especially upon irradiation.
Notably, monitoring RAD51 foci to evaluate HR-
mediated DSBs repair efficiency in either DDX5-
depleted cells or in BRCA2-T207A cells resulted in
a delayed kinetics of appearance of RAD51 foci
upon irradiation suggesting an active role of
BRCA2-DDX5 interaction in ensuring timely HR
repair. In agreement with this, overexpression of
the RNAseH1 ribonuclease, that specifically
degrades the RNA moiety in DNA-RNA structures,
partially restored RAD51 kinetics phenotype of
BRCA2-T207A cells. Moreover, cells bearing
BRCA2-T207A variant also showed a reduced
number of RPA foci compared to BRCA2 WT
expressing cells, a step that precedes RAD51
loading at DSBs.

Taken together, our results are consistent with
DNA-RNA hybrids being an impediment for the
repair of DSBs by HR and reveal BRCA2 and DDX5
as active players in their removal.
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