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Selective Targeting of Homologous Recombination Deficiency

Jutta Zimmer St Cross College
Master of Science by Research Trinity Term 2014
Abstract

Homologous recombination (HR) is a key DNA repair pathway essential for cell
viability. Counter-intuitively, HR deficiency can trigger carcinogenesis. Understanding
the mechanisms that allow the rampant proliferation of HR-deficient tumour cells is
crucial for the development of improved therapeutic modalities to selectively inhibit
the outgrowth of these cells.

Recently, we identified extracellular signal-regulated kinase 1 (ERK1) as a factor
required for the proliferation of BRCA2-deficient cells regardless of their p53 status
(Carlos et al., 2013). Here, we report the therapeutic potential of two chemical ERK1/2
inhibitors, SCH772984 and VTX-11le, for selective targeting of HR-deficient tumours
due to their ability to specifically obstruct proliferation of HR-deficient cells.

G-quadruplexes (G4s), secondary DNA structures formed by guanine-rich (G-rich)
single-stranded DNA (ssDNA), represent natural barriers to replication fork
progression. In this study, we demonstrate that treatment with G4 stabilisers
selectively decreases viability of BRCA2- and RAD51-deficient cells. We identify DNA
damage response activation and acute replication stress as main sources for the
cellular toxicity of G4 stabilisers specifically in the context of HR deficiency.

Taken together, the results presented here indicate that HR is required for
replication of genomic regions with G4-forming potential to prevent genomic
instability stemming from inefficient replication of these sites. Persistent G4 structures
lead to DNA damage accumulation, which enables selective killing of cells whose HR-
mediated repair has been compromised. This is an important finding with profound

implications for the therapeutic exploitation of HR deficiency in the clinic.
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1 Introduction

Cells are constantly at risk of DNA damage giving rise to up to one million DNA lesions
per cell per day (Lodish et al., 2004), among which DNA double strand breaks (DSBs)
are the most deleterious. Thus, accurate and efficient DNA repair mechanisms are
essential to maintain chromosome integrity. Failure of these mechanisms triggers
genomic instability, a hallmark of cancer (Negrini et al., 2010), leading to accumulation
of DNA damage, chromosome abnormalities, inactivation of tumour suppressor genes
and amplification of drug resistance genes. This in turn allows tumours to develop,
metastasise and acquire drug resistance. HR is the only error-free repair mechanism
that alighs homologous DNA sequences for the reconstitution of the original sequence
at DSB sites. The genes engaged in this process are mutated or epigenetically silenced
in many cancers enabling genomic instability to drive tumourigenesis.

One other pre-requisite for the maintenance of genome integrity is precise and
effective DNA replication. Correct chromosome segregation in mitosis relies on the
exact duplication of the entire cellular DNA during the S phase of the cell cycle.
Alternative DNA structures such as G4s arise spontaneously during DNA replication
and threaten genome stability by obstructing replication fork progression. To prevent
loss of genome integrity, known to elicit cell cycle arrest or cancer development, cells
have evolved mechanisms that eliminate such structures or promote restart and repair

of stalled replication forks.
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1.1 G-quadruplexes

G4s are thermodynamically stable secondary structures that G-rich ssDNA can adopt
under physiological conditions in vitro (Gellert et al., 1962). The signature motif that
predicts G4 formation is G3.5N1.3G3.5N1.3G3.5N1.3G3.5 (Kruisselbrink et al., 2008). In the
human genome, more than 300,000 sites with G4-forming potential have been
identified by genome-wide in silico analyses (Huppert et al., 2005; Todd et al., 2005).
The formation of G4s in vivo was first demonstrated by electron microscopy and
immunohistochemical studies (Biffi et al., 2013; Duquette et al., 2004). These findings
were further supported by isolation of G4 sequences from human genomic DNA and
direct visualisation of G4 structures in human cells using G4 ligands and structure-
specific antibodies (Lam et al., 2013; Miiller et al., 2010).

There is increasing evidence of G4s playing an important role in a variety of
biological processes including epigenetic regulation, gene expression, DNA replication
initiation and telomere maintenance (Besnard et al., 2012; Sarkies et al., 2012; Sarkies
et al., 2010; Smith et al., 2011; Vannier et al., 2012). Paradoxically, G4s also have the
potential to cause genomic instability due to their ability to obstruct replication fork
progression (Lopes et al.,, 2011; Paeschke et al., 2011; Ribeyre et al., 2009). A
significant characteristic of G4-forming DNA sequences is their recombinogenic and
mutagenic potential (Cahoon et al., 2009; Piazza et al., 2010; Ribeyre et al., 2009).
Consistent with this notion, enrichment of G4-forming sequences has been implicated
in tumour development (De et al., 2011).

Given these negative connotations, it is believed that G4 structures must be
resolved during DNA replication in order to preserve genome stability. Various

enzymes have been implicated in this process including FANCJ (London et al., 2008;
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Sarkies et al., 2012; Wu et al., 2008), RTEL1 (Uringa et al., 2012; Vannier et al., 2012;
Vannier et al., 2013), REV1 (Eddy et al., 2014; Sarkies et al., 2010), BLM (Huber et al.,
2002; Sun et al., 1998) and WRN (Fry et al., 1999; Mohaghegh et al., 2001). The
recently reported remodelling of replication forks stalled at G4 motifs into
recombination intermediates (Lopes et al., 2011; Ribeyre et al., 2009) indicates that HR
may be required to rescue replication arrest, most likely in conjunction with the

enzymatic activities mentioned above.

Figure 1: Schematic representation of G4 structures

(a) Parallel and antiparallel conformations of intramolecular G4 topologies. (b) Two G-rich
ssDNA strands dimerised into an intermolecular G4 topology. Adapted from Tarsounas et al.
(2013).

Telomeres are among the best-characterised sites with G4-forming potential due
to their repetitive G-rich DNA sequence (Parkinson et al., 2002). In vertebrates,
telomeric DNA is composed of 10-15 Kb of TTAGGG repeats (Denchi et al., 2007,
Meyne et al., 1989; Moyzis et al., 1988) ending in a G-rich 3’ ssDNA overhang. The
main function of these nucleoprotein complexes is to protect chromosome ends from
degradation and fusion (McClintock, 1941; Palm et al.,, 2008). Hence, telomere

dysfunction can lead to genomic instability (Blackburn, 2001). HR prevents telomere
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fragility by restarting replication forks stalled within the telomeric repeats. Supporting
this concept, HR abrogation leads to telomere replication defects and telomere

shortening (Badie et al., 2010).

1.2 Homologous recombination in genome integrity

HR is a key mechanism for accurate DSB repair using an intact, homologous sequence
as a template (Johnson et al., 2000; Johnson et al., 1999; Valerie et al., 2003). Most
commonly, the sister chromatid is the preferred substrate for this error-free repair
reaction. Thus, HR mainly operates during S/G2 phase of the cell cycle when a sister
chromatid is available (Takata et al., 1998). During DNA replication, HR is required to
restart and repair stalled replication forks (Feng et al., 2012; Lomonosov et al., 2003;
Nagaraju et al., 2007; Tsang et al., 2008). DNA damage, secondary DNA structures and
DNA-bound proteins represent obstacles for replication leading to stalling or collapse
of replication forks. HR is the main mechanism for the repair of DSBs arising from
disintegrated replication forks (Arnaudeau et al., 2001). Additionally, HR is required to
initiate DNA replication (Segurado et al., 2002) as well as to facilitate replication fork
progression (Daboussi et al., 2008; Henry-Mowatt et al., 2003).

Recently, it has become clear that HR plays an important role in telomere
maintenance by providing a mechanism for telomere elongation (Cesare et al., 2008;
Henson et al., 2002) and in telomere capping by facilitating T-loop formation (Verdun

et al., 2006).
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1.2.1 The HR pathway of DNA repair

Once a DNA DSB occurs, ATM is activated upon recruitment of the MRE11-RAD50-
NBS1 (MRN) complex to the DSB site and triggers a downstream DNA damage
response (DDR) (Hartlerode et al., 2009; Shiloh, 2003; Shiloh et al., 2013). Factors
required to transduce and amplify the DNA damage signal thus generated include the
E3 ubiquitin ligases RNF8 and RNF168 as well as MDC1, 53BP1, and BRCA1 (Lukas et
al.,, 2011; Zimmermann et al.,, 2014). Depending on the phase of the cell cycle
(Chapman et al., 2012), DSB ends are either processed into blunt ends that are ligated
through non-homologous end joining (NHEJ) repair or resected to generate long 3’
ssDNA tails, which represent substrates for HR reactions (Dynan et al., 1998; Heyer et
al., 2010). During G1 phase, 53BP1 inhibits end resection thereby promoting DSB
repair by NHEJ (Bothmer et al., 2010). To allow end resection and thus repair through
HR, BRCA1 competes with and facilitates the removal of 53BP1 in S/G2 phase (Bunting
et al., 2010; Chapman et al., 2012).

End resection is initiated by the MRN complex together with CtIP, whilst the BLM
helicase and the nucleases DNA2 and EXO1 act to generate the extensive resection
required for HR repair (Nimonkar et al., 2011; Nimonkar et al., 2008; Sartori et al.,
2007). Other activities are also thought to play a role in resection underlining the key
importance of this process in determining the pathway to be engaged in the
subsequent repair of the break (Mimitou et al., 2011). RPA binds the resulting ssDNA
to protect it from degradation and minimise formation of secondary DNA structures
(Chen et al., 2013). This allows BRCA2 and members of the RAD51 paralog family
(RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3), the so called recombination

mediators, to load the RAD51 recombinase onto the ssDNA and thus displace RPA from
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the resected overhangs (Bishop et al., 1998; Johnson et al., 1999; Moynahan et al.,
2001; Tarsounas et al., 2004; Yang et al., 2005). The RAD51 recombinase forms helical
nucleoprotein filaments (Benson et al., 1994) and triggers strand invasion into an
intact, homologous duplex DNA forming a displacement loop, or D-loop (Baumann et
al., 1996; Sung, 1994; Sung et al., 1995), thereby initiating the HR reaction that repairs
the break. The initial steps of HR together with the key activities required are

illustrated in Figure 2.
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Figure 2: The initiation of the HR pathway of DNA repair in mammalian cells

17



1.2.2 Consequences of HR abrogation

Chromosome instability is a hallmark of HR-deficient cells leading to checkpoint
activation and cell cycle arrest in normal cells (Patel et al., 1998; Xu et al., 1999). Cells
with compromised HR capacity fail to preserve genome integrity because they depend
on error-prone DSB repair mechanisms, which introduce point mutations or generate
translocations through illegitimate chromosome fusions. HR deficiency is associated
with hypersensitivity to ionising radiation (Sharan et al., 1997) and DNA-damaging
drugs, most of which interfere with replication. For example, aphidicolin inhibits DNA
polymerases (lkegami et al., 1978), hydroxyurea suppresses ribonucleotide reductase
(Bianchi et al.,, 1986) and mitomycin C causes DNA crosslinks, which obstruct
replication fork progression (Pan et al., 1986). One of the most prominent examples of
chemotherapeutically applied agents is the platinum drug cisplatin, known to induce
DNA damage by crosslinking with the purine bases (Dasari et al., 2014).

HR abrogation causes embryonic lethality in mice (Hakem et al., 1996; Suzuki et
al., 1997) indicating that HR is essential for viability at cellular and organismal level.
Furthermore, defective HR predisposes humans to carcinogenesis (Cerbinskaite et al.,
2012). Inactivation of BRCA1 or BRCA2 leads to genome instability (Ban et al., 2001;
Gretarsdottir et al., 1998; Tirkkonen et al., 1997; Xu et al., 1999; Yu et al., 2000), a
hallmark of cancer (Hanahan et al., 2011; Negrini et al., 2010). Mutations in these
tumour suppressor genes are associated with breast and ovarian cancer (King et al.,
2003; Rahman et al., 1998; Welcsh et al., 2001). A few years ago, two members of the
RAD51 paralog family, RAD51C and RAD51D, were identified as additional cancer

susceptibility genes (Loveday et al., 2012; Meindl et al., 2010; Somyaijit et al., 2010).
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1.2.3 Mechanisms to sustain proliferation of HR-deficient cells

The fact that HR abrogation can induce tumourigenesis is an apparent contradiction
with the cell cycle arrest and cell death it triggers in normal cells (Patel et al., 1998; Xu
et al., 1999; Yu et al., 2000). Contrary to BRCA1”" or BRCA2” primary cells that enter
senescence or apoptosis, tumour cells bearing loss-of-function mutations in either
BRCA1 or BRCAZ2 genes exhibit an increased proliferative potential. This indicates that
the mechanisms that normally prevent cell cycle progression caused by accumulation
of excessive, unrepaired DNA damage are abrogated by additional genetic changes.
Inactivation of the tumour suppressor gene TP53 is one prominent example of a
mutation that allows survival and growth of tumour cells (Bruchim et al., 2004;
Gretarsdottir et al., 1998; Reedy et al., 2001).

In addition to p53 dysfunction, loss of p53 binding protein 1 (53BP1) also reverses
the proliferative arrest and embryonic lethality of BRCA1-deficient cells by attenuating
the ATM-dependent checkpoint response (Bouwman et al., 2010; Bunting et al., 2010;
Cao et al., 2009). On the contrary, survival of BRCA2-defective cells cannot be rescued
by depletion of 53BP1 (Bouwman et al.,, 2010) indicating that distinct signalling
pathways sustain the proliferation of BRCA1- and BRCA2-defective tumour cells.

Recently, our laboratory has identified ARF as a factor that plays a crucial role in
abolishing proliferation of cells lacking BRCA2 expression (Figure 3). In HR-defective
cells, ARF expression is elevated and subsequently induces senescence by stabilising
p53 (Carlos et al., 2013). Therefore, ARF functions as a barrier to tumourigenesis in the
context of BRCA2 deficiency.

The same study demonstrated that ERK1 is essential for the proliferation of

BRCA2-deficient cells in the presence or absence of p53 (Carlos et al., 2013). The latter
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is particularly relevant to tumourigenesis, as it is well established that almost all
BRCA2-deleted human tumours also carry TP53 mutations. Thus, targeting ERK1 could

provide a modality to eliminate BRCA2-deficient cells and tumours in the clinic.

HR deficiency
in normal cells Ras

l l

Raf

l

MEK1/2

l

— ERK1/2

l

senescence proliferation

lost in
HR-deficient tumours

Figure 3: The MAPK pathway allows proliferation of HR-deficient cells
Adapted from Carlos et al. (2013) and Chen et al. (2001).

The Ras-Raf-MEK1/2-ERK1/2 cascade, also known as the mitogen-activated
protein kinase (MAPK) pathway (Figure 3), is a central signalling pathway that
regulates fundamental cellular functions and cell proliferation (Chen et al., 2001;
Pearson et al., 2001; Xia et al., 1995; Yujiri et al., 1998). Importantly, this pathway is
upregulated in almost one third of human tumours (Dhillon et al., 2007), whilst also
being essential for the viability of normal cells. Targeting components of the MAPK
pathway with chemical compounds has proven clinically unsustainable so far, due to
the high toxicity of the inhibitory molecules to normal cells. However, recent inhibitors

have been designed that minimise this effect (Morris et al., 2013).
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1.2.4 Therapeutic strategies to treat HR-deficient tumours

In the clinic, HR-deficient tumours are often targeted using DNA-damaging radio-
and/or chemotherapy. Sensitivity to these treatments relies on the inadequate repair
of the DNA damage thus introduced in the absence of HR. Platinum drugs are one
example of chemotherapeutic reagents functioning according to this concept (Piccart
et al., 2001) and are known to be effective on both, BRCA1- and BRCA2-deficient
tumours.

More recently, exploiting synthetic lethality emerged as a promising approach for
cancer treatment. According to the concept of synthetic lethality, the combination of
defects in multiple individual genes results in cell death, whereas mutation of only one
of the genes is compatible with cell viability (Dobzhansky, 1946). Following this
approach, poly (ADP-ribose) polymerase (PARP) inhibition was identified as a potent
mechanism to specifically kill HR-deficient cancer cells (Bryant et al., 2005; Farmer et
al., 2005). In the absence of PARP, persistent ssDNA breaks presumably cause stalled
replication forks, which become converted into lethal DSBs in subsequent cell cycles
(Lord et al., 2012). In normal cells, this effect can be rescued by restart or repair of
stalled replication forks through HR. Recent clinical trials with PARP inhibitors (PARPi)
provided encouraging results for effective treatment of tumours associated with HR
dysfunction (Audeh et al., 2010; Fong et al., 2009; Tutt et al., 2010).

Acquired clinical resistance to both, platinum drugs and PARPi, is one major
drawback in cancer treatment. It appears that the genomic instability characteristic of
HR-deficient cancer cells does not only sensitise them to DNA-damaging therapies, but

also encourages cells to acquire additional mutations that potentially promote therapy
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resistance. For example, rearrangements in BRCA1/2 genes can reverse the
corresponding mutations and lead to synthesis of functional HR proteins thus restoring
the capability to repair DNA damage accurately (Barber et al., 2013; Edwards et al.,
2008; Sakai et al., 2008). Other mechanisms that mediate PARPi resistance include
alteration of an error-prone DNA repair pathway (Chiarugi, 2012; Patel et al., 2011),
reduction of PARP levels or activity (Liu et al.,, 2009) and active elimination of
intracellular PARPi (Rottenberg et al., 2008). Nonetheless, the synthetic lethality
between ERK1 and BRCA2 using genetic approaches (i.e. shRNA-mediated depletion)
raises the possibility that suppressing ERK1 activity chemically may provide effective

means to specifically target BRCA2-defective cells and tumours (Carlos et al., 2013).

1.3 Aims of this work

The generic purpose of this study was to identify new therapeutic strategies to
selectively target and eliminate HR-deficient mammalian cells. Firstly, we wanted to
determine whether chemical inhibition of ERK enzymes could trigger specific killing of
HR-deficient cells, similarly to shRNA-mediated ERK inhibition. Secondly, we aimed to
assess the effect of G4 stabilisation in the context of HR deficiency. More precisely, we
sought to assess cell viability, DNA damage, replication and transcription efficiency

after treatment with G4-interacting compounds in HR-proficient and -deficient cells.
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2 Materials and methods

2.1 Materials

2.1.1 Celllines

All cell lines used in this study are listed in Table 1.

Table 1: Cell lines

Cell line Origin Supplier
HEK-293T human embryonic kidney ATCC
V-C8 derived from the V79 Chinese T. Helleday lab

hamster lung fibroblast cell line

V-C8 (complemented) derived from the V79 Chinese T. Helleday lab
hamster lung fibroblast cell line,
constitutively expressing BRCA2

2.1.2 siRNAs

The sequences of siRNAs used in this study are summarised in Table 2.

Table 2: siRNAs

Name Sequence Supplier
hRAD51 CUUUGGCCCACAACCCAUATT Dharmacon
hBRCA2 (Li et al., 2006) UCAGCUGGCUUCAACUCCAUUATAT Dharmacon
AllStars negative control Qiagen

2.1.3 qPCR primers

Primers used for quantitative PCR (qPCR) are listed in Table 3.
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Table 3: qPCR primers

Gene Name of primers Supplier
ALAS1 Hs_ALAS1_1_SG QuantiTect Primer Assay Qiagen
B2M Hs_B2M_1_SG QuantiTect Primer Assay Qiagen
mYC Hs_MYC_1_SG QuantiTect Primer Assay Qiagen
SRC Hs_SRC_1_SG QuantiTect Primer Assay Qiagen
SREBF1 Hs_SREBF1_1_SG QuantiTect Primer Assay Qiagen

2.1.4 Plasmids

All plasmids used in this study are listed in Table 4.

Table 4: Plasmids

Plasmid Usage Supplier
pML113PURO plasmid-based replication assay M. Tarsounas lab
10Te|-pML113PURO plasmid-based replication assay This study
1KbTeI-pML113PURO plasmid-based replication assay This study
pBIuHCMV restriction-digested with BamHI and Notl Dr. E. Gilson

for excision of 1 Kb of telomeric repeats

2.1.5 Antibodies

All primary and secondary antibodies used in this study are listed in Table 5 and Table

6, respectively.
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Table 5: Primary antibodies

Target, Name Type Dilution/Purpose Target size  Supplier
(kDa)

ATM (pS1981), mouse anti-human 1:1,000 (IB) 350 Cell Signaling

10H11 monoclonal IgG

ATM, clone mouse anti-human 1:5,000 (IB) 350 Sigma-Aldrich

MAT3-4G10/8 monoclonal IgG

BRCA2, OP95 mouse anti-human 1:2,000 (IB) 390 Calbiochem
monoclonal IgG

BRCA2, smB2-9 sheep anti-mouse 1:5,000 (IB) 460 Dr. H. Lee
monoclonal IgG

BrdU/ CldU rat anti-human 1: 500 (DNA fibre) Abcam
monoclonal IgG

BrdU/ IdU mouse anti-human 1: 100 (DNA fibre) Beckton Dickinson
monoclonal IgG

CHK1 rabbit anti-human 1:1,000 (IB) 56 Cell Signaling

(pS317+pS345) polyclonal IgG

CHK1, sc-8408 mouse anti-human 1:1,000 (IB) 54 Santa Cruz
monoclonal IgG

CHK2 (pT68) rabbit anti-human 1:1000 (IB) 62 Cell Signaling
polyclonal IgG

CHK2, clone 7 mouse anti-human 1:5,000 (IB) 60 Merck Millipore
monoclonal IgG

cleaved PARP rabbit anti-human 1:2,000 (IB) 89 Cell Signaling

(Asp214) polyclonal IgG

GAPDH, 6C5 mouse anti-human 1:30,000 (IB) 37 Novus Biologicals
monoclonal IgG

H2AX, DR1016 rabbit anti-human 1:5,000 (IB) 13 Calbiochem
polyclonal IgG

Tubulin, TAT-1 mouse anti-human 1:20,000 (IB) 55 CR-UK,
monoclonal IgG Monocolonal

Antibody Facility

PARP rabbit anti-human 1:2,000 (IB) 116 Cell Signaling
polyclonal IgG

RAD51, H-92 rabbit anti-human 1:2,000 (IB) 37 Santa Cruz
polyclonal IgG Biotechnology

RPA, SWE34 rabbit anti-human 1:1,000 (IF) 30 Dr. S. West

polyclonal IgG
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Table 5: Primary antibodies (continued)

Target, Name Type Dilution Target size (kDa)  Supplier

RPA2 rat anti-human 1:500 (IF) 30 Dr. H.-P.
monoclonal IgG Nasheuer

RPA32 (pS4+pS8) rabbit anti-human 1:4,000 (IB) 32 Bethyl
polyclonal IgG Laboratories

SMC1, BL308 rabbit anti-human 1:4,000 (IB) 160 Bethyl
polyclonal IgG Laboratories

YH2AX (S139), mouse anti-human 1:4,000 (I1B), 15 Merck Millipore

clone JBW301 monoclonal IgG 1:2,000 (IF)

Table 6: Secondary antibodies

Name Type Supplier

DAR Cy3 Cy3 donkey anti-rat IgG Jackson Immuno Research
DAS donkey anti-sheep IgG-HRP Santa Cruz

GAM goat anti-mouse polyclonal IgG-HRP  Dako

GAM Alexa 488 Alexa Fluor 488 goat anti-mouse IgG  Life Technologies

GAR goat anti-rabbit polyclonal IgG-HRP Dako

GAR Alexa 488 Alexa Fluor 488 goat anti-rabbit I1gG Life Technologies

RAR rabbit anti-rat polyclonal IgG-HRP Dako

2.1.6 Reagents

Laboratory reagents used in this study are compiled in Table 7.

Table 7: Laboratory reagents

Reagent Supplier

4', 6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich
5-chloro-2'-deoxyuridine (CldU) Sigma-Aldrich
5-iodo-2'-deoxyuridine (1dU) Sigma-Aldrich
1 Kb plus DNA ladder Invitrogen
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Table 7: Laboratory reagents (continued)

Reagent

Supplier

Acetic acid

Alkaline Phosphatase, Calf Intestinal (CIP)
Ampicillin

Antifade Gold

Blocking reagent

Bovine serum albumin (BSA)
Bromophenol blue

Citric acid

Cy3-Tel-PNA probe

Deionised formamide

DharmaFECT

Dimethyl sulphoxide (DMSO)
Dithiothreitol (DTT)

DNA Polymerase |, large (Klenow) fragment
Dried skimmed milk

Dulbecco's modified eagle medium (DMEM)
ECL western blotting detection reagents
Ethanol

Ethidium bromide

Ethylene diamine tetraacetic acid (EDTA)
Fetal bovine serum (FBS)

Formaldehyde

Formamide

Fuji medical X-ray films

Glycerol

Goat serum

HiMark pre-stained protein standard

VWR

New England Biolabs
Fisher Scientific
Invitrogen

Roche
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Applied Biosystems
Chemicon Int.
Dharmacon
Sigma-Aldrich

Fisher Scientific
New England Biolabs
Marvel
Sigma-Aldrich
Thermo Scientific, Merck Millipore, GE Healthcare
Fisher Scientific
Sigma-Aldrich

VWR

Life Technologies
Merck

Sigma-Aldrich

Fuji

Sigma-Aldrich
Sigma-Aldrich

Invitrogen
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Table 7: Laboratory reagents (continued)

Reagent Supplier
Hydrochloric acid (HCI) VWR
Isopropanol VWR
JetPRIME Polyplus

Karyo MAX colcemid solution

LB agar

Low-melting agarose

Luria broth (LB)

Magnesium chloride (MgCl,)

Maleic acid

Methanol

NEB stable competent Escherichia coli
NuPAGE 10% Bis-Tris gel

NuPAGE 3-8% Tris-Acetate gel

NuPAGE MOPS SDS running buffer (20x)
NuPAGE transfer buffer (20x)

NuPAGE Tris-Acetate SDS running buffer (20x)
Olaparib

Opti-MEM reduced serum media
PageRuler pre-stained protein ladder
Paraformaldehyde
Penicillin-streptomycin

Pepsin

PhenDC;

Phosphate buffered saline (PBS) tablets
(Oxoid)

Photoflo

Life Technologies
Sigma-Aldrich
Bio-Rad
Invitrogen
Sigma-Aldrich
Sigma-Aldrich

Fisher Scientific

New England Biolabs

Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Stratech

Thermo Scientific

Thermo Scientific

Electron Microscopy Sciences

Sigma-Aldrich

Sigma-Aldrich

Dr. M.-P. Teulade-Fichou

Fisher Scientific

Kodak
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Table 7: Laboratory reagents (continued)

Reagent

Supplier

Power SYBR Green Cells-to-CT kit
Propidium iodide

Proteinase K

Puromycin

Pyridostatin

QlAfiler plasmid maxi kit
QlAprep spin miniprep kit
QlAquick gel extraction kit
QlAquick PCR purification kit
Rapid DNA ligation kit
Resazurin

Restriction enzymes

RNase A

SCH772984

SlowFade Antifade kit
Sodium azide

Sodium chloride (NaCl)
Sodium citrate

Sodium dodecyl sulphate (SDS)
Sodium hydroxide (NaOH)
SYBR Gold

TMPyP4

Tris

Triton X-100

Trypsin-EDTA (1x)

Tween 20

UltraPure agarose

Life Technologies
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Qiagen

Qiagen

Qiagen

Qiagen

Roche
Sigma-Aldrich
New England Biolabs
Qiagen

Dr. S. Knapp
Molecular Probes
Sigma-Aldrich
Sigma-Aldrich
Fisher Scientific
Fisher Scientific
VWR

Invitrogen
Calbiochem
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Fisher Scientific

Invitrogen
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Table 7: Laboratory reagents (continued)

Reagent

Supplier

Vectashield mounting medium

VTX-11e

Xylene cyanol FF

Vector Laboratories

Dr. S. Knapp

Sigma-Aldrich

2.1.7 Instrumentation

Instruments used in this study are listed in Table 8.

Table 8: Instrumentation

Instrument Type Supplier
Balance PL602-S Mettler Toledo
Cell analyser FACScan BD Biosciences
Centrifuge 5424 Eppendorf
Centrifuge 5804R Eppendorf
Centrifuge Avanti J-26XP Beckman Coulter
Centrifuge Galaxy Mini VWR
Developer Compact X4 Xograph

Digital camera DFC350 FX R2 Leica
Homogeniser 300 V/T Ultrasonic homogeniser Biologics
Incubator Binder
Incubator Galaxy 170R New Brunswick
Incubator shaker Innova 44 New Brunswick
Inverted microscope DMI6000B Leica

pH meter SevenEasy Mettler Toledo
Plate reader POLARstar Omega BMG Labtech

Protein gel system

Shaker

XCell SureLock Mini-Cell

Belly Dancer

Invitrogen

Stovall
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Table 8: Instrumentation (continued)

Instrument

Type

Supplier

Spectrophotometer
Thermal cycler

Thermal cycler

Thermo mixer
Transilluminator

Vortex mixer

NanoDrop ND-100
Veriti

StepOnePlus Real-Time PCR
System

5436

Vortex-Genie 2

Labtech
Applied Biosystems

Applied Biosystems

Eppendorf
Fotodyne

Scientific Industries

Water bath Fisher Scientific
Western blot transfer unit XCell Il Blot Module Invitrogen

2.1.8 Software

All software used in this study is listed in Table 9.

Table 9: Software

Name Version Supplier

4Peaks 1.7.1 Mek&Tosj

CellQuest Pro BD Biosciences
lllustrator Csé6 Adobe

Image) 1.47v National Health Institute, USA
Komet 5.5 Andor Technology
LAS-AF Leica

ModFit LT 4 Verity Software House
Omega 2.10 BMG Labtech
Photoshop Cs3 Adobe

Prism 6.0e GraphPad Software
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Table 9: Software (continued)

Name Version Supplier
Serial Cloner 2-6-1 Serial Basics
StepOne software v2.3 Applied Biosystems

2.2 Methods

2.2.1 Cell culture

All cell lines used in this study were adherent and cultivated as monolayers at 37°C in
5% CO,. HEK-293T and V-C8 cell lines were grown in DMEM supplemented with 10%
(v/v) FBS and 1% (v/v) penicillin-streptomycin. Cells were sub-cultured when they
reached 70-80% confluence. To detach cells for passaging, cells were washed with PBS
and incubated with Trypsin-EDTA at 37°C for 5 minutes (min). Fresh media containing
serum was added to neutralise trypsinisation. The number of cells was determined

using a haemocytometer.

2.2.2 RNAi transfection

1.5 x 10° HEK-293T cells were reverse-transfected with siRNA in a 10 cm dish. Firstly, 5
uL of DharmaFECT reagent was added to 0.5 mL of Opti-MEM reduced serum media
and incubated at room temperature (RT) for 5 min. Secondly, this solution was mixed
with 0.5 mL Opti-MEM reduced serum media containing 40 nM final concentration of
siRNA. This mix was incubated at RT for 20 min and then added to the cell suspension
before plating. The media were replaced after 24 hours (h) of incubation at 37°C.
Depletion of the proteins of interest was usually complete 24 h after transfection, as

determined using immunoblotting.
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2.2.3 Drug treatment

To test the effect of various drugs used in this study, cells were seeded into the wells
of a 96-well cell culture plate at densities of 2,500 cells per well. Cells were allowed to
attach by incubation at 37°C for at least 4 h before the growth media were replaced
with drug-containing media. Incubation in the presence of the drug continued for up to
six days. The media was replaced on the third day of treatment with fresh media
containing drug. When HEK-293T cells were concomitantly treated with siRNA, cells
were reverse-transfected one day before seeding into 96-well plates. The transfection
was repeated every three days after the first transfection.

The drugs used in this study and solvents used to prepare the dilutions indicated in
each figure were: olaparib (Stratech) solubilised in DMSO, SCH772984 (a gift from Dr.
S. Knapp, University of Oxford) solubilised in DMSO, VTX-11e (a gift from Dr. S. Knapp,
University of Oxford) solubilised in DMSO, PhenDC; (a gift from Dr. M.-P. Teulade-
Fichou, Institut Curie Paris) solubilised in DMSO and Pyridostatin (Sigma-Aldrich)

solubilised in dH,0.

2.2.4 Cell viability and proliferation assays

To assess cell viability and proliferation, normal growth media were replaced with
fresh media containing 10 ug/mL resazurin (Sigma-Aldrich) supplemented with the
drugs used for individual treatments followed by incubation at 37°C for 2 h.
Subsequently, fluorescence was measured using a plate reader with the excitation
filter set to 544 nm, the emission filter to 590-10 nm and the gain to 1000. After the
measurement, the resazurin solution was replaced with fresh drug-containing media if

continued cell growth was required. Data were analysed using the Prism software.
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2.2.5 Fluorescence-activated cell sorting (FACS)

Cells were harvested by trypsinisation and centrifugation for 10 min at 300x g. The
supernatant was removed, and cells were washed in PBS and fixed in 70% (v/v) ice-
cold ethanol overnight at 4°C. Fixed cells were pelleted by centrifugation for 5 min at
300x g followed by two washes in PBS. After incubation with 10 ug/mL RNase A for 5
min at RT, DNA was stained with 20 pg/mL propidium iodide and analysed using flow
cytometry. Analysis of the data was performed using CellQuest Pro and ModFit LT

software.

2.2.6 Immunoblotting

Cells were harvested by trypsinisation and resuspended in appropriate amounts of
SDS-PAGE loading buffer (0.16 M Tris-HCI pH 6.8, 4% (v/v) SDS, 20% (v/v) glycerol,
0.01% (w/v) bromophenol blue, 100 mM DTT) to prepare whole-cell extracts. Samples
were briefly sonicated, boiled at 70°C for 10 min and centrifuged at 20,000 x g for 7
min. Relative protein concentrations were assessed using a spectrophotometer; equal
amounts of protein were analysed by SDS-PAGE and immunoblotting.

Samples were loaded onto Bis-Tris or Tris-Acetate gels and separated at 180 V in
MOPS or Tris-Acetate SDS running buffer (Invitrogen), respectively. Semi-dry transfer
in transfer buffer (Invitrogen) with 10% (v/v) methanol was applied to transfer proteins
onto a nitrocellulose membrane. To block non-specific binding sites, the membrane
was incubated in blocking buffer (5% (w/v) dried skimmed milk in PBS-Tween (0.05%
(v/v) Tween 20 in PBS)) for 1 h at RT. The protein of interest was detected by
incubation with primary antibody (diluted in 2% (w/v) BSA and 0.05% (w/v) azide in

PBS-Tween) overnight at 4°C. The next day, the membrane was washed in PBS-Tween

34



three times for 5 min at RT. After incubation with secondary antibody diluted in
blocking buffer for 1 h at RT, the membrane was washed in PBS-Tween three times for
10 min at RT. Subsequently, ECL western blotting detection reagent was used to detect
proteins on X-ray films. A list of the antibodies and conditions used for immunoblotting

can be found in Table 5 and Table 6.

2.2.7 Reverse-transcriptase quantitative PCR (RT-qPCR)

Cells were processed for RT-qPCR using the Power SYBR Green Cells-to-CT kit according
to manufacturer’s instructions. Reactions were performed in triplicate. All primers
used for gPCR are summarised in Table 3. Primers against the housekeeping gene B2M

were used as endogenous controls.

2.2.8 Immunofluorescence

Cells were washed in PBS and lysed in hypotonic solution (85.5 mM NaCl and 5 mM
MgCl,) for 5 min at RT. Next, cells were fixed with 4% (v/v) paraformaldehyde for 10
min at RT and permeabilised in 4% (v/v) paraformaldehyde supplemented with 0.03%
(v/v) SDS. For immunofluorescence of RPA, cells were additionally fixed in 100% (v/v)
ice-cold methanol for 5 min before permeabilisation. After washing in PBS with 0.4%
(v/v) Photoflo and blocking with antibody dilution buffer (1% (v/v) goat serum, 0.3%
(w/v) BSA, 0.005% (v/v) Triton X-100 in PBS), cells were incubated with primary
antibody overnight at RT. On the next day, cells were washed three times in PBS with
0.4% (v/v) Photoflo and secondary antibody was added for 1 h. Following three washes
as above, the coverslips were dried and mounted on microscope slides using the

ProLong Antifade kit (Life Technologies) supplemented with 2 ug/mL DAPIL. The
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specimens were viewed with an inverted microscope and fluorescence imaging
workstation equipped with an HCX Plan-Apochromat 100°- NA 1.4-0.7 oil objective.

Images were acquired using a digital camera together with the LAS-AF software.

2.2.9 Telomeric FISH

Following overnight incubation with 0.1 pg/mL colcemid, mitotic cells were collected
by mitotic shake-off and swollen in pre-warmed hypotonic buffer (0.03 M sodium
acetate) at 37°C for 25 min. Three drops of freshly prepared fixative (3:1 mix of
methanol and acetic acid) were added to the cells followed by centrifugation at 650x g
for 10 min. Then, the supernatant was aspirated leaving 1 mL for resuspending the
cells. Eleven mL of fixative were added before the cells were pelleted by centrifugation
again. After resuspending the pellet in 250 - 500 pL fixative, the cells were dropped
onto slides pre-soaked in 45% (v/v) acetic acid and left to dry overnight. On the next
day, the slides were washed in PBS for 15 min and fixed in 4% (v/v) formaldehyde (in
PBS) for 2 min. The spread nuclei were digested in pepsin solution (0.1% (w/v) pepsin,
0.03% HCI (v/v)) at 37°C for 10 min and fixed again in 4% (v/v) formaldehyde for 2 min.
Afterwards, the slides were dehydrated by sequential washes in 70% (v/v), 90% (v/v)
and 100% (v/v) ethanol. The dry slides were covered with the telomeric FISH probe mix
and denatured at 80°C for 3 min. After 2-h incubation at RT in the presence of a
telomeric FISH probe, the slides were washed in formamide wash (70% (v/v)
formamide, 10 mM Tris-HCI pH 7.5, 0.1% (w/v) BSA) twice for 15 min, followed by
washes in PBS and dehydration as before. The air-dried slides were mounted in DAPI-
containing Vectashield mix. Images were acquired using the same instrumentation as

described for immunofluorescence.
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2.2.10 Comet assay

The comet assay was performed as previously described (Parsons et al., 2009). In brief,
2 x 10° cells were embedded in 1% (w/v) low-melting agarose in PBS on a microscope
slide. Subsequently, the cells were lysed in buffer containing 2.5 M NaCl, 100 mM
EDTA, 10 mM Tris-HCl pH 10.5, 1% (v/v) DMSO and 1% (v/v) Triton X-100 for 1 h at 4°C.
To denature the DNA, the slides were incubated in cold electrophoresis buffer (300
mM NaOH, 1 mM EDTA, 1% (v/v) DMSO, pH >13) for 30 min in the dark. Following
electrophoresis at 25 V and 300 mA for 25 min, the DNA was neutralised with 0.5 M
Tris-HCI pH 8.0. After staining with SYBR Gold, tail measurement was performed using

the Komet 5.5 image analysis software.

2.2.11 DNA fibre assay

Cells were seeded in 6-well plates one day before labelling the DNA by addition of 4 pL
of CldU solution (5 mg/mL stock) to 2.5 mL of media, followed by 30-min incubation at
37°C. After three washes with warm PBS, 2 mL of fresh media containing 18 uL of IdU
solution (10 mg/mL stock) were added to each well. Following incubation for 30 min at
37°C, cells were harvested by trypsinisation and 2.5 x 10° cells were resuspended in
cold PBS. Subsequently, labelled and unlabelled cells were combined at a 1:1 ratio.
Next, 7.5 uL of lysis buffer (200 mM Tris-HCI pH 7.4, 50 mM EDTA, 0.5% (v/v) SDS) were
mixed with 2.5 pL of cell suspension on a microscopy slide and incubated horizontally
for 9 min at RT. The DNA was spread by tilting the slide manually at an angle of 30°-
45°. The air-dried DNA was fixed in methanol/acetic acid (3:1) overnight at 4°C. Slides
were then rehydrated in PBS twice for 3 min and the DNA was denatured in 2.5 M HCI

for 1 h at RT. The slides were washed several times in PBS until a pH of 7-7.5 was
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reached, followed by incubation in blocking solution (2% (w/v) BSA, 0.1% (v/v) Tween
20, PBS; 0.22 um filtered) for 40 min at RT and in primary antibodies (rat anti-CldU and
mouse anti-IdU) for 2.5 h at RT. After five washes in PBS-Tween (0.2% (v/v) Tween 20
in PBS) for 3 min and one short wash in blocking solution, the slides were incubated
with the secondary antibodies (anti-rat Cy3 and anti-mouse Alexa 488) for 1 h at RT.
Subsequently, they were washed as before, air-dried and mounted in Antifade Gold.
Images were acquired as described for immunofluorescence and analysed using

Imagel software.

2.2.12 Plasmid-based replication assay

The plasmid-based replication assay was performed as previously described (Follonier

et al., 2014), with modifications detailed below.
2.2.12.1 Plasmids

Dr. M. Lopes (University of Zurich) provided the original plasmid pML113 (Follonier et
al., 2014). Dr. P. Zawadzki, a previous lab member generated the variant plasmid
pML113PURO, which contains the puromycin resistance marker and enables selection of
plasmid-containing cells. Into this plasmid we cloned two sequences with G4-forming
potential (Table 4). Ten repeats of the telomeric sequence TTAGGG were integrated
into pML113PURO by blunt-end ligation into the Pacl restriction site to generate the
10Te|o—pML113PURO plasmid. Oligonucleotides containing ten telomeric repeats were

obtained from Sigma, annealed and ligated into pML113PURO

using the rapid DNA
ligation kit. To generate the 1 Kb-telomere repeat vector, the sequence of interest was
excised by restriction digest from a previously generated plasmid (pBIUHCMV, a gift

from Dr. E. Gilson, University of Nice; Table 4) and cloned into the Pacl site of
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pML113"%°. The QIAquick PCR purification kit was used to purify DNA after restriction
digest followed by agarose gel extraction of resulting restriction fragments using the
QlAquick gel extraction kit. All constructs were transformed into competent
Escherichia coli (E. coli) cells according to manufacturer’s instructions (New England
Biolabs). Plasmid DNA was extracted from individual bacterial colonies using the
QlAprep spin miniprep kit and restriction digest was performed to screen for positive
clones. Selected plasmids were analysed by DNA sequencing and DNA from the correct
clones was amplified and extracted using the QlAfilter plasmid maxi kit. All kits were

used according to manufacturer’s instructions.
2.2.12.2 Plasmid transfection and recovery

Five ug of plasmid DNA were transfected into RAD51-depleted and control HEK-293T
cells using JetPRIME transfection reagent. After 40-h incubation at 37°C, plasmid DNA
was recovered according to the previously described protocol (Follonier et al., 2014).
HEK-293T cells were transfected with siRNA 80 h before plasmid recovery as described

in section 2.2.2.
2.2.12.3 Replication efficiency determination

Approximately 1 ug of recovered DNA was mixed with 1x DNA loading buffer (6x DNA
loading buffer: 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF, 10% (v/v)
glycerol) and electrophoresed in a 0.7% agarose gel (0.7% (w/v) agarose in 1x TAE (50x
TAE: 2 M Tris, 50 mM EDTA pH 8.0, 1 M acetic acid)). Replication efficiency was
determined according to the intensity of bands and not to the Nanodrop reading
because we observed that variable amounts of genomic DNA contaminated the

plasmid preparation.
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3 Results

3.1 Chemical ERK1/2 inhibition decreases viability of HR-deficient cells

ERK1/2 are components of the MAPK pathway upregulated in human tumours
(Wagner et al., 2009). Therefore, they represent attractive targets to exploit in the
development of cancer therapeutics. To date, however, common problems with
chemical ERK inhibitors have been cytotoxicity, poor cellular activity and insufficient
selectivity. Recently, a novel ERK1/2 inhibitor, SCH772984, was identified, which
exhibited high specificity and inhibitory potential in biochemical assays. Additionally,
this compound was particularly potent in suppressing growth of tumours refractory to
BRAF and MEK inhibitors (Morris et al., 2013).

Previously, our lab reported that genetic inhibition of ERK1 expression with shRNA
leads to a proliferative defect in BRCA2-deficient human and mouse cells (Carlos et al.,
2013). To test whether chemical ERK inhibition could trigger a similar effect, we
performed dose-dependent viability assays in HR-proficient and -deficient human cells.
In these cells, the expression of either RAD51 or BRCA2 was abrogated, both known to
suppress recombinational DNA repair and to elicit similar cellular responses to DNA
damage.

Treatment with the well-characterised ERK inhibitor VTX-11e (Aronov et al., 2009)
as well as the novel compound SCH772984 decreased the viability of BRCA2-depleted
human HEK-293T cells in a dose-dependent manner (Figure 4a). The PARP inhibitor
olaparib was used as a control for specific elimination of HR-deficient cells (McCabe et
al.,, 2006). Notably, olaparib and ERK inhibitor treatments only mildly obstructed

proliferation of BRCA2-depleted cells (Figure 4a & b), probably due to insufficient
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siRNA-mediated depletion of BRCA2 as determined by Western blotting (Figure 4c).
Human BRCA2 is a high molecular weight protein (390 kDa) and inhibition of its
expression using siRNA in HEK-293T cells has proven problematic, in spite of the
established efficiency of this siRNA in other human cells lines (Carlos et al., 2013).
However, in similar assays (performed by E. Tacconi) V-C8 hamster cells with complete

BRCAZ2 deletion showed high sensitivity to all three drugs (Chaikuad et al., 2014).
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Figure 4: ERK1/2 inhibition reduces proliferation of BRCA2-deficient cells

Human HEK-293T cells were transfected with control or BRCA2 siRNA three times at three-day
intervals. One day after the first transfection, chemical compounds were added to the media
at the indicated concentrations and treatment was continued for six days. Graphs are
representative of two independent experiments, each performed in triplicate. Error bars
represent s.d. of triplicate values obtained from a single experiment. (a) Dose-dependent
viability assays performed in cells treated with ERK inhibitors SCH772984 or VTX-11e. (b) Dose-
dependent viability assays performed in cells treated with the PARP inhibitor olaparib. (c)
Whole-cell extracts prepared at the time when inhibitor treatment was initiated (day 0) and
terminated (day 6) were immunoblotted as indicated. SMC1 was used as a loading control.
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To examine the validity of these results in cells lacking another HR activity, we next

inhibited expression of the key HR protein RAD51 using siRNA.
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Figure 5: ERK1/2 inhibition reduces proliferation of RAD51-deficient cells

Human HEK-293T cells were transfected with control or RAD51 siRNA three times at three-day
intervals. One day after the first transfection, chemical compounds were added to the media
at the indicated concentrations and treatment was continued for six days. Graphs are
representative of two independent experiments, each performed in triplicate. Error bars
represent s.d. of triplicate values obtained from a single experiment. (a) Dose-dependent
viability assays performed in cells treated with ERK inhibitors SCH772984 or VTX-11e. (b) Dose-
dependent viability assays performed in cells treated with the PARP inhibitor olaparib. (c)
Whole-cell extracts prepared at the time when inhibitor treatment was initiated (day 0) and
terminated (day 6) were immunoblotted as indicated. Tubulin was used as a loading control.

Both ERK inhibitors, SCH772984 and VTX-11e, triggered a specific, dose-dependent
growth arrest in siRAD51-treated cells (Figure 5a). The PARP inhibitor olaparib also had

a significant anti-proliferative effect in RAD51-depleted cells (Figure 5b).
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Immunoblotting of whole-cell extracts confirmed efficient depletion of RAD51 during
the six-day inhibitor treatment (Figure 5c).
Overall, our results are consistent with previous genetic studies and support the

concept that chemical ERK inhibition allows for selective targeting of HR-deficient cells.

3.2 G4 stabilisation results in reduced viability of HR-deficient cells

Stable G4s are deleterious to cell viability, as they block replication fork progression
and cause DNA breakage. In HR-deficient cells, stalled replication forks represent a
source of genomic instability, and we reasoned that the additional replication burden
imposed by persistent G4s would be particularly toxic. To investigate the effect of G4
stabilisation in HR-deficient mammalian cells as a potential strategy for eliminating HR-
deficient cells, we used two compounds with high G4 binding affinity. PhenDC; and
pyridostatin are both known to stabilise G4s by enhancing their thermal stability.
Additionally, both compounds have been shown to display a high selectivity for G4s
versus duplex DNA (De Cian et al., 2007; Monchaud et al., 2008; Miller et al., 2010;
Rodriguez et al., 2008). Notably, PhenDCz and pyridostatin are universal G4 ligands
that bind polymorphic G4 structures with variable DNA sequences (De Cian et al.,
2007; Gomez et al., 2010; Halder et al., 2011; Halder et al., 2012; Lopes et al., 2011;
Monchaud et al., 2008; Miiller et al., 2010; Piazza et al., 2010; Rodriguez et al., 2008),
which makes them suitable for genome-wide assays.

Firstly, we performed resazurin-based viability assays to determine whether G4
stabilisation could specifically decrease the proliferative capacity of HR-deficient cells.

In these assays, we used the well-characterised BRCA2-deficient hamster cell line V-C8
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(Kraakman-van der Zwet et al., 2002) and the control cell line complemented with full-

length BRCA2 cDNA as a control.
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Figure 6: G4 stabilisation specifically inhibits proliferation of BRCA2-deficient hamster cells

BRCA2-proficient and -deficient V-C8 cells were treated with the indicated concentrations of
chemical inhibitors for three or six days. Graphs are representative of two independent
experiments, each performed in triplicate. Error bars represent s.d. of triplicate values
obtained from a single experiment. (a) Dose-dependent viability assays performed in cells
treated with G4 stabilising compounds pyridostatin or PhenDC; for six days as described
above. (b) Dose-dependent viability assays performed in cells treated with the PARP inhibitor
olaparib for three days as described above. (c) Whole-cell extracts prepared from BRCA2-
positive and -negative V-C8 cell lines were immunoblotted as indicated. SMC1 was used as a

loading control.

Both G4 stabilisers, pyridostatin and PhenDCs;, significantly decreased the
proliferative capacity of V-C8 hamster cells lacking BRCA2 compared to control BRCA2-
complemented cells in a dose-dependent manner (Figure 6a). V-C8 cells were also

hypersensitive to olaparib (Figure 6b), as previously reported (Bryant et al., 2005).
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Immunoblotting confirmed that the V-C8 cell line lacked BRCA2 expression, whereas

the complemented one expressed full-length BRCA2 (Figure 6c).
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Figure 7: G4 stabilisation specifically inhibits proliferation of BRCA2-deficient human cells
Human HEK-293T cells were transfected with control or BRCA2 siRNA three times at three-day
intervals. One day after the first transfection, pyridostatin or PhenDC; was added to the media
at the indicated concentrations and treatment was continued for six days. Dose-dependent
viability graphs are representative of two independent experiments, each performed in
triplicate. Error bars represent s.d. of triplicate values obtained from a single experiment.

Secondly, we addressed whether G4 stabilisers have an anti-proliferative effect in
human cells lacking HR activities. Thus, cell viability was determined in human HEK-
293T cells treated with increasing concentrations of pyridostatin or PhenDCGC;s, in which
BRCA2 (Figure 7) or RAD51 (Figure 8) knockdown was induced using siRNA. Cells
treated with AllStar siRNA were used as a control in these experiments. G4
stabilisation by either pyridostatin or PhenDC; induced a marked reduction in
proliferation of cells lacking BRCA2 (Figure 7) or RAD51 (Figure 8). These results

indicated that persistent G4s are deleterious in the context of HR deficiency in human

cells.
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Figure 8: G4 stabilisation specifically inhibits proliferation of RAD51-deficient human cells
Human HEK-293T cells were transfected with control or RAD51 siRNA three times at three-day
intervals. One day after the first transfection, pyridostatin or PhenDC; was added to the media
at the indicated concentrations and treatment was continued for six days. Dose-dependent
viability graphs are representative of two independent experiments, each performed in
triplicate. Error bars represent s.d. of triplicate values obtained from a single experiment.

To address whether G4 stabilisation leads solely to a proliferative arrest or also to
cell death, we examined expression of cleaved PARP, a well-established apoptosis
marker (Oliver et al., 1998), using immunoblotting of HR-deficient cells exposed to
pyridostatin or PhenDC; (Figure 9). In the same assay, we evaluated accumulation of
DNA damage since G4 stabilisation is known to cause replication fork stalling and
generate DNA breaks (Rodriguez et al., 2012). This analysis revealed that the
expression levels of cleaved PARP were significantly increased after treatment with
PhenDC; or pyridostatin specifically in HR-deficient cells (Figure 9) suggesting that HR
is essential for cell survival in the presence of G4-interacting drugs. RAD51 inhibition by
itself also induced detectable levels of apoptosis (Figure 9). Furthermore, in drug-
treated cells lacking RAD51 we observed elevated phosphorylation of the histone
protein variant H2AX on Ser139 (yH2AX), a well-established DNA damage marker
(Rogakou et al., 1999), compared to control cells (Figure 9). Collectively, these data
indicate that G4 stabilisation triggers specific killing of HR-deficient cells through

accumulation of DNA damage.
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Figure 9: G4 stabilisation induces apoptosis and DNA damage in HR-deficient cells
Human HEK-293T cells were transfected with control or RAD51 siRNA twice at an interval of
three days. One day after the first transfection, pyridostatin or PhenDC; (2 uM) was added to
the media. Whole-cell extracts prepared after four days of treatment were immunoblotted as
indicated. Tubulin was used as a loading control. PDS, pyridostatin; PhDC, PhenDCs.

3.3 Pyridostatin induces DNA damage

Viability assays performed in RAD51-deficient HEK-293T cells demonstrated that
pyridostatin exhibited a more potent anti-proliferative effect than PhenDC; (Figure 8).
Thus, we concentrated on this compound and investigated in detail the cellular
responses to this drug in the context of HR deficiency mediated by RAD51 knock down.
In particular, we studied the DNA damage response induced by pyridostatin treatment,
given the increase in the levels of YH2AX detected after exposure to this drug (Figure
9).

Firstly, the amount of DNA breaks after four days of treatment was estimated
using comet assays. In these assays, the percentage of tail DNA relative to total DNA
was indicative of the levels of DNA damage present in an individual cell. Pyridostatin
caused an increase in DNA damage, which was significantly higher in HR-deficient cells

treated with pyridostatin compared to untreated cells (Figure 10).
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Figure 10: Pyridostatin induces DNA damage detected with comet assays

Human HEK-293T cells were transfected with control or RAD51 siRNA twice at an interval of
three days. One day after the first transfection, pyridostatin (10 uM) was added to the media
and comet assays were performed after four days of treatment. (a) Representative images of
nuclei from cells exposed to indicated treatments. (b) Quantification of tail moment in cells
treated as above (n=4; error bars, s.d.). P values were calculated using an unpaired two-tailed
t-test with Welch’s correction (*, P < 0.05). PDS, pyridostatin.

Secondly, formation of YH2AX foci was determined using immunofluorescence
staining of fixed cells with an anti-yH2AX antibody (Figure 11). Quantification of three
independent experiments revealed a significant increase in the frequency of HR-
deficient cells containing five or more YH2AX foci after pyridostatin treatment (Figure
11b). On average, 16.5% of untreated siRAD51-depleted cells exhibited five or more
foci, which escalated to 37.3% and 55.4% following treatment with 2 uM and 10 pM
pyridostatin, respectively (Figure 11b). The percentage of control cells with five or
more foci rose from 4.5% to 8.2% and 9.7% after exposure to the indicated
concentrations of pyridostatin, an increase that was not statistically significant (Figure

11b).
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Figure 11: Pyridostatin triggers yH2AX foci formation

Human HEK-293T cells were transfected with control or RAD51 siRNA twice at an interval of
three days. One day after the first transfection, pyridostatin was added to the media at the
indicated concentrations. Cells were processed for immunofluorescence staining after four
days of treatment. (a) Representative images of YH2AX foci after indicated treatment. (b)
Quantification of the frequency of cells with =5 yH2AX foci in cells treated as above (n=3; error
bars, s.d.). P values were calculated using an unpaired two-tailed t-test (*, P < 0.05 and **, P <
0.01). PDS, pyridostatin.
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Thirdly, the frequency of chromatid and chromosome breaks was directly assessed
as a measure of DSB accumulation using mitotic chromosome spreads (Figure 12). We
observed significantly elevated numbers of DSBs per metaphase following pyridostatin
treatment, whilst RAD51 depletion further enhanced this effect (Figure 12b).
Noteworthy, non-depleted cells treated with 10 uM pyridostatin exhibited very similar
numbers of DSBs per metaphase as untreated RAD51-depleted cells (Figure 12b). Since
both, pyridostatin-treated control and untreated RAD51-depleted HEK-293T cells, are
largely viable, this suggests that cells exceeding five chromosome/chromatid breaks

are likely to encounter mitotic catastrophe and be eliminated.
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Figure 12: Pyridostatin induces DNA DSBs visualised on mitotic chromosomes

Human HEK-293T cells were transfected with control or RAD51 siRNA twice at an interval of
three days. One day after the first transfection, pyridostatin was added to the media at the
indicated concentrations for four days. (a) Cells treated as above were incubated overnight
with colcemid and processed for FISH analysis of metaphase chromosome spreads with a Cy3-
conjugated telomeric probe (red). Arrowheads point to chromatid/chromosome breaks. (b)
Quantification of chromatid/chromosome break frequencies in cells treated as in (a). A
minimum of 35 metaphases were analysed for each sample. Red bars indicate mean
frequencies of breaks. PDS, pyridostatin.
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Taken together, these results are consistent with the notion that G4 stabilisation
by pyridostatin induces DNA damage, which is more pronounced and has lethal

consequences in HR-defective cells.

3.4 Pyridostatin triggers checkpoint activation and replication stress

We have shown that G4 stabilisation triggers DNA damage, reduced proliferation and
apoptosis, all of which are enhanced in HR-compromised cells (Figure 6 - Figure 12).
Thus, we addressed next whether ATM and/or ATR-dependent DDRs are activated and
whether this leads to a proliferative arrest at a particular stage of the cell cycle.

ATM is a kinase that is activated in response to DSBs (Shiloh, 2006) and in turn
phosphorylates the checkpoint kinase CHK2 (Brown et al., 1999; Chaturvedi et al.,
1999; Matsuoka et al., 1998). We detected phosphorylation of both, ATM and CHK2, in
HR-deficient cells treated with pyridostatin (Figure 13) supporting the concept that the
DSB accumulation observed after treatment with G4-stabilising compounds triggered
an ATM-dependent checkpoint response.

Additionally, CHK1 was also phosphorylated upon pyridostatin treatment in cells
lacking RAD51 (Figure 13). CHK1 is a well-established ATR target (Liu et al., 2000;
Lopez-Girona et al., 2001; Walworth et al., 1996). In contrast to ATM, ATR is
responsible for sensing various types of DNA damage including DSBs, crosslinks, base
adducts, and replication stress in general. Most studies, however, suggest that ssDNA
is primarily required for ATR activation (Costanzo et al., 2003; Zou et al., 2003). To
protect DNA overhangs from degradation, cellular ssDNA, including that generated
during DNA replication and repair, is coated by RPA (Fanning et al., 2006). Accordingly,

we detected an increase in RPA expression levels following G4 stabilisation especially
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in HR-deficient cells (Figure 13), indicative of ssDNA accumulation. Moreover, RPA
phosphorylation occurred in the same cells reflecting checkpoint activation (Figure 13).
Collectively, these data demonstrate that both ATM- and ATR-dependent checkpoints

are activated by pyridostatin in RAD51-depleted cells.
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Figure 13: Pyridostatin causes DNA damage, checkpoint activation and apoptosis in HR-
deficient cells

Human HEK-293T cells were transfected with control or RAD51 siRNA twice at an interval of
three days. One day after the first transfection, pyridostatin was added to the media at the
indicated concentrations. Whole-cell extracts prepared after four days of treatment were
immunoblotted as indicated. Tubulin and SMC1 were used as loading controls. PDS,
pyridostatin. *, non-specific band.
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CHK1 and CHK2 phosphorylation are known to mediate G2/M arrest (Liu et al.,
2000). Therefore, we next performed FACS analyses (Figure 14) to determine whether
pyridostatin caused a block in cell proliferation at a specific stage of the cell cycle.
Untreated HR-proficient and -deficient cells showed a very similar cell cycle
distribution profile with a mean of 20% of cells in the G2/M phase of the cell cycle
(Figure 14b). After two days of treatment with 10 uM pyridostatin, the percentage of
control cells in G2/M phase increased to a mean of about 30%, whereas almost 50% of
HR-deficient cells accumulated in G2/M (Figure 14b). These results indicated that DSB
accumulation upon pyridostatin treatment leads to checkpoint activation, which

arrests cell cycle progression specifically in G2/M phase.
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Figure 14: Pyridostatin leads to G2/M cell cycle arrest

One day after transfection of human HEK-293T cells with control or RAD51 siRNA, pyridostatin
(10 uM) was added to the media and FACS analyses of DNA content were performed after two
days of treatment. (a) Cell cycle distribution of cells exposed to the indicated treatments.
Graphs are representative of four independent experiments. (b) Quantification of the
percentage of cells in G2/M treated as above (n=4, error bars, s.d.). P values were calculated
using an unpaired two-tailed t-test (*,P < 0.05 and ***, P <0.001). PDS, pyridostatin.
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Elevated RPA levels reflect ssDNA accumulation, indicative of replication stress
(Zeman et al., 2014). To determine whether under our experimental conditions RPA
was bound to the chromatin and therefore identified sites of ssDNA, we visualised RPA
foci by immunofluorescence and quantified their frequency (Figure 15).

A significant increase (8.75-fold) in cells exhibiting ten or more foci per cell was
observed in HR-proficient cells and a higher increase (12.12-fold) in HR-deficient cells
after treatment with pyridostatin compared to untreated cells (Figure 15b). This
demonstrates that ssDNA levels are enhanced by pyridostatin treatment, and the

effect is more pronounced in cells lacking HR activity.

56



Control siRNA Control siRNA RAD51 siRNA
0 uM PDS 10 UM PDS 0 uM PDS

RAD51 siRNA
10 pM PDS

'S
L
=
o 40 A
o
—
Al
=
2
= 20
g *
S
O -
PDS (uM): 0 10 0 10

Control siRNA RAD51 siRNA

Figure 15: Pyridostatin triggers RPA foci formation

Human HEK-293T cells were transfected with control or RAD51 siRNA twice at an interval of
three days. One day after the first transfection, pyridostatin (10 uM) was added to the media
and cells were processed for immunofluorescence staining after four days of treatment. (a)
Representative images of RPA foci after indicated treatment. (b) Quantification of the
frequency of cells with 210 RPA foci in cells treated as above (n=3; error bars, s.d.). P values
were calculated using an unpaired two-tailed t-test (*, P < 0.05 and **, P < 0.01). PDS,
pyridostatin.
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CHK1 activation and accumulation of RPA foci are strong indications of replication
stress (Marechal et al., 2013; Nam et al., 2011). Therefore, we performed DNA fibre
analyses to directly measure the rate of DNA synthesis and potentially obtain direct
evidence for replication stress triggered by G4 stabilisation (Figure 16). In cells treated
with control siRNA, pyridostatin triggered a significant reduction in replication tract
length (from 17 um to 9 um) (Figure 16b). In addition, the tract length of untreated
cells lacking RAD51 (10 um) was shorter than of control cells (17 um) (Figure 16b), as
previously reported (Petermann et al., 2010). Importantly, treatment with pyridostatin
resulted in replication tracts with an average length of 9 um in control siRNA-treated
cells, whilst in RAD51 siRNA-treated cells tract length was further reduced to 2.5 um
after pyridostatin treatment. This difference was also statistically significant (P <
0.0001) (Figure 16b). These results indicate that G4 stabilisation has an additive effect
on HR abrogation in obstructing replication fork progression, which could explain the
observed toxicity of G4-binding compounds to HR-deficient cells.

Additionally, pyridostatin led to increased origin firing and replication fork stalling
in both, HR-proficient and -deficient cells (Figure 16c & d). These observations further
support the concept that G4 stabilisation potentiates the replication stress triggered
by HR abrogation (Ge et al., 2010; Ibarra et al., 2008; Woodward et al., 2006; Zeman et

al., 2014).

58



ongoing forks

- md g

representative images 304 * %K% * % 5k %
Control siRNA - ;
0 uM PDS * % % %
Control siRNA g 20 T ; _'_
10 uM PDS = o
= s
oo o0®
c .
i -t O s
0 uM PDS s 104 =% e
5 i
RAD51 siRNA : "-':l-}:‘ _L
10 uM PDS . peees
PDS (uM): 0 10 0 10
Control sSiRNA  RAD51 siRNA
c newly fired origins d stalled forks
20 15+
=
§° 15 4 9
o B 10
o) Y
e ©
£ 10+ 2
= 2
; %)
2 5 51
5 54 =
N
0- 0-
PDS (uM): 0 10 0 10 PDS (uM): 0 10 0 10
Control siRNA RADS51 siRNA Control siRNA  RAD51 siRNA

Figure 16: Pyridostatin induces replication stress

One day after transfection of human HEK-293T cells with control or RAD51 siRNA, pyridostatin
(10 uM) was added to the media and cells were processed for DNA fibre analysis after two
days of treatment. (a) Representative images of DNA fibres induced by the indicated
treatments. Scale bar, 10 um. (b) Quantification of the tract length in cells treated as above
(n=2, error bars, s.d.). P values were calculated using an unpaired two-tailed t-test (****, P <
0.0001). (c) and (d) Quantification of the frequency of newly fired origins and stalled forks in
cells treated as above. PDS, pyridostatin.
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3.5 Pyridostatin decreases transcription of G4-containing genes

Thus far, we have demonstrated that G4 stabilisation causes DNA damage and
replication stress, both enhanced in the context of HR deficiency. Next, we asked
whether pyridostatin treatment, known to affect the transcription levels of genes
containing sequences with high G4-forming potential in various cell lines (Kikin et al.,
2006; Rodriguez et al., 2012), has a similar effect in the context of HR deficiency. We
therefore measured mRNA levels of genes whose expression had previously been
reported to be altered by pyridostatin treatment (MYC, SRC and SREBF1) (Rodriguez et
al., 2012) using RT-gPCR. ALASI mRNA was used as a negative control due to the
predicted low G4-forming potential of the DNA sequence of this gene (Kikin et al.,

2006).
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Figure 17: mRNA levels of G4-containing genes are downregulated by pyridostatin

One day after human HEK-293T cells were transfected with control or RAD51 siRNA,
pyridostatin (10 uM) was added to the media. Expression levels of the indicated genes were
determined using RT-qPCR after two days of treatment. mRNA levels were first normalised to
the housekeeping gene B2M and then to the untreated samples (n=2, error bars, s.d.). P values
were calculated using an unpaired two-tailed t-test (**, P < 0.01, ***, P < 0.001, ****, p <
0.0001). PDS, pyridostatin.

We observed that, within two days after the initiation of the treatment, the mRNA
levels of the G4-containing genes were significantly reduced relative to untreated cells
both in the presence and absence of RAD51 (Figure 17). Transcription of ALASI was

not affected either by pyridostatin or RAD51 siRNA treatment.
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3.6 Evaluating replication efficiency of G4 sequences using a SV40-based plasmid

replication assay

Replication origins in human genomic DNA are poorly defined, although recent studies
using ChIP-seq approaches have helped mapping some of them (Mechali, 2010;
Mechali et al., 2013), and in general replication studies at specific genomic loci in vivo
have been difficult to implement in human cells. To overcome this problem, Simian
Virus 40 (SV40) has been used as a model for DNA replication in mammalian cells
(Fanning et al., 2009). The rationale for employing this system is that the small circular
genome of SV40 is replicated by the same set of cellular proteins as mammalian
genomic DNA. The only additional factor needed for SV40 replication is the viral
helicase large T antigen (Tag), which provides the advantage that the SV40 genome is
replicated several times in every cell cycle (Sogo et al., 1986). Hence, SV40-based
plasmids allow for efficient DNA amplification upon transfection into human cells.
Recently, Follonier et al. reported an experimental system based on a SV40-derived
plasmid, which allows to study the replication efficiency of repetitive DNA sequences
in vivo (Follonier et al.,, 2014) and to determine the genetic requirements for
replicating such sequences. This system is superior to other previously developed
plasmid replication assays because it enables recovery of large amounts of replication
intermediates, which can be quantified and visualised by electron microscopy.

We used this plasmid-based replication assay to determine whether the
replication efficiency of plasmids containing G4-forming sequences was altered in
RAD51-depleted HEK-293T cells compared to non-depleted cells. Telomeric sequences
are among the best-characterised DNA sequences with G4-forming potential

(Parkinson et al., 2002). We therefore cloned DNA fragments consisting of 60 bp or 1

62



Kb of TTAGGG telomeric repeats into the pML113PURO plasmid in the proximity of the
SV40 replication origin. These constructs and the control plasmid without insert were
transfected into HEK-293T cells, which were previously treated with control or RAD51

siRNAs. Depletion of RAD51 was determined by immunoblotting (Figure 18a).
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Figure 18: Recovery of plasmids containing sequences with G4-forming potential from HR-
proficient and -deficient cells

(a) Human HEK-293T cells were transfected with control or RAD51 siRNA, one day before
transfection with 5 uM plasmid DNA. Whole-cell extracts prepared 40 h after the second
transfection were immunoblotted as indicated. Tubulin was used as a loading control. (b)
Plasmid DNA extracted from cells treated as in (a) was linearised and separated using 0.7%
agarose gel electrophoresis. Plasmid DNA extracted from bacteria was used as a control.

The plasmids were allowed to replicate for 40 h before plasmid DNA was extracted
and quantified by gel electrophoresis. No difference was detected between the
amount of plasmid DNA recovered from HR-proficient and -deficient cells. This

PURO a5 well as its derivatives

observation was true for the control plasmid pML113
10Tel-pML113"f° and 1KbTel-pML113"Y"° that had G4-forming potential (Figure 18b).

A possible explanation for these results is that G4-forming regions may not constitute

63



replication barriers when cloned into the SV40-derived plasmid, possibly due to the
high processivity of the Tag viral helicase. Alternatively, SV40-driven DNA replication
may in some aspects be mechanistically distinct from conventional cellular replication

and may not require HR for bypassing potential obstructions.
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4 Discussion

4.1 Chemical ERK inhibition selectively affects proliferation of HR-compromised cells

We have recently shown that shRNA-mediated depletion of ERK1, but not ERK2,
selectively targets and kills HR-deficient cells. Moreover, this study reported a similar
effect of chemical MEK1/2 inhibition on the viability of these cells (Carlos et al., 2013).
MEK1/2 are kinases of the MAPK pathway, which act upstream of ERK1/2 and activate
them through phosphorylation. Several commercially available ERK1/2 inhibitors were
also tested at the time in similar assays, however they showed high cellular toxicity
irrespective of the cells’ HR status (A. Carlos, unpublished data).

Here, we tested a novel chemical ERK1/2 inhibitor, SCH772984, recently released
by Merck, for its potential to selectively eliminate cells with compromised capacity of
recombinational repair. Structural analyses demonstrated that SCH772984 binds to the
catalytic pocket of ERK1/2 in an unconventional manner inducing a conformational
distortion, which accounts for the slow off-rate and unprecedented specificity of this
compound (Chaikuad et al., 2014). Treatment with SCH772984 resulted in a dose-
dependent proliferative arrest of BRCA2- and RAD51-depleted HEK-293T cells (Figure 4
& Figure 5). This effect was less pronounced in cells treated with BRCA2 siRNA,
probably due to the fact that siRNA-mediated depletion is unsuitable for maintaining
sufficiently low levels of BRCA2 for the entire duration of the assay (six days).
However, treatment of V-C8 hamster cells with SCH772984 lacking BRCA2 led to
significant toxicity compared to control BRCA2-complemented cells (Chaikuad et al.,
2014). A similar anti-proliferative effect was observed after treatment with the

previously described ERK1/2 inhibitor VTX-11e (Aronov et al., 2009) (Figure 4 & Figure
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5). These results indicate that HR-deficient cells rely on the pro-proliferative functions
of the MAPK pathway (Xia et al., 1995; Yujiri et al., 1998) to survive, even in the
absence of p53. The mechanism that determines this specificity over other survival
pathways remains unknown.

Overall, our findings are in agreement with previous results suggesting that
ERK1/2 are favourable targets for efficient and selective elimination of HR-deficient
tumours (Carlos et al., 2013). In addition, this study reports the potential of

SCH772984 as a novel therapeutic compound.

4.2 G4 stabilisation is deleterious to HR-deficient cells

Therapeutic approaches for targeting HR-deficient tumours include DNA-damaging
radio- and/or chemotherapy. This strategy is based on the error-prone and/or
compromised repair of DNA damage in the absence of HR. Since G4s have the
potential to act as replication fork barriers (Lopes et al., 2011; Paeschke et al., 2011;
Ribeyre et al., 2009), and HR is required for restart and repair of stalled replication
forks (Lomonosov et al., 2003; Nagaraju et al., 2007), we hypothesised that
stabilisation of G4s might be less tolerated by and thus allow for selective targeting of
HR-deficient cells. We detected a significant decrease in the viability of HR-defective
cells after treatment with two different G4 stabilisers (Figure 6, Figure 7 & Figure 8).
Importantly, the proliferative capacity of HR-proficient cells remained mostly
unaffected (Figure 6, Figure 7 & Figure 8). The differences observed in the efficiency of
pyridostatin and PhenDC; relative to each other may reflect differences in cell

permeation and subcellular localisation of each compound.
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We observed that pyridostatin and PhenDC; induced elevated expression levels of
the DNA damage marker yH2AX and the apoptosis marker cleaved PARP in cells lacking
HR capacity (Figure 9). In line with our hypothesis, these findings indicate that G4
stabilisation induces DNA damage and promotes apoptosis of HR-deficient cells.
Previous studies have established that HR abrogation triggers accumulation of
replication-associated DSBs (Arnaudeau et al., 2001). Pyridostatin treatment was
reported to have the same effect in cultured cells (Rodriguez et al., 2012). Consistent
with this, comet assays revealed accumulation of DNA damage in cells lacking RAD51
and also in cells exposed to pyridostatin regardless of their HR capacity (Figure 10).
Nonetheless, pyridostatin treatment triggered a substantial and statistically significant
increase in DNA damage in HR-deficient cells (Figure 10). Quantification of YH2AX foci
formation using immunofluorescence staining (Figure 11) and of DSBs using mitotic
chromosome spreads (Figure 12) similarly demonstrated a significant enhancement of
DNA damage levels in HR-deficient cells upon treatment with pyridostatin. It is
important to note that the majority of HR-deficient cells treated with pyridostatin
accumulate in G2/M phase (Figure 14). It is therefore conceivable that the mitotic DSB
quantification reflect only the subset of cells that escaped this block, whilst cells with
very high levels of DNA damage were most likely excluded from this analysis. Overall,
our study demonstrates that the DNA-damaging effect of G4 stabilisation previously
reported in a variety of cell lines (Rodriguez et al., 2012; Rodriguez et al., 2008) is less
tolerated by HR-compromised cells, which already carry significant levels of DSBs,
ultimately triggering genomic instability and cell death.

G4 stabilisation caused activation of the ATM- and ATR-dependent cell cycle
checkpoints (Figure 13) and G2/M cell cycle arrest (Figure 14) in HR-deficient cells.
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Together, these results corroborate the observed DNA damage accumulation and
provide an explanation for the reduced proliferation rate of these cells. Elevated RPA
expression levels (Figure 13) and RPA foci assembly (Figure 15) are indicative of acute
replication stress elicited by persistent G4s. Furthermore, the slow replication fork
progression detected in DNA fibre assays (Figure 16b) provided compelling evidence
that replication stress is a major factor of G4 stabiliser-triggered toxicity in HR-deficient
cells. Stalling of replication forks and reduced DNA synthesis define replication stress
(Zeman et al., 2014), which in turn leads to firing of dormant origins (Ge et al., 2010;
Ibarra et al., 2008; Woodward et al., 2006). All of these characteristics of replication
stress were observed in pyridostatin-treated cells (Figure 16), consistent with recent
studies showing that G4 stabilisation interferes with replication (Lopes et al., 2011;
Rodriguez et al., 2012). Loss of RAD51 also caused the mentioned symptoms of
replication stress (Figure 16), in line with the previously reported requirement for
RAD51 in the restart and repair of stalled replication forks (Petermann et al., 2010).
Importantly, however, pyridostatin had an additive effect on RAD51 abrogation in
obstructing replication fork progression (Figure 16b), which demonstrates that HR-
deficient cells are highly susceptible to the additional replication stress induced by G4
stabilisation. Cumulative replication defects may explain why G4-stabilising
compounds are particularly deleterious to cells whose capacity of HR repair has been
compromised.

Approximately 40% of promoters in the human genome are predicted to display
G4 motifs suggesting a functional role in transcriptional regulation (Huppert et al.,
2005). This led us to investigate the effect of pyridostatin on the transcription levels of
genes with high content of G4-forming sequences (MYC, SRC, SREBF1), as predicted by
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the QGRS Mapper (Kikin et al., 2006), using RT-qPCR. A statistically significant decrease
in the transcription levels of all three genes was observed after treatment with
pyridostatin regardless of the HR status (Figure 17). This finding is consistent with
previous studies demonstrating that G4 stabilisation triggers changes in the
transcriptome with specific alterations in the transcription profile of G4-containing
genes (Halder et al., 2012; Rodriguez et al., 2012). It is possible that G4 stabilisation
leads to replication fork stalling and subsequent DNA damage at sites with high G4-
forming potential. This in turn could cause reduced mRNA levels because DNA lesions
within a genomic locus can inhibit transcription in cis (Shanbhag et al., 2010) or
because the transcription machinery is unable to pass the lesions. In this study, we
report that HR deficiency has an additive effect on the DNA-damaging potential of G4
stabilisation. Whether the G4 stabilisers used in this study function through inducing
DNA damage per se or act as physical barriers obstructing access to transcription
machineries, remains to be elucidated. It is also possible that these drugs exert a
combination of both effects, as physical data show that pyridostatin-mediated G4
stabilisation enables resistance of these structures to the mechanical forces applied by
either DNA or RNA polymerases (Koirala et al., 2011). DNA exposure to the even higher
physical forces induced by chromatin remodelling during active transcription and
replication conceivably results in breakage. Additionally, endonucleases have been
proposed to mediate the DNA-damaging effect of G4-interacting compounds
(Rodriguez et al., 2012). In this respect, it is possible that the effect of pyridostatin on
transcription is mechanistically similar to transcription-coupled repair poisoning
previously reported for the anti-cancer drug ecteinascidin 743 (Takebayashi et al.,
2001).
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Finally, we used SV40-derived plasmids to measure the replication efficiency of
G4-forming sequences upon transfection into human cells (Figure 18). We detected no
difference in the replication efficiencies of these sequences when HR was abrogated
compared to control cells. We assign this negative result to the limitations of the assay,
most likely to the high processivity of the SV40 helicase, which may enable replication
through secondary structures difficult to bypass by the cellular replication machinery.
Further arguing against the possibility that HR is not required for efficient G4
replication are recent results from our laboratory using a plasmid-based replication
assay, in which the conventional replication machinery is recruited to the origin of
replication through artificial tethering mediated by CDC6 (Sziits et al., 2008). Using this
system, we established that the replication efficiency of telomeric repeats is
significantly decreased in cells lacking the HR activities of BRCA2 or RAD51C (E.
Tacconi, unpublished data). In addition, chromosome-orientation FISH (CO-FISH)
assays proved that replication of the G-rich telomeric strand with G-forming potential
is significantly reduced when HR is genetically abrogated (E. Tacconi, K. Klare,
unpublished data). These results strongly support the requirement of HR reactions for
G4 replication, possibly to rescue stalled replication forks or to repair DNA breaks

introduced in the vicinity of G4s (Tarsounas et al., 2013).

4.3 Conclusions

In summary, we report here that the ERK1/2 inhibitors SCH772984 and VTX-11e exert
significant anti-proliferative effects, which are specific for HR deficiency, thereby

confirming ERK1/2 as potential targets for anti-cancer therapy of HR-deficient
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tumours. Further in vivo experimentation is required to establish the suitability of
these compounds for clinical applications.

In addition, our study highlights the therapeutic potential of G4 stabilisation in the
context of HR deficiency. We show that chemical compounds that bind and stabilise
G4s also generate DNA damage and replication stress leading to reduced cell
proliferation and apoptosis in cells lacking HR activities. This supports the notion that
HR-compromised cells are vulnerable to G4-driven genomic instability and identifies
G4 stabilisers, in particular pyridostatin, as anti-cancer agents with therapeutic

potential particularly relevant to HR-deficient tumours.
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