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Abstract

Breast cancer is the most frequently diagnosed cancer worldwide. Despite good available
therapeutic options, more than half a million women still die each year due to breast cancer. A
major reason contributing to this high number is the development of therapy resistances. Thus,
identification of proteins and associated pathways that are involved in resistance development
are a focus of the cancer research field. A common mechanism by which tumor cells become
resistant to therapy is their tolerance to genomic instability, which leads to accumulation of
tumor-promoting mutations. DNA replication stress and defects in DNA repair pathways have
been shown to contribute to genomic instability, thereby supporting the development of
resistance to chemotherapeutics and radiotherapy. Since increased replication stress is a
hallmark of cancer cells, it has been identified as a promising target for new therapeutic
approaches. The aim of this thesis was to exploit how the replication stress response
contributes to therapy resistance, depending on the dysregulation of the three selected
candidate proteins BRCA1, PTEN, and CHK1.

BRCAA1 is a key protein of the DNA repair pathway homologous recombination and involved in
DNA replication fork protection of stalled forks. An isogenic MCF7 BRCA1 mutated cell system
with therapy resistant and sensitive clones was generated. The observed resistance to
different DNA damaging sources correlated to low level of replication stress, efficient DNA
repair and high CHK1 activation. CHK1, one of the main proteins of the replication stress
response and highly expressed in chromosomal unstable tumors, counteracts exogenously
induced replication stress by anti-cancer therapies. Similar results were observed in BRCA1
proficient MDA-MB-231 cells with resistant and sensitive sublines. An inhibition of the ATR-
CHK1 axis led to sensitization of the resistant cell lines.

PTEN prevents genomic instability through association with replication forks. Analysis of the
TCGA dataset revealed that a low PTEN expression correlated with a high chromosomal
instability score and significantly worse overall survival in breast cancer patients. Low PTEN
expression was associated with increased replication stress, manifested by increased origin
firing in several breast cancer cell lines. Additionally, PTEN expression correlated with the fork
stability upon replication stress induction. The elevated replication stress led to increased
sensitivity against PARP1 inhibition.

The observed results show that the replication stress response is a suitable target to sensitize
resistant cancer cells to radio- and chemotherapy, which was independent of the analyzed
breast cancer subtype and BRCA status. This suggests that a wide range of breast cancer

patients could benefit from combination therapies that target the replication stress response.



Zusammenfassung

Brustkrebs ist weltweit die am haufigsten diagnostizierte Krebsart. Trotz guter
Behandlungsmdglichkeiten sterben mehr als eine halbe Million Frauen jedes Jahr daran. Ein
Grund fur diese hohe Zahl ist die Entstehung von Therapieresistenzen. Die Identifizierung von
Proteinen und damit verbundenen Signalwegen, die an der Resistenzentwicklung beteiligt
sind, ist daher ein Schwerpunkt der Krebsforschung. Genomische Instabilitadt von Tumorzellen
beglinstigt das Auftreten weiterer tumorférdernder Mutationen und daraus resultierende
Resistenzen. DNA-Replikationsstress und Defekte in der Reparatur von DNA-Schaden tragen
zur genomischen Instabilitdt bei und beglnstigen die Entwicklung von Chemo- und
Strahlenresistenz. Da erhéhter Replikationsstress ein Merkmal von Krebszellen ist, ist es ein
vielversprechendes Ziel flr neue therapeutische Ansatze. Das Ziel dieser Arbeit war es, den
Beitrag der Replikationsstressreaktion fir die Therapieresistenz, in Abhangigkeit von der
Deregulierung der drei Kandidatenproteine BRCA1, PTEN und CHK1 zu untersuchen.
BRCA1 ist ein Schlusselprotein des DNA-Reparaturweges homologe Rekombination und
beteiligt am Schutz vom angehaltenen DNA-Replikationsgabeln. Es wurde ein isogenes MCF7
BRCA1-mutiertes Zellsystem mit therapieresistenten und -empfindlichen Klonen erzeugt. Die
beobachtete Resistenz korrelierte mit geringem Replikationsstress, effizienter DNA-Reparatur
und erhohter CHK1-Aktivierung. CHK1, eines der wichtigsten Proteine der Replikationsstress-
reaktion, wirkt durch hohe Expression dem durch Krebstherapien induziertem
Replikationsstress entgegen. Diese Beobachtungen konnten in BRCA71-kompetenten MDA-
MB-231-Zellen mit resistenten und empfindlichen Sublinien bestatigt werden. Eine Inhibition
der ATR-CHK1-Achse flhrte zur Sensibilisierung der resistenten Zelllinien.

PTEN verhindert eine genomische Instabilitdt durch Assoziation mit Replikationsgabeln. Eine
Analyse des TCGA-Datensatzes ergab, dass eine niedrige PTEN-Expression mit hoher
chromosomalen Instabilitdt und einer signifikant schlechteren Gesamtiiberlebensrate bei
Brustkrebspatientinnen korreliert. Verschiedene Zelllinien mit niedriger PTEN-Expression
wiesen erhohten Replikationsstress auf, der sich durch die vermehrte Aktivierung von
ruhenden Replikationsurspriingen auf3erte. Darliber hinaus wurde eine Korrelation von PTEN-
Expression und Stabilitdt der Replikationsgabel nach Induktion von Replikationsstress
beobachtet. Erhohter Replikationsstress flihrte zu einer héheren Empfindlichkeit gegenlber
PARP1-Inhibition.

Diese Ergebnisse zeigen, dass die Replikationsstressreaktion ein geeignetes Ziel ist, um
resistente Krebszellen gegenliber Radio- und Chemotherapie zu sensibilisieren, unabhangig
vom Brustkrebs-Subtyp und BRCA Status. Dies deutet darauf hin, dass ein breites Spektrum
von Brustkrebspatientinnen von Kombinationstherapien profitieren kénnte, die auf die

Replikationsstressreaktion abzielen.



1. Introduction

1. Introduction

Cancer is a very common disease with estimated 19.3 million new diagnosed cases worldwide
in 2020 [1]. With the still incredibly high number of about 10 million deaths in 2020, it is a
leading cause of death in many countries [1]. The general feature underlying most cancers is
an abnormal cell division, thereby promoting uncontrolled cellular growth and the ability to
spread to nearby or distant organs across the human body [2]. As this can occur in almost any
organ and cell type, cancer is a very heterogeneous and complex disease that displays many
different hallmarks which are still under extensive investigation [3]. The increase in longevity
leads to a growing number of patients being diagnosed with cancer each year and the upsetting

high number of cancer deaths highlights the importance of the entire field of cancer research.

1.1 Breast cancer

Breast cancer has become the most frequently diagnosed cancer with 2.26 million newly
diagnosed patients worldwide in 2020 [1]. Approximately 685.000 breast cancer patients died
due to the disease in 2020, making breast cancer the leading cancer associated cause of death
for women in 18 out of 20 investigated regions across the world [1]. Thus, more research to

improve therapeutic options for breast cancer patients is necessary.

1.1.1 Breast cancer subtype is associated with prognosis and therapy indication

Breast cancer is a very heterogeneous disease that has been classified into five main
subtypes: luminal A (LumA), normal-like, luminal B (LumB), human epidermal growth factor
receptor 2 (Her2)-positive (Her2+), and ftriple-negative breast cancer (basal-like) (TNBC)
(Figure 1) [4]. These molecular subtypes were identified and defined in 2000 by microarray
analysis [5]. The definition includes the expression of different receptors, which vary depending
on the subtype and have major implications for therapy options [6-8]. LumA and LumB, as well
as normal-like cancer cells, express hormone receptors (estrogen and/or progesterone), only
distinguished by the proliferation marker Ki67 [8, 9]. LumA and normal-like tumors show low
marker of proliferation Ki-67 (Ki67) expression. In contrast, LumB tumors have a high Ki67
expression and may also express Her2 [9]. These hormone receptor positive breast cancer
subtypes are usually treated with hormone therapy, e.g., tamoxifen [10]. Her2+ tumors are
classified as hormone receptor negative but show high Her2 expression. Her2 can be
specifically targeted by therapeutic drugs like trastuzumab [11]. TNBC is another subtype,
which has no expression of either hormone or Her2 receptors. Therefore, no targeted drugs

are available, and these tumors are mainly treated with systemic chemotherapies, e.g.,
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taxanes or anthracyclines and radiotherapy (RT) [12]. While response rates to chemotherapy
are initially high, many patients develop resistance to standard of care therapy later on.
Recurrences and visceral metastasis in mainly lung, liver, and brain occur frequently,
contributing to an overall bad prognosis for many patients [13]. Thus, a great number of studies
focus on the treatment of TNBC patients, as they have the worst prognosis amongst the
different breast cancer subtypes (Figure 1) [12].

Lately, it has become evident that certain patients with a primary LumA tumor develop
resistance against the standard of care treatment options and show recurrent tumors, which
may change their subtype [9, 14]. Once a recurrent tumor is diagnosed, the survival rates for
luminal, as well as Her2+, are close to the rates for TNBCs five years post recurrence [15].
The rates were 10 % for patients with a TNBC, around 35 % for patients with a luminal tumor,
and 30 % for Her2+ breast cancer patients [15].

This observation indicates that for a subgroup of the breast cancer subtypes with good cure

rates, identification of markers that could predict therapy failure and recurrence probability are

desirable.
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Figure 1: Overview of breast cancer subtypes with associated molecular features, prognosis,
aggressiveness, and therapy implications. Adapted version from [4]. Created with
BioRender.com. ER: Estrogen receptor; Her2: Human epidermal growth factor receptor 2; Ki67:
Marker of proliferation Ki-67; PR: progesterone receptor; TNBC: Triple-negative breast cancer.
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1.1.2 Consequences of BRCA1, PTEN, and CHK1 mutations in hereditary breast
cancer

Several genes have been identified to be mutated in hereditary breast cancer and are
associated with a high penetrance. These genes include breast cancer gene 1 and 2
(BRCA1/2) and phosphatase and tensin homolog (PTEN) [16-18]. Hereditary breast cancers
account for about 10% of all cases and more than 25% of those are caused by mutations in
the BRCA1 and BRCAZ2 genes [19]. Mutations in PTEN are less frequent in hereditary breast
cancers (< 5%), but PTEN loss is acquired in more than 30% of sporadic breast tumors [20].
BRCA1 and PTEN are both involved in the regulation of checkpoint kinase 1 (CHK1), which is
a regulator for the cell cycle progression and has additional functions in deoxyribonucleic acid
(DNA) repair as well as the replication stress response. CHK1 itself is not frequently mutated
in breast cancer and has also not been associated with a high penetrance [21].

Associated risk for breast cancer development: The risk of developing breast cancer during
a lifetime has been investigated by several groups for these genes. For carrier of BRCA1/2 or
PTEN mutations the risk to develop breast cancer is as high as up to 85% [22]. The results for
CHK1 are controversial. One study did not find any evidence that hereditary variants of CHK1
are linked to an increased risk for the development of breast cancer [21]. In contrast, other
studies have indicated before that alterations of CHK7 may contribute to an increased breast
cancer risk [23]. For BRCA1 and PTEN it has further been shown that mutations may correlate
with a certain breast cancer subtype. Low expression or loss of PTEN, as well as BRCA1 has
been associated with a TNBC subtype [24, 25]. For BRCA1 mutated tumors it is estimated that
approximately 50-80% of them are TNBCs [24].

Molecular consequences on involved pathways: The severe consequences of the
mutations in BRCA1, PTEN, or CHK1 are explained by their important functions in multiple
pathways to ensure the cellular homeostasis. BRCA1 is an essential protein that is involved in
different cellular processes. The most described and well-known function is found in the DNA
repair process homologous recombination (HR) [26]. It also acts in the protection of stalled
replication forks and centrosome duplication (Figure 2) [27, 28]. Functions of PTEN are the
antagonizing effect on the phosphoinositide 3-kinases (PI3K)-protein kinase B (AKT)-
mammalian target of rapamycin (mTOR) pathway and supporting centrosome stability [29, 30].
Additional discovered functions are associated with the DNA damage and replication stress
responses (Figure 2) [31-33]. CHK1 has important functions in cell cycle control, which is
especially important in response to DNA damage and replication stress [34]. Further, CHK1
directly promotes DNA repair by HR [35] and acts as an inhibitor for cyclin-dependent kinase
1 (CDK1) at the centrosomes (Figure 2) [36]. All three proteins are important key regulators of

pathways that ensure the chromosomal and thereby the genomic stability of a cell.
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1.2 Chromosomal instability

Chromosomal instability (CIN) is one of the processes that have been identified to cause
genomic instability and thereby contributes to tumorigenesis and tumor progression [2]. CIN is
characterized by aberrant chromosomal segregation, leading to aneuploidy, which is
characterized by amplifications or losses of entire or parts of chromosomes [37]. The
amplification or loss of whole chromosomes is defined as numerical CIN (nCIN). Loss or

amplification of parts of the chromosomes is referred to as structural CIN (sCIN), which also
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Figure 2: Functions of PTEN, BRCA1, and CHK1 in different cellular pathways. Created with
BioRender.com. AKT: Protein kinase B; BARD1: BRCA1 associated RING domain 1; BRCA1/2: Breast
cancer gene 1/2; CDC25A/B/C: Cell division cycle 25A/B/C; CDK1/2: Cyclin-dependent kinase 1/2;
CENP-C: Centromeric protein C; CHK1: Checkpoint kinase 1; HR: Homologous recombination; mTOR:
Mammalian target of rapamycin; OLA1: Obg-like ATPase 1; P: Phospho-; Ori: Origin of replication;
PCNA: Proliferation cell nuclear antigen; PI3K: Phosphoinositide 3-kinase; PIP2: Phosphatidylinositol-
4,5-bisphosphate; PIP3: Phosphatidylinositol-3,4,5-trisphosphat; PLK1: Polo-like kinase 1; PTEN:
Phosphatase and tensin homolog; RACK1: Receptor for activated protein C kinase 1; RAD51:
Recombinase Rad51; WEE1: G2 checkpoint kinase WEE1.
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includes the translocation of chromosomal parts [37]. Another process contributing to genomic
instability is microsatellite instability (MSI). It is defined as a change in the number of repetitive
short sequences (microsatellites) from the inherited number and is mainly caused by defects
in the DNA repair pathway mismatch repair [38]. MSI occurs most frequently in colorectal,
endometrial and gastric cancers [38]. CIN has been stated as a major driver of tumorigenesis
and tumor progression, as the loss or amplification of chromosomes or parts of it may result in
deletion of tumor suppressor genes or amplification of oncogenes [39]. Thus, tumors with high
CIN are associated with high aggressiveness, therapy resistance, and an overall worse

prognosis for cancer patients [40, 41].

1.2.1 Chromosomal instability in breast cancer

A study from Carter et al. estimated that more than 50% of their breast cancer cohort samples
showed a genome doubling, independent of the subtype [42]. Thus, all breast cancer subtypes
can display CIN. Further, BRCA-mutated or TNBC tumors have been shown to be associated
with the highest CIN level [43]. In the case of TNBCs, an extremely high level of CIN does not
correlate with the prognosis in a linear matter. Indeed, the higher the CIN, the better the
response to chemotherapy treatment and patient outcome [43]. This finding was confirmed by
the study from Birkbak et al., in which they show that intermediate CIN scores lead to
decreased recurrence-free survival compared to the groups of low and extremely high CIN
scores [44]. They conducted the CIN70 score for their analysis, which was introduced by Carter
et al. in 2006 [45]. Almost 2000 tumor samples from nine different tumor entities were screened
for functional aneuploidy and examined for correlating gene expression patterns. This revealed
a signature of 70 involved genes, which is now commonly used to identify CIN in tumor
samples and is referred to as the CIN70 score [45].

Most of the therapeutic approaches for the treatment of TNBCs, including taxanes and RT,
lead to increased and intolerable CIN levels in a cancer cell and, thus cancer cell death. At the
same time, high CIN already sensitizes cancer cells to the treatment with RT and taxanes [46,
47]. This explains why many TNBCs initially show good response rates to these treatment
options. Yet, the problem of frequently developed resistances and recurrences remains to be
solved [48]. As the CIN state of cancer cells may give important indications for therapy
response and prognosis, the mechanisms how CIN arises and is maintained in cancer cells

has been highly investigated.

1.2.2 Emergence of chromosomal instability

Several mechanisms contributing to CIN have been identified so far. These include amongst
many other pathways: mitotic checkpoint failure, centrosome aberrations, DNA replication
stress, and DNA damage response (DDR) [48-50].
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Consequences of BRCA1 mutations: BRCA1 mutations can contribute to CIN due to the
involvement of BRCA1 in most of the mentioned pathways (Figure 2). An early study from Xu
et al. in 1999 investigated the involvement of BRCA1 in the tumorigenesis in normal fibroblasts
[51]. They discovered that the loss of exon 11 in the BRCA1 gene led to a defect in the G2/M
checkpoint and amplification of centrosomes, resulting in incorrect segregation of the
chromosomes. They concluded that BRCA1 defects caused severe genomic instability due to
CIN and thus contribute to tumorigenesis in cells [51]. Later, it was shown that BRCA1
associates at centromeres together with BRCA1 associated RING domain 1 (BARD1) and obg-
Like ATPase 1 (OLA1) [52, 53] and that a dysregulated expression of any of the three proteins
led to incorrect centromere duplications [54]. Further, the interaction of the N-terminus of
BRCA1 with receptor for activated protein C kinase 1 (RACK1) is essential for guiding BRCA1
to the centromeres [55]. The other two functions of BRCA1 in the DNA repair and replication
stress response (Chapter 1.3.1 & 1.4.2) highlight that a non-functional BRCA1 protein can
contribute to the emergence of CIN in more than one pathway and ultimately promote genomic
instability (Figure 2). How replication stress contributes to CIN was described by Burell et al.
in 2013. The induction of replication stress caused sCIN and nCIN to arise in colorectal cancer
cells that displayed no CIN before [49]. They further show that replication fork progression was
affected in cells with high CIN, accompanied by increased replication fork stalling and
asymmetric fork progression [49].

Impact of PTEN dysregulation: PTEN dysregulation also contributes to CIN due to its
multiple nuclear functions (Figure 2). One function is the direct interaction with the centromeric
protein C (CENP-C), which is an important protein of the kinetochore [33]. During mitosis,
mitotic spindles attach to the kinetochore protein structure for chromosomal segregation. That
is why mutations which disrupt the interaction of PTEN and CENP-C cause instability of the
centromeres and lead to breakage of the centromeres [33]. Additionally, PTEN regulates the
mitotic kinesin-related motor protein Eg5 (EG5), which is responsible for the correct formation
of the spindles and thus for the alignment of the chromosomes [29]. The study revealed that
PTEN depletion led to aberrant EG5 phosphorylation, which resulted in spindle assembly
failure and chromosome misalignment [29]. Like BRCA1, PTEN is not only contributing to CIN
by direct association with the centromeres of the chromosomes, but also by additional
functions in other cellular pathways, like DNA repair and replication stress response (Figure 2;
Chapter 1.3.1 and 1.4.2).

Influence of CHK1 dysregulation: CHK1 is also a key protein of many pathways that lead to
CIN upon disruption. The ataxia telangiectasia and Rad3-related protein (ATR)-CHK1 axis is
a key regulator of the replication stress response (Chapter 1.4), and a deregulation of both
proteins has been shown to result in elevated CIN [56]. Upon detection of DNA damage, ATR

and CHK1 control the stalling of replication forks and the firing of origins of replication. CHK1
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also delays the cell cycle progression to prevent the formation of under-replicated DNA and
allow the DNA repair pathways to repair the detected DNA damages [57, 58]. Lastly, CHK1
actively promotes the repair of DNA double strand breaks (DSBs) by phosphorylation of the
recombinase Rad51 (RAD51) at threonine (Thr)309, which seems to be essential for the
loading of RAD51 on the DNA to perform HR (Figure 2) [35]. It has been shown that unrepaired
DNA damages contribute to CIN, especially since two DSBs on different chromosomes are
sufficient to create chromosomal translocations [59]. Thus, deficiency or disruption of DNA

repair pathways may lead to elevated CIN in a cancer cell.

1.3 DNA repair

The repair of occurring DNA damages is the most crucial process in a cell. The accurate repair
is essential for the survival of normal cells and the prevention of a neoplastic transformation.
Incorrect repair may lead to inactivation of tumor suppressor genes or activation of proto-
oncogenes [60]. The most lethal DNA damage that a cell can acquire is a DSB. The repair is
complex and the risk for severe chromosomal aberrations to occur is high. There are three
main pathways that can repair DSBs: Non-homologous end joining (NHEJ), single strand
annealing (SSA), and HR. However, the only pathway that repairs DSBs without errors is HR,
as it uses the homologous sister chromatid as template [61, 62]. This is why HR can only occur
during the S and G2 phase of the cell cycle, due to the requirement of the sister chromatid to
be present. NHEJ is the major repair pathway during the other cell cycle phases [63]. This
thesis focuses on HR, since a deficiency in HR is frequently associated with breast cancer and

BRCA1 is a key regulator.

1.3.1 Homologous recombination

The accurate repair of DSBs prevents the occurrence of mutations, chromosomal aberrations,
and ensures the survival of the cell. DSBs can arise endogenously, for example when a
replication fork runs into a single strand break (SSB). They can also be induced exogenously
by DNA damaging chemicals or ionizing radiation (IR) [64].

Once a DSB is detected in a cell, the appropriate DNA repair pathway has to be chosen. This
is achieved by tumor suppressor p53-binding protein 1 (53BP1) and BRCAA1, controlling the
end resection dependent on the cell cycle phase. In the S phase, 53BP1 is removed in a
BRCA1-dependent manner from DSB sites. 53BP1 inhibits the end resection by CtBP-
interacting protein (CtIP) and leads the cell towards NHEJ [65]. BRCA1 associates at DSB
sites due to the interaction with the Abraxas and receptor-associated protein 80 (RAP80)
complex that binds to ubiquitinated histones [66]. If BRCA1 is recruited to a DSB, it forms a
complex with CtIP to promote the 5-3’-end resection to generate 3’-overhangs. This is

achieved by interaction with the MRE11-RAD50-NBS1 (MRN)-complex, which consists of
7
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double-strand break repair nuclease MRE11 (MRE11), double Strand Break Repair Protein
RAD50 (RAD50), and nijmegen breakage syndrome protein 1 (NBS1) [67]. Additional
nucleases and helicases, like DNA replication ATP-dependent helicase/nuclease DNA2
(DNA2), exonuclease 1 (EXO1), werner syndrome helicase (WRN), and bloom syndrome
protein (BLM) join to further promote excessive 5’-3’-end resection that is needed for HR [68].
This step represents the initiation step of the HR. The 3’-overhangs are then subsequently
coated with replication protein A (RPA) to protect the single strand DNA (ssDNA) from
nucleolytic degradation and formation of secondary DNA structures [63]. Next, RPA must be
replaced by RAD51, the essential protein to mediate the strand invasion in the sister chromatid.
The complex of BRCA1-partner and localizer of BRCA2 (PALB2)-BRCAZ2 recruits RAD51 and
initiates the loading on to the ssDNA [26]. The newly formed RAD51-filament can then start
the search for the homologous region on the sister chromatid [69]. Upon detection of the
homologous region, a small displacement-loop (D-loop) can be formed, where one strand of
the sister chromatid is displaced, and a primer-template junction is created to enable DNA
synthesis and repair [70]. Once the synthesis is finished, the newly synthesized DNA can be
displaced from the D-loop, followed by annealing to the complementary sequence of the non-
invading stand [70]. This sub pathway of the HR is called synthesis-dependent strand
annealing. This process avoids the crossover of DNA, and is thus the preferred pathway for
DSB repair. The other two sub pathways of HR are the double Holliday junction model, and
break-induced replication (BIR). Both are prone to the generation of DNA crossovers,
potentially leading to mutations and genomic alterations [71].

Additional factors influencing the HR are modifications of the involved proteins, like
phosphorylation. For example, it has been shown that CHK1 is responsible for the
phosphorylation of RAD51 at Thr309 [35]. This phosphorylation seems to be essential for the
DNA association of RAD51 and thereby for the ability to perform HR [35]. Recently, it has been
suggested that CHK1 is also involved in the mediation of polo-like kinase 1 (PLK1) activity [72].
This activity promotes HR by phosphorylation of RAD51 at serine (Ser)14, which is required
for the CHK1-dependent Thr309 phosphorylation [72]. CHK1 passively contributes to HR, by
stalling the cell cycle progression to allow DNA damage to be repaired [34]. PTEN has less
direct functions on HR, but rather influences the DNA repair by regulation of CHK1 [32]. It also
seems to be involved in the recruitment of RAD51 and other DNA repair associated factors to
the chromatin, as a loss of PTEN leads to reduced detection of these proteins in nuclear
fractions [33, 73].

However, the involvement of BRCA1 in most of the key steps of HR makes it an essential
protein for the pathway. Thus, mutations in BRCA1 are associated with a HR deficiency, which

can have severe effects on the cell and offer indications for possible therapy options.
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1.3.2 The BRCA1 gene and associated functions

In 1990, Hall and colleagues first described an association of early-onset familial breast cancer
with the chromosome 17921 [17]. This gene was soon named BRCA71 and has been
extensively studied ever since. The BRCA1 gene encodes a protein with 1863 amino acids
and contains several important protein domains (Figure 3) [74].

Starting from the N-terminus, the first domain is the really interesting new gene (RING) domain,
which conducts the direct interaction with the BARD1 protein [75]. This heterodimer functions
as an E3-ubiquitin ligase and has been shown to be involved in several cellular processes,
including chromatin remodeling, DNA repair, and response to chemotherapeutic drugs [76,
77]. Mutations in the entire N-terminal region, including the RING domain, have been
associated with an increased breast cancer risk before and are likely associated with loss of
the E3-ubiquitin ligase activity [78]. It has been shown that the function of the heterodimer
influences the response to chemotherapeutics in DT40 cells [77]. A non-functional E3-ubiquitin
ligase activity led to resistance against mitomycin C (MMC), but at the same time, showed
sensitivity to camptothecin. The authors suggested that this effect is due to the BRCA1-
BARD1-dependent claspin-CHK1 activation, an essential step in the replication stress
response [77]. The chromatin remodeling function has been demonstrated by Densham et al.,
as they indicated the following model: The E3-ubiquitin ligase activity modifies the chromatin

and thereby promotes binding of SWI/SNF-related, matrix-associated actin-dependent
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Figure 3: BRCA1 gene with functional domains, associated proteins, and mutation rates. Adapted

version from [83]. Created with Biorender.com. ATM: Ataxia telangiectasia mutated; ATR: Ataxia
telangiectasia and Rad3-related protein; BARD1: BRCA1 associated RING domain 1; BRCT: BRCA1
C-terminal domain; C: C-terminus; CtIP: CtBP-interacting protein; N: N-terminus; NLS: Nuclear
localization signal; P: Phosphorylation site; PALB2: Partner and localizer of BRCA2; RING: Really

interesting new gene; SCD: Serine containing domain.
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regulator of chromatin, subfamily A containing DEAD/H box 1 (SMARCAD1), a chromatin
remodeler itself. The binding of SMARCAD1 is required for repositioning of 53BP1, which
allows end resection and HR initiation to occur [76]. Many questions regarding the targets,
functions, and consequences of loss of the E3-ubiquitin ligase activity on prognosis and
therapeutic implications remain elusive.

Next to the RING domain, the nuclear localization signal (NLS) of BRCA1 is encoded, which
ensures the transport into the nucleus via interaction with importin a [79]. The domain is
essential to ensure the correct localization of the BRCA1 protein due to the critical functions of
BRCA1 being located in the nucleus.

The next functional domain is the coiled-coil domain, which has important functions in the
complex formation with PALB2 [80]. Lately, it has been shown that mutations affecting the
BRCA1-PALB2 interaction can lead to increased cancer risk [81]. Additionally, new studies
suggest that mutations in the coiled-coil domain can lead to HR deficiency and thus to
sensitivity against poly-[ADP-ribose] polymerase 1 (PARP1) inhibition [82]. Spanning the
coiled coil domain and surrounding regions is a serine containing domain (SCD), which
includes the phosphorylation sites of ATR and ataxia telangiectasia mutated (ATM), two of the
main DDR kinases [83].

In the C-terminal region, two BRCA1 C-terminal (BRCT) domains are located, which have been
firstidentified in the BRCA1 gene, but are conserved structures in several other known proteins
[84]. The BRCT domains recognize interaction proteins that are phosphorylated with the pS-
X-X-F motif, like Abraxas and CtIP, and are therefore crucial for the complex formation ability
of BRCA1 [84]. Mutations in these domains have been associated with breast cancer before
[74]. Interestingly, mutations in the BRCT and RING domains are occurring most frequently
and seem to be of clinical relevance (Figure 3) [83]. Despite growing knowledge about
mutations in the functional domains of BRCA1, mutations in non-functional domains remain

poorly understood.

1.3.3 Clinical implications of BRCA1 mutations

A frequently described consequence of a mutation or loss of BRCA1 is a defect in HR, which
has been shown to be an important indicator for therapy choice. It is well known that specifically
PARP1 inhibition is synthetic lethal for BRCA mutated cells [85, 86]. The concept of synthetic
lethality has already been introduced in 1946 by Dobzhansky [87]. Itis defined as an interaction
between two genes, where mutations in one gene have no or limited effects on the viability of
a cell. Mutations in both genes however, lead to cell death [88]. The synthetic lethality
interaction of BRCA1/2 mutations with PARP1 inhibition has been shown first in 2005 [85, 86].
PARP1 normally functions in an alternative DNA repair pathway, which is especially important

to recognize and repair SSBs. If a cancer cell harbors a mutation in BRCA1/2, and due to
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inhibition of PARP1 another important DNA repair pathways is impaired, the cancer cells do
not have an escape from cell death [89]. It became evident soon that the synthetic lethality
was not limited to tumors carrying mutations in BRCA1/2, but also occurred in tumors
displaying a so-called “BRCAness” phenotype [90]. The main feature of BRCAness is a
deficiency in HR, despite BRCA1/2 not being mutated. This indicates that additional to
screening for mutations, the functionality of pathways should be tested. These tests could lead
to the identification of more patients that could benefit from therapies like PARP1 inhibition
[91]. One functional readout for the performance of HR is the RAD51 foci formation at DNA
damage sites, which has been suggested to be used as an indicative marker by several groups
[92-94]. However, functional readouts are still not implemented in the clinic and are only rarely
used for the prediction of therapy responses. In the context of personalized cancer therapy,
integration of functional assays would be desirable.

Even though the first results of PARP inhibitors have been promising, the development of
resistances was soon observed. Several cellular mechanisms of PARP1 inhibitor resistance
have been identified. The following two are attributed to pathways that are important for this
thesis. The first is the reactivation of HR, which can be achieved by either reverting mutations
in BRCA1/2, restoring the HR activity [89] or loss of 53BP1, which causes HR to be initiated in
a BRCA1-independent manner [65]. The second mechanism is the restoration of replication
fork stability in response to replication stress. BRCA1 mutations lead to unprotected stalled
replication forks, leaving them prone to uncontrolled degradation by nucleases [28]. If stalled
replication forks are stabilized again due to loss of additional proteins and the replication stress

level is reduced, PARP1 inhibitor resistance may occur [89].

1.4 DNA replication stress

1.4.1 Definition of replication stress

DNA replication stress is a very complex state in a cell that is usually defined as transient
slowing or stalling of replication fork progression [95]. It leads to impaired DNA replication, if
not handled properly [95]. The DNA replication is a critical process in cells because it ensures
the correct duplication of the genome, which is inherited to the daughter cells after cell division.
Failure of accurate DNA replication and cell division may lead to genomic instability, which is
a hallmark of cancer [2]. Thus, increased replication stress has been identified as a major
contributor to sCIN and nCIN in cells, promoting genomic instability [49]. The term ‘replication
stress’ summarizes the occurrence of any obstacle that may arise endo- or exogenously,
blocking the replication fork progression [95]. This definition and the associated features are

still evolving, which is highlighted by a study from Maya-Mendoza and colleagues. They
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showed that an increase in replication speed after treatment with PARP1 inhibitors led to
replication stress and consequently to genomic instability [96].

Enhancement of the replication stress to a critical level in a cell may be a suitable goal for anti-
cancer therapies. This hypothesis has been extensively investigated in cancer research for

several years and is the focus of this thesis.

1.4.2 The mechanisms of the replication stress response

The creation of physical blocks of replication can be caused endo- or exogenously by different
mechanisms. Endogenous replication stress can arise due to collision of the replication and
transcription complexes, which can result in R-loop formation. The R-loop consists of one DNA-
ribonucleic acid (RNA) hybrid structure and one single strand of DNA. Other sources are
reactive oxygen species or secondary structures of the DNA, like hairpins or G-quaduplexes,
which occur in regions with repetitive DNA sequences [95]. Endogenous replication stress may
contribute to a neoplastic transformation in normal cells. In tumor cells, it may drive the
tumorigenesis and progression of the tumor [2, 97]. Many drugs used as chemotherapeutics
cause replication stress exogenously by the induction of replication blocks like DNA cross-links
or trapping proteins on the DNA [95]. The common feature of replication stress is the presence

of long ssDNA stretches (Figure 4). This is due to continued unwinding of DNA by the
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Figure 4: Overview of the replication stress response. The pathway is explained in detail in
chapter 1.4.2. Adapted version from [95, 104]. Created with BioRender.com. ATR: Ataxia
telangiectasia and Rad3-related protein; ATRIP: ATR-interacting protein; BRCA1/2: Breast cancer
gene 1/2; CHK1: Checkpoint kinase 1; HLTF: Helicase-like transcription factor; MCM2-7:
Minichromosome maintenance protein 2-7; Ori: Origin of replication; PCNA: Proliferation cell nuclear
antigen; PRIMPOL: Primase and DNA directed polymerase; RAD51: Recombinase Rad51; RPA:
Replication protein A; SMARCAL1: SWI/SNF-related matrix-associated actin-dependent regulator of
chromatin subfamily A-like protein 1; TopBP1: DNA topoisomerase |l binding protein 1; Poly-Ub:
Polyubiquitin; WEE1: WEE1 G2 checkpoint kinase; ZRANB3: Zinc finger, RAN-binding domain

containing 3.
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associated minichromosome maintenance protein (MCM) helicase, while the DNA polymerase
has already been stalled [98]. The ssDNA stretches must be immediately covered by RPA,
leading to recruitment of ATR-interacting protein (ATRIP). It ultimately results in the activation
of one of the main kinases of the replication stress response: ATR [99]. DNA topoisomerase Il
binding protein 1 (TopBP1) can then bind the complex of ATRIP and ATR to further enhance
the activity of ATR [100]. The next important step in the replication stress response is the
activation of CHK1 by ATR [101]. Activated ATR can phosphorylate claspin, which leads to the
recruitment of inactive CHK1. Afterwards, ATR can activate CHK1 by phosphorylation [102].
The fully activated replication stress response then counteracts the blockade of replication fork
progression in multiple ways.

The first pathway is the regulation of the cell cycle progression. Activated CHK1 can tightly
regulate the S phase checkpoint by cell division cycle 25A (CDC25A) degradation, which
inhibits the activation of CDKs and thereby stops cell cycle progression [103]. Additionally,
CHK1 activates G2 checkpoint kinase WEE1 (WEE1), which can also regulate the CDKs,
further contributing to the inhibition of the cell cycle progression [104]. The cell cycle arrest
gives the cell time to overcome the replication stress and complete DNA replication to prevent
the occurrence of under-replicated DNA [105]. If the DNA replication is not completed before
the mitosis, genomic instability might be a consequence [105].

The second pathway is the control of origin firing. CHK1 has inhibitory functions on late origin
firing during replication and thereby directs the cell to rather restart stalled replication forks,
instead of activating more origins of replication. This saves energy and resources necessary
for DNA synthesis, like deoxynucleotide triphosphates (dNTPs) [106, 107]. However, in some
conditions, it can also be beneficial for the cell to fire new origins in close proximity to stalled
forks, leading to a rescue of these replication forks. ATR can directly control this firing of
dormant origins by phosphorylation-dependent regulation of the MCM complex and fanconi
anemia complementation group | (FANCI) [108, 109].

A third and more complex pathway is the stabilization and restart of stalled replication forks,
which is orchestrated by ATR [110]. Stalled forks need to be stabilized, as a fork collapse may
result in a DSB. The most common form of replication fork protection is the reversal of stalled
replication forks (Figure 4) [104]. Alternative pathways are the translesion synthesis and
primase and DNA directed polymerase (PRIMPOL) repriming. Both are error prone as they
simply push the replication fork progression through the DNA lesion. Thus, replication fork
reversal is the preferred pathway [104]. The main three proteins involved in fork reversal are
SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like
protein 1 (SMARCAL1), recruited by ssDNA bound RPA, zinc finger, RAN-binding domain
containing 3 (ZRANB3), recruited by polyubiquitinated proliferating cell nuclear antigen

(PCNA), and helicase-like transcription factor (HLTF) (Figure 4). They all catalyze the fork
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reversal by adenosine triphosphate (ATP) hydrolysis [104]. Once the fork is reversed, ATR-
CHK1 promotes the recruitment of several proteins that are also involved in HR, like BRCA1,
BRCAZ2, and RAD51, to protect the reversed fork structure from degradation by nucleases
(Figure 5) [28, 111, 112]. Cells lacking functional fork protection displayed uncontrolled
nucleolytic degradation of the DNA at reversed replication forks, mediated by the nucleases
MRE11 and EXO1 [112]. If proteins of the fork reversal pathway like SMARCAL and ZRANB3
are additionally mutated in BRCA1 deficient cells, less DSBs occur. This indicates that fork
reversal supports genomic instability in BRCA1 mutated cells [113]. If a cell can overcome the
replication stress, stalled replication forks may be restarted by mechanisms that are mediated
by ATP-dependent DNA helicase Q1 (RECQ1) via WRN and DNA2 (Figure 5) [114, 115]. Once
the replication stress raises to a critical point, which cannot be rescued by the replication stress
response, replication catastrophe occurs, leading to cell death [116]. One hypothesis how
replication catastrophe is initiated is the exhaustion of RPA, since uncovered ssDNA is prone
to breakage and degradation by nucleases [116]. This is a reason why the regulation of
dormant origin firing is crucial, as more open forks also require more RPA, thereby further
reducing the pool of available RPA [1186].

In addition to the mentioned proteins, there are other tumor suppressor genes that have been
previously associated with the replication stress response. One of them is PTEN, which has
been described to directly interact with RPA and MCM2 under replicative stress [117, 118]. It
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Figure 5: Replication fork protection and consequences of BRCA1 or 2 mutations. The
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pathways are explained in detail in chapter 1.4.2. Adapted version from [104]. Created with
BioRender.com. BRCA1/2: Breast cancer gene 1/2; CtIP: CtBP-interacting protein; DNA2: DNA
replication ATP-dependent helicase/nuclease DNA2; EXO1: Exonuclease 1; MRE11: Double-strand
break repair nuclease MRE11; RAD51: Recombinase Rad51; RECQ1: ATP-dependent DNA
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has been further shown that PTEN is required for the loading of RAD51 at stalled replication
forks [73]. The loss of PTEN has also been associated with impaired CHK1 activation, which
resulted in accumulation of DNA damage [32, 119].

Replication stress is believed to be specifically elevated in many cancer cells compared to the
corresponding normal tissue cells. Consequently, there are high expectations to use available
or newly developed targeted drugs in new combinations to target the replication stress
response. The idea is to drive cancer cells into replication catastrophe and cancer cell death
[104, 120].

1.4.3 Clinical application of the replication stress response for cancer therapy

Cancer cells can display high level of replication stress due to different reasons. These include
the activation of oncogenes, loss of G1/S checkpoint or defective DNA repair pathways [121,
122]. Depending on the affected mechanism, different level of replication stress can be present
in cancer cells. Thus, a classification of low, moderate, and high replication stress cancers
would be beneficial and could indicate the response to different therapeutic options.
Replication stress has been shown to be also present in breast cancer, and several
combinational therapies targeting the replication stress response are investigated in clinical
trials in advanced stage tumors, including TNBCs [123, 124]. Measuring replication stress is
not trivial though, as markers that are commonly used, like phosphorylation of histone H2AX
(yH2AX), are not exclusively caused by replication stress [95]. More indicative marker for
replication stress would be: (1) The phosphorylation of CHK1 at Ser345 or RPA at Ser33, as
those sites are ATR-dependent. (Il) RPA foci detection at the appropriate time point, as the
ssDNA stretches that occur due to replication stress have to be covered by RPA immediately.
(1) Direct visualization of the DNA replication by the DNA fiber assay. Nucleotide analogous
are incorporated in the DNA, which can be stained and measured to reveal the replication fork
speed and DNA structures. They can be counted to assess, e.g., the number of stalled
replication forks [95]. Those methods are all functional readouts which are usually not
integrated as a standard tool for therapy prediction. Therefore, more recent studies try to use
specific replication stress signatures or scores based on The Cancer Genome Atlas (TCGA)
and other large available datasets, which can be implemented easier in clinical routines [125,
126].

The induction of replication stress is a general mechanism of many anti-cancer therapies [127].
Depending on the drug, different replication blocks are generated. Examples are: (I) DNA
crosslinks between the two DNA strands that are generated by platinum-based and alkylating
drugs, making it impossible for the replication complex to pass by. A replication fork meeting a
DNA crosslink has to stall until the crosslink is repaired. (II) Nucleotide analogous that are

incorporated into the DNA and directly cause replication fork stalling. At the same time, they
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inhibit the cellular dNTP synthesis, reducing the available dNTP pool for replication, further
enhancing the replication stress level [127]. (Ill) Trapping of proteins on the DNA, which is
achieved by topoisomerase | or Il and PARP1 inhibitors [127]. (IV) Stabilizing drugs of
secondary DNA structures that preferably form at repetitive DNA sequences [104].

Several other drugs do not directly inhibit the replication fork progression but rather focus on
the replication stress response at different stages. Inhibitors against the key kinases of the
replication stress response, like ATR, CHK1, and WEE1, are being studied extensively. Also,
inhibition of the PISBK-AKT-mTOR pathway is under investigation. This pathway increases the
firing of origins, decreases the HR capacity and is one of the most frequently hyper activated
pathways in cancer [128, 129]. Another protein regulating the licensing and firing of origins is
the MCM2-7 complex, which might also be a possible target for inhibition [130, 131]. Despite
many targetable options, monotherapies with these drugs often do not lead to the expected
results and development of resistances are frequent [89, 128].

Thus, many open questions regarding therapy development and improvement remain to be
solved. One approach is the use of combinational therapies to avoid the occurrence of
resistances and improve the outcome for the patients. An unresolved issue of these therapies
is the balancing of the toxicity and clinical benefit [127]. Therefore, it is of high importance to
identify the most efficient, but least toxic treatment for each tumor subgroup. In order to achieve
this goal, it is important to better understand the replication stress response and enable the

identification of associated marker and targets.
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2. Study objective

DNA replication stress is one of the hallmarks of cancer cells and has been identified as a
leading cause of genomic instability. Tumors that are genomic instable can acquire new
mutations more frequently, leading to increased proliferation and higher aggressiveness.
Endogenous replication stress is an almost exclusive feature of cancer cells which makes it an
excellent target for anti-cancer therapies. However, the cellular replication stress response is
a complex and multilayered process that has not yet been fully understood. The potential to
develop new strategies or combinations of drugs to target the replication stress response is

therefore very promising and the goal of this thesis.

Hypothesis 1:

Proteins involved in the DNA damage response and DNA replication can be used as predictive
markers to assess the replication stress level in a cancer cell. They provide insights about
pathways that could be targeted to increase the replication stress to a critical point, leading to

cancer cell death.

Hypothesis 2:
Increasing the replication stress in breast cancer cells that display a chemo- and
radioresistance may resensitize them to conventional therapy options. This is independent of

the breast cancer subtype.

Study objective:

Promising proteins of the DNA damage response and DNA replication pathway with a potential
impact on the replication stress level in breast cancer cells were selected. The three chosen
candidates were: BRCA1, directly involved in DNA repair and replication fork protection, CHK1,
regulating the DNA damage response in S phase, and PTEN playing a superior role regarding
initiation and progression of breast cancer. Depending on the protein level or mutational status,
the resistance to different DNA damaging agents was determined and it was tested how
resistant cancer cells can be sensitized to these agents. Breast cancer cell lines of different
subtypes were investigated to test whether the effects would be limited to a specific subtype.
The main two cell lines used were the LumA cell line MCF7 and the TNBC cell line MDA-MB-
231 with different subclones.

Since mainly already clinically relevant drugs were tested in this thesis, the results could give
direct indication for the treatment of patients and thus possibly offer new combinational

treatment options for breast cancer patients.
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3. Discussion

3.1 Summary of the key findings

The aim of this thesis was to investigate how to overcome chemo- and radioresistance by
targeting the replication stress response in breast cancer cells. The replication stress response
represents a complex signaling pathway involving many proteins. The research project was
focused on three proteins that are important in the tumor development and progression in
breast cancer and are involved in maintain the chromosomal stability. BRCA1, directly involved
in DNA repair via HR, CHK1, the key regulator of the intra-S phase signaling pathway, and
PTEN, transmitting processes of signal transduction from the cytoplasm into the nucleus.
BRCA1 is involved in the DNA repair process HR and DNA replication fork protection of stalled
forks. Isogenic cell lines with insertion and deletion BRCA7 mutations in exons 9 or 14 were
generated out of the luminal breast cancer cell line MCF7. Chemo- and radioresistance was
observed in cells with a BRCA1 mutation in exon 9 compared to the MCF7 wild type (WT). In
contrast, a chemo- and radiosensitivity was observed in exon 14 mutated clones. The
processes responsible for this observation in terms of DNA repair and replication stress
response were analyzed. Strikingly, it was shown that the observed resistance to different DNA
damaging sources was associated with low level of replication stress, efficient DNA repair and
high CHK1 activation. Inhibition of the ATR-CHK1 cascade showed sensitization of the
resistant but not the sensitive cell lines. Similar results were observed in the BRCA1 proficient
MDA-MB-231 TNBC cell line and its sublines. Again, resistant cell lines showed lower level of
replication stress and higher activation of CHK1. These results confirm the two hypotheses of
this thesis. They indicate that targeting the replication stress response by inhibition of the ATR-
CHK1 axis sensitizes resistant cancer cells to irradiation and chemotherapeutic treatments,
irrespective of the breast cancer subtype and present mutations.

PTEN is known to be primarily involved in signal transduction. Recent data showed that it also
prevents genomic instability through association at replication forks. Together with other
studies, the results from this thesis show that a low PTEN expression correlates with a high
CIN score and significantly reduced overall survival in breast cancer patients. Different cell
lines were analyzed regarding their PTEN expression and how the replication stress response
was affected. A low expression of PTEN was associated with higher origin firing during
replication, which is an indicator for elevated replication stress. Furthermore, PTEN expression
correlated with the fork stability upon replication stress induction, mediated by hydroxyurea
(HU) treatment. The elevated replication stress led to increased sensitivity against PARP1
inhibition, further confirming the hypotheses investigated in this thesis.

Taken together, these results show that targeting the replication stress response in different

breast cancer subtypes could be a suitable therapeutic option for many patients, independent
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of the present mutations. Especially the disruption of ATR-CHK1 signaling cascade seems to
be a promising approach to sensitize previously resistant tumor cells to conventional radio-

chemotherapy.

3.2 Dysregulation of proteins involved in DNA repair and replication
leads to CIN

CIN summarizes serious aberrations in a cancer cell. These include the accumulation of
mutations, focal rearrangements, and formation of extrachromosomal DNA or micronuclei,
which may later lead to activation of the intracellular immune signaling [39, 132]. Tumors with
a high CIN have been linked to an overall bad prognosis for the patient due to aggressive and
invasive phenotypes, often causing therapy resistance [2, 41]. Two of the main endogenous
reasons for CIN are defects in the DNA repair pathways, especially HR, and replication stress
[39, 49]. The three investigated proteins in this thesis, BRCA1, PTEN, and CHK1, are all major
contributors to the maintenance of chromosomal stability in a cell. Therefore, the correlation
between their expression and the survival of patients with different breast cancer subtypes was
analyzed using the CIN70 score. This score has been established as indicative marker for
clinical applications. It is based on the top 70 identified genes, which correlate with the highest
CIN, defined by total functional aneuploidy [45]. The CIN70 score is an accepted tool to predict
CIN in different tumor entities and has been used in several studies before [44]. In this thesis,
TCGA and Molecular Taxonomy of Breast Cancer International Consortium (METABRIC)

datasets were used for the analysis.

3.2.1 Influence of BRCA1 and RADS1 dysregulation on CIN

The worst prognosis for patients with breast cancer is associated with the TNBC subtype,
which is characterized by elevated CIN [8]. Studies suggest that more than 10% of all TNBC
patients harbor a mutation in BRCA17 or 2. Additionally, it is estimated that up to 30% show a
deficiency in the HR pathway, which is characterized by RAD51 not being loaded on to the
DNA [133-135]. Thus, many of these tumors will display high CIN, since BRCA1 and RAD51
have essential roles in HR and the protection of stalled replication forks. Both pathways are
involved in the prevention of nCIN and sCIN [136]. The study from Meyer et al., included in this
thesis, showed that not only a loss or reduced expression of proteins involved in HR and
replication fork protection can have negative effects on the survival, but also a high expression
[137]. A high expression of RAD51 correlated with a higher CIN70 score, which further
translated into a worse disease-free survival [137]. Interestingly, this observation was not
limited to the TNBC subtype, which commonly displays high CIN, but was also observed in the

LumA breast cancer subtype [137]. LumA tumors are usually very well treatable and
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associated with high cure rates [8]. However, there is a subgroup of LumA tumors that display
resistances against the standard treatment options or patients develop a resistant recurrence
later [9, 14]. An early identification of patients with a LumA tumor that show a high CIN70 score
could offer the possibility to intensify the treatment of these patients early on to improve the
outcome of the treatment.

An additional pathway in which BRCA1 is involved in is the centrosome duplication, ensuring
correct progression of the cell cycle and avoiding chromosomal abnormalities [27, 51]. The
interaction of the BRCA1 N-terminus with RACK1 is responsible for the localization of BRCA1
to the centromeres [55], and the function to maintain accurate centrosome number is exhibited
by interaction with BARD1 and OLA1 [52, 53]. Overexpression or knockdown of any protein in
this complex led to centrosome aberrations in mammary epithelium-derived cells [54, 55],
indicating the importance of this BRCA1-complex to protect cells from nCIN and sCIN. Thus,
dysregulation of BRCA1 and associated proteins can contribute to nCIN and sCIN via multiple

pathways.

3.2.2 Low PTEN expression leads to elevated CIN

A depletion of PTEN has severe effects on the CIN level of a cell. It has been shown that the
loss of PTEN resulted in a reduction of chromatin association of several proteins involved in
DNA repair and replication, including CHK1 and RAD51 [33, 73]. Consistently decreasing the
presence of these important proteins, led to endogenous replication stress in the cell [73].
Additionally, PTEN controls the firing of dormant origins. A depletion of PTEN has been shown
to lead to aberrant origin firing, further enhancing replication stress in a cell [117]. However,
not only a complete loss of PTEN can lead to increased replication stress and thus higher CIN,
but also a low expression of PTEN correlated with a higher CIN70 score. This was due to
increased replication stress, which was shown by the Rieckhoff et al. study that is part of this
thesis [138]. Further, PTEN has a function in the process of chromosomal segregation, which
is key to avoid the occurrence of nCIN [33, 139]. An important structure to ensure that this
process proceeds correctly are the centromeres of the chromosomes [140]. The C-terminus of
PTEN has been shown to directly interact with the centromere protein CENP-C during the
interphase, contributing to centromere stability and correct chromosome segregation [29, 33].
These multiple complex functions, which prevent CIN, led to PTEN being named as “the new
guardian of the genome” [141, 142], similar to the well-known tumor suppressor p53, which

has first been stated as “the guardian of the genome” in 1992 by Lane [143].

3.2.3. Influence of aberrant CHK1 expression and activation on CIN
The activation of the ATR-CHK1 pathway is a crucial step in the initiation of the cellular

replication stress response, which controls the cell cycle progression, origin firing, and
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protection of stalled replication forks [34]. Due to CHK1 playing a key role in all these
processes, the correlation to CIN and disease-free survival was analyzed. Like the data from
RAD51, a high CHK1 expression was associated with increased CIN70 scores and worse
disease-free survival in TNBC, as well as LumA tumors [137]. These results highlight that an
overexpression of certain DNA repair and replication stress response proteins in high CIN
tumors can have a negative prognostic implication for the patients [137]. High CHK1
expression has been associated with high proliferation rates before, due to high Ki67 staining
and tumor stage three association in TNBCs [144]. Additionally, a study showed that the
upregulation of CHK1 expression contributes to a worse prognosis for TNBC patients [145].
Another function of CHK1 has been described by Kramer and colleagues, where they show
that CHK1 is located at centrosomes and acting as an inhibitor for CDK1, thereby preventing
premature entry into mitosis [36]. Thus, an aberrant expression level of CHK1 has dramatic
consequences for the cell. A mutation or downregulation has been shown to be associated
with aggressive variants of human lymphoid neoplasms [146]. It was frequently detected in
colon and endometrial cancers, rendering a CHK1 frame shift mutation responsible for
microsatellite instability [147]. Thus, an overexpression as well as a mutation or loss of CHK1

may have negative consequences for certain groups of patients.

In summary, all analyzed proteins have the ability to contribute to nCIN and sCIN in a cell via
multiple pathways. The analysis of TCGA and METABRIC datasets revealed that a correlation
between the protein expression and CIN70 score was present in the patient data. The results
confirm that the expression of the analyzed proteins can have a direct impact on patient
survival. Furthermore, analysis of the CIN should not be limited to tumor subtypes which have
been previously described as highly chromosomal instable, such as TNBCs. Clinical
implications can also be drawn for other subtypes like patients harboring a LumA tumor. This
may provide the opportunity to adapt treatment options for a more aggressive subset of usually

well-treatable breast cancer subtypes.

3.3 BRCA1 exon 9 or 14 mutations modify DNA repair and replication

stress response

BRCA1 is a well-studied tumor suppressor gene with many important functions in different
pathways. Itis involved in all three major steps of the DNA repair pathway HR and in protecting
stalled replication forks from collapsing [26]. A collapsed replication fork could result in
formation of a DSB, which is the most dangerous event in a cell [26]. Most studies focus on
complete loss or mutations affecting exclusively functional domains of the BRCA1 protein.
Consequences of mutations located in other regions of the gene are poorly understood.

Therefore, BRCA1 exon 9 and 14 mutated clones were generated using clustered regularly
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interspaced short palindromic repeats/CRISPR associated protein 9 (CRISPR/Cas9). The
parental cell line was MCF7 (derived from a human breast adenocarcinoma — classified as
LumA subtype) [148-150]. Both exons are not located in any known functional domain of the
protein. BRCA1 mutations were introduced successfully in all analyzed clones, which was

confirmed by next generation sequencing [148].

3.3.1 BRCA1 exon 9 mutation is associated with resistance to DNA damage

First, the effect of the introduced BRCA1 mutations on HR was analyzed. As expected, all
clones showed a reduced capacity to perform HR in the plasmid reconstruction assay, since a
mutation in a major protein of the HR pathway was introduced [148, 150]. Yet, the BRCA1
exon 9.2 clone showed an increased resistance against treatment with MMC, PARP1 inhibition
by talazoparib (tala), and IR in the colony formation assay. The BRCA1 exon 14.3 clone
displayed increased sensitivity against all these DNA damaging sources compared to the
parental MCF7 WT. The clone BRCA1 exon 14.1 showed similar responses as the MCF7 WT
with a tendency of increased sensitivity. These results were quite surprising, since it was
expected that the BRCA71 mutations would cause an increased sensitivity against DNA
damage in all the clones, due to the observed impaired HR capacity [148, 150]. This is
especially true for PARP1 inhibition, since BRCA mutated cancer cells have been shown to
react with synthetic lethality to treatments with PARP1 inhibitors before [85, 86]. Yet, the
BRCA1 mutated clone 9.2 showed an increased resistance against PARP1 inhibition, despite
a lower HR capacity than the MCF7 WT [148, 150]. The combination of a HR defect with
PARP1 inhibition should lead to cancer cell death, because PARP1 is a key molecule of a
second DNA repair pathway [85, 86]. For that reason, the functionality of the HR was further
assessed in the clones, because determination of the HR capacity by the plasmid
reconstruction assay has its limits. This method usually only introduces one single DSB in a
cell, not leading to the activation of the whole DDR [151]. Thus, a functional readout of the HR
pathway was conducted. It has been previously published that the ability to form RADS51 foci
correlates with HR-proficiency [92-94]. This is due to the essential step of HR being the loading
of the recombinase RAD51 on the resected DNA ends [69]. The analysis of RAD51 foci
formation in the BRCAT mutated clones revealed that none of the clones had a complete
deficiency in HR. However, the resistant BRCA1 exon 9.2 clone could form RAD51 foci most
efficiently 6h after MMC treatment. It also showed the highest resolution of RAD51 foci 24h
after treatment. Thus, the resistance in the BRCA1 exon 9.2 clone could be partially explained
by higher HR performance compared to the sensitive BRCA1 exon 14 clones [148]. It seemed
unlikely that the highly significant differences in survival of the three different BRCA1 clones

after DNA damage induction by IR, MMC, and tala were only explained by these rather small
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differences in the ability to repair DSBs by HR. For that reason, the functions of the BRCA1

protein in the replication stress response were further investigated.

3.3.2. BRCA1 exon 9.2 clone shows less replication stress

Cells that are known to have an impaired HR capacity are expected to react with synthetic
lethality to PARP1 inhibition [85, 86]. In 2009, the first clinical trial using a PARP1 inhibitor
(olaparib) showed promising results in patients carrying a BRCA1/2 mutation [152]. Since then,
multiple other specific PARP1 inhibitors have been developed and approved by the U.S. Food
and Drug Administration (FDA) and the European Medicines Agency (EMA) for different mono-
and combinational treatment settings [89]. Soon, resistances were observed in patients, and
different mechanisms of PARP1 inhibitor resistance have been extensively studied.
Stabilization of stalled DNA replication forks in response to treatment with PARP1 inhibitors
has been identified as one of the mechanisms contributing to resistance [89]. Since BRCA1 is
involved in the protection of stalled replication forks, it was investigated how this function of
BRCA1 was affected by the introduced mutations and if the observed resistances could be
associated to the stabilization of stalled replication forks.

Treating actively replicating cells with HU causes a depletion of the dNTP pool in the cell,
leading to almost complete stalling of all ongoing replication forks [153]. It was observed that
the MCF7 WT showed a degradation of the newly synthesized DNA in response to HU
treatment [148]. This indicated that the protection of the stalled replication forks does not
function properly. This has been shown to lead to uncontrolled degradation of unprotected
DNA ends, initiated by MRE11 and further executed by EXO1 [112].

Neither of the BRCA1 mutated clones showed this degradation, suggesting that the replication
fork protection was working correctly [148]. If the replication stress response is working
effectively, RPA coats ssDNA regions that are present at stalled replication forks.
Subsequently, ATRIP-dependent recruitment of ATR is initiated [99]. Like RAD51, this can be
detected by RPA foci formation in the nucleus of the cell. It was found that the resistant BRCA1
exon 9.2 clone showed the highest amount of RPA foci 4h after MMC treatment, still it was
able to resolve the foci to the greatest extent 24h after treatment. This indicated that the
resistant BRCA1 exon 9.2 clone could respond very well to replication stress induction and
also reduce the present replication stress within the analyzed time points [148]. Additionally,
this clone had the lowest amount of stalled replication forks after HU treatment. This suggested
that the BRCA1 exon 9.2 clone can efficiently restart stalled replication forks after DNA damage
induction, while the MCF7 WT and BRCA1 exon 14 mutated clones cannot [148]. Effective
protection and fast restart of stalled replication forks are features of cells with low replicative
stress, which seemed to be the case for the resistant BRCA1 exon 9.2 clone. These results

were confirmed by analysis of the DNA replication after DNA damage induction via IR, where

23



3. Discussion

it was also observed that the lowest level of replication stress was present in the resistant
BRCA1 exon 9.2 clone [148].

Analysis of the two main functions of BRCA1 in DNA repair and replication fork protection led
to one of the main conclusions of the study: Introduced mutations in BRCA1 caused an
expected sensitivity, but also unexpected resistance to different DNA damaging sources. The
resistance was associated with a combination of effective DNA repair and low degree of DNA

replication stress in the BRCA1 exon 9.2 mutated clone [148].

3.4 Low PTEN expression affects DNA repair and replication stress

The tumor suppressor gene PTEN was first described in 1997 [154, 155]. It is frequently
mutated in different cancer entities. Patients carrying a PTEN germline mutation have an
estimated risk of up to 65-85% to develop breast cancer, which is almost comparable to
mutations in BRCA1/2 [22]. Identified by a meta-analysis of 10.231 breast cancer cases, Li et
al. showed that PTEN mutations or low expression level were highly associated with a TNBC
subtype, large tumor size, metastatic progression, and poor differentiation of the tumor cells
[25]. All these factors contribute to a bad prognosis for the patient. The study of Li and
colleagues was confirmed by the observation in the present study, showing that a low
expression of PTEN correlated with a high CIN70 score (discussed in chapter 3.2.2).

PTEN is most widely known for its function of antagonizing the PI3K-AKT-mTOR pathway.
This connects PTEN directly to the DDR, as the PI3K-dependent phosphorylation of CHK1 can
be suppressed by the lipid phosphatase activity of PTEN [30, 32, 119]. In turn, CHK1 activation
must be tightly controlled, as it is a key protein in the DDR, leading to CHK1-dependent
CDC25A degradation. The result is a cell cycle arrest in S/G2 phase [103]. This allows the
cells to repair DNA damage that have occurred and maintain genomic integrity. If this cell cycle
checkpoint is not functioning correctly, the cells may acquire mutations due to increased CIN.
This can lead to enhanced proliferation and resistance against anti-cancer therapies [31, 33,
119]. Thus, the aim was to further understand the effects of a low PTEN expression on the

replication stress response [138].

3.4.1 PTEN expression influences replication fork stability and increases origin firing

A more recently discovered function of PTEN is the role in DNA replication [73, 117, 118].
PTEN depletion resulted in reduction of chromatin association of several proteins involved in
DNA replication and repair, including the sliding DNA clamp PCNA, CHK1 and RADS51 [33,
73]. Decreasing the presence of these important proteins consistently led to endogenous
replication stress in the cell, as replication in total was slowed down and the number of stalled
replication forks increased [73]. The observations in the study included in this thesis confirmed

that TNBCs seem to have low PTEN expression in general and that this affects the DNA
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replication process. Five TNBC cell lines were screened (MDA-MB-231, BT-549, HS578, BT-
20, and GI101) and it was shown that the mean of PTEN expression was 1.85-fold lower in
these cell lines than in breast cancer cell lines with a non-TNBC subtype (SKBr3, MCF7, T47D,
and BT-474) [138]. Analysis of the DNA replication process by the DNA fiber assay revealed
that the elongation rate was not directly affected by lower PTEN expression. Yet, the firing of
new origins of replication was significantly increased by 10%, indicating that the cells have
elevated level of endogenous replication stress [138].

Testing the replication fork stability by HU treatment revealed a degradation of the newly
synthesized DNA at stalled replication forks. Intriguingly, the PTEN expression correlated
negatively with the DNA degradation, suggesting a PTEN expression level dependent
replication fork instability in the analyzed TNBC cell lines [138]. This observation was further
confirmed by the fact that three of the four tested non-TNBC cell lines did not show any
replication fork instability in response to HU treatment. Transfection of a PTEN coding
sequence containing plasmid (pPTENiZs2puro++tTR+) into the MDA-MB-231-BR cell line
showed a 2.2-fold increase of PTEN associated with the chromatin. This led to a rescue of the
endogenous replication stress. The replication speed was enhanced in the PTEN transfected
cells, and the rate of newly fired origins was reduced in the untreated condition, implying that
by restoration of a higher PTEN expression the endogenous replication stress can be mitigated
[138]. The observation of a direct correlation between the PTEN expression level and stability
of stalled replication forks is supported by other studies. They showed that functions of PTEN
will start to fail if it is not physically available to a certain amount in the cell [156]. It might be
the reason why PTEN is generally highly expressed in a cell. The distribution patterns vary in
different cell cycle phases, implying that PTEN is involved in many pathways and important for

maintaining the genomic stability of a cell [156].

3.4.2. Low PTEN expression impairs the recruitment of DDR proteins to the chromatin
It has been shown that complete loss of PTEN led to uncoupling of DNA polymerase and
helicase progression in response to exogenously induced replication stress [117]. This was
due to aberrant MCM2 activation, which is a core protein of the pre-replication complex and a
substrate for the phosphatase activity of PTEN [117]. Formation and loading of the MCM2-7
complex on to the DNA is required for activating replication origin licensing and firing [130,
131]. The hyper activated MCM2 helicase function led to continuous unwinding of DNA despite
a depletion of the dNTP pool by HU treatment in PTEN deficient cells [117]. This resulted in
the emergence of very long ssDNA stretches, which needed to be covered subsequently by
RPA to prevent degradation by nucleases or collapse of the replication forks [117]. However,
PTEN deficiency is known to lead to less RPA association with the chromatin [118]. This has

also been shown for PCNA, CHK1, and RAD51 previously [33, 73]. Impaired recruitment of
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these proteins to stalled replication forks with open ssDNA stretches means that the intra-S
checkpoint cannot be triggered correctly, circling back to the function of PTEN in the DDR [73,
157]. In the present study western blot analysis revealed that there was indeed a reduced
recruitment of DNA repair and replication proteins to the chromatin [138]. This was true for
CHK1 and PALB2 in the TNBC cell line panel with low PTEN expression in an untreated
condition. In response to HU treatment, the recruitment of CHK1 and activated CHK1 to the
chromatin was impaired. However, the upstream kinase of the intra-S phase checkpoint ATR
was not affected. This implies that the effects of low PTEN expression on CHK1 are not
mediated by the upstream kinase ATR [138].

PTEN deficient cells have previously been shown to fail at the recruitment of DDR proteins to
sites of DSBs in response to DNA damage induction by IR. This was especially pronounced
for RAD51, which led to persisting 53BP1 foci at DNA damage sites 24h after IR [158]. 53BP1
is one of the first proteins recruited to DSBs and is involved in the selection of DNA repair
pathway (NHEJ or HR) [65, 159, 160]. This finding indicates that DNA repair does not function
correctly in PTEN deficient cells, and that PTEN plays a critical role in the DDR in response to
exogenously induced genotoxic stress [158].

Thus, the study included in this thesis showed that TNBC cell lines with low PTEN expression
have increased endogenous replication stress. It is mainly caused by uncontrolled firing of new
origins of replication. Additionally, PTEN expression correlated with the degradation of newly
synthesized DNA after treatment with HU, accompanied by impaired recruitment of DDR

proteins to the chromatin [138].

3.5 Overcoming resistance by targeting the replication stress response

Enhanced replication stress has been shown to increase the genomic instability of cancer cells
[49], which has been indicated to be a hallmark of cancer in 2011 by Hanahan and Weinberg
[2]. High CIN increases the likelihood of tumors to acquire mutations in tumor suppressor- or
oncogenes, which will further drive the progression of the tumor [161]. Thus, replication stress
has been identified as a reasonable target for anti-cancer therapies since cancer cells

generally show higher degrees of replication stress compared to normal tissue cells [104, 120].

3.5.1 Therapy resistance due to avoidance of replication stress

Replication stress is commonly defined as transient slowing or stalling of replication forks,
which can be caused by any obstacle occurring endo- or exogenously, blocking replication fork
progression [95]. However, it has become evident that an increase in replication speed after
treatment with PARP1 inhibitors can also cause replication stress and lead to genomic
instability [96]. In response to stalled replication forks, RPA binds to arising ssDNA and

subsequently induces the ATRIP-dependent recruitment of ATR [99]. Activation of ATR results
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in phosphorylation of CHK1, leading to cell cycle arrest in S/G2 phase [103]. This gives the cell
time to protect and restart stalled replication forks, in which many proteins of the HR are
involved in [28, 107, 111, 112].

As discussed in chapter 3.3.2, the present study showed that resistance to IR, MMC, and
PARP1 inhibition was associated with a lower degree of replication stress in BRCA71-mutated
MCEF7 cells [148]. Similar results were observed in the second study included in this thesis
[137]. The BRCA1 proficient TNBC cell line MDA-MB-231 and its sublines —BR and —SA (brain-
seeking and bone-seeking [162]) showed reduced HR capacities in the plasmid-reconstruction
assay, but functional RAD51 foci formation after MMC treatment. Similar to the results from
the Classen et al. study, a resistance against MMC and PARP1 inhibition was observed in
MDA-MB-231 WT and -SA, not correlating to HR capacity [137]. RPA foci were significantly
lower in the resistant cell lines 24h after treatment, suggesting less replicative stress.
Additionally, analysis of the fork stability revealed that MCF7 showed a degradation of the
newly synthesized DNA in response to HU treatment. This was consistent with the Classen et
al. study [137, 148]. The MDA-MB-231 cell lines also showed a degradation, but to a lesser
extent than the MCF7 cells [137, 148]. However, the two resistant cell lines (MDA-MB-231 WT
and —SA) showed no degradation of the newly synthesized DNA in response to MMC
treatment. The two more sensitive cell lines did show degradation (MDA-MB-231 —BR and
MCF7). It further indicated that resistance is not simply linked to HR capacity, but rather to
efficient replication fork protection in response to DNA damage. Similar results have also been
observed by other groups. Chaudhuri and colleagues could show in a BRCAZ2 deficient mouse
model and PEO1 cells that resistance to cisplatin and PARP1 inhibition was determined by the
replication fork stability rather than DNA repair capacity [163]. Another study showed that in
BRCA1 deficient MDA-MB-231 and -436 cells, fork stability can be promoted by additionally
downregulating proteins involved in the replication fork reversal, like SMARCAL1, ZRANB3
and HLTF. This led to increased resistance against cisplatin and PARP1 inhibition [113].
Resistance to radiation has also been associated with replication stress before. Bold et al.
showed that in head and neck squamous cell carcinoma cell lines resistance to radiation was
correlated with replication fork stability [164]. In both studies included in this thesis, the
mechanism how radio- and chemoresistant cell lines maintain a low level of replication stress

was investigated.

3.5.2 Suppression of replication stress due to CHK1 activation

Replication stress describes the disturbance of DNA replication, which results in slowing and
stalling of replication forks. Both, endogenous and exogenous reasons can be responsible for
causing disruption. The activation of the replication stress response involves the activation of
ATR, which leads to activation of its downstream target CHK1 [165]. If the activation of the
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ATR-CHK1 pathway is impaired, a cell cycle arrest cannot be initiated to allow complete
replication of the DNA. Entering the mitosis with under-replicated DNA may lead to genomic
instability [105]. Activated CHK1 prevents replication stress mainly due to the inhibition of
dormant origin firing. This allows the cell to complete DNA replication by restating stalled forks,
rather than opening new origins of replication [106, 107].

The Classen et al. study included in this thesis showed that the resistance to different DNA
damaging sources was partly due to a lower degree of replication stress. To investigate the
underlying mechanism of how the resistant BRCA1 exon 9.2 clone could maintain a stable low
replication stress level, the ATR-CHK1 pathway was analyzed by western blot. The analysis
revealed that ATR activation was not significantly different in the BRCA71 exon 9.2 clone
compared to the exon 14 mutated clones or the MCF7 WT [148]. However, the activation of
CHK1 was significantly increased in the resistant BRCA1 exon 9.2 clone, indicating that CHK1
is activated in an ATR-independent manner. It has been shown previously that CHK1 can be
activated ATR-independently by DNA-dependent protein kinase catalytic subunit (DNA-PKcs)
in ATR-inhibited cells [166]. Yet, the inhibition of ATR by ceralasertib (cera) led to significant
increase of replication stress in the BRCA1 exon 9.2 clone. This was indicated by high increase
in RPA foci formation after combined treatment of cera + IR, while the BRCA1 exon 14 clones
and MCF7 WT were not affected by the combinational treatment [148]. These results
demonstrate that a disruption of the ATR-CHK1 axis at any point can sensitize cells to
treatments they were shown to be resistant against before. Other groups have observed that
response to ATR inhibition can be very different to CHK1 inhibition, which was surprising. Long
time, it was thought that both kinases acting in the same pathway should cause similar
consequences for the cell [167].

Similar observations were found in the study from Meyer et al. included in this thesis. The low
level of replication stress was accompanied by significantly higher CHK1 activation in response
to induced DNA damage by MMC treatment in the resistant MDA-MB-231 WT and —SA cell
lines, compared to the sensitive cell lines —-BR and MCF7 [137]. It was further demonstrated
by CHK1 inhibition that the activation of CHK1 was responsible for the maintenance of low
replication stress level and the associated resistance. The analysis of the total DNA damage
by the general DNA damage marker yH2AX showed that inhibition of CHK1 by MK8776 +
MMC treatment led to a significant increase in persisting DNA damage 24h post treatment
compared to MMC treatment alone [137]. Further, the analysis of the cellular survival by colony
formation assay revealed that the resistant cell lines could be sensitized to MMC by additional
inhibition of CHK1. The sensitive cell lines did not show any sensitizing effect to MMC due to
the combined treatment [137]. The data from the third study included in this thesis further

highlight the importance of CHK1 in the replication stress response. The elevated replication
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stress in TNBC cells with low PTEN expression was explained partially by the impaired
recruitment and activation of CHK1 at the chromatin [138].

Collectively, the data from all three studies suggest that resistance to different DNA damaging
sources is caused by efficient DNA repair and low level of replication stress. An increase of
replication stress in response to exogenously induced DNA damage is counteracted by
elevated CHK1 activation in the analyzed resistant cell lines. Thus, targeting CHK1 or related
proteins involved in the replication stress response may be a promising strategy to overcome

resistance that is mediated by replication stress [137, 138, 148].

3.5.3 Replication stress as a therapeutic target

The discovery of a direct connection between replication stress and genomic instability has
extended the knowledge about the severe impact of replication stress on a cell [49]. Exploiting
different strategies to target the replication stress response as anti-cancer treatment are
currently investigated in different pre-clinical studies and first clinical trials. There are different
strategies and stages of the replication stress response that could be potentially targeted.
One early stage is the control of licensing and firing of origins of replication, which is controlled
by the MCM2-7 complex [130, 131]. MCM2 overexpression has been correlated with overall
worse prognosis for breast cancer patients and is frequently found in TNBCs [168, 169]. One
reason for MCM2 hyperactivity in TNBC could be the fact that PTEN is commonly
downregulated in TNBC, which was confirmed in the study from Rieckhoff et al. in this thesis
[138]. MCM2 has been shown to be a substrate for the phosphatase activity of PTEN [117].
However, inhibition of MCM2 has not been tested in clinical trials yet, despite several available
inhibitors. Great efforts have been made to try and develop drugs to compensate PTEN loss
in multiple cancer entities, as one main function of PTEN is to antagonize the PI3K-AKT-mOTR
pathway. Though, not only loss of PTEN, but multiple other reasons for hyperactivity of the
PI3K-AKT-mTOR pathway are known. It is one of the most frequently activated pathways in
cancer, making it a highly investigated field of research [129, 170]. Many drugs inhibiting this
signaling cascade have therefore been developed, but monotherapies with these inhibitors
have only shown limited improvement on patient outcome (summarized in [128]). This is why
more recently combination treatments with PI3K and PARP or other DDR inhibitors, that
enhance the cellular replication stress level, have been tested. They showed promising results
not only in pre-clinical models but also in first clinical trials [171-173]. These finding are in line
with data from the Rieckhoff et al. study in this thesis, as PARP1 inhibition in PTEN low
expression cell lines led to increased replication stress [138].

Another commonly used strategy in many anti-cancer therapies is the enhancement of
replication stress to a critical level in the cell, causing replication catastrophe which leads to

cell death [116]. This can be achieved by direct DNA damage induction and creation of
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complex DNA lesions that cause replication stress. Examples are: () Platinum-based drugs
that induce DNA cross-links like cisplatin. (II) Nucleotide analogs that are directly incorporated
into the DNA causing failure of the replisome progression, (e.g. gemcitabine). (Ill) Alkylating
drugs like temozolomide that block the replisome. (IV) Inhibitors of DNA replication or repair
proteins like PARP (e.g. olaparib) or topoisomerase | (e.g. irinotecan) or Il that are then trapped
on the DNA and thereby block the replisome (e.g. etoposide). (V) Drugs stabilizing secondary
DNA structures like G4-quadruplexes (e.g. pyridostatin), thereby physically blocking the
replication process [104]. Like inhibitors of the PI3K-AKT-mTOR pathway, monotherapies were
rarely beneficial for patients, and resistances occurred frequently. This is why the stage of the
activation of the replication stress response is also investigated as a major target for therapy
options, with many studies focusing on combination treatments.

The main kinases involved are ATR, CHK1, DNA-PKcs, and WEE1. The ATR-CHK1 axis has
multiple functions in the replication stress response. The first is the induction of cell cycle arrest
via CDC25 inactivation, which can also be targeted by WEE1. This allows the DNA repair
processes to repair DNA damages and to complete the DNA replication, preventing the
occurrence of under-replicated DNA [103, 105]. The second is the stabilization and restart of
stalled replication forks by regulating the activity of MRE11 [174]. It has also become evident
that DNA-PKcs plays an important role in the stabilization of stalled replication forks and ATR
signaling [175, 176].

In both studies implemented in this thesis, Classen et al. 2022, and Meyer et al. 2020, it was
shown that ATR as well as CHK1 inhibition could sensitize previously resistant breast cancer
cell lines. The double treatment of IR + ATR inhibition and MMC + CHK1 inhibition showed
greater effects than the single treatments [137, 148]. This observation was shown for the first
time in clones of the MCF7 cell line carrying mutations in non-functional domains of the BRCA1
gene [148]. It further supports the hypothesis that combinational treatments may be more
efficient in inducing tumor cell death.

There are several ongoing clinical trials with the goal to combine kinase inhibitors with other
therapeutic options to improve the outcome for the patients. They focus mainly on advanced
stage tumors, including breast cancer [104]. A clinical trial with the combination of ceralasertib
and carboplatin or olaparib is currently ongoing. First results showed that toxicity seems
manageable. The study also gave insights into pharmacokinetics and suggested schedules as
well as doses for the therapy application ([124], NCT02264678). Another phase I/ll clinical trial
combined the CHK1 inhibitor SRA373 with gemcitabine is also showing promising results
([123], NCT02797977). The increasing number of ongoing clinical trials shows the potential of
combination therapies, yet the lack of phase Il trials highlights the importance of further

research to gain an even better understanding of the involved processes.
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3.6 Conclusion

In summary, the data compiled in this thesis based on three publications show that avoidance
of replication stress by CHK1 activation is a major driver of resistance to various DNA-
damaging sources. Most screens for targeted therapy in breast cancer include the screening
for HR deficiency. According to the presented data, screening for CHK1 activity could also
provide valuable information for treatment planning. This is independent of the BRCA status
or breast cancer subtype. Most studies regarding therapy focus on TNBCs, while the data
presented here show that also LumA tumor patients could benefit from screening for CIN and
replication stress status to offer more therapeutic options for the patients. Further, inhibition of
ATR or CHK1 can sensitize cell lines that were previously resistant to IR and MMC. For cell
lines with mutations in non-functional domains of the BRCA1 gene, this sensitizing effect was

shown here for the first time.

3.7 Outlook

3.7.1 Implementing optimized CIN scores for personalized therapy planning

Though the CIN70 score has been used in many studies to try and predict patient outcome,
the score has not been modified or adjusted with new available data sources [44, 45]. The 70
genes included in this score were chosen based on the association with high CIN, defined by
total functional aneuploidy. This was irrespective of the function or pathway that these genes
were involved in [45]. Larger whole genome sequencing data sets from TCGA databases have
been used in a recent study to define more refined CIN signatures [125]. In this study, the
signatures were also associated to the pathways that caused the specific CIN signature,
indicating possible targeted strategies for tumors with different CIN signatures. They further
show that sensitivity to platinum-based drugs can be predicted with a high accuracy by
association to certain CIN signatures in ovarian cancers [125]. Using these new signatures
could offer the possibility to classify more tumors with high CIN into different subgroups. The
subgroups then could offer implications on treatment options for the patients across multiple
cancer entities, as the study not only identified cancer-type specific signatures but also pan-
cancer signatures [125]. The opportunity to further improve these refined CIN signatures and
consistently improve prediction of therapy outcome is increasing due to the higher availability

of large data sets.

3.7.2 Interplay of replication stress and immune response as therapeutic target

The discovery of immune checkpoint inhibitors (ICls) has been beneficial for many cancer

patients, especially in advanced stage melanomas and lung cancer. Most FDA approved ICls

target cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed death-ligand 1 (PD-L1)
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[177-179]. Recently, ICls have also been used to treat metastatic breast cancer with response
rates of approximately 10-20% [180]. This relatively low rate has yielded the hypothesis that
ICls could be combined with other drugs to turn non-responders into responders. There have
been several studies that show a connection between the immune signaling and replication
stress response in pre-clinical models [181]. Increasing level of replication stress is associated
with accumulation of cytosolic DNA and micronuclei, which can activate the intracellular
immune signaling cascade via the cyclic GMP—-AMP synthase (cGAS)/stimulator of interferon
genes (STING) pathway [50]. Consequently, proinflammatory cytokines and interferon (IFN)
type | signaling is activated, which led to activation of the adaptive immune response [182]. It
has already been described that BRCA deficiency can lead to increased cluster of
differentiation 4 (CD4+) and CD8+ T cell infiltration and increased PD-L1 expression [183].
Another study showed the connection between PARP1 inhibition and activation of the
intracellular immune signaling independent of the BRCA status, indicating that combination of
PARP1 inhibition with ICIs could show improved anti-cancer effects [184]. There are currently
several clinical trials investigating combinations of ICls with DDR inhibitors and IR [185].

The avoidance of replication stress has been identified as a driver for therapy resistance in the
studies included in this thesis. It can be a promising approach to investigate the influence of
the intracellular immune signaling on the here described cell lines. Combining inhibitors
against, e.g., ATR, and CHK1 with ICls and IR might result in even greater effects on cellular
survival rates of cancer cells. These combination treatments might enhance the number of

patients that could benefit from immunotherapy.

3.7.3 Transfer of findings to a clinically relevant model system

The major problem of many pre-clinical studies is the transfer from bench to bedside. There
are several different aspects that must be determined before clinical trials can even begin.
These include: Safety and toxicity, application dose, timing of treatments, pharmacokinetics,
and many others. This is why over 85% of drugs which showed promising results in pre-clinical
settings fail to show beneficial effects in early phase clinical trials, and more than half of those
drugs which succeeded in phase | clinical trials do not make it through the process of phase
Il clinical trials [186]. On top of that, the clinical trial fail rate in phase Il and Il is amongst the
highest for anti-cancer drugs [187, 188]. Thus, there is an urgent need for improvement of the
pre-clinical model systems to enable a faster and more precise translation from bench to
bedside.

One promising model are patient-derived organoids (PDOs), which have been established
over the last years for many cancer entities [189]. They are 3D grown structures directly from
biopsies or surgical resected pieces of tumors from individual cancer patients. Several studies
have already shown that PDOs reflect the response to different anti-cancer therapies of the
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parental tumor with a high probability. Normal tissue organoids have been used to predict
toxicity [190-192]. Another beneficial factor of PDOs is the presence of several different cell
types, reflecting the tumor heterogeneity. Even immune cells can be co-cultured with PDOs,
enabling the prediction of ICIs [193-195]. For that reason, | established this new model system
in the Laboratory for Radiobiology and Experimental Radiooncology at the University Medical
Center Hamburg-Eppendorf for all breast cancer subtypes (Figure 6). Further studies can now
be performed in PDO culture, potentially enabling faster transfer of pre-clinical results into
clinical application to improve therapeutic options for breast cancer patients.

Based on the studies included in this thesis, ATR and CHK1 inhibition have already shown
promising results in sensitization of resistant cancer cells in 2D cell culture. This could be
tested in 3D PDO cultures. Further, addition of ICls to this combination could be tested to see
if the sensitization effects can be enhanced. Since the therapeutic effect of ICls depends
largely on the present immune cells in a tumor, immune cells could be co-cultured with the
PDOs to enhance the predictive effect of ICls.

In parallel, normal tissue organoids could be treated with these combinations to evaluate toxic
side effects. Further, the combination of drugs inhibiting other stages of the replication stress
response could be tested, e.g., MCM2 inhibitors, which target the origin licensing and also

have the potential to sensitize resistant cancer cells.
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Figure 6: Patient-derived organoids of all breast cancer subtypes. Representative example
bright field images of PDOs, scale bar 100 ym. Her2: Human epidermal growth factor receptor 2;

PDO: Patient-derived organoid.
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Abstract: BRCA1 is a well-known breast cancer risk gene, involved in DNA damage repair via
homologous recombination (HR) and replication fork protection. Therapy resistance was linked to
loss and amplification of the BRCA1 gene causing inferior survival of breast cancer patients. Most
studies have focused on the analysis of complete loss or mutations in functional domains of BRCAI.
How mutations in non-functional domains contribute to resistance mechanisms remains elusive
and was the focus of this study. Therefore, clones of the breast cancer cell line MCF7 with indels in
BRCA1 exon 9 and 14 were generated using CRISPR/Cas9. Clones with successful introduced BRCA1
mutations were evaluated regarding their capacity to perform HR, how they handle DNA replication
stress (RS), and the consequences on the sensitivity to MMC, PARP1 inhibition, and ionizing radiation.
Unexpectedly, BRCA1 mutations resulted in both increased sensitivity and resistance to exogenous
DNA damage, despite a reduction of HR capacity in all clones. Resistance was associated with
improved DNA double-strand break repair and reduction in replication stress (RS). Lower RS was
accompanied by increased activation and interaction of proteins essential for the S phase-specific
DNA damage response consisting of HR proteins, FANCD?2, and CHK1.

Keywords: BRCA1; homologous recombination; DNA damage response; CHK1; replication stress;

irradiation
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1. Introduction

BRCA1 and BRCA? are the most mutated genes in breast cancer [1,2]. For BRCA1 it was
shown that not only a loss but also an amplification of the gene, leading to increased protein
expression, result in an adverse prognosis for patient survival due to therapy resistance [3].

BRCAL is one of the critical factors in the DNA repair pathway homologous recom-
bination (HR). It is involved in double-strand break (DSB) recognition via the interac-
tion with abraxas 1, BRCA1 A Complex Subunit (ABRAXAS1), and receptor-associated
protein 80 (RAPS80) [4]. Subsequently, interaction of BRCA1 with C-terminal-binding
protein-interacting protein (CtIP) and the MRE11-RAD50-NBS1 (MRN) complex creates
3’ overhangs of the DNA ends [5]. Replication protein A (RPA) then covers the single-
stranded DNA (ssDNA) regions to protect them against nucleolytic degradation until
it is replaced by RAD51 to allow strand invasion into the sister chromatid. RAD51 is
loaded on to the DNA via the interaction of BRCA1 with PALB2 and BRCA2 [6]. Due
to the involvement of BRCAL in all the key steps of HR, a loss of BRCA1 can lead to a
HR-deficiency (HRD) [7,8]. Several studies showed that overexpression of other involved
DNA damage response (DDR) or HR proteins can at least partially compensate for the
loss and restore the function of HR [9,10]. A defect in HR is associated with an increased
sensitivity to platinum-based chemotherapies and PARP1 inhibitors in a synthetic lethal
manner, though not always resulting in improved patient survival [5,8,10]. Various HRD
scores were proposed to identify an HR defect, most of which employ three independent
genetic markers for genomic instability [11]. Some research focuses on the formation of
RAD®51 foci as a critical indicator [12,13]. A further important function of BRCA1 is the
stabilization of stalled DNA replication forks [14,15]. The transient stalling or slowing
of replication forks is defined as a main feature of RS [16] and was previously observed
in BRCA1 mutant cells [17]. An increased level of RS can cause stalled replication forks
to collapse, generating DSBs and subsequently causing genomic instability [18]. RS can
be counteracted by elevated CHK1 activation, which inhibits the firing of new origins of
replication, allowing stalled replication forks to restart [19-22]. This may lead to therapy
resistance, which was shown to be able to be overcome by CHK1 inhibition in TNBC [9].
A second pathway to overcome RS is via the Fanconi anemia protein complex, mediated
by FANCD2/FANCI. Not only in response to DNA damage, but also to increased RS in
the cell, FANCD2 and FANCI are ubiquitinated and start to localize at DNA damage foci
regions in the nucleus [23]. Together with BRCA1/BRCA2 and RAD51, open DNA ends are
protected from degradation by MRE11 or DNA2 [14,24]. Additionally, FANCD2 can protect
stalled replication forks independently of FANCI by regulating the complex function of
BLM [25].

The effects of complete or partial BRCAI loss and the importance of defined BRCA1
mutations in regulatory regions of the gene were investigated. BRCA1I gene gain or in-
creased protein expression of BRCA1 was considered primarily in the context of resistance
to therapy. Many mechanisms are not yet fully elucidated. Mutations located outside
functional domains of the BRCA1 protein have not yet been characterized.

This study focused on understanding how mutations in BRCAI exon 9 and 14 influence
the resistance against DNA-damaging sources by using a cell line that carries a gain of
the BRCA1 gene BRCA1 gene. BRCA1 was modified by CRISPR/Cas9-mediated genome
editing and the consequent effects on DNA repair processes were assessed by plasmid
reconstruction assays and visualized by DNA repair markers such as RAD51, yH2AX, and
RPA by immunofluorescence. The expression and activation of DNA damage-response
proteins was measured by Western blot. The effects on replication processes were analyzed
by DNA fiber assay, cell cycle distribution by FACS analysis, and cellular survival after
MMC, talazoparib, and irradiation by colony formation assay.
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2. Results
2.1. BRCA1 Mutations in Exon 9 and 14 Influence DDR Protein Expression and 3D Growth

Approximately 20% of breast cancer tumors show an amplification of the BRCA1
gene [1]. Increased expression of BRCA1 was associated with inferior patient survival
after therapy [3]. The cause of therapy resistance may be due to the requirement of
BRCALI for efficient DSB repair or superior protection of the DNA replication forks [14].
It is unclear whether mutations in the BRCA1I gene in an amplified setting influence the
therapy resistance.

Clones of the MCF?7 cell line, in which three copies of the BRCA1 gene are present [26]
(Figure 1A and Figures S1 and S2), were generated by targeting exon 9 and 14 via CRISPR-
Cas9. Clones were carrying indels at the target site detected by analysis of PCR products
flanking the target sites (Figure 1B). BRCA1 exon-9.4 clone and exon-14.2 clone showed
large visible indels. All other clones differed from the MCF7 wild type (WT) in a different
width of the band. Sequencing and fluorescence in situ hybridization (FISH) analysis of
the eight BRCA1 clones showed complete loss of one allele for all clones. Five clones had
at least one mutation in the remaining alleles of BRCA1 in exon 9 and three in exon 14
(Figure 1A and Figure S1B and Table 1). In each of one BRCA1I exon 9 and 14 clone, all three
copies were affected by genetic alteration. Four of the five mutant clones in BRCA1 exon 9
had the same seven base pair (bp) deletion (c.620del7; p.207fs23stop) leading to a premature
stop codon. This was most likely due to microhomology of the target sequence. BRCA1
exon-9.4 clone showed mutations in both alleles, a 182 bp deletion (c.627del182) leading to a
stop at position p.209fs7stop, and an in-frame four amino acid exchange (p.QITP205LLQI).

Table 1. BRCA1 Mutations introduced in MCF7 cells via CRISPR /Cas9.

Cell Line Allele 1 Allele 2 Allele 3
MCF7 WT WT WT Akl
MCF7 9.1 WT (c,620de71;) };ds;g;fr;Bstop) loss
MCF7 9.2 WI (c,620de71;) id;%gggfr;%»stop) foss
MCF7 9.3 WT (c.620de71;) idg;g;fgmstop) loss
MCF7 9.4 n ﬁfgﬁi‘);‘g S?Eg%lge (c.627c1515128k2)1:d (;)132)3?57&019) foss
MCF7 9.5 WI (c,620de71;) id;%gg;fr;BstoP) foss
MCF7 141 Rwiseey  (c4Sl6dels o pisoetostop) 1o
MCF7 14.2 WT (c.4517in1sélg23b E>ir}ff;ggirrllsl9s’c0p) loss
MO 143 WT 7 bp deletion loss

(c.4511del7 — p.1505fs40stop)

List of mutations in the 3 BRCA1 wild type (WT) alleles in the selected clones at the coding DNA (c.) and protein
(p.) levels with associated position that result in complete loss (loss), deletions (del), and insertions (ins) of base
pairs (bp) and cause frame shift (fs) or stop.

The BRCA1 exon 14 clones showed four different BRCAI mutations: BRCA1 exon-14.1
showed mutations in both alleles (allele 1: 6 bp exchange, leading to a change of two amino
acids, p.RW1506GI; allele 2: 14 bp deletion, c.4516 del14; p.1506fs9stop), BRCA1 exon-14.2 a
183 bp insertion (c.4517ins183) that led to a stop at p.1506ins19stop, and BRCA1 exon-14.3
showed a 7 bp deletion at position c.4511del7 that also led to an early stop at p.1505fs40stop.
The mutations generated most frequently resulted in truncation of the BRCA1 protein
in addition to the complete loss of one allele. The effects of the mutations on BRCA1
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protein expression were examined by Western blot analysis (Figure 1C). A significant
decrease in BRCA1 protein expression was seen in two clones (BRCAI exon-9.3 and —9.5),
one clone showed a slight increase (BRCA1 exon-9.4), and all others showed expression
levels comparable to WT (Figure 1C). The lymphoblast cell line HCC1937 isolated from
a BRCA1 germline mutation carrier showing residual BRCA1 expression was used for
comparison [27,28].
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Figure 1. BRCAT mutations in exons 9 and 14 alter protein expression and 3D growth. (A) FISH
analysis of BRCA1 mutated MCF7 clones shows loss of one of the three BRCA1l-alleles. (B) PCR
screen of CRISPR/Cas9-targeted locus BRCA1 in exon 9 and 14 in MCF7 clones. Fragments with an
amplicon size of 494 bp/101 bp (exon 9) and 419 bp /169 bp (exon 14) were selected for detection
of large/small indels. PCR products were separated by electrophoresis. (C,D) BRCA1, RAD51,
FANCD2, CHKI1, and ATR expression from total cell extracts of exponentially growing cells were
separated and analyzed by Western blot and normalized to MCF7 WT. HCC1937 (HCC) served
as negative control and HSP70 and 3-ACTIN as loading controls. (E) 3D growth of BRCA1 clones
mutated in exon 9 or 14. Single cells were embedded in BME, and spheroids were photographed three
(d3) and ten (d10) days after seeding. Scale bars represent 100 um (20 x magnification). Shown are the
mean values of three independent experiments + SEM. Asterisks (*) indicate significant differences
(*p <0.05; ** p <0.01; ** p < 0.001; **** p < 0.0001 Student’s t-test).

One clone with an affected allele of exon 9 (BRCA1 exon-9.2) or exon 14 (BRCA1
exon-14.3) and one with mutations in both remaining alleles (BRCA1 exon-14.1) were
selected. The different clones were analyzed for the expression of other factors involved in
the DNA damage response (DDR) (Figure 1D). There was no change in RAD51 expression
and a slight decrease in CHK1 in all BRCA1 clones, but only reaching marginal significance
in BRCAI exon-9.2 (p = 0.051). ATR expression appears to be associated with changes in
BRCA1 exon 14, as both clones showed a reduction compared with the MCF7 WT, with
significance in the BRCA1 exon-14.3 clone (p = 0.015). The most striking change was seen
in FANCD2, which was significantly reduced by 62-71% in all BRCA1 clones compared
with the MCF7 WT (p > 0.0001) (Figure 1D). The growth behavior of all three clones was
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compared to MCF7 WT, showing clearly visible differences under 3D conditions (Figure 1E).
BRCA1 exon-9.2 showed large, densely clustered, and sharply demarcated spheroids,
BRCA1 exon-14.1 medium, also densely clustered, and BRCA1 exon-14.3 comparable in
size to the MCF7 WT, but with slightly sharper demarcation.

2.2. Significant Reduction of HR Capacity Does Not Result in Increased MMC and
PARP1i Sensitivity

The effects of the introduced BRCA1 mutations on the molecular processes that BRCA1
is involved in were examined. BRCA1 is an important factor of HR; the capacity for DSB
repair via HR was analyzed. Linearized DNA repair construct plasmid (pDR-GFP) was
transfected into cells and repair capacity was detected by flow cytometry (Figure 2A,B).
As expected, all BRCAI mutated clones showed significantly reduced HR capacity, with
a relative reduction of 60% in the BRCA1 exon-9.2 and -14.1 clones. A reduction of up to
75% in the BRCA1 exon-14.3 clone was measured compared with the MCF7 WT. Because
HR is a cell cycle-dependent process, alterations of the cell cycle profiles of the clones were
analyzed (Figure 2C,D). Only minor differences were observed, with an slight increase in
G1 and G2/M phase cells in the two BRCA1 exon 14 clones while the exon 9 clone showed
a cell cycle distribution comparable to the MCF7 WT (Figure 2D).
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Figure 2. Significant reduction in HR capacity is not reflected by decreased survival after MMC
treatment and PARP1 inhibition. (A,B) BRCAI mutant MCF7 clones showed significantly reduced
HR capacity in the plasmid reconstruction assay. Cells were transiently transfected with the pDR-GFP
plasmid and HR-competent cells (GFP-positive) were detected by flow cytometry. The determined HR
capacities were normalized to the MCF7 WT cell line. The BRCA1-deficient cell line HCC1937 served
as negative control. (C,D) No differences were detected in cell cycle profiles among BRCAI-mutant
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clones. Cells were stained with propidium iodide and then subjected to flow cytometry analysis.
(E,F) Differences in cellular survival after treatment with MMC or PARP1 inhibition. Cells were seeded
12 h before treatment, treated for 1 h with MMC or 24 h with talazoparib, fixed after 14 days, and the
number of colonies with >50 cells was determined. Shown are the mean values of three independent
experiments + SEM. Asterisks (*) indicate significant differences; (*** p < 0.001; ****p < 0.0001,
ns = not significant Student’s t-test).

Surprisingly, the sensitivity to mitomycin C (MMC) treatment and PARP1 inhibition
(PARP1i) by talazoparib was not enhanced in all BRCAI-mutant clones, despite the reduc-
tion in HR capacity (Figure 2E,F and Figure S3). Only the two BRCA1 exon-14 clones showed
significantly increased sensitivity to MMC treatment (ICs9: 0.21 pg/mL and 0.19 ng/mlL)
compared with MCF7 WT (ICsp: 0.38 ug/mL) (Figure 2E). However, the BRCA1 exon-9.2
mutant clone showed a significant increase in MMC resistance (ICsp: 0.46 pg/mL). The
MMC-sensitive BRCAT clones with exon 14 mutations were also sensitive to PARP1i with
an ICs of 1.3 nM (14.1) and 0.69 nM (14.3), whereas the BRCA1 exon-9.2 clone was resistant
(ICs0: 6.8 nM) compared with MCF7 WT with an ICsq of 4.2 nM (Figure 2F).

2.3. Efficient DSB Repair and Rapid DNA Replication Fork Restart Contributes to
Therapy Resistance

RAD?51 foci formation is a well-established marker to test functionality of HR [12].
Mutations in BRCA1 are known to impair HR and thereby decrease RAD51 foci forma-
tion [29,30]. Therefore, the formation of RAD51 foci in the BRCAT mutant clones was
examined and quantified (Figure 3A,B). All BRCA1 clones showed formation of RAD51
foci 6 h after MMC treatment. However, the two (exon 14 clones) MMC-sensitive BRCA1
showed an approximately 50% lower increase in RAD51 foci compared with MCF7 WT,
with respective mean values of 11.5 £ 1.5 (p = 0.0093) and 10.1 £ 1.1 (p = 0.0026) compared
with 18.9 & 1.7 RADS51 foci per cell. Conversely, the resistant BRCA1 exon-9.2 clone showed
the strongest increase in RAD51 foci with a mean of 22.0 £ 1.1 foci per cell (ns. compared
with MCF7 WT). Comparison of RAD51 foci 24 h after MMC showed that both BRCA1
exon 14 clones also had a reduced ability to resolve the RAD51 foci formed during the
observation period, with 10.1 4 0.9 and 8.4 + 0.6, respectively. In contrast, resolution of
RADS51 foci was most efficient in the BRCA1 exon-9.2 clone 24 h after MMC treatment, with
a significant decrease in RAD51 foci, approximately to the level of MCF7 WT.

Initiation of HR requires a homology search and pairing of ssDNA, generated by
DNA end resection, with the homologous DNA region of the intact strand. Protection
of the resected ssDNA is achieved by accumulation of RPA which, as a multifunctional
protein, regulates not only ssDNA but also the activity of repair factors [31]. The effect of
BRCA1 mutations in different exons on RPA foci formation 4 h after MMC treatment was
determined (Figure 3C and Figure S4). All cell lines showed functionality in the formation
of RPA foci. The resistant BRCA1 exon-9.2 clone showed the highest number of RPA foci per
cell with 20.4 + 1.6 at 4 h, whereas the BRCA1 exon-14.1 clone after MMC treatment showed
the lowest number of RPA foci per cell at 12.3 & 1.8. In contrast, the BRCAI exon-14.3
clone showed a value of 13.1 £ 1.4, comparable to the MCF7 WT, with 14.4 £ 1.7,24 h
after treatment. The strongest decrease in RPA foci was observed in the BRCA1T exon-9.2
clone, while only a slight decrease occurred in the BRCA1 exon-14.3 clone; the BRCA1
clone-14.1 showed almost no change in RPA foci and the MCF7 WT showed an increase to
17.5 £ 1.1 RPA foci per cell. Thus, the behavior of RAD51 foci formation in the cell lines
studied was confirmed. Whether the significant differences in the resolution of RAD51
and RPA foci of DNA crosslinks induced by MMC were also reflected by differences in the
formation of DSBs was examined. The number of YH2AX foci 6 and 24 h after treatment
with MMC was detected and evaluated (Figures 3D and S4). Clear differences between the
examined cell lines were observed. The strongest increase in the number of DSB could be
observed 6 h after MMC in the resistant BRCA1 exon-9.2 clone, with 21.1 &+ 1.7 compared
to the MCF7 WT with 13.6 + 1.4. The two sensitive BRCAI exon-14 clones showed an
increase in DSBs compared to the MCF7 WT, with 11.6 & 0.8 and 15.7 £ 1.3 YH2AX foci
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per cell after 6 h MMC, respectively. The resistant BRCAI exon-9.2 clone showed the most
pronounced reduction of DSBs 24 h after treatment, with about 50% compared with only
10% in the MCF7 WT, consistent with the survival (Figure 2E) at corresponding MMC
concentration. The BRCAI exon-14.3 clone also showed a slight reduction in DSBs, whereas
the BRCA1 exon-14.1 showed no repair of DSBs 24 h after treatment.
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Figure 3. Resistance indicates more efficient DSB repair and avoidance of replication-associated DNA
damage. (A-D) Formation of DNA repair foci after MMC treatment. (A,B) RAD51 foci (green) 6 h
and 24 h after treatment with 0.5 pg/mL MMC for 1 h, (C) quantification of RPA foci 4 h and 24 h after
MMC, and (D) YH2AX foci 6 h and 24 h after using the same protocol. Nuclei were counterstained
with DAPI. yH2AX foci were quantified manually; RAD51 and RPA foci were quantified using the
Aklides® NUK system (MediPan). Scale bar represents 5 um (40 x magnification). At least 100 cells
were analyzed in each biological replicate. (E-G) DNA fiber assay after treatment with HU for 4 h, in
MCF7 WT and BRCA1 mutated clones. (E) Treatment scheme shows sequential labeling with CldU
and IdU for 30 min each and addition of HU for 4 h between CldU and IdU. Incorporated nucleotides
were detected by immunofluorescence. The length of the DNA fibers was measured with the Image]
1.52n software. (F) DNA fiber length of DNA strands already synthesized before HU administration
and (G) number of replication forks halted within the next 30 min after HU removal. Shown are the
mean values of three independent experiments = SEM. Asterisks (*) indicate significant differences
(* p <0.05; ** p < 0.01, **** p < 0.0001; ns = not significant Student’s t-test).

This suggests that in the resistant BRCA1 exon-9.2 clone, induction of DNA cross-links
led to increased DSBs, which, nevertheless, can be repaired most efficiently. Since the
resolution of DSBs 24 h after MMC treatment reached a roughly comparable level in all
cell lines, differences in DSB repair alone do not seem to reflect sensitivity to MMC. This
could be due to differences in BRCA1-dependent stabilization of active DNA replication
forks, which prevents nucleolytic degradation of newly synthesized DNA [14,24]. To test
this hypothesis, the stability of replication forks after treatment with Hydroxy urea (HU)
was examined by a DNA fiber assay (Figure 3E,F). A significant degradation of newly
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synthesized DNA after HU treatment was observed in MCF7 WT, with 11.6 &+ 0.3 um
compared with the untreated control with 12.4 4 0.4 um (p = 0.045). In contrast, neither
the BRCA1 exon-9.2 nor the two BRCA1 exon 14 clones showed degradation of previously
synthesized DNA. The BRCAI exon-9.2 showed no significant effect of HU treatment.
The two BRCA1 exon-14 clones even showed a significant increase in DNA fiber length
compared with untreated controls, with 14.9 + 0.4 vs. 12.3 & 0.3 pm and 13.9 &+ 0.3 vs.
11.7 £ 0.3 um. It is possible that an increased dNTP level is present in the exon 14 clones.
Analysis of replication fork restart after removal of HU represents another feature of
functional HR [22]. It was observed that the resistant BRCA1 exon-9.2 clone had the least
difficulty in replication fork restart, visible by the lowest proportion of stalled replication
forks, with only 12%, while the two BRCA1 exon 14 clones showed significantly higher
proportions of 15% and 18%, and the MCF7 WT the highest level of about 22% (Figure 3G).

2.4. Resistance to Irradiation Emerges from Low Level of DNA Replication Stress

As MMC treatment and PARP1i are mainly causing DNA damage during the S phase;
the response to irradiation (IR), inducing various types of DNA damage in all cell cy-
cle phases was analyzed. Cells were irradiated, and cellular survival was determined
(Figure 4A). The BRCA1 exon-9.2 clone was found to be resistant to IR. The BRCA1 exon-
14.3 clone showed significantly increased radiosensitivity, consistent with its sensitivity
against MMC treatment and PARPi. The survival of the BRCA1 exon-14.1 clone after IR was
comparable to the MCF7 WT in 2D (Figure 4A). The same distribution of radiosensitivity of
the BRCA1 clones was observed under 3D culture conditions (Figure 4B). However, all cell
lines showed lower radiosensitivity in 3D, with significantly smaller differences between
cell lines (Figure 4B).

It was tested whether the differences in radiosensitivity affected DNA replication pro-
cesses. Cells were irradiated with 6 Gy and examined by the DNA fiber assay (Figure 4B,C).
Strikingly, the resistant BRCA1T exon-9.2 clone replicated significantly faster than the MCF7
WT, with a length of 10.1 & 0.25 pm vs. only 8.7 £ 0.23 um (Figure 4B and Figure S5C). The
BRCA1 exon-14.1 clone also replicated slightly faster than the MCF7 WT with 9.3 & 0.24 pum.
Only the BRCAT exon-14.3 clone showed a slowing of replication to 8.4 £ 0.21 um, already
in the untreated situation. Thus, there appears to be endogenously less RS in the resistant
BRCA1 exon-9.2 clone. IR resulted in minimal shortening to 8.1 & 0.22 pm in the resistant
BRCA1 exon-9.2 clone (Figure 4C). In the clones with mutant exon 14, IdU length was reduced
to 6.9 £ 0.24 ym (14.1) and 6.3 £ 0.21 pm (14.3), and the MCF7 WT showed the greatest
reduction to 4.9 £ 0.14 um. This suggests that the resistant BRCA1 exon-9.2 clone is capable
of handling RS induced by IR most effectively. Confirming this, a faster restart of DNA
replication, represented by a high value for the IdU/CldU (I/C) ratio, was observed in the
resistant BRCA1 exon-9.2 clone with a value of 0.63 £ 0.02 (Figure 4D). The BRCA1 exon-14.1
clone showed an I/C ratio of 0.55 = 0.02, comparable to MCF7 WT with 0.53 £ 0.01, whereas
the sensitive BRCAI exon-14.3 clone showed the lowest value of 0.48 £ 0.01.

The cellular mechanism triggering these differences could be the activation of the S
phase-specific DDR mediated by ATR and CHK1 (Figure 4E,F). No significant differences
were seen in the activation of ATR (Figure 4E), with only MCF7 WT showing an increase
in phosphorylation of ATR 6 h after IR, whereas the BRCA1 clones showed no difference
compared to the untreated situation. In contrast, activation of CHK1 showed marked
differences (n.s.), with the strongest activation in BRCA1 exon-9.2 clone, slightly lower
activation in the two BRCA1 exon-14 clones, and the lowest activation in MCF7 WT cells
(Figure 4F). FANCD2 expression was examined after IR (Figure 4G) to further analyze
a replication conflict due to decreased activation of FANCD2 by monoubiquitination, as
described for BRCA1-deficient cells [32]. It was apparent that the BRCAT exon-14.3 and
MCEF7 WT showed significantly greater activation after IR compared with the BRCA1 exon-
14.1 and the BRCA1 exon-9.2 clones. No change in the PARP1 expression was observed
after irradiation (Supplementary Figure S7). Activation of the ATR kinase is mediated by
RPA-coated single-stranded DNA (ssDNA) [33]. The effect of inhibition of ATR on RPA
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foci formation after irradiation was investigated (Figure 4H). The most significant increase
in RPA foci in the resistant BRCA1 exon-9.2 clone (p = 0.0066) compared with the other
cell lines was observed. Thus, the data presented here indicate that both sensitivity and
resistance can be caused by mutations in BRCA1 and, in sum, are attributable to differences
in the management of replication conflicts.
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Figure 4. Less DNA replication stress is associated with resistance to irradiation. (A,B) Differences
in cellular survival after irradiation in 2D and 3D cultures. Cells were seeded 12 h before IR, fixed
after 14 days, and the number of colonies with >50 cells was determined. (B-D) DNA fiber assay
after irradiation with 6 Gy, in MCF7 WT and BRCA1 mutated clones. (B) Treatment scheme shows
sequential labeling with CldU and IdU for 30 min each and IR between both labels. Incorporated
nucleotides were detected by immunofluorescence. The length of the DNA fibers was measured with
the Image J 1.52n software. (C) DNA fiber length of DNA strands after IR (IdU) and (D) the ratio of
DNA fiber length pre to post irradiation (I/C ratio) was calculated. (E-G) Activation of ATR, CHKI,
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and FANCD?2 6 h after IR were detected in total cell extracts of exponentially growing cells, analyzed
by Western blot and calculated as the ratio of pATR to ATR, pCHK1 to CHK1 or FANCD2L /FAND?2S.
(H) RPA foci after IR and treatment with the ATR inhibitor Ceralasertib were quantified using the
Aklides® NUK system (MediPan) at a magnification of 40x. At least 100 cells were analyzed in
each biological replicate. Shown are the mean values of three independent experiments + SEM.
Asterisks (*) indicate significant differences; (* p < 0.05; ** p < 0.01; **** p < 0.0001, ns = not significant
Student’s t-test).

3. Discussion

This study showed that a combination of efficient DNA repair and avoidance of RS
results in resistance to different DNA-damaging sources in a BRCAT mutated clones of
the MCF7 cell line, which carries a BRCAI gene amplification, confirming data shown by
ref. [26]. The amplification of DDR genes such as BRCA1 and the possible resulting elevated
protein expression, present in about 20% of breast cancer tumors, were associated with
therapy resistance [1]. BRCA1 has important functions in HR and DNA replication fork
protection [24,34]. Though many studies investigate how BRCA1 gene amplification or
mutations contribute to therapy resistance, many questions remain unanswered. Mutations
in BRCAI exon 9 and 14, in a BRCA1 gene-amplified setting, are not yet well characterized,
as most investigations focus on the functional domains exclusively.

All BRCA1 mutated clones analyzed in our study had impaired HR capacity, but
RAD?51 foci formation was only reduced in clones mutated in exon 14 (Figures 1 and 2).
The interaction of BRCA1 with PALB2 promotes RAD51 loading [35], which seems to be im-
paired in BRCA1 exon 14 mutated clones. This might be due to the location of the introduced
mutation which is behind the coiled-coil (CC) domain, interacting with PALB2 [36] and
the S/T-Q cluster domain (SCD), which harbors the ATR/ATM phosphorylation sites [37].
However, the BRCA1 exon-9.2 mutated clone can efficiently form RAD51 foci, despite a
reduced HR capacity. This mutation is located in between the RING domain, required for
BARD1-BRCA1 heterodimerization to perform the E3 ubiquitin ligase activity [38] and the
nuclear localization signal (NLS). It was previously shown that mutations in the BRCA1
gene can generate truncated versions of the BRCA1 protein influencing the resistance to
different DNA-damaging agents [39—42]. It is possible that a truncated protein variant in
the BRCA1 exon 14 mutated clones may contribute to the observed reduced formation
of RADS51 foci, as the NLS would still be present on a truncated protein version, but the
function of the CC-domain might be affected. This would not be the case for the resistant
BRCA1 exon-9.2 clone. It is well-established that BRCA1 signaling at DSB sites is not
restricted to promotion of HR via PALB2-BRCA2-Rad51. The BRCA1-A complex formed
on the scaffold protein ABRAXASI at the damage site is important for pathway choice for
the repair of DSBs [43]. Subsequently, it is the recruitment of CtIP to form the BRCA1-C
complex that promotes end resection and HR. Alternatively, recruitment of the helicase
BRIP1 (a.k.a. BACH1, FANC]) is required to form the BRCA1-B complex that is involved
in DNA damage response in S phase [44]. The interactions of BRCA1 with ABRAXASI,
BRIP1, and CtIP are all mediated by the BRCA1 carboxyterminal (BRCT) domain binding a
phosphorylated by S phase cyclin-dependent kinases. Truncations in exon 14 would thus
prevent formation of any of the BRCA1-A, -B, and -C complexes.

HR capacity was determined by a transient transfection of the DR-GFP plasmid since
it was shown that a transient or stable transfection does not influence the outcome of the
observed HR capacity [45]. It is likely, though, as the introduction of a single or very few
DSBs is not sufficient to activate a global DNA damage response [46]. Therefore, analyzing
RAD?51 foci formation as a readout for the functionality of HR was conducted. The ability
of the BRCA1 exon-9.2 clone to efficiently form RAD51 foci contributes to the observed
resistances to PARP1i and MMC treatment as both agents induce DSBs that are repaired
by HR [47]. Thus, no complete defect of HR was observed in any of the BRCAI mutated
clones, though the exon 9.2 mutated clone seemed to be more proficient in HR than the
exon 14 mutated clones.
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Mechanisms contributing to resistance to PARPi in BRCAI mutated cells are (I) increase
in drug efflux, (II) restoration of HR, (III) decreased PARP1 trapping, and (IV) stabilization
of stalled DNA replication forks [9,48]. All BRCAI mutated clones still show residual
HR activity, most strongly in the MMC- and PAPRIi-resistant BRCAI exon-9.2 clone,
contributing to the observed resistance. However, the rather small differences in HR
performance strongly suggest that a second mechanism partly responsible for the observed
resistance is involved. It is unlikely that a decrease of PARP1 trapping occurred since the
resistance was also visible after MMC treatment. Therefore, the most obvious mechanism
responsible for resistance seems to be the stabilization of the DNA fork [49], since BRCA1 is
also known to play a role in this process. The resistant BRCA1 exon-9.2 clone indeed showed
the most efficient DNA replication fork restart after HU treatment and no degradation of
newly synthesized DNA, which suggests that this clone has the most stable replication
forks compared with the BRCA1 exon 14 mutated clones and the MCF7 WT (Figure 3).

DNA damage induced by MMC treatment and PARP1i occurs predominantly in the S
phase of the cell cycle, disrupting the DNA synthesis and leading to DSBs, which are then
repaired by HR [50]. Ionizing radiation (IR) was used to test the DNA-damaging source,
inducing several DNA damages. IR causes the same results as after MMC treatment and
PARP1i. The BRCA1 exon-9.2 clone was radioresistant, while the BRCA1 exon-14.3 clone
was radiosensitive and the BRCA1 exon-14.1 clone showed comparable survival to the
MCEF7 WT (Figure 4). Since the previous results indicated a lower RS in the resistant exon-
9.2 clone, the data after IR confirmed these observations. The BRCA1 exon-9.2 clone showed
the highest replication speed, while the 14.3 clone showed the lowest. Since the main feature
of replication stress is defined as transient slowing or stalling of DNA replication forks [16],
this strongly indicates that the resistant 9.2 clone exhibits the least RS in the untreated state,
while the sensitive 14.3 clone exhibits the highest. The same could be observed after IR, as
again the BRCA1 exon-9.2 showed the lowest RS, and the exon-14.3 clone the highest. A
high level of RS leads to genomic instability [51] and ultimately increased cell death, which
correlates with the survival outcome determined in the colony formation assay.

The differences in RS were not manifested by differences in the ATR activation after
IR, whereas significant differences in the CHK1 phosphorylation were observed, indicat-
ing the described ATR-independent activation of CHK1 in the BRCAI mutated clones
(Figure 4) [52]. CHK1 can counteract RS by inhibiting firing of dormant origins to allow the
cell to restart of the stalled forks instead of opening dormant origins [20-22,53]. Since the
highest activation of CHK1 is observed in the resistant BRCA1 exon-9.2 clone, this further
supports the observation that it has the lowest level of RS. CHK1 phosphorylation is not as
high in the BRCA1 exon 14 mutated clones, not rescuing the already high RS. Supporting
this, the strongest accumulation of RPA after inhibition of ATR was seen in the resistant
BRCA1-9.2 clone after irradiation (Figure 4).

Overexpression of remaining DDR genes was shown to compensate the loss of some
DDR genes such as BRCA1 [45,54]. However, this seems not to be the case in the present
BRCA1 mutated clones. In the untreated state no elevated expression of RAD51, ATR, or
CHK1 could be observed. FANCD2 was even significantly downregulated in all BRCAI mu-
tated clones, which is surprising since it has been shown that depletion of BRCA1 together
with FANCD?2 is synthetically lethal [32]. Upon DNA damage induction, FANCD2/FANCI
are increasingly ubiquitinated and co-localize with DNA damage foci in the nucleus [55,56],
which also happens in response to RS [57]. They protect stalled replication forks together
with BRCA1/BRCA2/RAD51 from MRE11 or DNA2 degradation [14,24]. FANCD2 can,
however, also act independently of FANCIL. It was shown, that FANCD2 can regulate BLM
functions to promote the recovery of stalled replication forks [25]. All BRCAI mutated
clones showed functional FANCD2 ubiquitination after IR, except for the BRCA1 exon-14.1
clone. This was quite unexpected, as it has a medium level of RS, comparable to the MCF
WT, but basically no increase in FANCD2 ubiquitination. The failure of activating FANCD2
in this clone must be further investigated. In the sensitive BRCA1 exon-14.3 clone, the L/S
ratio of FANCD2 (Large/Small FANCD?2) was the highest, strongly suggesting that this
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clone tries to compensate for the high level of RS by high ubiquitination of FANCD2. In the
resistant BRCA1 exon-9.2 clone, a lower L/S ratio was observed, which was expected as
this clone has low RS.

In summary, this study showed that BRCAI indels in exons 9 and 14 can result in
increased therapy resistance or sensitivity. In addition, it seems that a dominant negative
effect of the truncating exon 14 mutations is present. All results taken together strongly
indicate that a combination of efficient DNA repair and avoidance or rather enhanced
counteraction against RS by increased CHK1 activation is responsible for the observed
therapy resistance. The analysis of how to overcome this resistance might enable new
strategies for treatment of tumors with similar features.

4. Materials and Methods
4.1. Cell Lines, Culture and Treatment

The MCF7 and HCC1937 cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). All cell lines were cultivated in DMEM medium
with 10% FCS and 1% penicillin streptomycin in incubators at 37 °C, 5% CO, atmosphere,
and 100% humidity in cell culture flasks. For the 3D growth 10,000 cells were seeded in
25 pL drops of Basement Membrane Extract (Cultrex®, growth factor reduced) in 24-well
plates, covered with 750 pL culture medium. For mitomycin C (MMC; medac GmbH)
treatment concentrations ranging from 1.5 pM to 3.0 uM were used for a maximum of 1 h
incubation time. Talazoparib (Selleckchem #57048) treatment was carried out for 24 h with
concentrations of 1 to 10 nM. Ceralasertib (Biozol, Eching, Germany) treatment was carried
out for 4 h before and 24 h after irradiation at a concentration of 1 pM.

4.2. CRISPR/Cas9-Mediated Modifications of BRCA1

The CRISPR/Cas9 system was used for genome editing of the BRCA1 gene essentially
as described [58]. Two different exons (9 and 14) were targeted with one single-guide RNA
(sgRNA) each, designed with the help of crispr.mit.edu (Table 2). An additional guide
targeting intron 1 was found to be inefficient and was not followed up further.

Table 2. Oligonucleotides used for expression of sgRNA sequences targeting BRCA1. Target sequence
is underlined.

Exon Direction Sequence (5’ to 3)
9 forward CACCGTTGTTACAAATCACCCCTCA
reverse AAACTGAGGGGTGATTTGTAACAAC
14 forward CACCGCCCATCATTAGATGATAGG
reverse AAACCCTATCATCTAATGATGGGC

The oligonucleotides were hybridized and ligated into vector PX458 (Addgene #48138,
kindly provided by I. Vetterlein), digested with Bbsl, and amplified in E.coli (DH5x).
The correct insert with the sgRNAs was confirmed by Sanger sequencing. The sgRNA-
expressing plasmids were transiently transfected into MCF7 cells using electroporation.
Successfully transfected cells (GFP-positive) were sorted after 48 h via flow cytometry as
single cells and expanded in 96-well plates.

4.3. PCR Screening

Genomic DNA was isolated using DNeasy Blood & Tissue (Qiagen, Hilden, Germany)
and DNA concentrations were measured using a NanoDrop™ One/OneC Microvolume
UV-Vis Spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). Primers were
designed to anneal around the Cas9 cutting site within the BRCA1 gene. To detect small
indel variations, a short sequence around the Cas9 cutting site was amplified, while to
detect larger variations a longer fragment was amplified (Table 3)
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Table 3. Primer sequences used to amplify the CRISPR/Cas9 targeted regions of the BRCA1 gene.

Length and o , , Amplicon Size
Exon Direction Tm (°C) Sequence (5’ to 3') (bp)
short forward 58.9 TTCCCTATAGTGTGGGAGATCA 101
9 short reverse 54.7 CAAACTTTGCCATTACCCTTTT
long forward 55.3 CCACACCCAGCTACTGACCT 494
long reverse 55.3 CTCTTCCAGCTGTTGCTCCT
short forward 55.9 CGATGGTTTTCTCCTTCCATT 169
14 short reverse 55.3 TTGCTCCTCCACATCAACAA
long forward 61.4 CCACACCCAGCTACTGACCT 419
long reverse 59.4 CTCTTCCAGCTGTTGCTCCT

For PCR, GoTaq® Flexi Polymerase (Promega, Walldorf, Germany) with the Green
GoTaq® Flexi Reaction Buffer supplemented with 5 mM MgCl,, 200 uM dNTPs, 100 pmol/pL
forward and reverse primer, and 100 ng genomic DNA as template was used. PCR was
performed using a Primus 25 advanced® Thermocycler with the following conditions: Initial
denaturation (95 °C for 2 min) followed by 35 cycles of denaturation (95 °C for 30 s), annealing
(54 °C for 30 s) and extension (72 °C for 50 s), ending with a final extension (72 °C for 10 min).
Fragments were then loaded on to a 2% agarose gel, run for 30 min at 120 V, and stained
with ethidium bromide, or analyzed by BioAnalyzer 2100 Expert (B.02.08.51648) using DNA
7500 chips (Agilent Technologies, Santa Clara, CA, USA).

4.4. Amplicon Sequencing and Clone Characterization

Sequencing of amplicons was performed using Illumina’s next-generation sequencing
methodology [59]. Amplicons per clone (Table 3) were pooled, while each pool con-
tained long and short fragments of exon under consideration plus additional fragments
for (either) POLD (Primers: 5-CCTGTGCAATTAGGCTTGAG and 5'- CTTCAGGCCGAC-
CTTGAATG; amplicon size 500 bp) or POLE (Primers: 5'-GGTGTTCAGGGAGGCCTAAT
and 5'-TACTTCCCAGAAGCCACCTG; amplicon size 195 bp) serving as controls. Am-
plicons were quality checked and quantified using the 2100 Bioanalyzer instrument in
combination with a high-sensitivity DNA kit (both Agilent Technologies). Prior to library
preparation, amplicons per clone were pooled as described above. Libraries were prepared
from 50 ng of pooled amplicons (per clone) using NEBNext Ultra II Directional RNA Li-
brary Preparation Kit in combination with NEBNext Multiplex Oligos for Illumina Set 1
(96 Unique Dual Index Primer Pairs) following the manufacturer’s instructions in general
(New England Biolabs, Frankfurt am Main, Germany). Deviating from the protocol, the
amplicons were not fragmented but inserted directly into the library preparation. Quantifi-
cation and quality checking of libraries was conducted using a 2100 Bioanalyzer instrument
and DNA 7500 kit (Agilent Technologies). Libraries were pooled and sequenced on a MiSeq
(IIlumina, San Diego, CA, USA). System runs in 301 cycle/paired-end mode using SBS
600 cycles v3 sequencing reagents. Sequence information was converted to FASTQ format
using bcl2fastq v2.20.0.422.

Both adapter clipping and quality trimming were applied to the raw reads using Cu-
tadapt 2.8 [60] (parameters: -q 15 -m 1 -a AGATCGGAAGAGCACACGTCTGAACTCCAGT
CA -A AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT). The resulting paired-end
reads were merged with the tool fastq_mergepairs from USEARCH v8.0.1517 [61]. Am-
plicon sequences were identified in the merged reads based on their primer sequences
with the Python script identifyAmplicons.py (parameter: —primers primers.fa) (https:
//github.com/PhKoch/amplicon/releases/tag/0.3, accessed on 28 September 2022). For
each clone, the abundance of the amplicons was determined to characterize its type of
mutation. To this end, sequences of amplicons with high abundance were aligned to the
genomic BRCAT sequence. Only two different amplicons with comparable abundance were
identified in all clones analyzed (Table 1 and Supplemental Figure S1); despite the expected


https://github.com/PhKoch/amplicon/releases/tag/0.3
https://github.com/PhKoch/amplicon/releases/tag/0.3

Int. . Mol. Sci. 2022, 23, 13363

14 0f 18

presence of three genomic copies of BRCAI in MCF7, the clones were further characterized
by FISH.

4.5. FISH Analysis

FISH was used according to standard procedures and previously described [62].
Two commercially available probes were combined with a homemade one: a BRCA1-
specific probe (Abnova, Heidelberg, Germany; SpectrumOrange), a centromere-specific
one for chromosome 17 (D17Z1-Abbott/ Vysis, Chicago, IL, USA; SpectrumGreen), and a
whole chromosome paint for chromosome 17 (wcp 17; SpectrumAqua) [62]. Then, 10 to
20 metaphases per cell line were acquired and analyzed for each probe set on a Zeiss Axio-
plan microscope, equipped with ISIS v2.86 software (MetaSystems, Altlussheim, Germany).

4.6. Western Blot and Immunostaining

Total protein was extracted from exponentially growing cells and 25 pg protein was
resolved by SDS-PAGE using 4%-15% gradient gel (Bio-Rad Laboratories, Feldkirchen,
Germany). After transfer and blocking in 5% BSA for at least 1 h, proteins were detected by
primary antibodies against ATR [C-1] (Santa Cruz Biotechnology, Heidelberg, Germany
1:750), p-ATR S428 (Cell Signaling Technology, Leiden, The Netherlands, #2853, 1:500),
BRCA1 [MS110] (Calbiochem/Merck Chemicals, Darmstadt, Germany, 1:1000), CHK1
[2G1D5] (Cell Signaling, 1:750), p-CHK1 S296 (Cell Signaling #2349, 1:750), FANCD2 [FI17]
(Santa Cruz, 1:2000), PARP1 [C210] (BD, 1:1000), HSC70 [B6] (Santa Cruz, 1:10.000), RAD51
[PC130] (Calbiochem, 1:1000), and (3-Actin [AC-74] (Sigma-Aldrich, Taufkirchen, Germany,
1:20.000). Primary antibodies were detected with IRDYE 680 conjugated anti-mouse IgG,
IRDYE 800 conjugated anti-mouse IgG, IRDYE 680 conjugated anti-rabbit IgG, or IRDYE
800 conjugated anti-rabbit IgG (LiCor, 1:7500).

For immunofluorescence staining, cells were seeded on culture slides. After treatment,
cells were permeabilized, fixed with 4% paraformaldehyde, and blocked overnight in 3%
BSA. Foci were detected using primary antibodies against RAD51 [AB-1] (Calbiochem,
1:500), YH2AX [Ser139] (Millipore/Merck Chemicals, Darmstadt, Germany, 1:250) or RPA
[MA-34] (Santa Cruz, 1:400), followed by secondary antibodies Alexa Fluor 488 goat anti-
rabbit IgG (Cell signaling, 1:600), Alexa Fluor 488 goat anti-mouse IgG (Cell signaling, 1:600),
or Alexa Flour 594 goat anti-mouse IgG (Cell signaling, 1:500). Nuclei were stained with
DAPI and samples were mounted (Vector Laboratories, Newark, CA, USA). The YH2AX
foci were quantified manually by capturing fluorescence images using a Zeiss Axioplan
2 fluorescence microscope equipped with a charge-coupled device camera and Axiovision
software (Carl Zeiss Microscopy, Oberkochen, Germany), followed by quantification using
Image J software. RPA and RAD51 foci were quantified automatically by the Aklides®-
system (MediPan, Blankenfelde-Mahlow, Germany). A minimum of 100 cells per dose and
slide were quantified.

4.7. Homologous Recombination Assay

The homologous recombination (HR) capacity was measured by transient transfection
of I-Sce-1 linearized pDR-GFP plasmid (Addgene #264752, kindly provided by M. Jasin).
First, 1 pg of the linearized plasmid was transfected into cells using FuGENE (Roche,
Mannheim, Germany) in a 1:3 pg/uL ratio according to the manufacturer’s instructions.
To measure transfection efficiency, cells were transfected with 1 ug pEGFP-N1 (Addgene
#6085-1) in a parallel approach. After 48 h, cells were harvested and the fraction of GFP-
positive cells was determined by flow cytometry. HR capacity was calculated according to
GFP-positive cells (pDR-GFP) and transfection efficiency (pEGFP-N1).

4.8. Cell Cycle

For cell cycle analysis, cells were harvested, fixed with ice-cold 80% ethanol, and
stored at —20 °C. Cells were washed in PBS + 0.1% Tween20 and stained with propidium
iodide (10 ng/mL with 1% RNase and 0.1% Triton X-100) for 30 min in the dark. Flow cy-
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tometry analysis was performed using a MACSQuant10 with MACSQuantify Software 2.11
(Miltenyi Biotec, Bergisch Gladbach, Germany). The proportion of cells in the respective
cell cycle phases was calculated using ModFit LT™ 3.2 software (Verity Software House,
Topsham, ME, USA).

4.9. 2D and 3D Clonogenic Survival

For the 2D colony formation assay, 250 cells per well were seeded in a 6-well plate
12 h before treatment with MMC or irradiation and were cultured for 14 days. Cells were
fixed with 70% ethanol and stained with 1% crystal violet (Sigma-Aldrich). Colonies with
more than 50 cells were counted and normalized to untreated samples.

The 3D soft agar colony formation assay was performed as described before [63,64]
with slight variations. For the assay, 96-well plates were used, containing 60 puL 0.6%
agarose as bottom layer and 50 uL 0.3% agarose cell-containing top layer with 1500 cells per
well. Instead of a feeding layer, 10 uL. of medium was additionally added on top of the cell-
containing layer. Cells were irradiated 12 h after plating and cultured for 10 days. Colonies
with a diameter greater than 50 pm were counted and normalized to untreated controls.
Each survival curve represents the mean of at least three independent experiments.

4.10. DNA Fiber Assay

Classical DNA Fiber Assay: Exponentially growing cells were pulse labeled with
25 uM CIdU (Sigma-Aldrich) followed by 250 uM IdU (Sigma-Aldrich) for 30 min each.
HU (2 mM) was given for 4 h in between the labels. The cells were harvested and DNA fiber
spreads were prepared and stained as described previously [65]. Fibers were examined
using Axioplan 2 fluorescence microscope (Carl Zeiss Microscopy). CldU and IdU tracts
were measured using Image] software. At least 100 fibers per sample and independent
experiment were analyzed.

Coming DNA Fiber Assay: Exponentially growing spheroids at day 3 post seeding
were pulse labeled with 25 uM CIdU (Sigma-Aldrich), followed by 250 uM IdU (Sigma-
Aldrich) for 30 min each. Irradiation with 6 Gy was performed between the first and
second label. Spheroids were harvested and DNA fiber was prepared using the DNA
combing system of Genomic Vision. Fibers were examined using an Axioplan 2 fluorescence
microscope (Carl Zeiss Microscopy). CldU and IdU tracts were measured using Image J
software. At least 100 fibers per sample and independent experiment were analyzed.

4.11. Statistical Analysis

Statistical analysis, curve fitting, and graph creation were performed using GraphPad
Prism (Version 6.02) software (Graph Pad Software, San Diego, CA, USA). Data are given as
mean (+SEM) of at least three replicate experiments. Unless stated otherwise, significance
was tested by Student’s t-test.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms232113363/s1, Figure S1: Sequencing results of the BRCA1
mutated clones; Figure S2: Three color FISH analysis of the BRCA1 clones; Figure S3: Original
membranes of Western blots shown in Figure 1; Figure S4: Colony formation assay with MMC;
Figure S5: Support information for Figure 3; Figure S6: Original membranes of Western blots shown
in Figure 4. Figure S7: Relative PARP1 expression after irradiation.
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Abstract: Chromosomal instability not only has a negative effect on survival in triple-negative
breast cancer, but also on the well treatable subgroup of luminal A tumors. This suggests a general
mechanism independent of subtypes. Increased chromosomal instability (CIN) in triple-negative
breast cancer (TNBC) is attributed to a defect in the DNA repair pathway homologous recombination.
Homologous recombination (HR) prevents genomic instability by repair and protection of replication.
It is unclear whether genetic alterations actually lead to a repair defect or whether superior signaling
pathways are of greater importance. Previous studies focused exclusively on the repair function
of HR. Here, we show that the regulation of HR by the intra-S-phase damage response at the
replication is of overriding importance. A damage response activated by Ataxia telangiectasia and
Rad3 related-checkpoint kinase 1 (ATR-CHK1) can prevent replication stress and leads to resistance
formation. CHKI1 thus has a preferred role over HR in preventing replication stress in TNBC.
The signaling cascade ATR-CHKI1 can compensate for a double-strand break repair error and lead to
resistance of HR-deficient tumors. Established methods for the identification of HR-deficient tumors
for Poly(ADP-Ribose)-Polymerase 1 (PARP1) inhibitor therapies should be extended to include
analysis of candidates for intra-S phase damage response.

Keywords: triple-negative breast cancer (TNBC); chromosomal instability (CIN); CIN70 score;
homologous recombination (HR); DNA-damage response (DDR); CHK1

1. Introduction

Breast cancer is a very heterogeneous disease whose prognosis is determined by the molecular
subtype. Tumors of the triple-negative breast cancer (TNBC) subtype show the worst prognosis [1],
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which could be attributed to increased chromosomal instability (CIN) [2]. Using the CIN, a gene
expression profile consisting of 70 genes associated with a functional aneuploidy (CIN70 score) was
extracted. The CIN70 score is the highest for TNBCs compared to other subtypes and a correlation
of high/intermediate CIN70 score with prognosis has been observed in numerous studies and tumor
entities [3]. A high CIN70 value may be caused by defects in DNA repair, as all BRCA1/2 deficient tumors
and one in four sporadically occurring TNBCs show a defect in homologous recombination-mediated
(HR-mediated) DNA double-strand break (DSB) repair. HR represents the main DSB repair pathway
in the S-phase [4]. It processes DSBs with two open ends, one-ended replication-associated DSB and
stalled DNA replication forks.

Two-ended DSBs are repaired by synthesis-dependent strand annealing (SDSA) [5]. As first step
DNA end resection is initiated via the nucleases CtIP and MRE11 and is completed by DNA2, EXO1 and
BLM helicase [6]. RPA binds the single-stranded DNA overhangs and activates ATR/ATRIP, Claspin and
CHK]1, thereby initiating HR [7]. RPA is then replaced by RAD51 with the involvement of several HR
proteins [5]. One-ended DSBs arise when a replication fork collides with a single-strand DNA break
(SSB) or when a replication fork collapses [8]. They are repaired by break-induced replication (BIR).
Stalled replication forks are usually protected from nucleolytic degradation by numerous HR factors [9]
or SMARCAL1 and ZRANB3 [10]. However, insufficient stabilization leads to collapse or breakage of
the replication fork. Cellular replication stress, ANTP depletion, or collision of replication forks with
DNA lesions results in fork reversal or fork regression and chicken foot formation [11]. SMARCALL is
recruited by RPA-bound ssDNA to the replication fork [12], while Poly(ADP-Ribose)-Polymerase 1
(PARP1) is involved in fork reversal [11]. The RPA-bound ssDNA segments at the paused replication
fork lead to the activation of ATR, which phosphorylates CHK1. ATR is the most important DNA
damage-related kinase in S-phase, where it has a major impact on DNA repair and the regulation
of DNA replication [13]. ATR phosphorylates the intra-S phase kinase CHK1, whereupon CHK1
translocates into the nucleus and undergoes autophosphorylation [14]. Under replication stress,
CHK1 is associated with phosphorylated Claspin, which enhances ATR-dependent phosphorylation
and supports recruitment of CHK1 to the replication fork [15]. Thus, ATR-mediated phosphorylation
of CHK1 activates DNA repair and the intra-S phase checkpoint. CHK1 regulates elongation [16] and
activation of replication origins, stabilizes replication forks [17], and delays S-phase progression [14,18].
The stalling of replication forks at DNA lesions can be avoided by CHK1-mediated activation of
translesion synthesis (TLS) [19]. Besides the stabilization of replication forks, CHK1 is essential for the
activation of DNA repair by HR through phosphorylation of RAD51 and BRCAZ2 [7].

It is unclear to what extent the activation of CHK1 influences the sensitivity of HR deficient tumors.
Previous methods to identify these tumors focused on the HR defects that result from a BRCA1/2
mutation and a high HR deficiency score (HRD-score). For both a significantly better response to
platinum-based chemotherapy was observed [20-24]. In addition to genetic analysis, it is also possible
to characterize HR-deficient tumors functionally. The ex vivo tissue slice culture assay analyzes
primary tumor samples for their ability to perform HR. This is assessed by the formation of RAD51
foci after DNA damage, where absence of foci formation indicates HR deficiency [25,26]. It remains
unclear in both approaches: (i) whether the observed genetic alteration leads to a functional repair
defect, (ii) whether the loss of the RADS51 foci formation provides sufficient information about the
functionality of HR, and (iii) how overexpression of RAD51 in interaction with CHK1, in its multiple
functions, impacts on these processes. This study investigated the latter point, especially with regard
to replication stress, in sporadic non-BRCA1/2-mutated TNBC cells.

2. Materials and Methods

2.1. Clinical in Silico Analysis

Clinical- and mRNA expression data were extracted from the TCGA database from the cBioportal
data (http://www.cbioportal.org). For each tumor, the CIN70 score was calculated according to Birbak
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et al. [3] by adding the expression values of all CIN70 genes from 1400 patients. For the calculation of
disease-specific survival (DSS), the survival data of the patients according to CIN70 score, CHK1 or
RAD51 mRNA expression were used and the extreme quartiles were plotted and analyzed using
a log-rank test. The mRNA expression of RAD51 and CHK1 of the extreme CIN70 score quartiles were
plotted depending on the molecular subtype.

2.2. Cell Culture and Treatments

All cell lines used in the study were either purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) or kindly provided by Prof. Dr. H. Wikman. The cell lines were cultivated
in DMEM medium with 10% FCS, 2% glutamine, and 1% penicillin streptomycin in incubators at 37 °C,
5% CO, atmosphere and 100% humidity in cell culture flasks. To inhibit PARP1, olaparib was used in
increasing concentrations up to 50 uM and incubated for 5 days. For the treatment with mitomycin
C (MMC) concentrations up to 1.5 ug/mL for maximum 1 h were used. The inhibition of CHK1 was
achieved by using the small molecule inhibitor MK8776 at 2 uM for 2 h.

2.3. Homologous Recombination Assay

HR frequency was measured by stable or transient transfection of I-Sce-1-linearized pDR-GFP
(Addgene #26475) and DR-oriP-GFP (kindly provided by M. Jasin) plasmids. Briefly, 1 pg linearized
plasmid (pDR-GFP) or 0.5 pg (DR-oriP-GFP) linearized plasmid plus 0.5 pg MSCV-N-EBNA1
(Addgene #37954) was transfected into cells using FuGENE (Roche, Basel, Switzerland) in a 1:3 pg/uL
ratio according to the manufacturer’s instruction. After 24 h cells were harvested, and the fraction of
GFP-positive cells was determined by flow cytometry.

2.4. Western Blot and Immunostaining

Total protein was extracted from exponentially growing cells and 40 ug/ml were resolved by
SDS-PAGE using a 4%-15% gradient gel (Bio-Rad Laboratories). After transfer and blocking overnight
at 4 °C in Odyssey Blocking Buffer (Li-Cor, Lincoln, NE, USA) proteins were detected by primary
antibodies against BRCA2 [2A-9] (1:500, kindly provided by Stephen Smith, Leibnitz Institute, Jena,
Germany), FANCD2 [FI17] (Santa Cruz, 1:2000), ATR [N-19] (Santa Cruz, 1:1000), CHK1 [2G1D5]
(Cell Signaling, 1:750), RAD51 [14B4] (1:2.000, GeneTex, Irvine, CA, USA), PARP1 [C210] (BD, 1:1000),
RPA [9H8] (Santa Cruz, 1:1000), pCHK1 [Ser296] (Cell Signaling, 1:1000), pATR [Ser428] (Cell Signaling,
1:1000), pRPA [S4/S8], (Bethyl, Montgomery, TX, USA, 1:1000), B-actin [AC-74] (1:50.000, Sigma,
St. Louis, MO, USA) or HSC70 [B6] (Santa Cruz, 1:1000). Primary antibodies were detected with IRDYE
680 conjugated anti-mouse IgG, IRDYE 800 conjugated anti-rabbit IgG (Licor, 1:7500), IRDYE 680
conjugated anti-rabbit IgG (Licor, 1:7.500 or 15.000) or IRDYE 800 conjugated anti-mouse IgG (Licor
1:7.500 or 15.000). For immunofluorescence staining, cells were seeded on culture slides. After treatment
cells were fixed, permeabilized and blocked overnight in 3%BSA. Foci were detected using primary
antibodies against RAD51 [AB-1] (Calbiochem, 1:500), yH2AX [Ser139] (Millipore, Burlington, MA,
USA, 1:250) or RPA [MA34] (Santa Cruz, 1:400), followed by secondary antibodies Alexa Fluor 488
goat anti rabbit IgG (Cell signaling, 1:600), Alexa Fluor 488 goat anti mouse IgG (Cell signaling, 1:600)
or Alexa Fluor 594 goat anti-mouse IgG (Cell signaling, 1:500). EdAU was stained with Alexa Fluor
Azide 594 or 647(Life Technologies, Carlsbad, CA, USA, 1:500), nuclei were stained with DAPI and
the samples were mounted (Vector Laboratories). Fluorescence images were captured using a Zeiss
Axioplan 2 epifluorescence microscope equipped with a charge-coupled device camera and Axiovision
software. For quantitative analysis, foci were counted by fluorescence microscopy using a 1000-fold
magnification. There were 100 cells per dose per slide and experiment were evaluated blindly.

2.5. Transmission Electron Microscopy

Treated cells were fixed with 2% paraformaldehyde and 0.05% glutaraldehyde in PBS.
Fixed samples were dehydrated using increasing concentrations of ethanol and infiltrated with
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LR White resin overnight (Plano, Wetzlar, Germany). Subsequently, samples were embedded in fresh
resin with accelerator at 37 °C until the resin was polymerized. Ultrathin sections (70 nm) were
cut on a Microtome Ultracut UCT (Leica, Wetzlar, Germany) with diamond knives (Diatome, Biel,
Switzerland), gathered up on pioloform-coated nickel grids and processed for immunogold-labeling.
To block nonspecific staining sections were placed on drops of blocking solution (Aurion, Wageningen,
The Netherlands). Afterwards sections were rinsed and incubated with primary antibodies against
yH2AX (Millipore, 1:250) and RPA (Santa Cruz, 1:400). After rinsing, secondary antibodies conjugated
with 6-nm or 10-nm gold particles (Aurion, Wageningen, The Netherlands) were applied to the grids
for 1.5 h. Sections were then rinsed and fixed with 2% glutaraldehyde in PBS. All sections were stained
with 3% uranyl acetate and examined using Tecnai BiotwinTM transmission electron microscope (FEI,
Eindhoven, The Netherlands). Detection, localization and counting of gold beads and clusters were
performed at the electron microscope by eye.

2.6. DNA Fiber Assay

Exponentially growing cells were pulse labeled with 25 uM CldU (Sigma) followed by 250 uM
IdU (Sigma) for 30 min each. HU was given for 2 h between both labels, Inhibitors 2 h before labelling,
MMC was given at the beginning of the 2nd pulse labelling time. Labeled cells were harvested,
DNA fiber spreads prepared and stained as described [27]. Fibers were examined using an Axioplan
2 fluorescence microscope (Zeiss, Oberkochen, Germany). CldU and IdU tracks were measured
using Image] (version 1.48, Company, City, State abbrev. If USA, Country) [27,28]. At least 300 forks
were analyzed.

2.7. Clonogenic Survival

For survival assays 250 cells were seeded in a 6-well plate 6 h before treatment and cells were
cultured for 14 days. Cells were fixed and stained with 1% crystal violet (Sigma-Aldrich, St. Louis, MO,
USA). Colonies with more than 50 cells were determined microscopically and normalized to untreated
samples. Each survival curve represents the mean of at least three independent experiments.

2.8. Statistical Analysis

Statistical analysis, curve fitting and graphs were performed using Prism 6.02 (GraphPad Software,
San Diego, CA, USA). Data are given as mean (+SEM) of 3-5 replicate experiments. Unless stated
otherwise, significance was tested by Student’s t-test.

3. Results

3.1. Long-Term Disease Specific Survival in Luminal and Triple-Negative Breast Cancer Tumors Depends On
RADS51 and CHK1 mRNA Expression

The relationship between CIN and prognosis has already been investigated in a large number of
tumors, whereby a high CIN70 value was often associated with a worse prognosis [3]. However, it is
unclear whether CIN70 affects both good and poorly treatable subgroups of breast cancer. To clarify
this, the effect of the CIN70 score on disease-specific survival (DSS) was analyzed in all subgroups,
as well as only in LumA and TNBC using the two extreme quartiles (Figure 1A-C and Supplementary
Figure S1A). Irrespective of the subtype, tumors with high CIN70 showed significantly worse 5- and
10-year DSS compared to patients with tumors harboring a low CIN70.
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Figure 1. A high gene expression profile consisting of 70 genes associated with a functional aneuploidy
(CIN70) score is negatively associated with disease-specific survival in luminal A (LumA) and
triple-negative breast cancer (TNBC) subtypes and correlates with the expression of RAD51 and CHK1.
(A—C). Kaplan-Meier analysis of the CIN70 score as prognostic factor for disease-specific survival
(DSS) in breast cancer patients (A) (n = 400) patients with LumA (B) (n = 200) and TNBCs (C) (n = 150)
using the two extreme quartiles. The CIN70 score defines the differential mRNA expression of 70
genes in tumors classified as stable and unstable based on their structural and numerical chromosomal
alterations [3]. DSS is plotted against time after therapy. All, LumA and TNBC tumors with CIN high
showed significantly worse 5- and 10-year DSS compared to tumors with CIN low, with 52% vs. 86%
after 10 years for all, 84% vs. 67% after 10 years (n.s/p = 0.0084) for LumA and 52% vs. 62% after
10 years (n.s/n.s) for TNBC tumors. p-values were calculated on the basis of the log-rank test. (D,E).
mRNA expression of RAD51 (D) and CHK1 (E) for LumA and TNBC tumors of the Metabric data set
sorted by CIN70 score using the two extreme quartiles. RAD51 is expressed significantly higher in CIN
high than in CIN low tumors, both in LumA, with —0.88 + 0.09 vs. 0.27 + 0.1 and —0.11 + 0.01 vs. 1.92
+ 0.19, respectively. A significantly increased expression in CIN high compared to CIN low was also
found for CHK1, with 1.17 + 0.04 and —0.03 + 0.096 for LumA and 0.13 + 0.1 vs. 2.08 + 0.1 for TNBC.
(F,G). Kaplan-Meier analysis of DSS of 400 patients according to the RAD51 (F) or CHK1 (G) expression
using the two extreme quartiles. DSS is plotted against time after therapy. Patients whose tumor had
a high expression of RAD51 showed significantly lower DSS compared to low RAD51 expression (68%
vs. 62%). For the expression of CHK1, the negative effect of a high expression on survival was even
more evident (62% vs. 80%). p-values were calculated on the basis of the log-rank test (**** p < 0.0001;
Student’s t-test).
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The cause for an increased CIN70 could be a defect in the DNA repair pathway homologous
recombination or the DNA damage response. To test this, the role of mRNA expression of RAD51 and
CHKT1 in respect to CIN70 was analyzed. It was noticeable that the RAD51 expression is significantly
higher in CIN high (Figure 1D and Supplementary Figure S1B,D) than in CIN low tumors. This effect
was especially pronounced in the TNBC subtype. A significantly increased expression in CIN high
compared to CIN low was also found for CHK1 (Figure 1E and Supplementary Figure S1C,D) in
both subtypes. Consequently, increased expression of RAD51 and CHK1 in CIN high tumors had
a negative effect on survival (Figure 1EG). Patients whose tumor had a high expression of RAD51
showed significantly lower DSS after both 5 and 10 years compared to low RAD51 expression. For the
expression of CHK1, the negative effect of a high expression on survival was even more evident.
These data suggest that both increased expression of RAD51 and CHK1 may lead to a decreased DNA
repair or DNA damage response resulting in tumors with increased chromosomal instability [27].

3.2. No Correlation of HR Capacity, Replication Fork Protection, and Sensitivity to PARP1 Inhibition and
MMC Treatment

Numerous publications have shown that contrary to the assumption that the more protein present,
the more DNA repair capacity can be expected—high expression of RAD51 does not lead to improved
HR capacity [27-31]. However, the effect of a high CHK1 expression in tumors has not yet been
investigated. It is possible that differences in genetic background or individual cellular adaptation
strategies such as tolerance to replication stress are responsible for this phenomenon. To test these
aspects, a genetically related system of TNBC was chosen consisting of three MDA-MB-231-derived
cell lines, which differ only in their metastatic pattern. While MDA-MB-231 metastasizes to all organs,
BR is exclusively colonized in the brain [32] and SA in the bone marrow [33]. For comparison,
the luminal cell line MCF7 was used. With this system we first investigated the influence of the
expression of DNA repair proteins on the various functions of HR, such as double-strand break (DSB)
repair, replication fork protection and cellular survival after treatment with PARP1 inhibitor or MMC.
A comparable upregulation of CHK1 and RAD51 on the protein level was detected in TNBC cell
lines, showing a TNBC-associable expression pattern (Figure 2A, Supplementary Figure S2A-D).
The MDA-MB-231 showed a slightly increased expression of CHK1 and a further increase in BR and
SA compared to the luminal cell line MCF7. The same pattern is observed for the expression of RAD51
with a significant increase in MDA-MB-231, BR, and SA compared to MCF7 cells. Differences in HR
based on a higher S/G2 phase fraction can be excluded. (Supplementary Figure S3).
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Figure 2. Low homologous recombination (HR) capacity is compatible with efficient replication fork
protection and resistance to PARP1 inhibition and mitomycin C (MMC) in TNBCs. (A) Immunoblot
detection of BRCA1, BRCA2, ATR, FANCD?2, PARP1, CHK1 and RAD51 derived from total cell extracts
of exponentially growing MCF7 and MDA-MB-231/BR/SA cells. The MDA-MB-231 showed a slightly
increased expression of CHK1 (1.49 + 0.1) and a further increase in BR (3.7 + 0.1) and SA (4.3 + 0.3)
compared to MCF?7 cells. The same pattern is observed for the expression of RAD51 with a significant
increase of 1.64 + 0.3 in MDA-MB-231, 2.4 + 0.5 and 2.6 + 0.3 in BR and SA compared to MCF7 cells.
8-Actin was used as the loading control. Data are presented as mean + SEM. Immunoblot signals were
detected and quantified by a LiCor system. (B-D) Repair of open and replication-associated DNA
double-strand break (DSB) as a measure of HR capacity, determined by plasmid-reconstruction assay
and analyzed by FACS. Cells were transiently transfected with the pDRGFP construct (C) or DR-ori-GFP
plus the ori-activating MSCV-N EBNA1 construct (D) for 24 h. The number of GFP-expressing cells
was normalized to the absolute HR capacity of MCF7. A significantly lower HR capacity for frank DSB
was found in all TNBCs compared to MCF?7 cells, with 0.12 + 0.008 for MDA-MB-231, 0.23 + 0.04 for
BR, and 0.45 + 0.07 for SA. The same pattern was observed for DSBs adjacent to a DNA replication
origin, with 0.17 + 0.03 for MDA-MB-231, 0.27 + 0.03 for BR, and 0.75 + 0.05 for SA compared to
MCEF?7 cells. (E) Mean length of DNA fibers in MCF7 and MDA-MB-231/BR/SA cells. The cells were
sequentially labelled with CldU and IdU for 30 min and treated with HU between both labels for 4 h.
DNA was spread on slides, fixed and incorporated nucleotides were detected by immunofluorescence.
Although all cell lines showed a shortening of the CldU tract, MCF7 showed the most pronounced
shortening with 0.8 + 0.004, followed by MDA-MB-231 and BR with 0.89 + 0.003 and 0.89 + 0.001.
SA showed only a minimal shortening of the CldU tract with 0.93 + 0.006. The length of the DNA
fibers was measured with the Image J software and calculated relative to the absolute length of the
untreated controls. (F) Cellular survival after treatment with olaparib (left) or MMC (right) in MCF7
and MDA-MB-231/BR/SA cells. The cells were seeded 24-h prior treatment with olaparib or MMC for
5 days or 1 h, fixed after 14 days, and the number of colonies was counted. Shown are means from
three independent experiments + SEM. Asterisks represent significant differences (* p < 0.05; ** p < 0.01;
*** p < 0.001; *** p < 0.0001, n.s. not significant; Student’s t-test).
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Due to the different DNA structure represented by a DSB somewhere in the genome and a DSB
adjacent to an active replication fork, we used two DNA repair constructs that allow both situations
to be simulated. For this purpose, two repair constructs were used to investigate the DNA repair
capacity by HR of a single DNA double-strand break (DR-GFP) (Figure 2B,C) or a DNA double-strand
break adjacent to an origin of replication (DR-ori-GFP) (Figure 2D), transfected and analyzed by
flow cytometry [34]. Significantly lower HR capacities for frank DSBs and DSBs adjacent to a DNA
replication origin were found in all TNBCs compared to MCF7 cells. It is striking that the original
cell line had the lowest HR capacity in both constructs, BR a slightly higher and SA the highest HR
capacity. Thus, increased expression of RAD51 and CHK1 is not associated with increased DNA DSB
repair capacity in TNBC.

In addition to DSB repair, HR proteins are required for the stabilization of replication forks,
protecting them from nucleolytic degradation, with RAD51 and CHK1 being critical factors [9,35].
To test their protective function, the DNA fiber assay was performed after depletion of the nucleotide
pool by addition of hydroxyurea (HU) (Figure 2E). Although all cell lines showed a shortening of the
CldU tract, MCF7 with the highest HR capacity showed the most pronounced shortening, followed by
MDA-MB-231 and BR. SA showed the strongest protection and only a minimal shortening of the
CldU tract.

Next, we tested whether the difference in HR capacity is reflected by sensitivity to PARP1 inhibition
by olaparib or MMC treatment in the colony formation assay. Figure 2F shows cellular survival after
increasing concentrations of olaparib (left) and MMC (right) for the four cell lines studied. Although the
HR capacity showed clear differences, this was not reflected by the sensitivity against PARP1 inhibition
since all cell lines showed comparable IC50 values between 1.9 + 0.2 pM for the cell lines with the
highest and 8.5 + 0.2 uM for the cell line with the lowest HR capacity. The same effect, but to a greater
extent, was observed after treatment with MMC. Again, the cell line with the lowest HR capacity
showed a 10-fold higher resistance. Thus, there was no correlation between HR capacity, and cellular
sensitivity to chemotherapeutic agents exhibiting their toxic effect at the replication fork.

3.3. MMC Sensitivity Is Associated with DNA Damage Foci Formation in the S-Phase

Functional HR is characterized by the formation of RAD51 foci after damage followed by their
removal after successful DNA repair in S- and G2-phase. Figure 3A shows the formation of RAD51
foci after treatment with MMC in pulse-labeled EdU-positive cells. All cell lines were able to form
RAD51 foci; however, MMC-resistant TNBCs showed only a weak induction compared to the sensitive
lines. A comparable pattern was also observed for the number of YH2AX foci, with a significantly
stronger fold increase in sensitive compared to resistant cell lines. These results indicate that HR is the
preferred DNA repair pathway in the two resistant cell lines in the S-phase.
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Figure 3. Resistance to MMC is due to the improved repair of DNA damage at DNA replication forks.
(A) RADS51(green) and YH2AX foci (red) as well as (B) RPA foci (green) in S-Phase (Edu+) cells arising
spontaneously or after treatment with MMC. Cells were treated with 0.5 ug/mL MMC for 1 h after
pulse labeling with 10 uM Edu for 20 min. Immunofluorescent staining was performed 24 h after
treatment with YH2AX or RPA and fluorescent second antibodies. Replicating cells were discriminated
by incorporated Edu stained with the “click-it” reaction. Foci analysis was done with the Image J
Software. Foci were only counted in Edu-positive nuclei (# = 100). DNA was counterstained by DAPL
The number of Foci was calculated relatively to the number of Foci in untreated control. Shown are
means of three independent experiments + SEM. Asterisks represent significant differences (* p < 0.05;
**p < 0.01; ** p < 0.001; **** p < 0.0001, n.s. not significant; Student’s t-test). (C) Transmission electron
microscopy shows colocalization of gold-labeled YH2AX (yellow) and RPA (green) for MDA-MB-231
BR and MDA-MB-231 SA cells in untreated and MMC treated cells (0.5 ug/mL) 24 h after treatment
within nuclear ultrastructure mainly associated to heterochromatic regions.
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In order to analyze whether the high amounts of RAD51 and YH2AX-foci in the MMC-sensitive cells
arise from increased replication stress RPA-foci after MMC treatment were quantified in EdU-positive
cells (Figure 3B). The two sensitive cell lines clearly showed 1.5 to 2 times higher amounts of RPA
foci than the resistant cell lines without exogenous damage. This increased replication stress in the
sensitive cell lines also occurred after treatment with MMC, with on average significantly more RPA
foci compared to the resistant cell lines.

To further localize the occurrence of DNA damage in the S-phase, replication-associated DSBs
were visualized by electron microscopy by parallel labeling of YH2AX and RPA after mitomycin C in
one of the sensitive and resistant cell lines. (Figure 3C, Supplementary Figure S4). In the sensitive cell
line, an accumulation of YH2AX adjacent to isolated RPA foci in heterochromatic areas (dark staining)
was already observed in the untreated state, while the resistant line showed both RPA and YH2AX
rather sporadically and broadly distributed and less frequent.

This trend intensified further after treatment with MMC and reveals the accumulation of several
YH2AX signals in the sensitive cell line around a single RPA signal, whereas in the resistant cell
line both markers remained scattered in the nucleus (Supplementary Figure S4). This suggests that
the sensitive cell line shows increased DSBs at stalled replication forks, generally also referred to as
replication stress. The data very clearly indicate that MMC sensitivity is most likely due to increased
replication stress in the two sensitive cell lines.

3.4. Activation of DNA Damage Response Leads to Resistance to MMC by Avoiding Replication Stress

The potential mechanism underlying the differential cellular sensitivity to MMC was investigated
by visualization of replication processes [36]. Figure 4A shows the frequency distribution of DNA
strand lengths, i.e., before actual damage by MMC or after MMC treatment (Supplementary Figure
S5A), compared to untreated control. The sensitive cell lines MCF7 and BR showed significantly shorter
DNA strands after damage with MMC than in the untreated control, while the two resistant cell lines
showed moderate or no shortening. These observations demonstrate that the differential HR capacity
shown in Figure 2B-D cannot explain the observed differences in cellular sensitivity to MMC, which
instead appear to be linked to the protection of replication tracts, and therefore to the DNA damage
response at the replication fork. To verify this, the activation of ATR, CHK1, and RPA was investigated.

Figure 4B shows the phosphorylation of ATR, CHK1, and RPA after MMC
(Supplementary Figure S6A,B). The phosphorylation of CHK1 was clearly associated with resistance
to MMC, and showed a more than two-fold activation in the two resistant cell lines compared to the
two sensitive. This activation, which can be clearly assigned to resistance, is also reflected in the
reduced phosphorylation of RPA showing a 7.0 + 0.4 and 6.0 + 0.02 fold increase in the two sensitive
cell lines but not in the two resistant ones. The activation of ATR, on the other hand, showed no
consistent response in the sensitive and resistant cell linesThese activation patterns suggest that CHK1
plays a crucial role in MMC resistance. To test this hypothesis, we treated the cells with MMC in the
presence of a CHK1 inhibitor and determined the length of the DNA strands with the DNA fiber assay.
Figure 4C shows the frequency distribution of CldU or IdU (Supplementary Figure S5B) labeled DNA
fibers, i.e., before MMC damage, but in the presence of the CHK1 inhibitor MK8776. As expected,
the two resistant cell lines showed a significant effect in response to the CHK1 inhibitor, while there
were only minor effects present in the sensitive ones. This confirms the assumption that the observed
resistance is due to an increased activation of CHKI.
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Figure 4. CHKI inhibition leads to increased replication stress only in MMC-resistant TNBC. (A)
Examples and frequency distribution of DNA fiber lengths (CldU) in untreated and MMC treated cells.
Exponentially growing cells were sequentially labeled with CldU and IdU in the absence or presence
of MMC (0.1 uM). DNA was spread and incorporated CldU and IdU was detected with appropriate
antibodies. Shown are means + SEM of DNA fiber length (CldU) frequency distributions of three
independent experiments. Asterisks represent significant differences (** p < 0.01; ***p < 0.0001, Student’s

t-test). (B) Immunodetection of activated intra-S phase checkpoint proteins. Cells were treated with

1.5 pg/mL MMC for 1 h and proteins were extracted 24 h later. Proteins were separated and transferred

by Western blotting. Detection of proteins was performed with appropriate antibodies. HSC70 served

as the loading control. Phosphorylation of the untreated control was used for standardization and

ratios of phosphorylated to non-phosphorylated protein are shown. Data from three independent

experiments were used for quantification. Errors are mean values + SEM. (C) DNA fiber lengths of
CldU labeled tracts after treatment with MMC in the presence of the CHK1 inhibitor MK8776 (1 uM).
Exponentially growing cells were incubated for 2 h with MK8776 and sequentially labeled with Cl1dU
and IdU (plus 0.1 uM MMC), DNA was spread and incorporated nucleotides were detected with
the appropriate antibodies. The frequency distribution of DNA fiber lengths in the first label (CldU)
of three independent experiments is shown. Asterisks represent significant differences (* p < 0.05;
**p <0.01; *** p < 0.001; **** p < 0.0001, n.s. not significant; Student’s t-test).
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3.5. Activation of CHK1 Protects against DNA Damage in the S-Phase and Mediates Resistance to MMC in
HR-Deficient Cell Lines

Next, it was investigated whether the observed replication stress after inhibition of CHK1 in the
two resistant cell lines had a more pronounced effect on DNA damage and cellular survival. Figure 5A
shows the occurrence of a pan-nuclear yH2AX signal as a marker of the replicative catastrophe [37]
after MMC damage. While in the two sensitive cell lines a large proportion of cells with pan-nuclear
YH2AX signal could be observed following MMC treatment, the two resistant lines showed a 3—4 times
lower percentage of pan-nuclear YH2AX positive cells. Conversely, after combined treatment with
MMC and CHKI1 inhibitor, the percentage of pan-nuclear YH2AX positive cells increased 6- and 2.5-fold
respectively in the two resistant cell lines, whereas the two sensitive lines showed only a 1.2-fold
increase relative to MMC mono treatment. These results suggest that MMC treatment alone was
already sufficient to induce the replicative catastrophe in sensitive cells. In the resistant cells, this effect
was only achieved to a comparable extent when MMC was combined with CHK1 inhibition.
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A sensitive resistant MIC - - + 4+ - -+ +. -4+ +. -4+
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Figure 5. CHK1 inhibition sensitizes only cells with resistance towards MMC.
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(A) Percentage and representative examples of cells with pan-nuclear yH2AX signal (red) after treatment
with MMC alone or combined with CHK1 (MK8776) inhibition. Exponentially growing cells were
treated with 0.5 ug MMC for 1 h after being incubated with 2 uM MK8776 for 2 h. The 24 h after
treatment immunofluorescence staining for YH2AX was performed and nuclei were counterstained
with DAPI. Cells with pan-nuclear YH2AX signal indicating replication stress were microscopically
evaluated. Means + SEM of three independent experiments are shown. Asterisks represent significant
differences (* p < 0.05, ** p < 0.001, *** p < 0.0001, Student’s t-test). (B) Cellular survival after treatment
with MMC alone or in combination with the CHK1 inhibitor MK8776. Cells were plated, treated with
MKS8776 (2 uM) for 2 h and/or MMC for 1 h, fixed and stained after 14 days and the number of colonies
was counted. Adding MK8776 sensitized the two resistant cell lines to MMC (p = 0.003 and 0.007 at
1.5ug/mL MMC). For the two MMC sensitive cells there was no sensitizing effect by the CHK1 inhibitor.
Shown are means of three independent experiments + SEM. Asterisks represent significant differences
(* p <0.05; ** p < 0.01, Student’s f-test). Induction of the replicative catastrophe should result in cell
death, which was investigated by the colony formation assay. Figure 5B shows that adding the CHK1
inhibitor MK8776 sensitized the two resistant cell lines to MMC. The IC50 values for the two cell lines
were reduced by an enhancement factor of 4.3 and 2.9. For the two MMC sensitive cells there was no
sensitizing effect by the CHK1 inhibitor. Thus, only cell lines resistant to MMC could be sensitized by
inhibition of CHK1 (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001, n.s. not significant; Student’s
t-test).

4. Discussion

In this study, we showed a negative association of a high CIN70 score with DSS in breast cancer
and confirmed data from previous studies [2,3]. Furthermore, we observed that a high CIN 70 score
determines survival in both good and poorly curable subgroups of breast cancer. The high CIN70
score in LumA corresponds to the low CIN70 score of the TNBC. This implies that the use of a more
aggressive therapy for LumA with a high CIN70 score could possibly lead to significantly higher
survival rates. An increased DNA repair capacity to compensate the higher CIN with a resulting
therapy resistance as the cause of the poor prognosis for breast as well as other tumors [3]. We confirm
here that this assumption applies not only to TNBCs but also to LumA, with a significantly increased
mRNA expression of RAD51 and CHKI1 in tumors with high CIN scores. Accordingly, DSS was
negatively associated with increased expression of both genes. This confirms data from us and
others showing an association of high expression and poor prognosis for RAD51 [38—41], as well as
CHKT1 [41-43] at the protein and mRNA levels, respectively. However, there is also a highly significant
increase in mRNA expression with CIN, both for RAD51 and even stronger for CHK1. This observation
clearly shows that more DNA repair protein does not lead to increased DNA repair. It seems more
likely that the superior DNA damage response with cell cycle checkpoints or increased tolerance to
DNA damage is causal. Both options would lead to decreased response and poorer survival of treated
patients. In the present study, the general DNA damage response appears to be the decisive factor for
the observed therapy resistance in TNBCs.

In addition, we showed that TNBC cells display no degradation of replication forks and no
increased olaparib sensitivity despite a reduced HR capacity. Rather, resistance was observed after
MMC with adequate RAD51 focus formation and correspondingly low levels of the DNA damage
marker YH2AX in the S-phase. This was due to a pronounced activation of the DNA damage
response by CHK1, which ensured unimpaired replication and could be reversed by CHK1 inhibition.
Thus, this study demonstrates an important role of CHK1 which can compensate for a reduced HR
capacity by preventing replication stress in TNBC.

A correlation of increased RAD51 and CHK1 expression was observed in several studies and
was significantly associated with TNBC status [44]. The low HR capacity in TNBC cells observed
here also confirms the described limited HR functionality in TNBCs in the clinical setting [21].
Despite high RAD51 expression and functional BRCA1 a low HR capacity was observed by the plasmid
reconstruction assay. This could be attributed to a lack of activation of CHK2 via ATM [45]. It is more
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likely that the induction of a single DSB activates neither ATM, nor ATR [8]. The limited validity
of the detection of a single DSB is strongly supported by the observation that cells without BRCA1
expression show a high HR capacity for a replication-independent DSB and virtually no HR capacity
for a replication-associated DSB (Supplementary Figure S7).

One of the further functions of HR is the protection of replication forks. Cells with the highest HR
capacity showed the highest instability of replication forks. Reduced protection of replication forks
has already been observed in tumor cells despite functional HR [9]. This distinguishes tumor from
non-tumor cells for which stabilization of replication forks by HR factors is essential [46].

Despite their low HR capacity, MDA-MB-231 were resistant to olaparib and MMC. Both agents lead
to one-ended DSB, which occur when a replication fork hits a single strand break and collapses [47,48].
A replication run-off occurs, the replication machinery dissociates and a DNA end is released [49] which
is the substrate for the third function of HR [47]. The one-ended DSB resulting from MMC treatment
represents a more complex repair situation for the cell and activates both nucleotide excision and
Fanconi repair factors [50]. Only after successful activation of FANCD2 a substrate for HR is provided
in the further repair process [51,52]. All cell lines could successfully form RAD51 foci according to
their cellular survival after MMC. Thus, no HR defect was observed.

The processes of HR at the replication fork, such as fork protection and repair of one-ended DSB,
are controlled by the intra-S phase damage response kinase ATR and its downstream kinase CHK1 [45].
The replication fork stabilizing function of CHK1 can be observed after PARP1 inhibition and MMC
treatment and is independent of ATR, RAD51, and BRCAL1 [35,45,53,54]. The resistance mechanism
may involve avoidance of one-ended DBSs or activation of alternative DNA repair pathways [14,55].
More obvious is the direct negative effect of CHK1. The inhibition of CHKI leads to the increased
initiation of replication and increased phosphorylation of further ATR targets. This results in production
of more DSBs, reduced MRE11 activity [17] and an affected HR function due to the phosphorylation
of RADS51 [56]. Thus, efficient utilization of the ATR-CHKI signaling cascade can compensate for
reduced HR function. This is confirmed by studies in ovarian carcinoma [57]. Thus, the activation of
CHK1 could influence the sensitivity of HR deficient tumors. Therefore, the established methods to
successfully identify HR deficient tumors should be extended by the detection of CHK1 activation.
This could be made possible by extending BRCA1/2 testing by genes of the intra S-phase damage
response or the combined detection of RAD51 with RPA in S-phase cells [25,26,58].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/1/238/s1,
Figures 51-57.
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Simple Summary: The poor prognosis of patients with TNBC have fostered a major effort to identify
more patients who would benefit from targeted therapies. Here we recognize PTEN as a potential
CIN-causing gene in TNBC and consider PTEN-deficient TNBC for the treatment with PARP1
inhibitors due to the protective role of PTEN during DNA replication.

Abstract: Chromosomal instability (CIN) is an emerging hallmark of cancer and its role in therapeutic
responses has been increasingly attracting the attention of the research community. To target the
vulnerability of tumors with high CIN, it is important to identify the genes and mechanisms involved
in the maintenance of CIN. In our work, we recognize the tumor suppressor gene Phosphatase and
Tensin homolog (PTEN) as a potential gene causing CIN in triple-negative breast cancer (TNBC)
and show that TNBC with low expression levels of PTEN can be sensitized for the treatment
with poly-(ADP-ribose)-polymerase 1 (PARP1) inhibitors, independent of Breast Cancer (BRCA)
mutations or a BRCA-like phenotype. In silico analysis of mRNA expression data from 200 TNBC
patients revealed low expression of PTEN in tumors with a high CIN70 score. Western blot analysis
of TNBC cell lines confirm lower protein expression of PTEN compared to non TNBC cell lines.
Further, PTEN-deficient cell lines showed cellular sensitivity towards PARP1 inhibition treatment.
DNA fiber assays and examination of chromatin bound protein fractions indicate a protective role of
PTEN at stalled replication forks. In this study, we recognize PTEN as a potential CIN-causing gene
in TNBC and identify its important role in the replication processes.

Keywords: CIN; TNBC; PTEN; PARP1 inhibition; replication stress; replication fork instability

1. Introduction

Chromosomal instability (CIN) is a type of genomic instability that is defined by the loss or
rearrangement of chromosomes that classifies numerical CIN or structural CIN [1]. Defects in several
cellular processes, including cell-cycle checkpoint controls, chromosome segregation, DNA repair and
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DNA replication are known to cause CIN [2—4]. The spectrum of gene alterations and mutations that
cause CIN is only partially known, but insights would be beneficial for the treatment of tumors with
high CIN (CIN™).

Phosphatase and Tensin homolog (PTEN) is an important tumor-suppressor gene frequently
mutated or deleted in human cancer. Loss of PTEN has been associated with aneuploidy and poor
prognosis in cancer patients [5]. PTEN is known to play an important role in antagonizing the PI3K-AKT
pathway in the cytoplasm [6]. Nuclear PTEN is involved in genome maintenance pathways [5].
Several reports indicated, however, that reduced levels or deletion of PTEN also are associated with
decreased homologous recombination (HR) efficiency [6-9]. Furthermore, PTEN deficiency induces
DNA replication stress, disrupts mitotic spindle architecture and leads to the accumulation of structural
and numerical CIN. PTEN is a well-known guardian of the genome due to its control of multiple
processes maintaining CIN [5].

PTEN is also often found to be mutated in triple-negative breast cancer (TNBC) [10], the most
aggressive subtype of breast carcinoma. It has been reported that loss of PTEN is frequent in
TNBC [11] and is associated with an especially aggressive behavior [12] and advanced stage of cancer
such as brain metastases [13]. The lack of estrogen, progesterone and human epidermal growth
factor receptor 2 (HER-2) of TNBC leaves little scope for targeted therapies [14]. The inhibition of
poly-(ADP-ribose)-polymerase 1 (PARP1) is a promising approach for TNBC with a defined defect in
the HR repair pathway based on the concept of “synthetic lethality” [15].

Although PARP1 inhibitor therapy has predominantly targeted Breast Cancer (BRCA)-mutated
cancers, there is growing evidence that PARP1 inhibitor treatment for non-BRCA-mutant tumors might
be beneficial for CIN* tumors [16,17].

We aimed to determine the role of PTEN in causing CIN in TNBC. First, we performed an in
silico analysis of PTEN messenger RNA expression (mRNA) in TNBC and analyzed PTEN expression
in different breast cancer cell lines by Western blot. To further explore the mechanism of PTEN in
TNBC, we analyzed DNA replication processes by DNA fiber assays and examined the role of PTEN at
the chromatin. To measure the sensitivity towards PARP1 inhibition treatment, we performed a cell
survival assay.

2. Results

2.1. Low PTEN Expression Levels Correlate with CIN

To investigate whether PTEN plays a role in the maintenance of CIN in TNBC, an in silico
analysis of mRNA expression data from TNBC tumors, previously determined in the Metabric study,
was performed [18]. The CIN70 expression signature was derived from a surrogate measure of CIN and
is defined as the average expression of 70 genes that correlate with “total functional aneuploidy” in solid
tumors [19]. Strikingly, the analysis revealed a significantly lower mRNA expression of PTEN in TNBC
with high CIN70 scores (-1.9 + 0.2) in comparison with TNBC with low CIN70 scores (-0.9 + 0.13)
(Figure 1a), indicating CIN* in TNBC with a low PTEN expression. To further investigate the role
of PTEN in vitro, we selected five TNBC cell lines (MDA231, BT549, HS578, BT20, GI101) with no
mutation in BRCA1-, BRCA2- or BRCA-like phenotypes and four non-TNBC cell lines (SKBR3, MCF?7,
T47D, BT474) to analyze PTEN expression. Western blot data showed no expression of PTEN in BT549,
intermediate expression in MDA231 and low expression among the three other TNBC cell lines
(Figure 1b). On average, TNBC cell lines showed a 1.85-fold lower expression of PTEN with 1.6 + 0.4
compared to 2.9 + 0.2 in non-TNBC (Figure 1c).
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Figure 1. High chromosomal instability (CIN) scores and low phosphatase and tensin homolog (PTEN)
expression in triple-negative breast cancer (TNBC). (a) In silico analysis of PTEN mRNA expression data,
comparing 100 TNBC patients with a high CIN70 score to 100 TNBC patients with a low CIN70 score.
(Student’s t-test p = 0.0001) (b) Western Blot analysis of PTEN expression in TNBC (MDA231, BT549,
BT20, GI101 and HS578T) and non-TNBC breast cancer cell lines (MCF7, T47D, SKBR3, BT474) in
relation to B-actin as loading control. (¢) Grouped analysis of quantitative PTEN expression normalized
on f3-actin, comparing TNBC and non-TNBC breast cancer cell lines. (Student’s t-test p = 0. 0416).
Each value represents the mean of the quantitative analysis of three independent experiments with the
SEM indicated.

2.2. Low Expression of PTEN Causes Replication Stress in TNBC Cell Lines

Recently, we determined the HR competence of the cell lines investigated here and we could show
that HR was reduced in TNBC cell lines [20]. Since CIN often occurs as a result of defective
DNA repair and replication stress [21,22], we performed the DNA fiber assay to analyze the
performance of PTEN-deficient cells in DNA replication. Exponentially growing breast cancer
cell lines were sequentially pulse-labeled for 30 min each with 5-Chloro-2’-deoxyuridine (CldU) and
Iododeoxyuridine (IdU). For replication fork progression, the lengths of DNA fibers were measured
in untreated controls (CldU- and IdU-labeled fibers) and active replication origins were counted by
quantification of IdU-labeled, CldU-negative fibers. While replication fork progression did not differ
between TNBC and non-TNBC cell lines (Figure 2a), the firing of second pulse origins was significantly
higher in TNBC, with 23.12% =+ 3.2, compared to 13.17% =+ 2.6 in non-TNBC cell lines (Figure 2b).
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Figure 2. Replication stress in TNBC compared to non-TNBC. (a) Replication fork progression and
(b) activation of replication origins in untreated cell lines of TNBC in comparison to untreated non-TNBC
breast cancer cell lines. (Student’s t-test p = 0.98 (a) and p = 0.051 (b). Each value represents the mean
of three independent experiments.

2.3. Replication-Dependent Sensitization by PARP1 Inhibition Due to Reduced Replication Fork Elongation and
Fork Stalling

Inhibition of PARP1 is an emerging strategy that can be used to selectively target genomic unstable
tumors [17]. To investigate the effect of PARP1 inhibition on the replication processes of TNBC,
we used the DNA fiber assay to analyze the impact of PARP1 inhibition on the elongation processes,
replication fork stalling and the activation of second pulse origins (Figure 3a—g). Exponentially growing
TNBC cell lines were sequentially pulse-labeled for 30 min each with CldU and IdU. To analyze
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the effect of PARP1 inhibition on replication processes, 1 pM Olaparib was added 120 min before
pulse labelling. For fork progression, the lengths of DNA fibers were measured in treated samples
and compared to untreated controls (CldU- and IdU-labeled fibers) (Figure 3b). Fork stalling was
analyzed by counting CldU-labeled, IdU-negative fibers (Figure 3c). Newly activated replication
origins were counted by the quantification of IdU-labeled, CldU-negative fibers (Figure 3d). As shown
in Figure 3e, single treatment with 1 uM Olaparib provoked shorter replication tracts in all TNBC
cell lines. Furthermore, replication fork stalling was observed for almost all cell lines, albeit to a lesser
degree (Figure 3f). The analysis of replication origins showed that origin firing was downregulated in
almost all cell lines after PARP1 inhibition (Figure 3g). However, in contrast to the other cell lines,
we could observe that the BT549 cell line with no expression of PTEN showed a strong activation of
second pulse origin firing. This may be due to the high extent of replication fork stalling.
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Figure 3. Replication fork elongation, stalling and new origin firing after PARP1 inhibition. (a) Overview
of DNA fiber assay labelling protocol. Representative picture of reduced IdU-fiber length after treatment,
in comparison to full-length IdU fiber in untreated sample (b), of CldU labelled, IdU-negative fiber
indicating stalled replication fork (c) and representative picture of IdU labelled, CldU negative
fiber, indicating second pulse origin firing (d). Quantitative analysis of elongation tract length (e),
replication fork stalling (f) and second pulse origin firing (g) after PARP1 inhibition normalized on
untreated controls. Each value represents the mean of at least three independent experiments with
SEM indicated.

Given the HR repair defect and the replication-dependent sensitivity of PTEN-deficient cells,
we tested the cellular sensitivity of these cells to Olaparib. For three out of five TNBC cell lines, the IC50
was at or below 1 pM Olaparib and only 10% or fewer of the cells survived the treatment with 10 uM
Olaparib (Figure 4).

2.4. Lack of PTEN Leads to Replication Fork Instability in TNBC Cell Lines

To further analyze the high amount of replication fork stalling after PARP1 inhibition, we examined
the stability of replication forks after treatment with Hydroxyurea (HU) for the TNBC cell lines.
Earlier works had shown that the nascent DNA strands of HU-induced stalled replication forks
undergo extensive nucleolytic degradation in HR-deficient cells [23]. Exponentially growing TNBC cell
lines were pulse-labeled with CldU. CldU was washed out and cells were treated for four hours with
2 mM HU. After HU treatment, cells were washed with phosphate-buffered saline (PBS) and labeled
with IdU (Figure 5a). We assessed the stability of replication forks after HU treatment by measuring
the length of CldU tracks. TNBC cell lines showed a shortening of the CldU tracks after HU treatment
compared to untreated controls, indicating replication fork instability (Figure 5b). BT549 cells with
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no expression of PTEN showed the strongest reduction in CldU track length (Figure 5c). In addition,
we could demonstrate that the amount of degraded DNA negatively correlated with the amount of
PTEN (Figure 5d). These data support the idea that PTEN could be a protective factor at replication forks.
By further analyzing SKBR3, MCF7, T47D and BT474 with a high amount of PTEN, we could show
that PTEN is a general protective factor at stalled replication forks. No change or increase in CldU
track length was observed in three out of four cell lines with a high amount of PTEN (Figure S5).
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Figure 4. Cellular sensitivity of TNBC to PARP1 inhibition. Colony-forming assays were performed
after treatment, with increasing concentrations of the PARP1 inhibitor Olaparib for 90 min. Each value
represents the mean of at least three independent experiments, with SEM indicated.

4h HU IdU 30°

HS-578-T MDA-MB-231
() [omse BT20 HS578T [Gio1 MDA 231

7 |
=40
§30 |
s
& |
©20 P 1 I
w ‘medien & sam median 1 sem median & sem | median 1 sem

10 =31:01 | =32 0.1 - 9.2+02f -8.040.2

5 -76:01 =62 +0.1 —10.640.2 —95140.1

0 10 20 30 0 10 20 30 0 10 20 30 [ 10 20 30 Q 10 20 30
CldU track length, um CldU track length, um CldU track length, um CldU track length, um CldU track lenght, um
6
(d) RP=0.9023 - M3

s p=00134 & G0t
= © HSTEK
< 4 - BT20
g - BT549
©3
o *
K]
52 °
81

0

0 1 2 3

PTEN Expression normalised on loading control

Figure 5. Fork instability after Hydroxyurea (HU) treatment in TNBC, dependent on PTEN expression.
(a) Overview of DNA fiber assay labelling protocol. (b) Representative images of DNA fibers of 5 TNBC
cell lines after treatment with 2 mM HU for four hours and untreated cells. Unstable replication
fork indicated by shortening in CldU-labelled tract length in comparison to untreated controls.
(c) Quantitative analysis of CldU elongation track length after treatment with 2 mM HU in comparison
to untreated controls. (red: HU treatment, black: untreated) (d) CldU elongation length correlates
negatively with PTEN expression measured at protein level (see Figure 1). Each value represents the
mean of three independent experiments with the SEM indicated.
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2.5. PTEN Protects Replication Forks by Supporting the Recruitment of Repair Proteins to the Chromatin

To study the effects of different protein amounts of PTEN, we selected MDA-MB-231 BR
(Brain-seeking) cells to analyze the effects of PTEN overexpression compared to BT549 and MDA231.
The MDA-MB-231 BR cell line was established from the parental MDA-MD-231 cell line following serial
in vivo passaging to the brain [24] and expresses a lower amount of PTEN compared to MDA231 [25].
MDA-MB-231 BR cells were transduced by lentiviral particles containing the PTEN coding sequence
(pPTENiZs2puro++tTR+) under the control of doxycycline response element (MDA231/PTEN).
MDA 231/PTEN shows the highest expression of PTEN with 5.4 + 0.2 (normalised on loading control)
compared to 2.6 = 0.3 for MDA231 with an intermediate expression and no expression of PTEN in
BT549 (Figure 6a,b and 56). For MDA231/PTEN and MDA231, we could show that PTEN was located at
the chromatin with a 2.2-fold higher expression of PTEN for MDA231/PTEN. Additionally, we observed
that BT549 had lower amounts of Partner and localiser of BRCA2 (PALB2), PARP1 and Checkpoint
kinase 1 (CHK1) at the chromatin compared with MDA231/PTEN and MDA231 (PALB2: 1.1 vs. 3.4
and 1.8, PARP1 3.0 vs. 16.4 and 8.0 and CHK1 1.1 vs. 4.3 and 4.1) (Figure 6a and S6 ). These data lead
us to analyze the phosphorylation of Chk1, an important activator of the Intra-S-phase checkpoint
after induced replication stress. After HU treatment, we found that there was an almost two-fold
lower phosphorylation of CHK1 in BT549 compared to MDA231/PTEN and MDA231 (Figure 6b).
Interestingly, the recruitment and activation of the upstream Kinase Ataxia teleangiectasia and Rad3
related (ATR) of the Intra-S-Phase was not affected after HU treatment. Rather, the data show the
strongest activation of ATR in BT549 compared to the other cell lines. Finally, we elucidated the effect
of different amounts of PTEN on replication stress. We compared the effect of low PTEN expression in
TNBC cell lines with TNBC cell line MDA231/PTEN. MDA231/PTEN displayed a faster replication
fork progression, with 1.04 kb/min compared to 0.74 kb/min, and, with 19% compared to 24%, a lower
amount of origin firing compared to TNBC with low amounts of PTEN in the unperturbed state
(Figure S8a,b). HU treatment had a mild effect on CIdU track length (Figure S8c). After PARP1
inhibition, the elongation rate (0.94) and origin firing (1) did not change compared to the untreated
state (Figure S8d,f). Only a slight increase in fork stalling could be detected (Figure S8e).

z =z
g v = =
a. a. a. [+ %
@ . = _ & .5 .S
m <) m 2 (<)) 2 m ) m ~N o)) ~N
< < < < < < < < < < 3 g
s p & S v o s p 2 2 u
S o = S o = S ) = = ) =
‘ - — — ‘PTEN ‘- — — |CHK]_
26 0.0 54 1.2 0.0 24 22 19 24 16 11 43
[ — = |PALB 2 { = === pcHKL
4.7 34 96 18 11 34 03 03 14 31 24 34
‘ e — _ﬁ—‘PARpl l —— GE— — — —‘pATR
35 25 10.6 8.7 6.7 115 19 2.2 29 16 33 33
[m—— = ——|CHK1 ’ - S atr
20 0.7 38 22 19 24 13 3.2 38 24 23 27
—_—— | GAPDH | |GAPDH
l — |8 — w—— 2B
WCE untreated CBE untreated CBE untreated CBE HU

Figure 6. PTEN expression and recruitment of DNA repair proteins to the chromatin in TNBC.
(a) Western blot analysis of PTEN, PALB2, PARP1 and CHK1 expression in whole cell extracts (WCE)
and chromatin-bound extracts (CBE) of untreated TNBC cell lines. GAPDH and H2B served as a loading
control for the WCE and CBE, respectively. (b) Western blot analysis of CHK1, pCHK1, ATR and pATR
expression at the chromatin after treatment with 2 mM HU for 4 h in comparison to untreated controls.
H2B served as a loading control.
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3. Discussion

The poor prognosis and molecular heterogeneity of patients with TNBC have fostered a major
effort to identify more patients who would benefit from targeted therapies. The aim of our work was
to investigate the underlying mechanism of PTEN in the maintenance of CIN and to evaluate the
potential of PARP1 inhibitor treatment in TNBC with high CIN.

PTEN is mutated in a wide variety of solid tumors. It was reported earlier that disruption of PTEN
in Mouse Embryonic Fibroblasts (MEFs) leads to extensive centromere breakage and chromosomal
translocations due to physical interaction with centromeres and its role in DNA repair [6]. Here, we show
that low mRNA expression levels of PTEN in tumors from TNBC patients are significantly associated
with high CIN (Figure 1a). In vitro analysis aggregates these findings. TNBC cell lines express lower
protein levels of PTEN compared to non-TNBC cell lines (Figure 1b). In line with the observation
in Prostate cancer cell lines [9], our data provide strong evidence for the involvement of PTEN in
double-strand breaks (DSB) repair via HR in TNBC, based on experiments with the reporter plasmid
assay [20].

The relationships between HR and DNA replication are well documented [26]. Cells that lack
efficient DNA repair systems, particularly HR, show replication stress in the unperturbed state,
which is defined as the slowing or stalling of replication fork progression [27]. With this in mind,
we were further interested to see if TNBC cell lines with low protein expression of PTEN exhibit
replication stress. We demonstrate that all analyzed breast cancer cell lines show slow fork progression
(Figure 2a). Moreover, in TNBC cell lines the activation of replication origins was much higher
compared to non-TNBC cell lines (Figure 2b). Earlier, we reported that HR-deficiency due to
PALB2-haploinsufficiency, Rad51AP1-, NUCKS- knockdown and Rad51 overexpression resulted in
replication stress due to compromised replication fork progression and high activation of dormant
origins [20,28-30]. We reveal from our data that PTEN-deficient TNBC cell lines display endogenous
replication stress due to uncontrolled origin firing.

We assume that consecutive rounds of replication stress are a strong driver of CIN and not only
do they repair deficiency, but endogenous replication stress could make TNBC cell lines eligible
for PARP1 treatment. The sensitization of HR-deficient tumors to PARP1 inhibitors was primarily
explained by the concept of synthetic lethality [31]. However, the molecular mechanisms that drive
this synthetic lethality remain unclear. PARP1 and HR proteins intersect at DSB repair and replication
forks [32]. We reported that PARP1 inhibitors enhance the therapeutic ratio achieved by radiotherapy
by interfering with the replication elongation for the HR-deficient head and neck squamous cell
carcinoma (HNSCC) cell lines [33]. Here, we demonstrate that replication stress in PTEN-deficient
TNBC is increased during the inhibition of PARP1, as evidenced by a further reduction in replication
fork progression and a high number of stalled replication forks (Figure 3d,e). We observed that
BT549 with no expression of PTEN displayed the strongest effects in replication fork progression
and fork stalling. In addition, BT549 showed a strong activation of second pulse origin firing upon
PARP1 inhibition (Figure 3g). PARP1 inhibitors cause an increase in DNA single-strand breaks (SSBs),
which are converted during replication to DSBs in BRCA1/2-defective cells. However, researchers
previously primarily studied DNA damage induction, repair capacity and cell cycle progression upon
PARP1 inhibition [34,35]. Recent findings have suggested that the slowing, stalling or collapse of DNA
replication forks is the prevalent source of DNA damage, which may contribute to genome instability
and lead to the generation of structural and numerical CIN [3]. Our work provides evidence that
PTEN plays an important role during replication processes. Although previous studies have focused
exclusively on replication fork progression and linked slower fork progression with structural and
numerical CIN in cancer, we could show that not only replication fork progression is affected, but also
fork stalling and origin firing. ATR safeguards stalled replication forks from collapse and prevents
replication catastrophe [36]. ATR kinase activity slows down replication forks and prevents origin firing
in damaged cells. By suppressing the excessive firing of replication origins, this prevents the exhaustion
of the rate-limiting pool of RPA and the conversion of ssDNA to DSBs in the S phase, a serious threat
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to genome stability. Our results demonstrate that considerable effort needs to be expended to identify
additional synthetic lethal interactions with genes of the replication stress response.

PARP1 inhibitors have emerged as promising cancer therapeutics, especially for BRCA-mutated
tumors that display a deficiency in HR [15]. An ongoing phase II trial of the PARP1 inhibitor Talazoparib
is testing patients with pathologic mutations in a somatic or germline non-BRCA1/2 HR pathway gene,
such as PTEN (NCT02401347). However, further data on the use of PARP1 inhibitors in non-BRCA HR
deficiencies are still missing [16]. Previously, we reported that PTEN contributes to HR in prostate
cancer and proposed the treatment of agents targeted against defects in HR such as PARP1 inhibitors
to PTEN-deficient tumors [9]. Here, we show for the first time that TNBC cell lines with low PTEN
protein levels can be sensitized for treatment with PARP1 inhibitors, independent of BRCA mutations
or a BRCA-like phenotype. Only 10% or less of the cells survived the treatment with 10 uM Olaparib,
which is comparable with the survival rate found in BRCA2 knock out cells or BRCA deficient
cell lines [37].

Cells have acquired a multitude of fork protection mechanisms to minimize the genotoxic effects
during replication stress [38]. The regulation of replication stress in response to DNA damage involves
the reduction in fork progression, the regulation of origin firing [39] and the stabilization of stalled
forks [40]. There is evidence that PTEN is an important factor for the stabilization of replication forks,
and thus maintains genome stability under replication stress [41]. Wang et al. showed that PTEN
is located at replication sites, and physically interacts with replication protein A 1 (RPA1) as well as
Ubiquitin Thioesterase OTUB1, which regulates RPA1 stability. After HU-treatment, the length of
nascent replication tracts was decreased in PTEN -/- HCT116. Our data support the observation that
PTEN also plays an important role in protecting replication forks in TNBC by showing a reduction in
CldU track length after HU treatment in cells with lower amounts of PTEN (Figure 5). Here, the amount
of degraded DNA negatively correlated with the amount of PTEN. This implies that the amount of
PTEN could be essential for fork protection. By analyzing SKBR-3, MCF7, T47D and BT474 we could
show that PTEN is a general protective factor at stalled replication forks (Figure S4). There is also
evidence that loss of PTEN induces uncontrolled origin firing (Figure 3g). Replication fork stalling and
degradation of newly replicated DNA results in regions of ssDNA. ssDNA is protected by RPA coating,
followed by the recruitment and activation of ATR and phosphorylation of its main downstream
effector CHK1 [42]. The phosphorylation of CHK1 stabilizes the forks and downregulates origin
firing, thus delaying the cell cycle progression and allowing to repair DNA damage. Dysregulation in
this process may give rise to uncontrolled initiation of origin firing and fork collapse, thus causing
genomic instability.

Latterly, we analyzed the effect of different amounts of PTEN at the chromatin using MDA-MB-231
BR to overexpress PTEN, and compared it to moderate expression of PTEN (MDA-MB-231) and no
expression of PTEN (BT549) (Figure 6). We could show that PTEN is localized to the chromatin in
untreated cells. Further, the amount of PALB2, PARP1 and CHK1 at the chromatin was dependent on
the amount of PTEN (Figure 6a). It has been reported for many HR proteins, like BRCA1 and BRCA2,
that they might have a repair independent role of protecting stalled replication forks [43,44]. PARP1 has
also been implicated in the restart of stalled replication forks through a mechanism that is dependent
on Meiotic Recombination 11 Homolog A (Mrell), suggesting that DNA end resection is a critical
control point regulated by PARPs [45]. Further, CHK1 has been suggested to bind the PAR chain
synthesized by PARP1 at stalled replication forks, which facilitates its kinase activity [46]. Besides its
role in stalled replication forks, CHK1, together with ATR, is a regulator of the S-phase checkpoint and
the global regulation of further origin firing and activation of DNA repair upon replication stress [39].
After HU treatment, we found an almost two-fold lower phosphorylation of CHK1 for BT549 compared
to MDA231/PTEN and MDA231. Interestingly, the recruitment and activation of ATR was not affected
(Figure 6b). Due to the great impact of ATR in the regulation of stalled replication forks and origin
firing, we think that ATR might also be a good target in the treatment of TNBC with high CIN [47].
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Finally, the comparison of replication processes in TNBC with low amounts of PTEN and
PTEN overexpression provides strong evidence that the amount of PTEN is crucial for replication
processes (Figure S8).

We conclude from our data that PTEN might be an important regulator of replication proteins to
the chromatin to protect and regulate the action of replication processes. However, the exact process
behind this needs further investigation.

With our work, we could offer detailed insight into the importance of PTEN in the maintenance
of CIN by regulating DNA replication processes. We consider that the high CIN of PTEN-deficient
TNBC predestines it for treatment with PARP1 inhibitors due to the protective role of PTEN during
DNA replication.

4. Material and Methods

4.1. Cell Culture, Plasmids and Survival Assays

The breast cancer cell lines BT20, HS578T, GI101, MCF7, MDA231, MDA468 and SKBR3
were cultivated in DMEM and BT474, BT549 and T47D (provided by the Department of Tumor
Biology) in RPMI media, both supplemented with 10% FCS, 2 mM glutamine, 100 U/mL penicillin
and 100 mg/mL streptomycin at 37 °C and 10% CO; or 5% CO, respectively. Zsgreen-positive
MDA-MB-231 BR control (231BR/CTL) and PTEN-overexpressing (MDA231/PTEN) cells were
generated by lentiviral transduction with either control LeGO-SWITCH vector piZs2puro++tTR+
or overexpression vector pPTENiZs2puro+-+tTR+ [25] and cultured in DMEM supplemented with
1 pg/mL doxycycline. Stable transfectants were selected in DMEM supplemented with 4 pg/mL
puromycin. Suitable concentrations of doxycycline as well as puromycin were determined by titration.

For survival assays, 250 cells were seeded in a 6-well plate 6 h before treatment and cells were
cultured for 14 days. Cells were fixed and stained with 1% crystal violet (Sigma-Aldrich, St. Louis,
MO, USA). Colonies with more than 50 cells were counted and normalized to untreated samples.
Each survival curve represents the mean of at least three independent experiments.

4.2. Clinical in Silico Analysis

Gene expression data for PTEN and CIN70 genes in the METABRIC dataset (PMID: 27161491)
was retrieved from the cBioPortal (PMID: 22588877, PMID: 23550210). For each tumour, the CIN70
score was calculated according to Birkbak et al. (PMID: 21270108) by summation of expression values
of all the CIN70 genes. Afterwards, PTEN gene expression was compared in the extreme quartiles of
CIN70 score. p-values were calculated by Student’s -test.

4.3. Mutagenesis Assay

PARP1 inhibition was achieved by adding 1 uM Olaparib (Selleck, Houston, TX, USA) for 90 min
to the growth medium. For fork stability experiments, cells were treated with 2 mM Hydroxyurea (HU)
(Sigma-Aldrich, Darmstadt, Germany) added to the growth medium for four hours. All treatments
were performed at 37 °C and in 10% CO, or 5% CO, atmosphere.

4.4. Western Blotting

Proteins were extracted and concentration was determined via photometry. A total of 40 pug were
resolved by SDS-PAGE using a gradient gel [(4-15%), Bio-Rad Laboratories, Feldkirchen, Germany].

Fractionated extracts were generated using the “Subcellular Protein Fractionation Kit for
cultured cells” (Thermo Scientific, Waltham, MA, USA), following the Manufacturer’s instruction. After
harvesting the cells, all incubation and centrifugation was performed at 4 °C. For each step, phosphatase
inhibitor (Halt™ Phosphatase Inhibitor Cocktail, Thermo Scientific, Waltham, MA, USA) was added
in addition to the protease inhibitor cocktail included in the Kit. The cytoplasmatic, nuclear and
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chromatin-bound fractions were isolated, concentration was determined by photometry, and 20 ug were
resolved by SDS-PAGE using a gradient gel [(4-15%), Bio-Rad Laboratories, Feldkirchen, Germany].

After transfer to a Nitrocellulose membrane (Licor, Lincoln, NE, USA), proteins were detected by
anti-PTEN IgG (9559, 1:2000), anti-Chk1 IgG (2360, 1:750), anti-p-Chk1 IgG (2348, 1:1000), anti-p-ATR
(2853, 1:1000) (Cell Signaling Technology, Danvers, MA, USA), anti-ATR IgG (SC1887, 1:1000),
anti-PALB2 IgG (A301-2464, 1:1000) and anti-GAPDH IgG (SC25778, 1:1000) (Santa Cruz Biotechnology;,
Dallas, TX, USA), anti-PARP1 IgG (556362, BD Bioscience, San Jose, CA, USA, 1:1000), anti-H2B IgG
(NB100-56347, Novus Biologycals, Littleton, CO, USA, 1:500)or anti-f-actin IgG (Sigma, Darmstadt,
Germany, 1:50.000), IRDYE 680 conjugated anti-mouse IgG or IRDYE 800 conjugated anti-rabbit IgG
(Licor, Lincoln, NE, USA, 1:7500).

4.5. DNA Fiber Assay

Exponentially growing cells were pulse-labeled with 25 uM CldU (Sigma, Darmstadt, Germany)
and 250 pM IdU (Sigma, Darmstadt, Germany) added to the growth medium for the times specified.
Where indicated, the cells were exposed to 2 mM HU or 1 uM Olaparib during or in between the
pulse labeling, as indicated. Labeled cells were harvested and DNA fiber spreads were prepared
from 0.5 x 10° cells/mL as described previously [12]. Slides were incubated in 2.5 M HCl for 80 min
and then washed three to five times in PBS, followed by incubation in blocking buffer (2% BSA, 0.1%
Tween in PBS) for 1 h. Acid-treated fiber spreads were stained with monoclonal rat anti-BrdU antibody
(Bio-Rad, Feldkirchen, Germany) (1:1000) to detect CldU, and monoclonal mouse anti-BrdU antibody
(Becton Dickinson, Franklin Lakes, NJ, USA, 1:1500) to detect IdU. Secondary antibodies were goat
anti-rat AlexaFluor555 and goat anti-mouse AlexaFluor488 (both Invitrogen, Carlsbad, CA, USA, 1:500).
Primary antibodies were diluted in blocking buffer, incubated for 1 h with rat anti-BrdU antibody and
mouse anti-BrdU antibody, followed by fixation with 4% paraformaldehyde and extensive washes
in PBS and blocking buffer. Secondary antibodies were applied for 1.5 h, washed with PBS and
blocking buffer and slides were mounted in Immuno-Fluor mounting medium (MP Biomedicals,
Santa Ana, CA, USA). Fiber tracts were examined using an AxioVert 200 M fluorescence microscope
(Zeiss, Oberkochen, Germany). Pictures were taken from randomly selected fields with untangled
fibers and analyzed using Image] software package. For structure analyses, the frequencies of the
different classes of fiber tracks were classified as follows: red-green (elongating fork), red (stalled or
terminated forks), green-red-red-green (first pulse origin) and green (second pulse origin). At least
300 forks were analyzed for each experiment and the means of at least three independent experiments
are represented. For fork speed analyses, the lengths of CldU and IdU tracks were measured and
micrometer values were converted into kilobases. A conversion factor for the length of a labeled
track of 1 um = 2.59 kb was used [13]. A minimum of 100 individual fibers were analyzed for each
experiment and the means of at least three independent experiments are presented.

4.6. Data Evaluation

Statistical analysis, curve fitting and graphs were performed by means of the Prism software Version 6
(Graph Pad Software, San Diego, CA, USA). Data are given as mean (+SEM) of replicate experiments.

5. Conclusions

Impaired DNA replication occurs in cancer, where it contributes to genomic instability.
This vulnerable process is already a target of cancer therapies. Drugs that increase replication
stress have become attractive for therapeutic intervention in several cancer types. Our results suggest
that the clinical use of PARP1 inhibitors should be extended beyond those tumors with BRCA mutations
to a larger group of patients with PTEN mutant tumors, maybe even to the larger group of CIN
high tumors.
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