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Abstract

Objectives: Synthetic lethality induced by poly(ADP-ribose)polymerase inhibitors
(PARPi) as single agent treatment can occur in tumors with deficiencies in the DNA
repair mechanism homologous recombination including, but not limited to those harbor-
ing BRCA mutations. This “homologous recombination deficiency” (HRD)-phenomenon
has been observed in ovarian and triple negative breast cancers, but its role in other ma-
lignancies is not known. This study aims to evaluate the potency of PARPi in the
context of HRD in head and neck cancer (HNC), where BRCA mutations are rare.
Materials and Methods: The comparative potency of three PARPi (veliparib, ola-
parib and rucaparib) was evaluated using cell viability assays in a panel of HNC cell
lines. More robust ICsg values were subsequently established for rucaparib in ten cell
lines using colony-forming assays and response was compared to BRCA-deficient breast
cancer cell lines. Furthermore, the change in foci formation after exposure to rucaparib
of YH2AX and RADS51 was assessed using immunofluorescent staining to determine the
capability for homologous recombination. Baseline gene expression was analyzed using
microarray data and gene set analysis was used to identify groups of genes correlated
with rucaparib ICsxg.

Results: We identified rucaparib as the most potent of the PARPi tested. This com-
pound showed single agent activity in a subset of HNC cell lines that was comparable
to BRCA-deficient breast cancer cell lines. Rucaparib-sensitive and -resistant groups
showed significant differences in YH2AX and RADb51 foci formation after rucaparib ex-
posure suggesting that differences in DNA repair capability may contribute to sensitivity.
In consonance, baseline RADS51 expression was correlated with rucaparib 1Csg. How-
ever, foci formation of RAD51 did not serve as a post-treatment biomarker as previously
shown for ovarian cancer by others. Expression of genes involved in chromosome struc-
ture was strongly associated with rucaparib resistance.

Conclusion: For the first time, we demonstrated that PARPi are effective in a subset
of HNC cell lines suggesting that these compounds could play a role in the treatment
of head and neck tumors that exhibit the HRD phenotype. Further studies elucidating
the exact underlying mechanism of this phenotype as well as predictive measures of

sensitivity are warranted!.

!The content of this thesis was published as: J. Heitmann, P. Geeleher, Z. Zuo, R.R. Weichselbaum,
E.E. Vokes, S. Fetscher, T.Y. Seiwert. Poly(ADP-ribose)polymerase inhibitor efficacy in head and neck
cancer. Oral Oncology, 50(9):825-31, 2014
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Chapter 1

Introduction

1.1 Head and Neck Cancer

1.1.1 Anatomy and Epidemiology

Head and neck cancer (HNC) comprises a group of diverse malignancies arising in the
upper aerodigestive tract. The primary sites are subdivided anatomically: pharynx
(nasopharynx, oropharynx and hypopharynx), larynx, oral and nasal cavity, including
paranasal sinuses (Fig. 1.1). Over 90% of these tumors originate from squamous epithe-

lium cells.

.......

FIGURE 1.1: Sagittal Section of the upper aerodigestive tract showing anatomic sites
of HNC. Adapted from [1]
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HNC is the 6™ most common malignancy worldwide accounting for over 600,000 new
cases and approximately 350,000 deaths every year [5]. It was estimated that in 2014,
over 12,000 HNC patients died in the United States alone [6]. Men and women are
affected in a ratio of 2.5:1 respectively, however this ratio varies by anatomic site of the

tumor (up to 4:1 for cancers of the larynx) [6].

1.1.2 Risk Factors

It has recently become clear that two distinct types of HNC exist: Approximately one
third of HNC tumors are linked to a human papilloma virus (HPV) infection as a risk
factor [7]. It is on the rise: Incidence of HPV-related tumors has increased more than
four-fold in the past two decades in the United States [8]. There are several types of
HPYV including type 16, that has been proven to contribute to carcinogenesis through
its oncogenes E6 and E7 that inactivate tumor-suppressor genes [9]. Patients with
HPV-positive tumors are typically younger and show an improved treatment response
resulting in a better overall survival rate (5-year relative survival rate HPV-positive
70%-80% vs. 25%-40% HPV-negative) [10]. Novel research has revealed that despite
its unifying squamous cell origin, HNC is a very heterogeneous disease [11]. Our group
has recently investigated the genetic make-up of both, HPV-positive and HPV-negative
tumors and found remarkable differences in mutational status and copy number aber-
rations, underlining again that these tumor groups should be treated differently [12].
Hence, HPV status will need to be considered in future therapeutic approaches. Be-
cause the group of HPV-negative tumors is much larger and associated with a worse

prognosis, we primarily focused on HPV-negative cell lines in this study.

The remaining two thirds of HNC cases (“HPV-negative”) are attributed to alcohol and
tobacco consumption (with strong dose-response-relationships for each substance [13]),
yielding a worse overall survival rate [14, 15]. Interestingly, the combined carcinogenic
effect of both, tobacco smoking and alcohol consumption, is greater than the additive
joint effect [13, 15]. Besides the above-mentioned external risk factors, genetic predispo-
sition and some inherited disorders, like Fanconi anaemia, also predispose for developing

malignancies in the head and neck [16, 17].

1.1.3 Carcinogenesis

In 1953, the term “field cancerization” was proposed by Slaughter and colleagues to de-
scribe the high likelihood of multiple HNC lesions and the tendency for local recurrence
after treatment [18]. The annual rate of second primary tumors ranges between 3%-7%,

which is higher than for any other type of cancer adding up to a 35% chance for a HNC
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survivor to develop a second primary tumor within five years after initial occurrence of
the malignancy [19]. Since the proposal of this theory, it has been possible to delin-
eate the process of field cancerization molecularly. The surrounding tissue of cancerous
lesions has been shown to often contain genetic alterations in terms of dysplasia or pre-
cancerous lesions. These surrounding cells have genetic profiles that are clonal to the
invasive carcinoma giving rise to the hypothesis that a field of preneoplastic cells proceed
the carcinoma to form a multi-step genetic pathogenesis [20]. The first multi-step model
for HNC was introduced in 1996 by Califano et al., who studied the genetic characteriza-
tion of histopathological changes in the epithelium. In a histopathological context, this
multi-step model ranges from normal squamous cells over hyperplasia, mild, moderate
and severe dysplasia, carcinoma in situ, invasive carcinoma to finally metastasis (Fig.
1.2) [2]. Underlying genetic alterations include loss of heterozygosity, upregulation or
amplification of oncogenes (such as Epidermal Growth Factor Receptor (EGFR)) and
downregulation or deletion of tumor-suppressor genes (such as p53). The latter has con-
secutively been shown to often occur early in carcinogenesis of HNC and to contribute
to the immortilization of a clone [2]. Recently, multiple classes of genetic data from The
Cancer Genome Atlas (TCGA) revealed that the p53 mutation not only contributes to

carcinogenesis, but that it is also associated with a worse survival in HNC patients [21].

1.1.4 Prevention

In order to primarily prevent HNC, an important aspect is to stop exposure to causative
carcinogens, such as tobacco and alcohol. Encouragingly, the relative risk of HNC de-
creases sharply after cessation of smoking and reaches an equal risk compared to never-
smokers after ten years of abstinence [13]. Cessation of alcohol intake on the other hand
only reaches a reversal of HNC risk after over 20 years of abstinence [22]. Furthermore,
there seems to be an association between poor oral hygiene and dental care and HNC,
lending support to the hypothesis that improved oral hygiene may aid prevention [23].
It has additionally been hypothesized that conservative sexual behavior might stop the
sharp rise of HPV-positive HNC, which has been attributed to a lower age at first sexual
activity as well as higher numbers in sexual partners [24]. It still remains to be stud-
ied whether the HPV-vaccination currently administered to prevent cervical cancer also

contributes to prevention of HPV-positive HNC [25].
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FIGURE 1.2: Progression of HNC
A shows the clinical presentation of oral cancer. Benign lesions can look very similar to
healthy mucosa. Different stages of the disease can often be observed next to each other
as proposed in the field cancerization theory [18]. In B the histopathological pattern
of HNC lesions is shown at various stages. While different patterns may be observed
as shown, they are often based on a clonal relationship. In C the underlying genetic
instabilities including the loss of heterozygosity (LOH), upregulation of oncogenes and
downregulation of tumor-suppressor genes are shown. Strikingly, benign lesions already
harbor some of these genetic alterations. Genes of the right side of the triangle, such as
E-Cadherine (CDH1), vascular endothelial growth factor (VEGF) or fibroblast growth
factor (FGF) are finally involved in the progression of the tumor towards metastasis.
Adapted from [2, 3].

Secondary prevention of HNC aims for an early detection of the malignancy, as diagnostic
delay has been linked to decreased overall survival [26]. Alarmingly, the mean time
from onset of first symptoms to treatment was 206 days in a recent study. Increased
public awareness and knowledge of early symptoms could contribute to sooner detection
of HNC, as the longest delay occurred before consultation with a physician [26]. An

effective screening of HNC still remains elusive and the only conducted randomized
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clinical trial on HNC-screening through clinical examination in India resulted in no

difference in mortality rate between the screened and not-screened population [27].

The goal of tertiary prevention is to avoid recurrence or emergence of a second primary
tumor. Discontinuance of smoking and alcohol consumption are again key interventions
at this stage. Because HNC is especially prone to recurrence as discussed above, adher-
ence to these lifestyle changes is of utmost importance after the diagnosis. There are a
number of substances discussed in the literature for tertiary chemoprevention of HNC.
Agents range from natural compounds (green tea polyphenols in patients with leuko-
plakia [28]), to more targeted substances such as the EGFR inhibitor erlotinib, selective
cyclooxygenase inhibitors and very recently the combination of both [29], peroxisome
activator receptor gamma (PPAR~) agonists, p53-targeted compounds [30] and retinoid
receptor ligands. For the latter a double-blind placebo-controlled trial was conducted as
early as 1986, but despite its favorable response rates in histological improvement, the

treatment did not reach the clinic due to adverse effects and rapid relapse [31].

1.1.5 Clinical Presentation and Diagnosis

The most commonly seen premalignant lesion is oral leukoplakia defined as a white
plaque in the mucosal lining that cannot be removed by scraping. The annual transfor-
mation rate to an invasive carcinoma amounts to 1%-2% with risk factors for transfor-
mation including female gender, grade of dysplasia as well as the size of lesion [32, 33].
However, there is no marker that can reliably predict transformation, which can occur at
the site of the lesion or elsewhere in the aerodigestive tract [33]. As of today, no effective
treatment has been found to avoid this transformation in patients with leukoplakia and

even removal of the lesion does not result in prevention of recurrence [34].

Early symptoms of HNC may be minor, they vary across the different anatomical sites
and are easily overseen, which is the reason for treatment delay as discussed above.
Symptoms can range from nasal obstruction or otitis (nasopharynx), hoarseness (larynx),
sinusitis or epistaxis (nasal cavaties), ulcers, changes in the fit of dentures or the above-

mentioned leukoplakia (oral cavity) [1].

First diagnostic steps should include a thorough patient history (stressing the risk fac-
tors) and clinical examination. The next step could be endoscopy and biopsy of suspi-
cious lesions (such as leukoplakia). Ultrasound of the neck can aid in defining the extent
of the disease in the lymphnodes where biopsies may again be taken [1]. In order to
estimate a prognosis and choose the right treatment regimen for the patient, staging of

the tumor needs to be performed as discussed in the next section.
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1.1.6 Classification

Aside from lifestyle factors such as smoking (discussed above), the prognosis for patients
with HNC is largely determined by the stage at diagnosis, conveyed by the Tumor-Node-
Metastasis (TNM) classification of the UICC (Union International Contre Cancer)[35].
Originally established by Pierre Denoix in the 1940s, the classification is still used in
clinic today [36]. It is based on the anatomic extent of the primary tumor (T1-T4), as
well as the lymph node infiltration (NO-N3) and metastasis to other organs (M0/M1).
The stage is determinded by clinical examination, imaging, cytology of lymphnodes and
definite histopathology after surgery (Tab. 1.1). The head and neck tumors comprise
neoplasms at various anatomic sites, which is why there is no general TNM classification.
An example of the current UICC TNM classification for HNC in the oral cavity and
larynx is summarized below (effective since 2010). Tumor grading is dependent on
the histological pattern tumor cells exhibit ranging from G1 (well differentiated) to G4
(undifferentiated).

Stage Tumor Node Metastasis

0 Tis NO MO
I T1 NO MO
I T2 NO MO
T3 NO/N1 MO

111 T1 N1 MO
T2 N1 MO

T4a  NO/N1/N2 MO

T1 N2 MO
Va1 N2 MO
T3 N2 MO

T any N3 MO

Vb T4b N any MO
IVe T any N any M1

TABLE 1.1: TNM Classification of HNC
Example classification for tumors arising in the oral cavity and larynx. Classifications
for other sites are very similar. Stages 0-II are considered early disease, stages III and
IV advanced disease
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1.1.7 Treatment

1.1.7.1 Conventional Treatment

In the beginning of the past century, malignancies were addressed with anatomically-
guided treatment such as surgical resection and radiation therapy, which still remain
commonly used treatment options today [37]. In the 1970s and 1980s, improvements
were accomplished in the patients’ quality of life, for example regarding speech and

swallowing [38].

DNA damaging therapies continue to be a mainstay of therapy including radiation and
chemotherapy. Combinations of platinum-based agents (either cisplatin or carboplatin)
with 5-fluorouracil (5-FU) are the most frequently used chemotherapeutic agents in HNC
with response rates between 20% and 40% [39]. However, these non-selective treatment
approaches yield a high risk for acute toxicities during or shortly after treatment in-
cluding mucositis, xerostomia, dysphagia, regional alopecia, hoarseness and radiation
dermatitis. Specifically mucositis remains one of the most fierce adverse effects of non-
selective HNC treatment. It occurs with a mean incidence of 80% and is associated with
a high level of discomfort and pain leading to weight loss through eating problems and

eventually oftentimes cessation of therapy [39, 40].

Tumors are treated according to the stage of disease: Early stage tumors are treated with
either surgery or radiotherapy as they have a comparatively good prognosis [11]. For
young patients with moderately advanced tumors, organ-preservation is striven for both,
surgically and radiotherapeutically to preserve the quality of life for patients [41, 42].
Multimodality treatment is the standard of care for locoregionally-advanced disease. To
date, three approaches are applied: The first is surgery followed by adjuvant concurrent
chemoradiotherapy, where precise anatomic staging can be performed. However, total
resection cannot be accomplished in a majority of cases, particularly when organ preser-
vation is aimed for. For this goal, definite concurrent chemoradiotherapy with surgery
as a consecutive option - the second approach - is the favorable alternative, although
it provides no pathological information. Thirdly, induction chemotherapy followed by
definite local therapy can be used to treat patients with locoregionally-advanced HNC
offering tumor debulking in responders but yielding the risk of metastasis (Fig. 1.3).

The different approaches are discussed controversially in the literature to date [4].
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cetuximab (leve! | evidence®) disease (chemotherapy based;
J = Chemoradiotherapy at level | evidence)
If upstaging reduced intensity = Radiation with concomitant
occurs or if (expert opinion) cetuximab (level | evidence®)
high-risk features | |= Radiation single modality = For locoregionally advanced
are present, (expert opinion) disease single modality radiation Pathology review:
adjuvant treatment | |« Palliative measures is not considered adequate high-risk features?®
is indicated® (expert opinion) (level | evidence)
4 o /Yes No\\
2
1 -
! - , Radiation
Induction chemotherapy « Cispl aﬁ:o_rg;raldlomerauy‘ (Single modality)
o gle agent 30% local s
Expert opinion failure rate (level | evidenced) « Level Il evidence
= In high-risk situations, « Combination chemo (cisplatin/ {vs no treatment)
may help to reduce the 5-FU, TFHX, etc.; level Il evidence) | | * EXPert opinion
risk of distal failure ! St (vs chemoradiation)

F1GURE 1.3: Treatment algorithm for locoregionally-advanced HNC in the USA based
on clinical trials and expert opinion.
“a Referral to an experienced center with an adequate support system is recommended.
b Level 1 evidence compared with radiotherapy as a single modality. No data are
available for CRT comparisons; therefore, no clear recommendation can be made in
comparison with CRT. This treatment option is an excellent choice for patients with
a low performance status who are poor candidates for chemoradiotherapy. ¢ High-
risk features for recurrence are as follows:
or extracapsular spread, perineural invasion, and the presence of two or more involved
regional lymph nodes. d Cetuximab-based CRT can also be considered as an option,
but this therapy has not been studied postoperatively. On the basis of experience with
other regimens, the therapy should be considered as a reasonable option, especially in

patients who cannot tolerate more-toxic regimens.

Abbreviations:

involved margins of resection, extranodal

CRT, concurrent

chemoradiotherapy; ENT: ears, nose, and throat; HNSCC: head and neck squamous
cell carcinoma; TFHX: paclitaxel, 5-fluorouracil, hydroxyurea and concurrent radio-

therapy.”

1.1.7.2 Targeted Therapy

Despite the progress made in identifying and addressing molecular targets in HNC, the

overall survival rate of patients with advanced stages of this malignancy has not risen

[4]
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above 50% since the 1960s highlighting the need for more effective novel therapeutic
approaches [38].

The discovery of the DNA structure by Watson and Crick in 1953 allowed for the start of
a new era in the understanding of cancer and carcinogenesis. Since then, researchers have
endeavored to unravel cancer biology elucidating molecular pathways that facilitated
the development of targeted therapies. In 2006, the Food and Drug Administration
(FDA) and the European Medicines Evaluations Agency (EMEA) approved the first
targeted therapy in HNC treatment: Cetuximab, an EGFR inhibitor that showed a
promising overall survival benefit in a neoadjuvant treatment regime for patients in a
phase III study [43]. The drug - a monoclonal antibody binding to the external portion
of EGFR - showed favorable results without adding toxicity to the conventional ionizing
radiation (IR) treatment [43, 44]. The targeted drug is approved for two further clinical
settings: As second-line treatment for metastatic or recurrent disease as a single agent
and secondly in combination with platinum-based agents or 5-FU in this cohort as first-
line treatment [45]. However, to date no biomarkers have been found that predict clinical
response to cetuximab [45]. Since the introduction of cetuximab to the clinic, more
potential drug targets have been identified in the laboratories and continuing research
aims to develop novel compounds that exclusively harm cancer cells and spare healthy
cells to avoid severe side effects like mucositis. In this study, we too focused on targeting

a single protein called poly(ADP-ribose)polymerase.

1.2 Poly(ADP-Ribose)Polymerase - PARP

1.2.1 Genomic Instability

One of the hallmarks of cancer is genome instability and mutation [46]; therefore, the
survival of cancer cells depends on their ability to constantly repair their own DNA.
In malignant cells, genomic instability can occur through chromosomal instability and
changes of DNA structure. The former meaning that there is an alteration in the num-
ber or structure of chromosomes and the latter comprising insertions, deletions, and
nucleotide substitutions. In cancer, a large number of mutations are passenger muta-
tions. These mutations are merely a side effect of general genome instability with no
capacity to drive disease. On the other hand, mutations occurring in so-called driver
genes are capable of changing the behavior of the cell promoting a selective advantage

and triggering disease [47].
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1.2.2 DNA Damage and Response

DNA damage occurs constantly in all cells of the body. It has been estimated that every
single cell might suffer up to 10> DNA lesions per day [48]. The damage can be caused
endogenously, for example by oxidation or depurination, or exogenously by UV-light, IR,
tobacco smoke, or chemotherapeutic agents [49]. Cytotoxic chemotherapeutics continue
to be the mainstay in cancer therapy as they induce breaks in the DNA through various
mechanisms, either by alkylating the DNA (e.g. cyclophosphamide), inducing crosslinks
(e.g. cisplatin), intercalating between DNA helices (e.g. doxorubicine) or many oth-
ers. However, these chemotherapeutic agents do not distinguish between normal cells
and malignant cells, resulting in severe side effects, especially in tissues that likewise

regenerate often, like mucous membranes for example.

Because DNA damage is common, yet constitutes a threat to the cells’ survival, many
DNA repair mechanisms have evolved. Most of them include the detection of the break
and recruitment of repair factors to the damage site, followed by the actual repair [47].
Single strand breaks (SSB) in the DNA are mostly repaired by base excision repair
(BER), where bases are removed and replaced. Mismatch repair is the mechanism
through which incorrect bases are replaced, nucleotide excision repair replaces an entire
nucleotide, e.g. after dimerization of pyrimidines [49]. The major mechanisms that cope
with DNA double strand breaks (DSB) are non-homologous endjoining (NHEJ) and
homologous recombination (HR). NHEJ simply reconnects the broken DNA ends and
therefore contains the high possibility of inaccurate mending. HR however is an exact
mechanism to repair DNA DSB, because it utilizes the sister chromatide as a template
[50].

While an obvious link is lacking between defects in DNA repair and carcinogenesis, some
examples point towards its importance nevertheless. For instance, there is a mutational
pattern found in some sporadic and hereditary colorectal tumors called microsatellite
instability. This phenomenon is associated with an inability of the cells to perform the
DNA repair mechanism mismatch repair [51]. An even better known example of the im-
portance of DNA repair pathways in cancer are the BRCA1 and BRCA2 genes. These
genes are involved in the DNA DSB repair mechanism HR. Loss-of-function mutations or
epigenetic silencing of these genes have been reported in various types of malignancies,
including breast, ovarian, pancreatic, and non-small cell lung cancer [52-54]. Altogether,
the DNA repair machinery plays an important role in cancer. While genome instabil-
ity and inability of cancer cells to stop the cell cycle before DNA is repaired furthers
carcinogenesis, it also constitutes a treatment opportunity to target the proteins in-
volved. DNA repair is carried out by a multitude of enzymes, such as ligases, nucleases,

topoisomerases and polymerases (the latter are discussed in the next subsection).
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1.2.3 The Role of PARP in DNA Repair

Poly(ADP-ribose)polymerases (PARP) comprise a family of 17 nuclear enzymes that
catalyze ADP-ribosylation of proteins. PARP-1 is thought to be crucial for SSB repair,
namely BER, PARP-2 seems to be important for the stability of PARP-1 [55, 56]. PARP
recognize SSB in the DNA and bind to the DNA with an N-terminal zinc finger, thus
activating their C-terminal catalytic domain to hydrolyze NAD™ and form poly(ADP-
ribose)chains. These chains are attached to acceptor proteins, such as histones, to relax
the chromatin structure for easier access to the break, or to repair factors recruiting
them to the damage site [55]. Poly(ADP-ribose)polymers have a large negative charge
and lead to extensive autoPARylation of PARP itself, resulting in dissociation from the

DNA - a crucial step to allow the completion of DNA repair [57] .

1.2.4 Homologous Recombination Deficiency and Synthetic Lethality

If PARP is inhibited by PARP inhibitors (PARPi), the accumulating SSB may be con-
verted to DSB during replication. For cancer therapy, PARPi have shown to be effective
chemo- and radiation sensitizers as they enforce the effects of DNA damage [58]. Re-
cently, it has been shown that PARPi are highly selectively effective against cells with
BRCA1/2 mutations [59, 60]. PARP inhibition can be compensated for by HR in nor-
mal cells, however with deleterious mutations in HR genes (e.g. BRCA genes), DSB
accumulate during replication and lead to cell death (Fig. 1.4). This is a prime example
of “synthetic lethality”, defined as the lethal effect of defects in two genes, where the
defect of either one alone is tolerated [61, 62]. The concept has been validated by in
vitro studies, as well as clinical trials in breast cancer patients with BRCA mutations
[59, 60, 63, 64]. The advantage of synthetic lethality is that toxic effects can be avoided,

as normal tissue does not show the homozygous status of the tumor cells.
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FIGURE 1.4: Simplified model of DNA repair and how PARPi interfer
Frequently occurring DNA SSB are most commonly repaired by base excision repair
through PARP. If PARP is inhibited, SSB accumulate and turn into DSB during repli-
cation in addition to the DSB occurring when the replication fork reaches a PARP-DNA
complex. These DSB then are mainly repaired through HR by a number of proteins
here represented by BRCA1/2 and RAD51. The more error-prone mechanism NHEJ
leads more frequently to errors and cell death. In A the normal situation is shown: HR
are is mainly used to repair DSB and cell survival is accomplished despite the treat-
ment with PARPi. In B the situation in cells with HR deficiency (i.e. through BRCA
mutation) is shown: Because HR cannot be performed, NHEJ is used abundantly and

genetic instability finally leads to cell death.
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Recently, the effects of PARPi have been postulated to also play a role in tumors with
defects in the HR pathway in general, and not solely in those tumors containing BRCA
mutations [63, 65]. “HR deficiency” (HRD, also known as BRCAness [66, 67]) describes
a set of phenotypic characteristics, namely the inability to repair DNA via HR, that

some sporadic cancers share with tumors containing germline BRCA mutations [66].

Several mechanisms have been found to contribute to the HRD phenotype, such as
silencing of BRCA2 by EMSY [68], downregulation of BRCA1 by the transcription
factor ETS-1 [69], or hypermethylation of the BRCA1 promotor [52]. The latter has
been associated with PIK3CA copy number gain [70], which frequently occurs in HNC
[71]. Beyond BRCA, defects in the Fanconi anaemia pathway, hypermethylation of
RAD51C, mutations in the DNA damage recognizing genes ATM and ATR and PTEN,
which regulates RADb1 transcription, have been suggested to contribute to a HRD
phenotype [67]. Altogether, any defect in the HR machinery may lead to HRD and to
PARPi susceptibility in the context of synthetic lethality [47, 58].

1.2.5 PARP Inhibitors

In 1971, nicotinamine was found to be a weak inhibitor of PARP [72]. Therefore,
the first generation of PARPi, developed in 1980, was a nicotinamine analogue (3-
aminobenzamide) [55]. In this study, we used third-generation PARPi, with greater
potency and specificity employing their catalytic constraint mainly through the inhi-
bition of PARP-1 [73]. They have a structural resemblance of the substrate NAD*
and compete for the binding of PARP [74]. Currently, there are nine PARP1 in clincial
development [75].

We used the inhibitors veliparib (ABT-888), olaparib (AZD2281) and rucaparib (AG014699,
PF-01367338, CO-338). They are all orally-available small molecule inhibitors (Fig. 1.5).

B
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FIGURE 1.5: Chemical structure of A veliparib, B olaparib and C rucaparib




Chapter 1. Introduction 14

Veliparib and olaparib are potent inhibitors of PARP-1 and PARP-2, rucaparib solely
inhibits PARP-1. It has been proposed that there are two main mechanisms by which
PARPi employ anti-proliferative activity. Fistly, they inhibit the PARylation, resulting
in suppression of factor recruitment to the damage site. Secondly, they bind to the
NADT site allosterically, enforcing the N-terminal zinc finger domain of PARP to bind to
the DNA. It has been shown, that this PARP-DNA complex forming ability is potentially
of larger significance for the anti-proliferative activity than the mere inhibition of the
catalytic domain. By decreasing the availability of PARP for further repair and by
stalling the transcription fork during mitosis leading to DNA breaks, these PARP-DNA
complexes contribute a large proportion of potency [57]. Veliparib does not effectively
form PARP-DNA complexes [57], whereas olaparib and rucaparib similarly show strong
potentials in trapping PARP-DNA complexes [76].

1.3 Aim of this Thesis

Professor James F. Holland, a pioneer in clinical cancer research, stated in a publica-
tion about acute lymphocytic leukemia in children in 1970 that “the nontoxic curative
compound remains undiscovered, but not undreamt of” [77]. Unfortunately, more than

40 years later, we are still dreaming.

One possible approach to find such “nontoxic compounds” has been the idea of syn-
thetic lethality. This phenomenon occurs when one genetic alteration renders another
gene essential in cancer cells only, predestining it as an ideal target for oncological com-
pounds. The BRCA1/2-PARP synthetic lethal interaction is well-established and of
clinical importance. Other possible synthetic lethal interaction partners of PARP have
been identified as discussed above [52, 67-69]. A current cutting edge study published
in Cell has now proposed a computational pipeline to discover genome-wide synthetic
lethal interactions [78]. Building on this premise that there are more potential synthetic
lethal partners of PARP beyond uncommon somatic BRCA mutations in HNC, we hy-
pothesized that PARPi could have a single agent effect on a subset of HNC cell lines
leading to synthetic lethality.

To test our hypothesis, we evaluated the comparative potency of veliparib, olaparib and
rucaparib in a panel of HNC cell lines using viability assays. We subsequently compared
the PARPI1 sensitivity of HNC cell lines to BRCA-deficient breast cancer cell lines, as the
lethal interaction between BRCA and PARP is already well-established. In search for an
approach to predict sensitivity to PARPi, we applied a method based on post-treatment
RAD51 foci formation and interrogated differences associated to PARPi sensitivity in

baseline gene expression of cell lines.
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Our study aims to elucidate the potential role of PARPi in the treatment of HNC and
extend the knowledge about possible use of such targeted agents, as they are urgently

needed in the treatment of this malignancy.
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Materials and Methods

2.1 DMaterials

2.1.1 Chemicals, Disposable Materials and Equipment

TABLE 2.1: Disposable Materials

Disposable Materials Source
Cell Culture Dishes 100mm, polystyrene BD Falcon™
Cell Scapers Fisher Scientific, Inc.
Clear 6-well/96-well Microtest Plate BD Falcon™
Conical Centrifuge Tubes Fisher Scientific, Inc.
Crystal Violet Sigma Aldrich®
Dilux™ Dilution Reservoirs Fisher Scientific, Inc.
EZFlip Centrifuge Tubes Fisher Scientific, Inc.
Microscopy Slides Thermo Scientific, Inc.
Millex-GP Filter Unit EMD Millipore®
Parafilm Laboratory Film Bemis Flexible Packaging
Poly-D-Lysine-coated coverslips BD Biosciences #354086
Scalpel Feather Safety Razor Co
Serological Pipets (2,5,10,25ml) Denville Scientific, Inc.
Sterile Reagent Reservoirs Fisher Scientific, Inc.
Threaded Cryogenic Storage Vials Fisher Scientific, Inc.
TipOne RPT elongated Pipet Tips USA Scientific®

16
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TABLE 2.2: Chemicals and Solutions

Chemical or Solution
2-Mercaptoethanol
Ammonium Persulfate (APS)
Blocking Buffer
Dimethyl Sulfoxide (DMSO)
DME-F12 1:1
DME Medium
EMEM
Ethyl Alcohol 200 Proof
Fetal Bovine Serum
Goat Serum
Halt™ Phosphatase Inhibitor
Hoechst Dye
IMD Medium
Laemmli Loading Buffer 4x
Methanol, HPLC grade
Mounting Medium
NEXT GEL® 10% Solution
NEXT GEL® Running Buffer
Nitrocellulose Membrane 0.45
Odyssey® Blocking Buffer
PageRuler Protein Ladder
Para-Formaldehyde (PFA)
Penicillin-Streptomycin
Phosphate Buffered Saline (PBS)
Phosphatase Inhibitor Cocktail
Protease Inhibitor Cocktail Set
Protein Assay Dye
4x Protein Loading Dye
Quick Start™ BSA
Resazurin Sodium Salt, powder
RIPA buffer
RPMI1640
Syto60® Nucleic Acid Dye
TEMED
10x Tris/Glycine buffer
Tris-HC1
Triton X-100
Trypsin EDTA
Tween®20

Source
MP Biomedicals
Thermo Scientific, Inc.
Licor®
American Bioanalytical, Inc.
Thermo Scientific, Inc.
cellgro® Mediatech, Inc.
ATCC
Decon Laboratories, Inc.
Gemini Bio-Products
Sigma Aldrich®
Thermo Scientific, Inc.
Life Technologies™
Thermo Scientific, Inc.
Licor®
Fisher Scientific, Inc.
Vector Laboratories,# H-1200
Amresco®
Amresco®
Bio-Rad, Inc.
Licor®
Thermo Scientific, Inc.
Electron Microscopy Sciences
cellgro® Mediatech, Inc.
cellgro® Mediatech, Inc.
EMD Millipore®
EMD Chemicals, Inc.
Bio-Rad, Inc.
Licor®
Bio-Rad, Inc.
Sigma Aldrich®
Boston BioProducts, Inc.
Thermo Scientific, Inc.
Life Technologies™
Bio-Rad, Inc.
Bio-Rad, Inc.
Sigma Aldrich®
Sigma Aldrich®
cellgro® Mediatech, Inc.
Fisher Scientific, Inc.
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TABLE 2.3: Equipment

Equipment
Bio Star Microscope
Centrifuge 5424R, refrigerated
CO3 Incubator Model MCO 18AIC
Cryo Plus 2 Liquid Ng tank
Genie Blotter
Hydration Chamber
Irradtiator
KC4™ Program
Leica TCS SP2 confocal microscope
Mini-PROTEAN Casting Stand
Mini-PROTEAN Comb
Neubauer Hemacytometer
Pipet Boy
PowerPac HC High-Current Power Supply
Spacer Plates
Vortex Genie
Western Incubation Boxes

Source
Reichert-Jung, Inc.
Eppendorf
SANYO Electric Co., Ltd.
Thermo Scientific, Inc.
Idea Scientific Company
Simport
Faxitron® X-Ray 43855 Series
BIO-TEK® Instruments Inc.
Leica Microsystems
Bio-Rad, Inc.
Bio-Rad, Inc.

Fisher Scientific, Inc.
Drummond Scientific Company
Bio-Rad, Inc.
Bio-Rad, Inc.

Fisher Scientific, Inc.
Licor®

2.1.2 Compounds

Veliparib (ABT-888), olaparib (AZD2281) and rucaparib (AG014699, PF-01367338, CO-
338) were purchased from Selleck Chemicals (Houston, TX ; veliparib #S1004; olaparib
#S51060; rucaparib #S1098), dissolved in dimethyl sulfoxide (DMSO; American Bioan-
alytical, Inc., Natick, MA) to a stock solution of 50mM and stored at —20°C.

2.1.3 Cell Lines

Cells lines were fingerprinted in 2011 with the Promega® Cell ID System (Promega®,
Madison, WI). The following cell lines were used (Tab. 2.4):
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TABLE 2.4: Description of Cell Lines

Cell line Medium Description
93VU-147T DMEM 58-year-old male; mouth base carcinoma
BB-49 IMDM 70-year-old female
Detroit562 DMEM pharynx metastatic site (pleural effusion)
FaDu EMEM 56-year-old male; hypopharynx
HCC1937  RPMI1640 23-year-old female; primary ductal carcinoma
HN4 DMEM male; T2NOMO
HN5 DMEM 73-year-old male; oral cavaty (tongue)
H103 DME-F12 32-year-old male; oral cavity (tongue)
JSQ3 DME-F12 nasal vestibule TSNOMO
SAS DMEM oral cavity (tongue)
SCC-61 DME-F12 oral cavity (tongue)
UACC-3199 RPMI1640 mammary gland metastatic site (axillary lymph node)

The BRCAl-mutated (5382insC) [79] breast cancer cell line HCC1937 and the BRCA-
methylated [80] cell line UACC-3199 were kindly provided by Prof.
Olopade (University of Chicago).

Olufumnilayo
For remaining origins of cell lines, see Tab. 2.5.
The media were obtained from cellgro® (DMEM #10-013-CV), Hyclone™ (DME-
F12 #SH30023FS, IMDM #30228FS and RPMI1640 #30027FS) and ATCC (EMEM
#302003). All media were supplemented with 10% FBS (Benchmark #0318726), 2mM
L-Glutamine (Hyclone™ #SH3003401), 100 U/ml penicillin and 100 g/ml streptomycin
(cellgro® #30-002-CI). The RPMI1640 medium was additionally supplemented with 1%
HEPES (Sigma Aldrich®). All cell lines were confirmed as mycoplasma-free by regular
testing (Mycoplasma Alert Detection Kit, Lonza #LT07-118). All experiments were

carried out within ten cell passages.

TABLE 2.5: Origin of Cell lines

Cell line Source
93VU-147T | VU University Medical Center, Amsterdam, Netherlands
BB-49 Ludwig Institute for Cancer Research Brussels, Belgium
Detroit562 American Type Culture Collection (ATCC)
FaDu ATCC
HCC1937 Prof. Olopade (University of Chicago)
HN4 Dr. Silvio Gutkind, NIDCR, Rockville, MD, USA
HN5 Ludwig Institute for Cancer Research, Oxford, UK
H103 European Collection of Cell Cultures (ECACC), UK
JSQ3 Prof. Weichselbaum (University of Chicago)
SAS ATCC
SCC-61 Prof. Lingen (University of Chicago)
UACC-3199 Prof. Olopade (University of Chicago)

|
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2.1.4 Antibodies

The following primary antibodies were used:

TABLE 2.6: Primary Antibodies

Antibody Specificity Application Dilution Company
YH2AX (Ser139)  ms mAb ICC 1:200 EMD Millipore®
RAD51 (Ab-1) rb pAb WB/ICC 1:2500/1:200  Calbiochem®

Actin ms mAb WB 1:1000 Cell Signalling®

The following secondary antibodies were used:

TABLE 2.7: Secondary Antibodies

Antibody Specificity Application Dilution Company
anti-ms donkey pAb WB 1:20000 Licor®
anti-ms Alexa Fluor546® 1CC 1:200 Molecular Probes®
anti-rb goat pAb WB 1:20000 Licor®
anti-rb Alexa Fluor488® 1CC 1:100 Molecular Probes®

2.2 Methods

2.2.1 Cell Culture

All cell lines were maintained in 10mm dishes at 37°C in a humidified atmosphere
with 5% COs. Medium changes were performed regularly by aspirating the medium,
washing twice with pre-warmed phosphor-buffered-saline (PBS) and adding 10ml fresh
medium. For subcultures, cells were detached with 1ml trypsin/EDTA for 3-10 mins
before inhibiting the detaching reaction by adding fresh medium. The cells were pelleted
in a centrifuge for 5 mins at 200 x g and 4°C. Cells were re-suspended and split 1:3 to
1:10 depending on the doubling time of the cell line and transferred to new cell culture
dishes. Cells were kept in appropriate medium (see above) supplemented with 10%
FBS, 100 I.U./ml penicillin-streptomycin and 2mM L-glutamine. Detailed information
about the media and origin of the cell lines can be reviewed in Table 2.4 and Table 2.5.
To allow working within ten cell passages, cryoconservation was performed as follows:
After detachment, cells were re-suspended in freezing medium containing 70% FBS, 20%
medium and 10% DMSO. 1 x 10 cells were transferred to a cryo tube. Gentle freezing
was achieved by keeping the cells for 2-4 h at —20°C, then transferring them to —80°C
overnight and finally storing them in liquid Ns. Cell counting was performed with a

Neubauer counting chamber.
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2.2.2 Resazurin Viability Assay

To asses and compare viability of HNC cell lines in response to three different PARP
inhibitors, we performed a resazurin viability assay (also known as Alamar Blue®).
Resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide) is a redox dye that is reduced to
resorufin by mitochondria oxidoreductases, resulting in a color change from blue to

fluorescent pink [81].

1000-3000 cells were seeded into 96-well-plates and allowed to attach overnight. The
outer wells of the plate were not used for viability testing as too much variation oc-
curred in these wells. Cells were exposed to 0.01uM-50uM veliparib, olaparib or ru-
caparib or 0.1% DMSO (according to the highest inhibitor concentration) as vehicle
control. The plates were rotated by 90° every day to allow even incubation. After three
days, resazurin-dye (7.5mg in 50ml 44H2O, diluted 1:10) was added for 4 h. Finally,

fluorescence was measured at 530nm excitation and 590nm emission.

Viability was then calculated as percentage of growth in relation to the control. Tripli-
cate values at each concentration were acquired, averaged and normalized to the control
and expressed as percentage of viable cells compared to the DMSO control. Each ex-
periment was performed at least three times independently. Mean values and standard
errors were calculated from the independent runs. The area under the curve (AUC) was

calculated by the GraphPad Prism® Software.

2.2.3 Colony-Forming (Clonogenic) Assay

Exponentially growing cells were seeded into 6-well-plates (1000 to 6000 cells per well
depending on the doubling time) and allowed to attach overnight. The cells were treated
with a range of 0.01uM to 50uM rucaparib or 0.1% DMSO serving as the control in 2ml
of medium per well. After 24 h of incubation, the cells were washed twice with PBS and
fresh medium was added. The assay was terminated after six to eight days by rinsing
with 0.85% NaCl and staining with crystal violet (10g crystal violet, 250ml 95% EtOH,
250ml H50) for 20 mins at room temperature (RT). The 6-well-plates were scanned
for analysis with ImageJ. Colonies were counted and normalized to the control. The
analysis path, as well as examples for plate scans can be reviewed in Appendix B and E,
respectively. At least three independent experiments were performed. The relative ICsg
(halfmaximal inhibitory concentration) was determined using the GraphPad Prism®
Software. Therefor, raw data was entered, log-transformed, normalized and fitted to a

non-linear regression.
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2.2.4 Syto60® Viability Assay

The breast cancer cell lines HCC1937 and UACC-3199 showed poor colony-forming
abilities (see Appendix E). In order to compare ICs5 values for rucaparib to our HNC

cell lines, we performed the Syto60® assay that uses DNA-staining to determine viability.

In a 96-well-plate 300 to 800 cells per well were seeded and allowed to attach overnight.
The cells were treated with 0.5uM to 50uM rucaparib or 0.1 % DMSO and incubated
for six days. The plates were rotated by 90° every day. Subsequently, the medium was
aspirated and the cells were fixed with 150l per well 4% Para-Formaldehyde (PFA) for
20 mins at RT. To permeabilize the cells they were exposed to 200ul of 0.1% Triton
(200ml PBS + 200! Triton X-100) four times for 5 mins each. After washing twice
with PBS-Tween® (PBS-T; 200ml PBS + 200ul Tween®) for 5 mins, staining was
performed using the Syto60® Red Fluorescent Nucleic Acid Dye diluted 1:10000 in
blocking buffer. 50ul of dye per well was added and 1 h of incubation was allowed at
RT protected from light. Afterwards, cells were washed twice for 5 mins with PBS-T,
before the 96-well-plate was blotted against paper towels to remove all liquid and finally
images were acquired with the Odyssey®-scanner and -software. Fluorescence values

were normalized to vehicle control.

2.2.5 Western Blotting
2.2.5.1 Drug Treatment and Lysate Aquisition

Cells were treated with 10uM rucaparib or 0.05% DMSO for 24 h. For preparation of
lysates, cells were washed twice with ice-cold PBS and lysed with 80ul RIPA-buffer,
containing 1X Halt Phosphatase Inhibitor Cocktail and 1X Protease Inhibitor Cocktail
Set and incubated for 5 mins on ice. Cells were scraped off and transferred into an
Eppendorf tube. After thoroughly vortexing the suspension, cells were kept on ice at
4°C for 30 mins before centrifugation at 15000 x g for 20 mins at 4°C. Supernatants

were transferred to new tubes and stored at —80°C for further usage.

2.2.5.2 Protein Determination

To evaluate the protein concentration in lysates, the Bio-Rad Protein Assay was used,
which is based on the Bradford method [82]. The binding of protein to Coomassie
Brilliant Blue G-250 causes the dye to shift color from red to blue and from an absorption

maximum of 465nm to 595nm. It is a fast, stable and reproducible assay [82]. A standard
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curve with BSA was prepared and used to align and calculate the protein concentration

of the samples.

The Bio-Rad dye was diluted 1:10 in z4H2O before use. For every sample and every
standard 900ul 44H2O and 100ul dye were mixed an Eppendorf tube. 2ul of sample-
lysate or BSA (equal to concentrations ranging from 2ug/ml to 32ug/ml) was added.
Tubes were vortexed and left at RT for 5 mins before triplicates were pipetted into a 96-

well-plate for subsequent measuring of absorbance at 595nm with a spectrophotometer.

2.2.5.3 Sample Preparation

For electrophoresis and subsequent Western Blotting, the lysates were prepared in
Laemmli-buffer as loading dye. First, the buffer was supplemented with 5-Mercaptoetha-
nol that is used to break disulfide bonds of proteins. Samples were diluted in 44H2O to
reach a concentration of 50ug and mixed with 4X Laemmli-buffer in an Eppendorf tube.
The tubes were heated to 95°C for 5 mins to denature the proteins, quickly vortexed

and spun down before loading.

2.2.5.4 SDS-PAGE

In order to separate the proteins of the lysate, Sodium Dodecyl Sulfate-Polyacrylamide
Gel Electrophoresis (SDS-PAGE) was performed. The protein’s mobility on the gel is
a function of its conformation, charge and molecular weight. To ensure the separation
of proteins solely according to their molecular weight, proteins were denatured (with
heat) and invariably negatively charged through exposure to SDS. SDS is an anionic
detergent that binds to hydrophobic domains of proteins leading to the negative charging

of proteins according to their size.

The gel used for electrophoresis was supplemented with TEMED and APS to catalyze
the polymerization reaction. For one gel, 15ml Next Gel Solution, 45ul APS and 4.5ul
TEMED were mixed and immediately poured between a 1mm spacer plate and a small
plate and a comb with ten wells was inserted instantly. The gel was left at RT to
polymerize for 1 h and then either immediately used for SDS-PAGE or stored overnight
at 4°C wrapped in wet clothes.

After clamping the gel into an electrophoresis chamber and filling it with running buffer,
the wells were rinsed several times with a syringe before loading 30ul of sample containing
50ug protein and a protein ladder indicating molecular weight sizes. Electrophoresis was

run at 120V for 70-90 mins until the loading dye had run off the gel.
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2.2.5.5 Western Blot and Analysis

After separating the proteins according to their size, they were transferred from the gel to
a nitrocellulose membrane by electro-blotting using the Wet Blot system Genie Blotter.
The gel was removed from its glass cage and put onto a filter upon sponges in the blot
system. The appropriately cut and pre-soaked membrane was positioned directly on top
of the gel, later allowing the proteins to pass to the gel with the electrical current towards
the anode. Another filter and sponges were added, carefully avoiding air bubbles, as air
does not allow electrical current. The system was filled with sufficient blotting buffer

and connected to the current circuit. The blot was run at 12V for 1 h.

Subsequently, the system was dissembled and the membrane was incubated with blocking
buffer to block unspecific binding spots for 1 h at RT on a shaker. After blocking, the
membrane was cut and incubated with various primary antibodies overnight at 4°C in
a cold room or alternatively for 2 h at RT. Following washing with PBS-T three times
for 5 mins, the membrane was exposed to the matching secondary antibody for 1 h
at RT. These secondary antibodies were IRDye, infrared dyes to be detected near the
infrared spectrum. Primary and secondary antibodies were micro-filtered to be used
several times. The membranes were washed again before acquiring pictures with the

Odyssey® Infrared Imaging System followed by analysis with Image Studio™ software.

2.2.6 Immunofluorescent Staining

When DNA DSB occur, the histone H2AX is rapidly phosphorylated at Ser139 to become
vH2AX (the phosphorylated core histone variant)[83]. The latter can be used as a marker
of DNA DSB [84]. Poly-D-Lysine-coated coverslips were dipped in 70% ethanol, placed in
6-well-plates and left under UV-light to disinfect for 1 h. Cells were seeded into the wells
and allowed to attach overnight. The wells were treated either with 10uM rucaparib or
DMSO or with 2 Gy ionizing radiation (IR). Cells were fixed for 20 mins with 4% PFA,
30 mins after irradiation or 24 h after drug treatment, respectively. Cover slips were
washed twice with ice-cold PBS, before a 10-min-incubation with 0.25% Triton X-100
to permeabilize the cells. The coverslips were retrieved from the wells with a syringe
and tweezers and placed on the plate-lid covered with laboratory parafilm. A lipophilic
marker was used to surround the coverslips. 100l blocking buffer (120 mmol/1 KCI, 20
mmol/1 NaCl, 10 mmol/l Tris-HCl, 1 mmol/l EDTA plus 0.1% Triton X-100, 2% BSA,
10% milk powder and 10% goat serum) was applied for 1 h. Anti-yH2AX antibody
diluted 1:200 was added and incubated for 1 h. After three subsequent 5-min-washes
with 0.1% Triton X-100 the anti-RAD51 antibody was added to the slips, left at RT for

2 h and then transferred to a 4°C cold room for overnight incubation. The antibody



Chapter 2. Materials and Methods 25

solution was aspirated and the slips were washed three times 5 mins with 0.1% Triton
X-100 before subsequent application of Alexa Fluor® 546 (1:200) and Alexa Fluor® 488
(1:100) for 1 h each with three washes in between. Hoechst Dye 1:2000 was applied
for 10 mins to counterstain. Finally, after more washes, the coverslips were mounted
with mounting medium onto microscopy slides (cell side facing down) and fixed with nail
polish. Cells treated with 2 Gy IR were fixed 30 mins after IR, because after this amount
of time most H2AX is phosphorylated to form the detected YH2AX [83]. Images were
taken with a Leica TCS SP2 confocal microscope, 100X magnification and 2X optical
zoom for all cell lines but SCC-61. Random pictures were acquired from three cover
slips allowing analysis for at least 45 cells per treatment regimen. Secondary antibody
controls were prepared for every cell line. Lasers were set at the 2 Gy treatment as
positive control and not changed for the other treatments. For every cell line, three

independent experiments were performed.

2.2.7 Gene Expression Analysis

A gene expression microarray dataset (Agilent Technologies 4x44k and 4x44k v2, Santa
Clara, CA) of our HNC cell lines had previously been generated by our group (GEO
accession number GSE52088 [85]). We tested for gene-drug associations using Pearson’s
correlation tests of gene expression levels against log-transformed rucaparib ICsg values.
We controlled for the family-wise error rate using Bonferroni correction and for the false
discovery rate using the Benjamini and Hochberg (BH) method (see Appendix C). Gene
set analysis was performed using the DAVID (Database for Annotation, Visualization
and Integrated Discovery) software v.6.7 [86]. This software uses Gene Ontology (GO)
terms (as first introduced by Ashburner et al. in 2000 categorizing genes into the groups
“biological process”, “molecular function” and “cellular component” [87]) and Uniprot
terms (a functional protein database [88]) among others. The software then applies
an adaption of Fisher’s exact test to determine the probability of genes in a given GO
term or Uniprot term to appear in the list of genes entered (in our case the 100 genes
most positively or inversely correlated with rucaparib sensitivity) compared to chance.
Furthermore, we applied several methods in an effort to construct a gene signature, for
example PAM, lasso, ridge and ElasticNet regression, but none of these methods were
significant in leave-one-out cross validation testing [89-91]. The microarray dataset was
generated by cand. rer. nat. Michaela Keck, Dr. Zhixiang Zuo and Dr. Arun Khattri
from the Seiwert laboratory and analyses were performed in collaboration with Dr. Paul

Geeleher from the Huang laboratory (University of Chicago).
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2.2.8 Targeted Sequencing

The Seiwert laboratory had previously performed targeted sequencing on 56 HNC cell
lines. For a detailed method description, see [12]. This work was done by cand. rer.
nat. Michaela Keck, Dr. Zhixiang Zuo and Dr. Arun Khattri.

2.2.9 ImageJ Analysis

2.2.9.1 Colony Counting

To avoid counting bias, we developed a computerized algorithm to evaluate colony-
forming assays. The 6-well-plates used for the assays were scanned and images were
imported into ImageJ (a software provided by the National Institute of Health (NIH)).
A binary picture was created and in each well the numbers of colonies depicting ten or
more pixels were counted by the software. Afterwards, the colony counts were normalized

to the DMSO control. The analysis pipeline can be reviewed in Appendix B.1.

2.2.9.2 Foci Counting

We here provide a solution to the counting-problems the immunofluorescence assay has
been criticized for [92]: For YH2AX and RAD51 foci counting, the single-color pictures
(blue = DAPI, green = RAD51, red = yH2AX) were imported into ImageJ. A binary
(255 or 0) image was created and nuclei were counted. The watershed option to sep-
arate nuclei was only used when accurate. An intensity threshold was set for the foci
(green = 80, red = 60) and foci were counted by the software. By overlaying both, the
binary nuclei picture and each of the foci count pictures, the raw intensity per nucleus
was calculated by the software. Subsequently, the raw intensity was divided by 255 to
calculate the number of foci per nucleus. To accelerate and automate this process, we
created a Macro that can be reviewed in Appendix B.2. The average number of foci per
nucleus was determined and log-transformed for comparison of sensitive and resistant

groups.

2.2.10 Statistical Analysis

For PARPi comparison, repeated measures ANOVA was performed using R. The clear
outlier (SCC-61) in the rucaparib-treated group was omitted. Analyses of the foci-counts
from immunofluorescence experiments were performed in Microsoft Excel 2010 and R.

Spearman’s rank correlation test for comparison of the different viability assays used in
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this study was performed using R (see Appendix C for details). For comparison of foci
formation changes within the cell lines, raw count data was analyzed using a generalized
linear model (the glm() function in R) with a Poisson error-distribution. Details can be
reviewed in Appedix C. While count data is often log-transformed to satisfy parametric
test assumptions, it has been shown that this generalized linear model approach is more
accurate [93]. For the comparison of foci formation of rucaparib-sensitive and rucaparib-
resistant groups, we used median log-values of the change in average number of foci per
cell and one-tailed t-tests. In both analyses technical replicates were summarized by

their median as this is more robust to outliers given the small number of samples.
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Results

3.1 BRCA Alterations in Head and Neck Cancer

Because mutations in the BRCA genes in HNC have not been described, our first goal
was to investigate the BRCA mutational status of the HNC cell lines chosen by us
for this study and furthermore in the HNC tumor sample cohort from The Cancer
Genome Atlas (TCGA). We investigated variations in the BRCA genes using previously
performed targeted sequencing data of the HNC cell lines [12]. We detected possible
somatic mutations in four of the ten cell lines and queried the COSMIC database [94]
to compare the variations to mutations described in the database. Only the BRCA2
variation ¢.53G>A (Tab. 3.1 highlighted in bold) of the HNC cell line SAS had already
been described as a missense mutation in malignancies of the central nervous system [95],
although classified as non-pathogenic and of no clinical relevance [96]. We hypothesized
that the possible mutations in the other cell lines are likely to be passenger mutations,

because they were not listed in the COSMIC database.

28
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Cell line BRCA1

BRCA2

c.5043G>T
93VU-147T  ¢.4256G>T
c.926A>G

c.262C>A
¢.908C>A
c.2899C>A
c.3578C>A
c.5250C>A

HN5

c.908C>A
c.8686C>A

SAS c.3467G>T

c.G53G>A
c.2350A>G

c.4023G>T
¢.1326G>T

SCC-61

c.b744C>T
c.6917C>A

TABLE 3.1: BRCA1/2 Variations in HNC Cell Lines
Listed are the BRCA1/2 variations found in four out of ten tested cell lines. The al-
teration highlighted in bold has been described elsewhere. Standard mutation nomen-
clature is used where coding DNA reference sequence is abbreviated as c. followed by
the nucleotide number and the base exchange.

Furthermore, we investigated the BRCA mutational status of the HNC tumor samples
in the publicly available cohort from TCGA. Somatic BRCA variants were identified for
3%-4% of cases for both, BRCA1 and BRCA2 (Fig. 3.1). We concluded, that HNC cell

lines are not commonly mutated in the BRCA genes. Of note, the functional impact on

homologous recombination deficiency (HRD) has not been investigated in HNC [97, 98].

HPV-positive
BRCA1 3% |
BRCA2 3% |
HPV-negative
BRCAT 3% NN

BRCA2 4% i

1= mutated tumor sample

FI1GURE 3.1: Oncoprint of BRCA mutations in TCGA HNC cohort
36 HPV-positive and 243 HPV-negative tumor samples are shown. While BRCA mu-
tations are rare in HNC, they do occur in approximately 6% of tumor samples. Data
downloaded and oncoprint adjusted from TCGA.
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3.2 Comparison of Three PARPi in HNC Cell Lines

To determine the comparative potency of PARPi in HNC, we performed three-day re-
sazurin assays on six HNC cell lines evaluating the compounds veliparib, olaparib and

rucaparib (all compounds are currently examined in clinical trials for patients with solid
tumors [99])(Fig. 3.2).
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FIGURE 3.2: Survival curves of six HNC cell lines exposed to PARPi
Three-day resazurin assay. Cells were exposed to 0.01uM to 50pM veliparb (green), ola-
parib (blue) or rucaparib (red). Results shown are means £SEM of three independent

sets of experiments.
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Consistent with prior reports, the standard three-day assay did not allow enough time
for the PARPI to unfold their full effect and induce cell death permitting the calculation
of robust ICjy values [100] (Fig. 3.2). Therefore, we compared the area under the
curve (AUC) for the three compounds (Fig. 3.3). Veliparib, a non-locking PARPi [57],
showed only minimal effects on viability even at a drug concentration of 50uM. By
contrast, olaparib and rucaparib showed a significantly greater effect (P = 0.02 and
P = 9.8 x 107°) compared to veliparib. Rucaparib impaired cell viability significantly
more than olaparib (P = 0.02). There was also a highly significant difference in PARPi
potency when all three drugs were compared (P = 6.3 x 107 from repeated measures
ANOVA model comparing the mean of the three groups). When performing Spearman’s
rank correlation test, we saw that all three drug responses were positively correlated,
reinforcing the assumption that some cell lines are more prone to PARPi susceptibility
than others (veliparib-olaparib: rg = 0.77 P = 0.05; veliparib-rucaparib: rg = 0.89 P
= 0.02; olaparib-rucaparib: rg = 0.43 P = 0.21; from one-sided Spearman’s correlation
tests. See Appendix C for details). However, the the shortcomings of the assay outlined

above prompted us to find an assay to establish more robust 1Csy values.
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F1GURE 3.3: Comparison of three PARPi
Comparison of three PARPi using AUC values for six HNC cell lines. * P < 0.05
x %% P < 0.001 from repeated measures ANOVA model
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3.3 Establishment of Robust IC;, Values for Rucaparib

Hence, we examined the potency of the most promising agent rucaparib in the cell lines
used previously as well as in another four cell lines to increase the sample size. We now
performed a more stringent method to establish robust ICsg values. The colony-forming
assay was chosen, because a longer time period (six to eight days as opposed to three
days in the resazurin assay) is allowed for cells to suffer endogenous or exogenous DNA
damage and therefore for the DNA repair targeting PARPi to unfold its effect. An
example of plates for a sensitive and a resistant cell line can be reviewed in Appendix
E. We found very large variability in drug susceptibility among the ten tested cell lines
and categorized them as “sensitive” (ICzy < 2uM, similar to prior reports [101]) or
“resistant” (Fig. 3.4).
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F1GURE 3.4: HNC cell lines respond to rucaparib
Six- to eight-day colony-forming assays were performed on ten HNC cell lines using five
rucaparib concentrations ranging from 0.1uM to 50uM. ICs5 values were calculated by
GraphPad Prism® software +SEM. Black: Rucaparib-sensitive cell lines with ICsq <
2uM as previously proposed [101]. Cutoff indicated by a dashed line. White: Resistant
cell lines.

Of note, the only HNC cell line harboring a known BRCA2 missense mutation, SAS,
was not particularly sensitive to rucaparib and was therefore placed in the “resistant”
group (Tab. 3.1 and Fig. 3.4). Encouragingly, the Spearman’s rank correlation between
the resazurin assay and the colony-forming assay for the six cell lines used in both assays

was rg = 0.77 (P = 0.05 from one-sided t-test) showing consistency across assays.
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3.4 Comparison to BRCA-deficient Breast Cancer

After having found three rucaparib-sensitive HNC cell lines, we sought to put these
results into perspective by comparing the sensitivity to cell lines that have already shown
to be sensitive to rucaparib. Because PARPi have proven to be beneficial for patients
with BRCA-deficient breast cancer (BC) [63, 64], we compared our sensitive HNC cell
lines to the BC cell line HCC1937, that harbors an inactivating BRCA mutation and
UACC-3199, which is BRCA-deficient due to epigenetic silencing. Because of poor
colony-forming abilities of the BC cell lines (see Appendix E), we performed the six-day
viability assay Syto60® to compare rucaparib-susceptibility (Fig. 3.5).

As this is a DNA-based rapid viability assay, the absolute 1Csq values differed from
those established with colony-forming assays and resazurin staining, yet the ranking of
the three HNC cell lines remained consistent (resazurin assay - Syto60® rg = 1 ; colony-
forming assay - Syto60® rg = 0.5). Strikingly, the HNC cell lines that were categorized
as sensitive (BB-49, Detroit562 and HN4) were notably more susceptible to rucaparib
(IC50 values: 4.4uM, 7.0uM and 9.1uM, respectively) than the BRCA-mutated BC cell
line HCC1937 (ICs¢ value: 13.1uM). The response of UACC-3199, a cell line that has
recently been found to be sensitive to rucaparib [102], was comparable to the response
of sensitive HNC cell lines (IC50 value: 6.4uM)(Fig. 3.5). This strongly suggests, that
there is a subset of HNC cell lines susceptible to PARPi, possibly due to HRD.
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FiGURE 3.5: Comparison of PARPi Sensitivity in HNC to Breast Cancer
Six-day Syto60® viability assays were performed on the three most sensitive HNC cell
lines and on the BRCA-mutated breast cancer (BC) cell line HCC1937 and the BRCA-
methylated BC cell line UACC-3199. ICsq values are shown =SEM. The sensitive HNC
cell lines show similar responses as UACC-3199. HCC1937 is resistant to rucaparib

despite its mutational status.
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3.5 Predicting Sensitivity

3.5.1 Estimating HR Competency by RAD51 Formation Assay

To study the HR competency of HNC cell lines and to investigate possible prediction
methods, we employed a HR assay developed by Mukhopadhyay and colleagues for
rucaparib response prediction in ovarian cancer cell lines [103]. The group reported a
positive predictive value of 93% and a negative predictive value of 100% for rucaparib
sensitivity using post-treatment immunofluorescent staining of the HR marker RAD51

[104].

sensitive cell line Detroit562

DMSO rucaparib

resistant cell line SAS

DMSO rucaparib

FIGURE 3.6: Immunofluorescence Images for RAD51 Formation Assay
Three sensitive and three resistant cell lines were treated for 24 h with 0.02% DMSO
(negative control) or 10uM rucaparib. Serving as positive control were cells fixed 30
mins after exposure to 2 Gy IR. Image acquisition was performed with a confocal
microscope (Leica TCS SP2) using the 100X objective and a 2X optical zoom and oil
immersion. Red: vH2AX foci. Green: RAD51 foci. Fluorescence microscopy images
of DAPI-stained A rucaparib-sensitive (Detroit562) and B rucaparib-resistant (SAS)

HNC cell lines treated with DMSO, 2Gy or 10uM rucaparib for 24 h.

We applied this assay to three sensitive (BB-49, Detroit562 and HN4) and three resistant
(HN5, SAS and SCC-61) HNC cell lines as categorized by the IC5 cutoff discussed above
(Fig. 3.4). Staining was additionally conducted for the DNA DSB marker yYH2AX.
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As a positive control, we added a 2 Gy IR treatment regimen. DMSO-treated cells
served as negative control. As illustrated in Figure 3.6, we saw increases in YH2AX foci
formation in the 2 Gy treated cells and a varying response between rucaparib-sensitive
and rucaparib-resistant cell lines in the rucaparib treatment regimen. However, the
RADA51 foci formation did not serve as a post-treatment biomarker for sensitivity to the
PARPIi rucaparib. Results of the automated foci counts for both, YH2AX and RAD51,

are discussed in detail for each treatment regimen in the next sections.

3.5.1.1 RAD51 Foci Formation

2 Gy Treatment Regimen Given the findings of Mukhopadhyay et. al we hypoth-
esized that we would see no increase in RAD51 foci formation in rucaparib-sensitive cell
lines and an increase of the same in rucaparib-resistant cell lines. For treatment with
positive control (2 Gy IR), we found this to be the case. In sensitive cell lines, the me-
dian foci formation decreased (BB-49: -33.2% P = 4.5 x 10~%, Detroit562: -12.8% n.s.,
HN4: -57.2% P = 2.7 x 1073). Conversely, RAD51 foci formation in resistant cell lines
by trend increased after exposure to 2 Gy IR (HN5: 4+10.4% n.s., SAS: +10.3% n.s.,
SCC-61: +68.3% n.s.), although results did not yield statistical significance within cell
lines (Fig. 3.7). However, the difference between sensitive and resistant cell line groups
regarding their RADb51 foci formation after 2 Gy IR compared to DMSO treatment was
significant (P = 0.02), which suggests that HR is defective in sensitive cell lines (Fig.
3.8).

Rucaparib Treatment Regimen Next we examined the change in RAD51 foci
formation after treatment with rucaparib. In some cell lines, treatment with rucaparib
induced the RADb51 foci formation, suggesting an intact HR process. In others, the
number of RAD51 foci remained constant or decreased as compared to the DMSO con-
trol. In these cases, one can assume a defective HR pathway and Mukhopadhyay et
al. accurately predicted the susceptibility to rucaparib of cell lines showing this pattern.
However, the ability of HNC cells to form RAD51 foci after rucaparib treatment was not
associated with sensitivity to rucaparib in our experiments. Median percentage change
of RAD51 foci formation in sensitive cell lines ranged between -54.1% and +194.3%.
Similarly, resistant cell lines responded variably with a range of -31.1% to +18.6% of
median percentage foci formation change after rucaparib treatment (Fig. 3.7). The

difference between the groups was therefore not significant (P = 0.47) (Fig. 3.8).
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FiGUrE 3.7: Changes of foci formation within cell lines
Shown are log-transformed means of change in avg. number of foci per cell SEM.
Aterisks are indicating the level of statistical significance using the poisson distribution
with * P < 0.05, *x P < 0.01 and * *x * P < 0.001. A Foci formation change after
treatment with 2 Gy IR B Foci formation change after treatment with rucaparib.
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FIGURE 3.8: Comparison of sensitive (s) vs. resistant (r) cell lines for foci formation

Median values are shown of log-transformed changes in average number of foci per cell.

A Changes in foci formation after treatment with 2 Gy IR. B Changes in foci formation
after treatment with rucaparib.
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Because we were unable to reproduce the impressive predictive values of the assay pro-
posed by Mukhopadhyay et al., we further validated our findings by performing Western
Blots, comparing RAD51 protein level before and after rucaparib treatment. Again,
RAD51 level change did not coincide with sensitivity, consistent with the results gener-
ated by the immunofluorescence assay (Fig. 3.9). While the RAD51 level decreased in
the sensitive cell line BB-49 after rucaparib treatment, this trend was not seen in the

other two sensitive cell lines.
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FI1GURE 3.9: Protein level assessment of RADS51 after rucaparib treatment
Immunoblot of RAD51 for three sensitive and three resistant cell lines after treatment
with 10uM rucaparib for 24 h (4+) compared to DMSO control (-). S-Actin was used
as loading control. Results are consistent with foci counts after immunofluorescent

staining.

3.5.1.2 ~H2AX Foci Formation

2 Gy Treatment Regimen As anticipated, the treatment with 2 Gy IR resulted in
an increase of YH2AX-marked DNA DSB across all cell lines. The median percentage
gain of average number of foci per nucleus ranged between +101.2% and +377.4% for
rucaparib-sensitive cell lines and between +33.3% and +66.6% for rucaparib-resistant
cell lines (Fig. 3.7). The difference between the 2 Gy- and the DMSO-treatment regimen
in YH2AX foci formation was of statistical significance across all cell lines (Fig. 3.7: BB-
49: P = 0.03, Detroit562: P = 1.0 x 1073, HN4: P = 1.8 x 107, HN5: P = 0.02, SAS:
P = 0.03, SCC-61: P = 2.7 x 107%). Of note, the sensitive cell lines showed a higher
increase of DNA DSB after exposure to 2 Gy IR compared to resistant cell lines (Fig.
3.8: P = 0.05).
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Rucaparib Treatment Regimen We hypothesized that the treatment of cells with
rucaparib would lead to an increase of YH2AX foci formation designating DNA DSB
in sensitive cell lines and to a constant level of YH2AX foci formation in resistant cell
lines. Indeed, in sensitive cell lines the median percentage gain of average number
of foci per nucleus ranged between +11.7% and +70.0% compared to DMSO control.
We observed a significant increase of YH2AX foci formation in two rucaparib-sensitive
cell lines (Fig.3.7: Detroit562: P = 0.01, HN4: P = 0.03). However, no statistically
significant difference was found in BB-49.

In resistant cell lines, YH2AX foci formation response was stable in two cell lines and
decreased in the third (Fig. 3.7). Interestingly, the difference in DNA DSB formation
between sensitive and resistant groups after rucaparib treatment was significant and it

was of borderline significance after 2 Gy treatment (Fig. 3.8: P = 0.03 and P = 0.05).

Overall, we were able to show that exposure of cells to 2 Gy IR lead to significant in-
creases in YH2AX foci formation across all cell lines, confirming that the assay is valid.
In rucaparib-sensitive cell lines, the formation of YH2AX foci increased after exposure
to rucaparib indicating that DNA DSB were accumulating. Conversely, in rucaparib-
resistant cell lines, the YH2AX foci formation after rucaparib treatment by trend re-
mained constant as exemplified in Figure 3.6. Importantly, the rucaparib-sensitive and
-resistant groups showed differences in YH2AX foci formation both, after treatment with
rucaparib and 2 Gy IR. This points towards their differing ability to repair DNA DSB
and therefore their susceptibility to PARPi. We investigated this further by analyzing

microarray gene expression data of these cell lines.

3.5.2 Expression Analysis

A common approach to predict sensitivity is to generate a gene signature based on drug
response in a panel of training cell lines, and then to apply this signature to predict the
response in out-of-batch sets of samples. Recently, a study identified a 60-gene signa-
ture associated with rucaparib sensitivity in familial and sporadic ovarian cancer [105].
The authors used expression data derived from a custom-made microarray designed by
the National Cancer Institute that is publicly available [106]. The microarray used for
our study measured the expression of only 35 of those 60 genes and we were therefore
unable to apply this signature to our dataset. The success and reproducibility of this
strategy has been limited for a large variety of reasons [107]. In our case, likewise, it was
not possible to generate a reliable gene signature based on the small number of sam-
ples (misclassification rate in cross-validation: 36.9% for the gene signature generated
with Prediction Analysis for Microarrays (PAM), data not shown). This analysis was

conducted in collaboration with Dr. Zhixiang Zuo and Dr. Paul Geeleher.
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In cooperation with Dr. Paul Geeleher we subsequently investigated the association of
baseline expression of a number of genes thought to be important for HR (e.g. BRCA,
EMSY, PTEN) with rucaparib sensitivity. Of these, only RAD51 showed some evidence
of an association, with a nominal p-value of 0.04, although this value was not significant
after correction for multiple testing. However, we observed a positive correlation (rp =

0.58) between RAD51 baseline expression and rucaparib log(ICsg) (Fig. 3.10).

Rucaparib log(IC50)
1

| | | | | |
11.0 115 120 125 13.0 135

RADS51 Expression

F1GURE 3.10: Baseline RADS51 expression is positively correlated with rucaparib ICsq

RADOA51 baseline expression levels are plotted against rucaparib 1Csg values. The line

of best fit (estimated from a linear regression model) is shown. Pearson’s rp = 0.58,
P =0.04.

We also performed correlation tests of rucaparib 1Csg against the 9138 genes measured by
microarray (see Methods). This analysis revealed only one gene of borderline significance
genome-wide (IL-18) after correction for multiple testing (P = 9.9 x 107 ; P4 = 0.09).
However, correlations for the top ten genes were high (rp = 0.95 torp = 0.81 ) suggesting

that this analysis was underpowered (Tab. 3.2).
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Gene name Pearson’s Correlation  p-values BH

IL-18 0.953 9.9 x 1076 0.091
NUP62CL 0.890 2.7x 1075 0.904
TERF2 0.867 5.8 x 107 0.904
PPP1CC 0.849 9.4 x10™* 0.904
SOCS2 0.838 1.2 x 1073 0.904
CDK1 0.837 1.3 x 1072 0.904
ZNF670 0.831 1.4 x 1072 0.904
C13orf34 0.814 2.1 x 1073 0.904
TOP2A 0.811 2.2 x 1072 0.904
KLKS8 0.807 2.4 %1073 0.904

TABLE 3.2: Whole Genome Expression Correlated to Rucaparib ICsq
Pearsons correlation values and p-values are shown for top ten genes from expression
analysis across the whole genome. While correlation with rucaparib sensitivity was
high, corrected p-values remained below the level of statistical significance, indicating

that this analysis was underpowered. BH = Benjamini and Hochberg.

The low level of enrichment was unsurprising given the small number of samples, thus,
we hypothesized that a gene set analysis may improve power to detect genuine biological
signal. Hence, we tested for enrichment of Gene Ontology (GO) terms and Uniprot terms
among the 100 genes most positively or inversely correlated with rucaparib sensitivity
(see Methods and Tab. 3.3).

Category Term Count p-value BH

GO CC chromosome 15 46x107% 9.4x10°
GO CC chromosomal part 14 4.6 x107% 4.7x1076
GO CC  chromosome, centromeric region 9 1.8x 1077 1.2x107°
GO BP cell cycle 17 1.0x107° 1.0x 1072
GO CC condensed chromosome 6 1.9x107° 9.6 x 107*
Uniprot mitosis 8 3.2x107° 6.1 x1073
GO CC kinetochore 6 40x107° 1.6x1073
GO CC condensed chromosome 7 4.4x107° 1.5x1073
GO CC nuclear pore 6 45x107° 1.3x1073
Uniprot cell division 9 4.6 x 1075 4.3 x1073

TABLE 3.3: Gene terms for chromosomes are correlated with rucaparib resistance
Top ten GO and Uniprot terms enriched among genes inversely correlated with ruca-
parib ICsg; BH = Benjamini Hochberg; GO = Gene Ontology; CC = cellular compo-

nent; BP = biological process.

Interestingly, we found that GO terms associated with chromosomal structure were
highly significantly enriched among genes that were inversely correlated with rucaparib

sensitivity. A list of the 15 genes included in the top hit GO term “chromosome”
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can be reviewed in Appendix D. Encouragingly, no additional gene sets were identified
and this result was strongly consistent with our immunofluorescence data, where we
showed that rucaparib-resistant cell lines suffered less DNA DSB after exposure to IR
and rucaparib compared to rucaparib-sensitive cell lines (Fig. 3.8). This suggests that
there are differences in chromosomal integrity among HNC cell lines that may cause

PARPI sensitivity.
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Discussion

4.1 BRCA Variations in Head and Neck Cancer Cell Lines

In this study, we aimed to evaluate the single agent effect of PARPi in HNC cell lines.
Because it has been well established that BRCA-deficient cells are particularly sensitive
to these agents due to synthetic lethality, our first goal was to determine whether HNC
cell lines harbor any clinically relevant BRCA mutations. We interrogated the publicly

available TCGA tumor data as well as existing sequencing data from our cell lines.

Among the 279 head and neck tumor samples in the TCGA cohort, BRCA mutations
occurred in 6-7% of samples. In four of our ten cell lines, we found genetic variations in
the BRCA genes, only one of which had been described previously. As cancer cells tend
to exhibit chromosomal instabilities that lead to a high rate of genetic aberration, it is
unsurprising that variations were found in BRCA genes as well. In fact, HNC exhibits a
median number of approximately eight somatic mutations per megabase, ranking HNC

9'h in a panel of 30 malignancies as shown by Alexandrov and colleagues [108].

It therefore seems unlikely that these variations alone contribute to a phenotype that
would lead to HRD. We found that the only cell line harboring a known missense mu-
tation (SAS), as well as the the BRCA-mutated breast cancer cell line HCC1937 were
rucaparib-resistant. This is consistent with prior reports showing that not all patients
with deficiencies in BRCA1 or BRCA2 were PARPi-sensitive [109]. Previous studies
have also shown that there are resistance mechanisms to PARPI, including: (a) gain
of HR capacity, (b) modified NHEJ capacity, (c) reduced levels of PARP-1 activity or
expression, (d) decreased availability of the inhibitor in the cell. For a detailed review
see [74]. These mechanisms will need to be investigated in more detail and depth as
PARPI enter clinical practice considering that BRCA mutational status alone may not

be sufficient to predict responsiveness or resistance to PARPI.

43
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In summary, BRCA mutations are rare but not impossible in HNC. This initial analysis
enabled us to attribute any PARP1i sensitivity in our cell lines to BRCA mutations and
together with the TCGA analysis we were able to draw the broader conclusion that this
single existing marker for PARP1 sensitivity will most likely not play a role in HNC. It is
however probable that not only BRCA mutations, but expression and function of these
and other proteins involved in HR may nonetheless lead to the synthetic lethality under

PARPIi treatment as seen in BRCA-mutated tumors.

4.2 PARP Inhibitors in Head and Neck Cancer

The potency of the evaluated PARPi differed significantly in our panel of HNC cell lines.
A recent study has shown, that this variability can be attributed at least in part to the
inhibitor’s ability to form cytotoxic PARP-DNA complexes [57]. Veliparib did not form
these complexes in the study, which is in concordance with our finding that veliparib
was the least effective PARPi among the agents studied. Rucaparib and olaparib were
categorized as locking PARPi by the authors, which was consistent with our results
[67, 76]. In the meantime, new PARPi have been developed. Among them is BMN
673, a compound that reportedly exhibits a 100-fold stronger PARP-locking potency
compared to the PARPi used in this study. This compound should be investigated for
single agent potency in the future [76].

Our results suggest that rucaparib has the largest effect of the studied agents on our HNC
cell lines. Interestingly, the determined maximal tolerated dose of the compounds used in
current clinical trials are 60mg, 400mg and 360mg for veliparib, olaparib and rucaparib,
respectively [110-112]. Together with our results, this suggests that rucaparib is not
only the most effective among the tested PARPi, but that it is also comparatively well
tolerated by patients, indicating that the role of rucaparib should be further investigated
in HNC treatment. Our decision to select rucaparib for the bulk of our analysis stems
from the high potency as evidenced by the lowest AUC values in the evaluated HNC

cell lines.

A recent publication from the Wellcome Trust Sanger Institute (Cambridge, UK) screen-
ed a panel of almost 700 cell lines for sensitivity to 138 compounds, including rucaparib,
and correlated results with genetic aberration [100]. 21 HNC cell lines were included in
the screening for rucaparib. In this paper, the authors stressed however that a three-day
assay was used, which did not allow cells to suffer enough DNA damages for the DNA
repair targeting PARPi to unfold its effect. The ICs5y values were therefore predomi-

nantly estimated from extrapolated data, thus have large associated confidence intervals
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and may not be accurate. Hence, given the conclusions of this previous study, we gen-
erated more reliable 1C5p values for this agent and examined the potency of rucaparib
in several HNC cell lines by performing a more suitable method. The colony-forming
assay method was chosen due to its longer time period and the unbiased colony counting
method that we created for this purpose specifically. The colony-forming assays revealed
a profound potency of rucaparib on HNC cell lines showing ICsg values of less than 2uM
in a subgroup of HNC cell lines, classifying them as “sensitive” as categorized by others
[101].

To put our results into perspective with state of the art research, we compared the
rucaparib-sensitivity of our HNC cell lines to breast cancer (BC) cell lines deficient in
BRCA, because PARPi have proven to be beneficial for patients with BRCA-mutated
BC [63]. We found a subset of HNC lines that exhibited similar sensitivity to rucaparib
as UACC-3199, a BRCA-methylated BC cell line. Remarkably, it has recently been
demonstrated that UACC-3199 is highly sensitive to rucaparib [102]. Furthermore, all
of the HNC cell lines tested were much more sensitive to rucaparib than HCC1937, a
BRCA-mutated BC cell line. This indicates that non-BRCA-mutant tumors of the head
and neck need to be considered in the context of HRD. Consistent with recent findings,
this suggests that the therapeutic scope of synthetic lethality of PARPi may be much
wider than previously appreciated [63, 113]. On the other hand, these results emphasize
again that BRCA mutational status alone may not be sufficient to adequately predict
PARPiI sensitivity.

In summary, we demonstrated for the first time that despite the sparsity of BRCA
mutations, a subset of HNC cell lines was susceptible to the PARPi rucaparib to the
same extent as BRCA-deficient BC cell lines. These results need to be replicated in
future and sample size needs to be increased as this is arguably a limitation of this
study. Nevertheless, this study contains important implications for future investigation
of this agent for HNC patients. The next challenge will be to select patients who will
benefit from this targeted therapy and we therefore sought to find prediction methods
for PARPi susceptibility in cell lines.

4.3 Prediction of PARP Inhibitor Susceptibility

It is important to emphasize that not all HNC cell lines were sensitive to PARPi. The
variability indicates that patients will also likely exhibit a large variety of responses to
these agents, as has already been shown for some other malignancies [63, 74, 114]. It will
therefore be crucial to identify biological markers (beyond BRCA as discussed above)

that are predictive of drug response.
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4.3.1 Gene Signature

It is a common approach to generate a gene signature to predict drug response in cell
lines, as did Konstantinopoulos et al. for rucaparib response in ovarian cancer cell lines
[105]. Of note, this approach has often failed to be of use in the translation to the clinical
setting and reproducibility has been limited (as exemplified by our lack of success to
reproduce this signature) [107]. However, the value of cell line screening data has recently
been shown in a publication that demonstrated that even clinical drug response can in
fact be predicted from baseline gene expression. The algorithm uses a model trained on
a large panel of cell line drug response leveraging whole-genome information that allows
every gene to contribute to the prediction [115]. We therefore hypothesize that a much
larger dataset will be needed to generate a signature that can robustly predict rucaparib

sensitivity from baseline gene expression levels.

4.3.2 Functional RAD51 Assay

In an effort to utilize known synthetic lethal functional interactions (i.e. deficiencies in
HR designated by lack of RAD51 foci formation and PARPi treatment), we applied a
prediction assay previously proposed by Mukhopadhyay et al. for ovarian cancer cell
lines to our HNC cell lines. The authors have proceeded to apply their in vitro results
to the clinical setting and reported a significant difference in progression-free survival
when comparing HR-competent and HR-deficient primary cell lines as categorized by the
above-mentioned assay [103, 116]. While assessing the change in RAD51 foci formation
does approximately measure HRD competence, it does not identify the specific gene or
protein causing the deficiency upstream of RAD51, which in this case was the rationale
for using it as a screening parameter, given the large number of possible disruptions of

this DNA repair pathway [92].

4.3.2.1 RADS51

The prediction accuracy of this assay using post-treatment RAD51 foci formation was
not recapitulated in HNC. Of note, RAD51 expression is partly cell cycle dependent,
possibly leading to false negative results in this assay. Because RADS51 levels are higher
in rapidly replicating cells, the accuracy of RAD51 as a HR marker could be imprecise
[65]. The other drawback of this approach noted in the literature was the need for a
standardized and automated scoring system. We have provided solutions to this issue
(see Methods and Appendix B) [92]. Crucially, while our results do not unequivocally

prove that the level of RAD51 foci formation is unrelated to variability in rucaparib
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response (as exemplified in Fig. 3.10), it strongly suggests that other biomarkers will
be necessary to robustly predict drug response in HNC. Novel biomarkers that have
been proposed include ATM-mutation, MRE11-mutation, FANCF promotor methyla-
tion, PTEN deficiency and PAR levels, although none of them have been validated in
clinical trials [57, 117].

We note that although the lack of increased RAD51 foci formation was not predictive
of rucaparib sensitivity, we were able to show significant differences in RAD51 foci for-
mation between sensitive and resistant cell lines after exposure to 2 Gy IR (a treatment
regimen that was not included in the original assay). This warrants further studies to
increase the sample size possibly leading to the development of a new assay for HNC
to predict PARP1 sensitivity. Together with the DNA DSB assessment discussed below,
these findings point towards combination potential with DNA damaging therapeutic op-
tions, such as IR or platinating agents (e.g. cisplatin). It has already been shown that
PARPI can synergize with IR in vitro and in mouse models in nasopharyngeal carcinoma
[118], Ewing’s Sarcoma [119], and glioblastoma [114]. One study has confirmed the ra-
diosensitization potential of veliparib in head and neck cancer [117]. Currently, olaparib
and veliparib are evaluated in combination with radiation therapy in clinical trials for
pancreatic, colorectal and esophageal cancers and we hypothesize that rucaparib could
be a candidate agent for a similar trial in HNC [99]. PARP has been proven to play
an important role in the initiation NHEJ, the repair mechanism that is used predomi-
nantly by cells to repair IR-induced DNA DSB [120]. This makes PARP an ideal target
for radiosensitization and although momentarily speculative, our results suggest that
rucaparib could potentially be used as an effective radiosensitizer, especially in tumors
where RAD51 foci formation is inhibited upon rucaparib treatment and that rucaparib

could furthermore synergize with DNA damaging agents in this cohort.

4.3.2.2 yH2AX

Because the histone H2AX is rapidly phosphorylated at DNA DSB sites, we added a
staining for YH2AX to the assay to monitor the extent of DNA DSB in our experi-
ments. Reassuringly, all cell lines showed significantly increased numbers of YH2AX
foci after treatment with 2 Gy IR. Furthermore, the cell lines that were sensitive to
rucaparib showed a larger increase in foci compared to rucaparib-resistant cell lines and
the difference was of statistical significance. Likewise, after treatment with rucaparib,
the sensitive cell lines formed significantly more YH2AX foci compared to resistant cell
lines, where the number of foci remained constant compared to DMSO control. Taken
together, these results suggest that there are differences in the tendency of chromosomes

to accumulate DSB between the sensitive and resistant cell lines.
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4.3.3 Gene Set Analysis

As no genes were significantly differentially expressed between sensitive and resistant
cell lines (although RAD51 did correlate with rucaparib ICsg), we tested for enrichment
in Gene Ontology (GO) terms to improve power in order to detect differences between
sensitive and resistant cell lines. Strikingly, we were able to show a strong enrichment of
genes involved in chromosome structure among the sets of genes most highly correlated
with rucaparib resistance, lending further support to the hypothesis outlined above that

these genes may be potential candidate biomarkers for rucaparib response in HNC.

4.4 Future Prediction Prospects

Ruppin and colleagues have recently developed a computational approach integrating
large cell line based datasets of copy number variation, gene expression profiles and
shRNA screens to detect synthetic lethal interactions in cancer. For PARP specifically,
the group reported synthetic lethal interactions with five genes, among them MDC1
(a mediator of DNA damage checkpoint one interacting with BRCA1) and PRKDC (a
DNA proteinkinase involved in DSB repair) [78]. Again, these results emphasize that
the scope of PARPi can potentially be broadened and that identification of patients that

may benefit from such treatment may in future stem from “big data”.

Ultimately, targeted agents like rucaparib will likely be combined with other targeted
treatments to enhance the efficacy and exploit pathway interactions with limited side
effects. Combination partners for PARPi, that have been proposed in the preclinical
setting, include cyclin-dependent kinase 2 inhibitors, histone deacetylase inhibitors or
the tyrosine kinase inhibitor imatinib, as all of these agents have shown to disrupt the
HR process and reduce RAD51 foci formation [92].

4.5 Limitations of this Study and Future Improvements

As already mentioned above, the sample size of our study was limited and needs to
be expanded in future. While the concept of synthetic lethality provides a reasonable
and satisfying explanation for the PARPI sensitivity we found in a subset of HNC cell
lines, it remains to be proven that it is in fact the underlying mechanism. This could
be elegantly done with gene knock-out screens of candidate synthetic lethal partners of
PARP in resistant cell lines as introduced above. It is furthermore desirable to detect the

molecular differences between sensitive and resistant cell lines that lead to the PARPi
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sensitivity seen in this study. Again, these differences seem to be too minor to detect in
a small panel. HRD seems to be a possible mechanism of sensitivity, but in this study
we were unable to prove that it is in fact HRD causing cells to be PARPi-sensitive. It
remains unclear, whether the fact that rucaparib is the only PARPi that solely targets
PARP-1 may play a role in its superior performance over olaparib and veliparib. As
mentioned above, staining for markers that are partly expressed in a cell cycle dependent
manner may not be the most accurate way of analyzing exact levels of DNA damage; in
future, assays need to be improved and growth rate needs to be controlled for. Finally,
it is important to stress that the results of this study solely rely on cell line data and

translation to animal models or the clinical setting is yet to be conducted.

4.6 Conclusion

In conclusion, we were able to show that there are significant differences in potency
between PARPi in HNC cell lines and we have identified rucaparib as the most effec-
tive agent. Crucially, we demonstrated that a subset of HNC cell lines, that do not
harbor BRCA mutations, were susceptible to rucaparib to the same extent as a BRCA-
methylated breast cancer cell line. We furthermore showed that there are significant
differences in accumulation of DNA DSB between sensitive and resistant cell lines and
we presented emerging evidence that this may be associated with chromosomal integrity.
These results strongly support a future investigation of this agent for head and neck can-
cer patients. The next challenge remains to reliably identify patients, who will benefit
from this targeted therapy by pinpointing appropriate biomarkers as well as synthetic
lethal partners of rucaparib in an effort to take the next step towards personalized

medicine for head and neck cancer patients.
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Appendix A

German Summary

A.1 Einfiihrung

Plattenepithelkarzinome im Kopf-Hals-Bereich (HNC) stehen mit einer Inzidenz von
iiber 600.000 an sechster Stelle der héufigsten malignen Tumoren weltweit [5]. Bekann-
te Risikofaktoren sind sowohl Tabak- und Alkoholkonsum, als auch Infektionen mit dem
Humanen Papilloma Virus [7, 14]. In Deutschland liegt die Fiinf-Jahres-Uberlebensrate
in Abhéngigkeit von der Lokalisation des Primértumors bei den fortgeschrittenen Sta-
dien III und IV zwischen 21% und 65% [121]. Allerdings bestehen die Behandlungs-
schemata noch immer aus unspezifischen Regimen, wie Bestrahlung und zytotoxischer
Chemotherapie. Es mangelt an gezielteren, nebenwirkungsédrmeren und effektiveren The-

rapieansitzen.

Eine Gruppe gezielter Chemotherapeutika sind Poly(ADP-Ribose)Polymerase Inhibi-
toren (PARPi), die in anderen malignen Tumoren vielversprechende Aktivitdt gezeigt
haben [99]. Diese Medikamente hemmen den DNA-Reparaturprozess Basen-Exzisions-
Reparatur und bedingen so die Akkumulation von Doppelstrangbriichen in der DNA.
Bisher kamen diese Priaparate hauptséchlich bei Mamma- und Ovarialkarzinomen zum
Einsatz, da ein Teil dieser Tumorentititen BRCA-Mutationen aufweist [59, 63]. Diese
Mutationen pradisponieren Tumoren zu Empfindlichkeit fiir PARPi, weil BRCA Teil der
Protein-Maschinerie fiir den Doppelstrangbruch-Reparaturmechanismus homologe Re-
kombination (HR) ist, der unter PARPi-Therapie vermehrt von der Zelle beansprucht
wird. Neue Studien haben jedoch gezeigt, dass jegliche Defizite in HR-Kompetenz (nicht
allein BRCA-Mutationen) zu einer Effektivitdt von PARP1i fithren und haben somit das

mogliche Anwendungsgebiet dieser Substanzen auf andere Tumorentititen erweitert.

64
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Gegenstand vorliegender Studie ist die Beantwortung der drangenden Frage, ob Tumoren
des Kopf-Hals-Bereiches zu den malignen Neoplasien gehoren, die im Rahmen einer HR-
Defizienz auf PARPi ansprechen. Dazu untersuchten wir die Wirksamkeit dreier PARPi
am Zellmodell, verglichen die Sensibilitdts-Level mit BRCA-defizienten Brustkrebszell-
linien und gingen der herausfordernden Frage nach, ob PARPi-Ansprechen vorhersagbar

ist.

A.2 Material und Methoden

Alle Zelllinien wurden in 10mm-Petrischalen bei 37°C und 5% COs in dem jeweils geeig-
neten Medium (ergénzt durch FBS, Penicillin-Streptomycin und L-Glutamin) gehalten.
Fiir die Zwecke dieser Studie wurde strikt innerhalb von zehn Zellpassagen gearbeitet.

Zellzahlungen wurden mithilfe einer Neubauer-Z&hlkammer durchgefiihrt.

Zunichst wurde ein Vergleich der Wirksamkeit dreier PARPi, namentlich Veliparib, Ola-
parib und Rucaparib mithilfe eines dreitdgigen Resazurin-Redox-Farbungstests (auch
bekannt als Alamar Blue®) angestellt. Zur genauen Bestimmung der halbmaximalen in-
hibitorischen Konzentration (ICsg) des effektivsten Agens Rucaparib nutzten wir einen
sechs- bis achttéigigen Kolonie-formenden-Test (siehe auch Appendix E), zu dessen Aus-
wertung wir die vom National Institute of Health zur Verfiigung gestellte Software

ImagelJ fiir objektive Zéhlungen nutzten (Appendix B).

Um die PARPi-Sensibilititslevel der HNC-Zelllinien und der Brustkrebs(BK)-Zelllinien
zu vergleichen, nutzten wir einen sechstéigigen Test mit Syto60® rot fluoreszierender
Nucleinsdurefirbung, da die BK-Zelllinien nur sehr spérlich Kolonien formten. Des-
weiteren untersuchten wir die Unterschiede zwischen Rucaparib-sensiblen und Ruca-
parib-resistenten Zelllinien mittels Immunfluoreszenzfirbung von yYH2AX (einem DNA-
Doppelstrangbruch-Marker) und RAD51 (einem Marker fiir HR). Fiir die Auswertung
dieser Daten wurde ebenfalls ImageJ genutzt und ein Algorithmus (Macro) entworfen,
um fiir die Zahlung der Foci Befangenheit zu eliminieren und den Prozess zu beschleu-

nigen (Appendix B). Die Ergebnisse fiir RAD51 validierten wir mittels Western Blot.

AuBlerdem untersuchten wir die in unserem Labor bereits vorhandenen Datensétze zu
gezielter Sequenzierung (fiir die Bestimmung von Varianten in den BRCA-Genen) und
Gen-Expression (Microarray: Agilent). Wir analysierten die Expressionsdaten hinsicht-
lich Gen-Medikament-Assoziationen zu Rucaparib ICsy mithilfe des Pearson’s Korrela-
tionstests. Da die Probengrofie gering war (n = 10), zogen wir desweiteren die DAVID-
Software heran, um signifikant angereicherte Gen-Ontologie-Begriffe zu identifizieren,

die mit Rucaparib-Sensibilitit korrelieren.
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A.3 Ergebnisse

Da bereits bekannt ist, dass BRCA-defiziente Tumoren besonders sensibel auf diese
Medikamentengruppe reagieren, war unser erstes Ziel, etwaige Mutationen in diesen
Genen zu identifizieren. Zusammenfassend ist zu sagen, dass Mutationen in diesen Genen
sowohl in unseren Zelllinien, als auch in Tumordaten (TCGA) selten (3-6%), aber nicht
abwesend sind (Abb. 3.1 und Tab. 3.1).

Zurzeit werden mehrere PARPi in klinischen Studien untersucht, um ihre Effektivitét
in soliden Tumoren sowie ihre Vertriglichkeit im Menschen zu bestimmen [99]. Neue
Studien haben gezeigt, dass die PARP1i sich in ihrer Fihigkeit unterscheiden, PARP-
DNA-Komplexe zu formen (die zu héherer zytotoxischer Potenz fithren), auch wenn die
Inhibition der katalytischen Aktivitdt von PARP gleich ist [57, 76]. Um die Wirksam-
keit von einem nicht-blockierenden PARPi (Veliparib) mit zwei blockierenden PARP1i
(Olaparib, Rucaparib) zu vergleichen, fithrten wir den Viabilitéitstest Alamar Blue® in
sechs HNC-Zelllinien durch. Wir konnten zeigen, dass Rucaparib der effektivste PARPi
in HNC-Zelllinien unter den drei untersuchten PARPi ist (Abb. 3.2 und Abb. 3.3).

Da allerdings nur eine geringe Beeintriachtigung des Zelliiberlebens nach drei Tagen zu
beobachten war (wie gleichfalls in anderen Studien festgestellt wurde [100]), fithrten
wir Kolonie-formende-Tests durch, um die halbmaximale Inhibitionskonzentration fiir
Rucaparib in zehn HNC-Zelllinien zu bestimmen. Es zeigte sich eine grofie Variabiliét
hinsichtlich der Rucaparib-Antwort unter den getesteten Zelllinien und wir kategori-
sierten sie analog zu vorherigen Verdffentlichungen [101] als ,,sensibel“ oder ,resistent*

(Abb. 3.4).

Um die ermittelten 1C5y Werte in Relation zu bereits als sensibel geltenden BK-Zell-
linien zu bringen, verglichen wir unsere als sensibel eingestuften HNC-Zelllinien mit den
BK-Zelllinien HCC1937 (BRCA-mutiert) und UACC-3199 (BRCA-methyliert) (Abb.
3.5). Auffallend war, dass alle sensiblen HNC-Zelllinien deutlich sensibler auf Rucapa-
rib reagierten, als HCC1937. Der 1C5o-Wert fiir UACC-3199 (eine Zelllinie, die jiingst
von einer anderen Studie als Rucaparib-sensibel eingestuft wurde [102]) war vergleich-
bar mit denjenigen fiir unsere HNC-Zelllinien. Dieses FErgebnis deutet darauf hin, dass
der BRCA-Mutationsstatus von Zelllinien und auch Patienten allein nicht hinreichend
zur Prognose von Rucaparib-Ansprechen ist. Ferner konnten wir indes zeigen, dass es
eine Untergruppe von HNC-Zelllinien gibt, die sensibel auf eine PARPi-Monotherapie

reagiert.

Um eben diese Subgruppe nicht nur in Zelllinien, sondern letztendlich auch in Patien-
ten zu identifizieren, unternahmen wir mehrere Versuche, Rucaparib-Sensibilitéit vor-

herzusagen. Zunéchst wandten wir eine Immunfluoreszenz-Farbung an, die zuvor fiir
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Ovarialkarzinom-Zelllinien (und anschliefend auch fiir Ovarialkarzinom-Patientinnen)
zur Prognose von Rucaparib-Ansprechen verdffentlicht worden war [103, 116]. Wahrend
die Foci-Formation nach Rucaparib-Behandlung in unseren HNC-Zelllinien nicht mit
Rucaparib-Sensibilitidt korrelierte, konnten wir dennoch signifikante Unterschiede zwi-
schen sensiblen und resistenten Gruppen sowohl beziiglich der Foci-Formation fiir RAD-
51 als auch fiir YH2AX feststellen (Abb. 3.7 und Abb. 3.8). Unsere Ergebnisse fiir RAD51
konnten wir mittels Western Blot reproduzieren (Abb. 3.9).

In Zusammenarbeit mit Dr. Paul Geeleher (Huang Labor, University of Chicago) ha-
ben wir desweiteren Methoden der Bioinformatik genutzt, um eventuelle Biomarker-
Kandidaten zu ermitteln. Unsere Versuche, eine robuste Gen-Signatur fiir Rucaparib-
Sensibilitét zu erstellen, scheiterten an der geringen Zahl der HNC-Zelllinien (n = 10).
Dennoch untersuchten wir die Basis-Expression wichtiger Gene fiir HR (z.B. BRCA,
EMSY, PTEN) beziiglich Assoziationen zu Rucaparib-Sensibilitiat. Lediglich RAD51-
Expression war signifikant assoziiert mit Rucaparib-Sensibilitdt (P = 0.04, allerdings
nicht signifikant nach Korrektur fiir multiples Testen). Gleichwohl fanden wir eine positi-
ve Korrelation zwischen RAD51-Basisexpression und Rucaparib-Sensibilitét (Abb. 3.10).
Bei Analyse aller Gene, fiir die Expressionsdaten verfiigbar waren, konnte nur IL-18 als
grenzwertig signifikant unterschiedlich exprimiertes Gen zwischen sensiblen und resisten-
ten Zelllinien festgestellt werden, wenngleich Korrelationen hoch waren (Tab. 3.2). Dieses
Ergebnis ist nicht iiberraschend bei einer Probengréfie von zehn, weshalb wir die An-
reicherung von Gen-Ontologie-Begriffen fiir die 100 Gene, die am stérksten positiv oder
invers mit Rucaparib-Ansprechen korrelierten, untersuchten (Tab. 3.3). Interessanterwei-
se waren jene Gen-Ontologie-Begriffe, die mit Chromosomenstruktur zusammenhéngen,
sehr signifikant in den 100 Genen angereichert, die invers mit Rucaparib-Sensibilitdt
(also mit Rucaparib-Resistenz) korrelierten. Das deutet darauf hin, dass es Unterschie-
de in der Chromosomen-Stabilitdt zwischen den HNC-Zelllinien gibt. Moéglicherweise
ist dies auf HR-Defizienz zuriickzufiithren und mag auch die Unterschiede beziiglich des

Rucaparib-Ansprechens bedingen.

Zweifelsohne bedarf es verlasslicherer Prognose-Methoden fiir neue gezielte antineoplas-
tische Medikamente wie Rucaparib. In Anbetracht unserer Daten, besonders hinsichtlich
der Korrelation zwischen chromosomaler Stabilitdt und Rucaparib-Resistenz, halten wir
es fiir moglich, in der Zukunft Rucaparib-Ansprechen mithilfe von Expressionsdaten

grofferen Umfangs vorherzusagen.
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A.4 Diskussion

Ziel vorliegender Studie war es, das Ansprechen von Zelllinien von Kopf-Hals-Tumoren
auf die gezielten Chemotherapeutika PARPi zu evaluieren. Wir haben zunéchst sowohl
unsere HNC-Zelllinien, als auch die TCGA-HNC-Kohorte auf BRCA-Mutationen un-
tersucht und sehr seltene Variationen identifiziert. Es ist jedoch wahrscheinlich, dass
weitere Mechanismen zu PARPi-Sensibilitit beitragen und der BRCA-Mutationsstatus
allein nicht als pradiktiver Marker ausreicht, was ebenfalls bereits in klinischen Studien

festgestellt worden ist [109].

Wir konnten hier in der Tat zeigen, dass eine Gruppe der HNC-Zelllinien in Abwesenheit
von BRCA-Mutationen sehr empfindlich gegeniiber PARPi reagierte. Wahrscheinlich ist
diese Sensibilitdt durch eine HR-Defizienz (iiber BRCA-Mutationen hinaus) bedingt,
worauf die fehlende RAD51-Foci-Formation nach Bestrahlung in sensiblen Zellen hin-
deutete. Die Wirksamkeit der untersuchten PARPi zeigte signifikante Unterschiede, die
sich in Ubereinstimmung mit fritheren Studien mit der unterschiedlichen Fihigkeit zur
PARP-DNA-Komplex-Bildung erklédren lassen. Interessanterweise sind die in klinischen
Studien bestimmten maximal tolerablen Dosen 60mg, 400mg und 360mg fiir Veliparib,
Olaparib und Rucaparib [110-112]. Dies deutet in der Gesamtbetrachtung mit unseren
FErgebnissen darauf hin, dass Rucaparib nicht nur in vitro die hochste Effektivitéit auf-
weist, sondern auch vergleichsweise gut von Patienten toleriert werden konnte. Das gibt

Anlass, diese Substanz fiir die Behandlung von HNC in Betracht zu ziehen.

Wir konnten weiterhin zeigen, dass unsere HNC Zelllinien ebenso Rucaparib-sensibel
sind wie BRCA-defiziente Brustkrebszelllinien, die bereits von anderen Gruppen als
sensibel eingestuft worden waren [102]. Dieses Ergebnis setzt unsere Resultate in den
Kontext des aktuellen Standes der Forschung und unterstreicht die Aussagekraft dieser

Studie.

Es ist jedoch duflerst wichtig zu betonen, dass langst nicht alle Zelllinien auf PARPi
ansprachen. Die Variabilitéit unter den Zelllinien legt die Vermutung nahe, dass HNC-
Patienten ebenfalls sehr variabel auf eine solche Therapie reagieren wiirden. Deshalb

werden zwingend Methoden zur Prognose von PARPi-Ansprechen benétigt.

Da unsere Probengréfie zu klein fiir die Entwicklung einer verlisslichen Gen-Signatur
war, verwendeten wir zunéichst einen Immunfluoreszenz-Assay fiir RAD51, um die HR-
Kompetenz der Zelllinien zu untersuchen. Insgesamt konnten wir die pridiktive Leis-
tung dieses Assays nicht reproduzieren, da sich die RAD51-Foci-Formation nicht sig-
nifikant zwischen Rucaparib-sensiblen und Rucaparib-resistenten Zellen unterschied. Al-
lerdings konnten wir zeigen, dass es sehr wohl Unterschiede zwischen diesen Grup-

pen beziiglich ihrer DNA-Doppelstrangbruch-Akkumulationen nach Bestrahlung und
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Rucaparib-Behandlung gibt, was uns Anlass gab, der Frage nachzugehen, ob eine gene-

relle Chromosomeninstabilitdt zu PARPi-Sensibilitat fithren konnte.

Da keine Gene signifikant differentiell zwischen Rucaparib-sensiblen und -resistenten
Zelllinien exprimiert wurden, nutzten wir die DAVID-Software, um Gengruppen zu iden-
tifizieren, deren Expression sich in den Gruppen unterscheiden. In der Tat waren die
am stirksten signifikant mit Rucaparib-Resistenz assoziierten Gen-Ontologie-Begriffe
der Gruppe ,,Chromosomen® zugehorig. Zukiinftig werden sicherlich gréoiere Datensétze
notig sein, um Rucaparib-Sensibilitiat verlasslich vorherzusagen. Vielversprechende Me-

thoden-Ansétze wurden kiirzlich in der Zeitschrift Cell veroffentlicht [78].

Zusammenfassend konnten wir hier erstmals zeigen, dass es eine Subgruppe von Kopf-
Hals-Tumor-Zelllinien gibt, die in gleichem Mafle sensibel auf den PARPi Rucaparib
anspricht, wie BRCA-defiziente Brustkrebszelllinien. Die vorliegende Arbeit gibt wei-
terhin Hinweise, dass der Unterschied zwischen sensiblen und resistenten Zelllinien in
der chromosomalen Anfélligkeit fiir Doppelstrangbriiche liegen konnte. Diese Ergebnisse
geben Anlass zu weiteren Untersuchungen dieser Medikamentengruppe fiir Patienten mit
Kopf-Hals-Tumoren mit dem Ziel, das Anwendungsgebiet dieser relativ nebenwirkungs-
armen Medikamente zu erweitern. Die néchste Herausforderung wird sein, Patienten zu
identifizieren, die von PARP1i profitieren, um einen weiteren Schritt in Richtung perso-

nalisierter Krebsmedizin zu gehen.
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ImageJ Analysis

B.1 Analysis Path for Colony Counting

This is an example of the colony counts performed on clonogenic assays. Comments in

Italics.

selectWindow (“SCC-61 RUCA 6-28.JPG”); // import the scanned 6-well-plate file
setAutoThreshold(“Default”);

//run(“Threshold...”); // set an appropriate threshold making sure to exclude shadows
setThreshold(0, 116);

run( “Convert to Mask”);

run(“Make Binary”); // create a binary picture 0 or 255

makeRectangle(998, 44, 420, 418); // draw a rectangle around the well to be counted
run( “Duplicate...”, “title=[SCC-61 RUCA 6-28 DMSO.JPG]”);

run(“Analyze Particles...”, “size=10-Infinity circularity=0.00-1.00 show=Nothing ex-
clude summarize”); // Process — Analyze Particles. Particles with pizel sizes from

10-infinity were counted for all wells.

B.2 Macro for Foci Counting

Open the three pictures (blue, green, red) in that order. Run Macro. When the program
asks, one can choose the function “watershed” to divide touching nuclei. If the watershed
function is not accurate, the picture can be excluded. Results of “RawIntDen” per cell
need to be divided by 255 to calculate the number of foci in that cell. Comments in

Italics.

70
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dir2 = getDirectory(“Choose a Directory for saving”); // prompts user to select the

folder where files will be saved

t = getTitle();

s = lastIndexOf(t,’ ¢');

t = substring(¢, 0, s);

t = replace(t,“ ”,“);
t2 =t +’ green foci’;

t3 =t 4’ red foci’;
run(“Images to Stack”);
rename( “Stack”);

select Window (“Stack”);
setSlice(001);
run( “Duplicate...’
//run(“Threshold...”);

set AutoThreshold (“Default”);
//setThreshold(0, 64);

run(“Convert to Mask”);

", “title=nuclei”);

run(“Make Binary”); // produces a binary picture: 255 or 0 run(“Fill Holes”); wait-
ForUser; // this is the point to decide for watershed or excluding the picture run(“Analyze
Particles...”,“”size=400-Infinity circularity=0.00-1.00 show=Nothing exclude clear ad””);
// 400 should be big enough to only include nulcei that are in the right focal plain
select Window (“Stack”);

setSlice(002);

run(“Duplicate...”  “title="t2"");

run(“Find Maxima...”, “noise=80 output=[Single Points] exclude”);
roiManager(“Show Non”);

roiManager(“Show All”);

roiManager(“Measure”);

roiManager(“Deselect”);

//roiManager(“Delete”);

saveAs(“Results”, dir2 + t2 + “.csv”);

select Window (“ROI Manager”);

run( “Close”);

selectWindow ( “Results”);

run( “Close”);

select Window (“Stack”);

setSlice(001);
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7, “title=nuclei”);

run(“Duplicate...
//run(“Threshold...” );
setAutoThreshold(“Default”);
//setThreshold(0, 64);

run( “Convert to Mask”);
run(“Make Binary”);

run( “Fill Holes”);

waitForUser;

run(“Analyze Particles...”, “size=400-Infinity circularity=0.00-1.00 show=Nothing ex-
clude add”);

select Window (“Stack”);

setSlice(003);

run( “Duplicate...”, “title="t3"");
run(“Find Maxima...”, “noise=60 output=[Single Points] exclude”);
roiManager(“Show None”);
roiManager(“Show All”);
roiManager(“Measure”);
roiManager(“Deselect”);
//roiManager(“Delete”);
saveAs(“Results”, dir2 4+ t3 4+ “.csv”);
selectWindow (“ROI Manager” );

run( “Close”);

select Window (“Results”);

run( “Close”);

run( “Close All”);
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R Code

C.1 Code for Generalized Linear Regression Model

# Comments in Italics.

resp < — ¢(7.1, 3.59, 3.22, 12.07, 4.26, 9.58) # Insertion of raw count data

group < — factor(c(1,1,1,0,0,0)) # Establishes two groups, in this case group 1 is DMSO
control and group two is after 2 Gy IR treatment

pairs < — factor(c(1,2,3,1,2,3))# Creates paired values, in this example run of experi-
ment 1, 2 and 3

summary (glm(resp~ group-pairs, family=“poisson”)) # Generates a generalized linear

model assuming a Poisson distribution as discussed in detail in Methods

C.2 Code for Spearman’s Rank Correlation

assayl < — ¢(1,2,3,4,5,6) #Insertion of cell lines rank for one assay
assay2 < — ¢(2,1,3,4,6,5) #Insertion of cell lines rank for other assay

resp < — cor.test(assayl, assay2, method=’spearman’, alternative='greater’) # Per-

forms Spearman’s rank correlation and paired t-test for the two assays

73



Appendix. R Code 74

C.3 Code for Pearson’s Correlation

corsPear < — numeric() # Creates an empty vector called ’corsPear’ to store numbers
for p-values

corPsPear < — numeric()for(i in 1:nrow(agiSensRes)) # Creates empty vector for Pear-
son’s correlation coefficients. Indexes every row of the microarray matriz called ’agiSen-
sRes’

{

b < — cor.test(agiSensResli,], log(ic50s), method="pearson”, alternative="greater”)
# Tests every gene expression value (9138) for an association with rucaparib ICsy using
Pearson’s correlation and paired t-tests

corPsPear[i] < — bS$p.value # Produces p-values

corsPearli] < — b$estimate # Produces Pearson’s correlation coefficients

}

bhPs < — p.adjust(corPsPear, method="BH") # Estimates the false discovery rate using
the Benjamini-Hochberg method



Appendix D

Gene Ontology

TABLE D.1: 15 Genes of GO Term Category “Chromosome”

Official Gene Symbol

Gene Name

BUB1
CDCAS
CENPA
CENPH

XPO1
HELLS

HIST1H4L, HIST1H4C

KIF2C
NUP37

RFC5

RPA1

CBX3
TERF2
TOP2A

ZMIZ2

budding uninhibited by benzimidazoles 1 homolog (yeast)
cell division cycle associated 8
centromere protein A
centromere protein H
exportin 1 (CRM1 homolog, yeast)
helicase, lymphoid-specific
histone cluster
kinesin family member 2C
nucleoporin 37kDa
replication factor C (activator 1) 5, 36.5kDa
replication protein Al, 70kDa
similar to chromobox homolog 3
telomeric repeat binding factor 2
topoisomerase (DNA) II alpha 170kDa
zinc finger, MIZ-type containing 2
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Appendix E

Colony-forming Assays

FicURE E.1: Colony-forming assay 6-well-plates
A sensitive cell line BB-49, B resistant cell line SCC-61, C breast cancer cell line
HCC1937 that did not form colonies. Rucaparib was administered for 24 h in concen-
trations ranging from 0.5uM to 50pM.
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