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3. Summary

The skin cancer melanoma is known for its aggressive nature and high mortality rate
when metastasized. While there has been significant advancement in using mitogen-
activated protein kinase (MAPK) inhibitors (MAPKI) to target melanoma cells and
combat metastasis, most patients ultimately experience relapse due to different
resistance mechanisms. Despite the positive impact of immunotherapy on the
prognosis of melanoma patients, some individuals show no response to these
therapeutic drugs. Consequently, it becomes crucial to unravel the molecular
mechanisms behind acquired resistance to targeted treatments and explore innovative
therapeutic approaches for these patients.

In the first part of our study, we aimed to uncover the role of the p53 target gene
CDKN1A/p21 in the response of melanoma cells to v-raf murine sarcoma viral
oncogene homolog B1 (BRAF) inhibitors (BRAFi). Our findings reveal that activation
of p53 enhances the sensitivity of melanoma cells to BRAFi in a synergistic manner,
exclusively in cells exhibiting high expression levels of CDKN1A/p21. Similarly, high
expression of CDKN1A/p21 correlates with a more favorable response to the mouse
double minute 2 (MDM2) inhibitor (MDMZ2i) Nutlin-3 compared to cells with low
CDKN1A/p21 expression. These results suggest that the effectiveness of targeted
therapies (such as BRAFi and MDM2i) in melanoma cells correlates with the
expression levels of the p21 protein in the cells. Furthermore, our study uncovers that
p53 negatively regulates the expression of the p53 family member p73, however p73
does not appear to influence p53 expression. These discoveries offer new potential
strategies for improving the treatment of melanoma patients with elevated basal p21
levels. Specifically, combination therapies utilizing p53 activators, which further
increase p21 expression levels, can enhance the efficacy of BRAFi. Additionally, the
data suggest that the expression and induction level of p21 could serve as a predictive
biomarker in melanoma patients, enabling the prognosis of treatment outcomes with
p53 activators and BRAFI.

In the second part of the project, the focus shifted towards targeting the DNA repair
pathway as a potential therapy against melanoma, particularly in the case of melanoma
cells resistant to MAPKi. We explored the use of poly adenosine diphosphate (ADP)
ribose polymerase (PARP) inhibitors (PARPI) for this purpose. Our findings indicate

that melanoma cells resistant to MAPKIi exhibit increased sensitivity to PARPI
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treatment, facilitated by decreased ataxia-telangiectasia mutated (ATM) basal
expression, an important DNA damage sensor. As a result, these resistant melanoma
cells demonstrate an impaired ability to detect and repair DNA double strand breaks
through the homologous recombination repair (HRR) pathway, which can be induced
by PARPI. Additionally, we discovered that inhibiting the MAPK pathway induces a
state of HRR deficiency (HRD) in melanoma cells, regardless of their sensitivity to
MAPKI. This led to a synthetic lethal interaction when combining MAPK inhibition with
PARPI, resulting in a significant reduction in melanoma cell growth both in vitro and in

Vivo.

In the third part of the project, we were interested in the role of PARP1 as a predictive
biomarker to forecast PARPI therapy response as well as progression and metastatic
potential of melanomas. We could show that high PARP1 expressing melanoma cells
are extremely sensitive to PARPI treatment due to a higher PARP trapping effect, and
thereby increased cell death. Moreover, we found that PARP1 expression positively
correlates with the invasiveness and metastatic potential of melanoma cells, and that
PARP1 is low expressed in non-malignant skin cells. Most strikingly, we found that
high PARP1 expression goes along with significantly decreased overall survival
probability of metastasized late-stage melanoma patients. With this, we propose that
PARP1 might be used as a potential biomarker to predict PARPI therapy response and
that especially the late-stage melanoma patients would benefit from the therapy with
PARPI.
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4. Zusammenfassung

Das maligne Melanom ist eine sehr aggressive Form von Hautkrebs mit einer hohen
Sterblichkeitsrate bei Patienten, die an Metastasen leiden. Trotz der grofRen
Fortschritte, die bei der Bekampfung des metastasierten Melanoms mit Hilfe von
MAPK Inhibitoren (MAPKI) erzielt wurden, kommt es bei den meisten Patienten
aufgrund verschiedener Resistenzmechanismen zu einem Rezidiv. Auch wenn der
Einsatz der Immuntherapie die Prognose von metastasierten Melanompatienten
verbessert hat, sprechen einige Patienten tGberhaupt nicht auf immuntherapeutische
Medikamente an. Daher ist es von grof3ter Bedeutung, die molekularen Mechanismen
der erworbenen Resistenz gegen zielgerichtete Therapien zu entschlisseln und neue

therapeutische Strategien fur diese Patienten zu finden.

Im ersten Teil dieser Studie haben wir versucht, die Rolle des p53 assoziierten Gens
CDKN1A/p21 in der Sensitivitdt von Melanomzellen auf BRAF Inhibitoren (BRAFi) zu
entschlisseln. Wir zeigen, dass die Aktivierung von p53 die Sensitivitat gegeniber
BRAFi auf synergistische Weise ausschlief3lich in Zellen mit einer hohen Expression
von CDKN1A/p21 erhoht. In ahnlicher Weise geht eine hohe Expression von p21 mit
einer besseren Reaktion auf MDM2-Inhibitoren einher. Die Ergebnisse deuten darauf
hin, dass die Sensitivitat von Melanomzellen gegeniber zielgerichteten Therapien mit
der Proteinexpression von p21 in den Zellen korreliert ist. Dariber hinaus haben wir
festgestellt, dass p53 die Expression des p53 Familienmitglieds p73 negativ reguliert,
p73 scheint jedoch keinen Einfluss auf die p53 Expression zu haben. Diese Ergebnisse
bieten neue potenzielle Strategien fur die Verbesserung der Behandlung von
Melanompatienten mit hoher basaler p21 Expression mit BRAFi, indem die
Wirksamkeit der Behandlung durch Kombinationstherapien mit p53 aktivierenden
Substanzen erhoht wird, die in der Lage sind, die p21 Expression weiter zu steigern.
Dartber hinaus deuten die Daten darauf hin, dass die Expressions- und
Induktionswerte von p21 als pradiktiver Biomarker bei Melanompatienten verwendet
werden konnten, um das Ergebnis einer Behandlung mit p53-aktivierenden
Substanzen und BRAFi vorherzusagen.

Im zweiten Teil des Projekts konzentrierten wir uns auf die Regulation des DNA-
Reparaturweg als Melanomtherapie, insbesondere bei MAPKi resistenten
Melanomzellen, durch den Einsatz von PARP Inhibitoren (PARPI). Wir fanden heraus,

dass MAPKIi resistente Melanomzellen besonders empfindlich auf die Behandlung mit
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PARPI reagieren, da sie eine geringere basale Expression des DNA-Schadenssensors
ATM aufweisen. Folglich haben MAPKI resistente Melanomzellen eine verringerte
Erkennung von DNA-Doppelstrangbriichen, die durch PARPi verursacht werden.
Darliber hinaus zeigen wir, dass die Hemmung des MAPK-Signalwegs in
Melanomzellen unabhéngig von ihrem Resistenzstatus gegeniber MAPKIi einen
homologen Rekombinationsreparatur defizienten (HRD) Phanotyp hervorruft. Die
MAPK Inhibition in Kombination mit PARPi fiuhrt zu einer synthetisch letalen
Interaktion, die das Wachstum von Melanomzellen in vitro und in vivo deutlich

reduziert.

Im dritten Teil des Projekts interessierten wir uns fir die Rolle von PARP1 als
pradiktiver Biomarker zur Vorhersage des Ansprechens auf eine PARPi-Therapie
sowie des Fortschreitens und des Metastasierungspotenzials von Melanomen. Wir
konnten zeigen, dass Melanomzellen mit hoher PARP1 Expression sehr gut auf eine
PARPIi-Behandlung reagieren, da die Behandlung zu einem héheren PARP-Trapping-
Effekt und damit einem erhdhten Zelltod fuihrt. Dartber hinaus fanden wir heraus, dass
die PARP1 Expression positiv mit der Invasivitdt und dem metastatischen Potenzial
von Melanomzellen korreliert, und dass PARPL1 in nicht-malignen Hautzellen nur
gering exprimiert wird. Besonders auffallend ist, dass eine hohe PARP1 Expression
mit einer deutlich geringeren Uberlebenswahrscheinlichkeit von Patienten mit
metastasiertem Melanom im Spatstadium einhergeht. Damit schlagen wir vor, dass
PARP1 als potenzieller Biomarker fur die Ansprechrate auf eine PARPI-Therapie
verwendet werden konnte und dass insbesondere Melanompatienten im Spatstadium

maoglicherweise von einer PARPI-Therapie profitieren.
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7. Introduction

7.1. Melanoma

Malignant melanoma is an extremely aggressive cancer with a high mortality rate, as
it has a strong tendency to metastasize to distant organs . The disease mostly affects
Caucasians with light pigmentation compared to darker skin color populations, such as
Hispanics, East Asians, or Africans 2. As melanoma often develops earlier than other
solid tumors and has a high metastatic potential, the disease accounts for most of the
skin cancer related deaths 3°. In fact, in Australia, melanoma is the major source of
cancer-related deaths in people aged 15 to 44 years °. The incidence of melanoma is
steadily increasing with a much higher incidence in Australia (60 new cases per 100000
population) compared to Europe (<25 new cases per 100000 population) and a
massive increase in people older than 60 years 6. The major risk factors for developing
melanoma are genetic predisposition, high sun exposure, a sensitive skin type, and
high numbers of nevi 4. Fortunately, melanoma incidence is decreasing in young
people, a success that is achieved by prevention of melanoma development by
proficient sun protection, as well as early recognition by regular examination of the skin
by a dermatologist and the “ABCDE” melanoma detection rule, where A stands for
asymmetry, B for border irregularity, C for color variability, D for diameters greater than
6 mm, and E for the evolution of the melanocytic lesion ©7.

7.1.1. Development of Melanoma
The skin is composed of the epidermis and the dermis, separated by the basal layer 8.
Melanocytes, derived from neural crest cells, are mostly located in the epidermis and
can produce melanin °. The development of melanoma is a multistep process that
originates either from a nevus or de novo from melanocytes 1°. A benign nevus is
characterized by limited cell growth, however, BRAF mutations can induce cell growth.
Further genetic changes, such as, e.g., CDKN2A or phosphatase and tensin homolog
(PTEN) loss can induce a premalignant dysplastic nevus and the atypical melanocytes
then can form a melanoma in situ 3. The melanoma in situ can evolve to invasive
melanoma by decreased differentiation and clonal proliferation of the melanoma cells
311 While melanomas in the radial growth phase (RGP) still grow locally, vertical
growth phase (VGP) melanoma can cross the basement membrane and form local
metastases 2. In the last progression stage, the metastatic melanoma, cells enter the

blood or lymphatic system, thereby spreading through the body and forming tumors in
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distant organs, mainly in the brain, liver, and lungs 213, Figure 1 summarizes the

development and progression of melanoma cells.
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Figure 1. Overview of melanoma development and progression. A benign nevus transforms into a dysplastic nevus
and further into a melanoma in situ, consisting of abnormal melanocytes. Melanoma in situ can transform into a
melanoma in the radial growth phase (RGP). In the vertical growth phase (VGP), melanoma cells cross the
basement membrane and thus have the potential to metastasize. The last stage represents metastatic melanoma,
where the tumor cells spread via the blood or lymphatic system to distant organs, such as lung, liver, or brain. The
illustration is adapted from 2 and was created with Biorender.com.

7.1.2. Staging of Melanoma
Depending on the histological features, melanoma can be classified into four major
groups: superficial spreading melanoma (SSM), lentigo maligna melanoma (LMM),
nodular melanoma (NM), and acral lentiginous melanoma (ALM) 4. However, since
these subgroups do not show clear clinical differences in terms of prognosis, an
additional classification has been introduced, where melanomas are subdivided
according to the primary location on the body . The new classification includes
melanoma on skin with chronic sun damage (CSD), melanoma on skin without chronic
sun damage (non-CSD melanoma), melanoma on palms, soles, and nail bed (acral

melanoma), and melanoma on mucous membranes (mucosal melanoma) 4,

Moreover, in addition to the above-mentioned classification, the World Health
Organization implemented the latest version of a classification in 2018, taking the sun
damage into account. Nine different pathways on how melanocytic lesions can arise

are now subdivided 16.17:
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1) Superficial spreading melanomas are arising in sun exposed skin. However,
they show the molecular profile of low CSD and often harbor BRAF V600
mutations.

2) High-CSD melanomas, which include LMM and high-CSD NM, are
characterized by mutations in the mitogen-activated protein kinase (MAPK)
signaling pathway, such as neurofibromin 1 (NF-1), NRAS, or BRAF (other than
V600) mutations.

3) Desmoplastic melanomas show mutations in the MAPK signaling pathway, in
particular NF-1 inactivating mutations.

4) Spitz melanomas are associated with HRAS mutations, as well as kinase
fusions, CDKN2A homozygous mutations and telomerase reverse transcriptase
(TERT) promoter mutations.

5) Acral melanomas also include nodular melanoma in acral skin, and are
characterized by BRAF, NRAS, and KIT mutations.

6) Mucosal melanomas show numerous copy number and structural variations.

7) Melanomas arising from congenital nevi are characterized by BRAF as well
as NRAS mutations.

8) Melanomas arising from blue nevi are associated with mutations in the Gaqg
pathway.

9) Uveal melanomas typically also show mutations in the Gaq pathway, as well

as mutations in genes involved in DNA repair.

Classes one, two, and three occur on chronic sun exposed skin, whereas the other

classes are located at sun shielded sites 16.

7.1.2.1. AJCC Staging System
The eighth edition of the AJCC staging is the latest version for melanoma, published
in 2018, and utilizes the TNM classification to distinguish the different tumor stages,
where T stands for the extent of the primary tumor, N represents the presence or
absence of affected lymph nodes, and M indicates if the tumor has metastasized to
other organs of the body 821, The T category can be subdivided into TO, where no
primary tumor is detectable, Tis, which refers to a melanoma in situ, Tla, where the
tumor is smaller than 0.8 mm in thickness without ulceration, T1b, where the tumor is
either smaller than 0.8 mm in thickness with ulceration, or between 0.8 mm and 1.0
mm without ulceration, or Tx, where the tumor thickness cannot be determined.

According to this system, the T classification further includes T2, with a tumor thickness
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between 1 and 2 mm, T3, with a tumor thickness between 2 and 4 mm, and T4, with a
tumor thickness of more than 4 mm. The N category can be subdivided into NO, where
no regional metastasis is detectable, and N1-3, where tumor involved lymph nodes
and/or in-transit, satellite, or microsatellite metastasis are found. The M category can
be subdivided into MO, where no distant metastasis is detectable and M1, where distant
metastases are identified. Moreover, M1 can be subclassified into Mla, where
metastases are detected in skin or soft tissue, including muscle and non-regional
lymph nodes, M1b, where metastases are identified in the lung tissue, M1c, where
metastases are detected in non-central nervous system (CNS) visceral sites, and M1d,
where metastases are identified in the CNS. In addition, M1a to M1c categories can
be further subdivided into 0 and 1, where O indicates no elevated lactate

dehydrogenase (LDH) levels, and 1 represents elevated LDH levels 1920

To facilitate classification for clinical utility, a staging system ranging from stage 0 to
stage IV was implemented. In this system, stage 0 represents carcinomas in situ (Tis,
NO, MO0). Stage | includes patients with localized tumors (T1-2, NO, MO0). Stage Il
represents early stages of locally advanced tumors (T2-3, NO, M0), whereas stage |l
includes late stage locally advanced tumors with tumor involved lymph nodes (T1-4,
N1-3, MO). The last level is stage IV and represents cancers metastasized to distant
organs (T1-3, N1-3, M1) 8,

7.2. Treatment of Malignant Melanoma

Melanoma therapy consists of various treatment regimens and can range widely
depending on the patient’s genetic background. Continuous improvement of therapy

has significantly increased the survival rate of advanced melanoma patients 2.

7.2.1. Surgery
Surgery is a highly effective method to treat localized melanoma in particular and is
crucial for histological confirmation of the diagnosis. The outcome is critically
dependent on the stage of the disease and often surgery is curative when a complete
resection of the tumor tissue is possible ?2. To improve the outcome of surgery, other
therapeutics such as targeted therapy or immunotherapy are applied as an adjuvant

treatment 23,
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7.2.2. Chemotherapy
Chemotherapeutic agents that are used in melanoma therapy mainly include
dacarbazine (DTIC) (see section 7.2.2), temozolomide (TMZ), platinum-based

therapies (see section 7.2.2), such as cisplatin, and taxanes, such as paclitaxel 2.

The taxane paclitaxel has the ability to induce G2/M mitotic arrest by polymerization of
tubulin 5. Numerous studies are underway to investigate the potential of paclitaxel in
combination with various other anti-melanoma agents 2. DTIC, an alkylating agent
shows comparatively low response rates due to infrequent and short-termed complete
responses in melanoma patients and is therefore mostly used in palliative care 2427,
TMZ is another alkylating agent that shows a clinical advantage over DTIC due to its
oral bioavailability 282°. Cisplatin and its analogue carboplatin are widely used as anti-
cancer drugs of solid tumors, including melanoma, either as a monotherapy or as a
combination therapy, especially with paclitaxel 3°. Overall, chemotherapeutic agents
show modest response rates, and marked toxicity limit their therapeutic efficacy.

Therefore, they are nowadays primarily used as a last-line therapeutic option 3.

7.2.3. Inmunotherapy
The era of immunotherapy for the treatment of melanoma was pioneered by high-dose
interleukin-2 (IL-2). Even if only 5-10% of patients treated with high-dose IL-2 therapy
showed a complete remission, it led to U.S. Food and Drug Administration (FDA)
approval in 1998 due to the lack of alternatives for this patient group at that time 32, In
those days, despite the major toxicities, high-dose IL-2 was the only FDA approved

drug besides DTIC for the systemic treatment of metastatic melanoma 3.

The launch of the immune checkpoint blockade (ICB) therapy changed the landscape
of melanoma treatment. Ipilimumab, a cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) blocking antibody, was approved by the FDA in 2011, and since the
programmed cell death protein 1 pathway (PD-1) blocking antibodies pembrolizumab
and nivolumab showed better response than CTLA-4 inhibitors, they received FDA
approval in 2014 for the treatment of metastatic melanoma 4. CTLA-4 and PD-1
belong to the family of immune checkpoint receptors and are upregulated and
presented on the cell surface upon T-cell activation to suppress T-cell function and
sustain immunological homeostasis. Thereby, ICB therapy enables T-cells to kill the

tumor 35, Currently, melanoma patients receive CTLA-4 plus PD-1 blocking antibodies,



Introduction -23-

such as nivolumab plus ipilimumab, as the combined treatment showed superior

effects to monotherapy in terms of response .

A new target to direct the immune system to the tumor cells is the cell surface receptor
lymphocyte activation gene 3 (LAG-3). The inhibitory molecule mediates
immunosuppressive functions, and anti-LAG-3 inhibitors have been shown to
effectively kill tumor cells 3. The anti-LAG-3 inhibitor relatlimab was therefore
approved by the FDA in March 2022 for the treatment of advanced melanoma, and in
September 2022, the European Medicines Agency (EMA) approved the combination
of nivolumab and relatlimab for the treatment of unresectable or metastatic melanoma

in patients with less than 1% PD-L1 expression .

Melanoma patients respond strongly to ICB compared to other solid tumors, since their
high UV exposure and elevated tumor mutational burden (TMB) contribute to a high
immunogenicity of the tumor, however, the effectiveness is constrained by two major
issues, i.e., resistance mechanisms, as well as major toxicities associated with ICB .
Resistance to ICB occurs in about 40% of melanoma patients and can either be
primary, meaning that patients do not respond to the drug from the start of therapy, or
it develops during the treatment, thus termed acquired resistance 4°4!. Primary
resistance mechanisms include amongst others a poor immunogenicity, high basal
expression of the targeted checkpoint receptors, or upregulation of T-cells, whereas
acquired resistance mechanisms rather comprise mutations of signaling pathways,
resulting in upregulation of the targeted checkpoint receptors, or modification of the
immune response 42. To limit this clinical barrier, current research is focused on
overcoming therapy resistance and exploring clinical biomarkers that could predict the
response to ICB treatment as well as the management of adverse events. The major
cancer ICB toxicities include immune-related adverse events (irAE), which are caused,
for example, by autoreactive T cells, autoantibodies, or massive production of
cytokines. Potentially fatal toxic events associated with immunotherapy include
amongst others ulcerative colitis, hormone deregulation, hypophysitis, pneumonitis,

hepatitis, diabetes mellitus, vitiligo, or myocarditis 4344,

Studies have shown that ICB in combination with targeted therapy leads to significant
melanoma tumor regression, with ICB treatment as first-line treatment and MAPK

inhibitor treatment as second-line treatment being the most effective application #°.
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7.2.4. Targeted Therapy
In cancer cells, many signaling pathways are overexpressed to enable rapid cell growth
46, The triggering of these signaling pathways is often enabled by activating mutations
of oncogenes, or suppression of tumor suppressor genes 4’. Targeted cancer therapies
take advantage of these mutated signaling pathways and inhibit the altered signals to

stop cancer cell growth 48,

7.2.4.1. The MAPK Signaling Pathway
A major breakthrough in melanoma therapy was the finding that the MAPK pathway is
frequently overactivated in melanoma patients #°. The classical MAPK pathway, on
which we focus here, and which is also referred to as ERK pathway consists of three
enzymes that mutually activate each other. At a glance, an extracellular mediated
growth stimulus triggers a MAPK kinase kinase (MAPKKK) that activates a MAPK
kinase (MAPKK), which in turn triggers a MAPK, resulting in the stimulation of
substrates °. This eventually leads to proliferation, differentiation, and development of
the cell ®.. In detail, upon binding of a ligand, such as growth factors (GF), the
membrane spanning surface protein receptor tyrosine kinase (RTK) forms a dimer and
is thereby activated %2. Growth factor receptor-bound protein 2 (GRB2) is stimulated by
the autophosphorylated intracellular domain of the RTK dimer and enables its
interaction with son of sevenless (SOS) %3. Next, SOS is translocated to the cell
membrane, interacts with rat sarcoma (RAS) and enables nucleotide exchange from
guanosine diphosphate (GDP) to guanosine triphosphate (GTP), which can be
inhibited by NF-1, a GTPase-activating protein (GAP) 545, Thereby, RAS
phosphorylates the serine/threonine kinase family rapidly accelerated fibrosarcoma
(RAF), which consists of ARAF, BRAF, and CRAF, ultimately triggering the MAPK
cascade 8. Activated RAF phosphorylates MAP kinase/ERK kinase 1/2 (MEK1/2),
which in turn phosphorylates extracellular signal-regulated protein kinase 1/2
(ERK1/2), resulting in a phosphorylation of both cytoplasmic as well as nuclear target
proteins and transcription factors . The MAPK signaling pathway regulates various
processes, including cell adhesion, cell cycle progression, migration, survival,
differentiation, metabolism, proliferation, and transcription °8. Interestingly, the MAPK
signaling pathway may induce both pro- or antiapoptotic signals, according on the
stimulus and the cell type 5°. Figure 2 depicts key elements in the MAPK signaling

pathway.
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Figure 2: Schematic overview of the MAPK signaling pathway. A stimulus binds to the receptor tyrosine kinase
(RTK) which results in the recruitment of the growth factor receptor-bound protein 2 (GRB2) and son of sevenless
(SOS). This activates the small guanosine triphosphate (GTP)ase rat sarcoma (RAS) changing guanosine
diphosphate (GDP) to GTP, which can be inhibited by neurofibromin 1 (NF-1). This in turn triggers the
phosphorylation, and thereby activation of rapidly accelerated fibrosarcoma (RAF), phosphorylating the MAP
kinase/ERK kinase 1/2 (MEK1/2). MEK1/2 then phosphorylates the extracellular signal-regulated protein kinase 1/2
(EKR1/2). ERK1/2 activation targets both nuclear, as well as cytoplasmic proteins, leading to proliferation,
differentiation and development. The illustration was created with Biorender.com.

Various driver mutations may lead to massive overactivation of the MAPK signaling
pathway. A dysregulation of the MAPK signaling pathway can result in malignant cells

and may cause cancer, amongst others, melanoma ©°,

7.2.4.2. Genomic Classification of Cutaneous Melanoma
After it was discovered that the MAPK signaling pathway has a great impact on
melanoma development, a genomic classification of cutaneous melanoma according
to the MAPK mutational status was introduced. Melanoma patients were classified in

four major groups 6%

e BRAF mutated

¢ RAS mutated

e NF-1 mutated

e Triple Wild-Type (WT)
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The BRAF mutated subtype is the largest subgroup, since about 50% of melanoma
patients show a mutation in the BRAF oncogene. Of these patients, more than 90%
harbor a mutation at amino acid position 600, with a point mutation from valine (V) to
glutamic acid (E) (BRAFV600E) 62 The second largest group is the RAS mutated
subtype, with the majority of mutations in NRAS, i.e., about 20% of melanoma cases.
RAS mutated melanomas are known to be extremely aggressive and correlate with a
worse prognosis . Around 12-18% of all melanoma cases show an inactivating
mutation in the NF-1 gene, leading to the overactivation of the MAPK signaling pathway
64, Melanoma patients classified into the Triple WT subtype do not harbor any of the
aforementioned mutations in the MAPK signaling pathway. Interestingly, Triple WT
subtype melanomas typically harbor many other driver mutations in genes such as
GNAQ, GNA11, KIT, CTNNB1, and EZH2 61,

7.2.4.3. MAPK Inhibitor Therapy
Having demonstrated the critical role of the MAPK signaling pathway in the
development of melanoma, tremendous amount of research was conducted on
inhibitors to suppress the overactivated MAPK pathway. The implementation of MAPK
inhibitors (MAPKi) as a treatment option dramatically improved the survival of
melanoma patients %. The rationale behind MAPKi therapy is to interfere with cell
growth by affecting specific targets on which the tumor depends, but not the non-
cancerous surrounding tissue. Melanoma patients treated with vemurafenib, an
inhibitor of the mutated BRAFV69. showed high response rates, extended progression
free survival (PFS), as well as improved median overall survival (OS). Therefore, it was
the first targeted therapy for metastatic or unresectable BRAF mutated melanoma
patients to be approved by the FDA in 2011 and the EMA in 2012 568, Due to the great
success of vemurafenib, two other BRAF inhibitors (BRAFi) were FDA and EMA
approved for the same patient group, i.e., dabrafenib in 2013, and encorafenib in 2018
69-71 'In a second step, inhibitors targeting the downstream protein MEK were explored.
The first FDA (2013) and EMA (2013) approved MEKZ1/2 inhibitor (MEKIi), trametinib,
is applied to treated BRAF mutated metastatic melanoma patients that did not receive
BRAFi previously. Other MEKi used in melanoma therapy are cobimetinib and

binimetinib 72.

Since both ICB and MAPKIi are effective treatment options for melanoma patients, their

potential as a combination therapy was investigated 3. Clinical studies focusing on the
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triple therapy of BRAFi plus MEKi plus ICB in BRAF mutated melanoma patients

showed mixed responses to this combination therapy 7478,

Novel treatment strategies for MAPKIi resistant patients include treatment with
LY3009120, a panRAF inhibitor (panRAFi) °. In a clinical study, LY3009120 showed
potent tumor reducing activity, also in melanoma patients that developed resistance to
MAPKIi treatment &,

7.2.4.4. Resistance Mechanisms to MAPK Inhibitors
Even though a large number of melanoma patients benefit from targeted therapy, some
patients do not respond to MAPKi treatment from the beginning, demonstrating the
existence of intrinsic resistance 8. Patients with intrinsic resistance to MAPKi therapy
often harbor specific mutations that include amongst others PTEN loss, cyclin D1
activation, Ras-related C3 botulinum toxin substrate 1 (RAC1) activation, MEK1/2
activation, NF-1 loss, activation of the c-Jun/Ras homolog gene family, member B
(RHOB) signaling axis, hepatocyte growth factor (HGF)/c-MET signaling axis

activation, or hypoxia-inducible factor 1 o (HIF-1a) induced hypoxia 2.

As already mentioned, targeted therapy eventually loses its effectiveness in Kkilling
melanoma tumor cells due to the very probable and rapid emergence of acquired
resistance. Numerous resistance mechanisms have already been described, which will

be discussed in more detail below 8385,

A major mechanism of MAPKIi resistance is the genetic reactivation of the MAPK
signaling pathway. The most obvious mechanism of BRAFi resistance is the mutant
BRAF gene amplification, resulting in the reconstitution of the MAPK signaling pathway
even under BRAFi therapy 868, Aberrantly spliced BRAF variants leading to BRAF
dimerization without activated RAS as well as secondary mutations in the BRAF
oncogene have also been detected in BRAFi resistant cancers 878991 A paradoxical
ectopic CRAF overexpression also showed to confer resistance to BRAFi treatment
92,93 Furthermore, it was shown that not only mutations in the BRAF gene, but also
other genes of the MAPK pathway advance the development of BRAFi resistance.
Oncogenic NRAS mutations leading to a reactivation of the MAPK signaling pathway
induce resistance to BRAFi therapy 8788949 |n addition, mutations activating the
MEK1 or MEK2 genes are associated with BRAFi resistance development 87:95.9
Increased RAS activation by BRAFi therapy associated mutations in the NF-1 gene

have also been related to BRAFi resistance °/-19°, Genetic mutations leading to an
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upregulation of the RTK promote the MAPK signaling pathway without a stimulus and
thereby confer resistance to BRAFi treatment 94101102 |n addition, enhanced
abundance of growth factors that stimulate the RTK, such as for example HGF, show
the same phenomenon %3, Mutations leading to an activation of RAC1 have been
shown to reactivate the MAPK signaling pathway and have been detected in patients
that developed resistance to BRAFi therapy 9419 Moreover, loss of block of
proliferation 1 (BOP1) or loss of stromal antigen 2 (STAG2) or stromal antigen 2
(STAG3), resulting in the downregulating of dual specificity phosphatase 4 (DUSP4)
or dual specificity phosphatase 6 (DUSP6) activate ERK1/2, and thereby promote
BRAFi resistance 19718 Qverexpression of the MAPK downstream target melanocyte
inducing transcription factor (MITF) occurs in a high number of melanoma patients

treated with BRAFi or MEKi and has been shown to confer resistance to MAPKi therapy
109

In addition to the reactivation of the MAPK signaling pathway, activation of alternative
signaling pathways also play a significant role in acquired MAPKi resistance. The
phosphoinositide-3-kinase (PI3K)/AKT/mammalian target of rapamycin (MTOR)
pathway is a key regulator of survival and may act independently of the MAPK signaling
pathway. Briefly summarized, a GF stimulates the activation and phosphorylation of a
RTK, which recruits PI3K to the membrane. Thereby phosphatidylinositol 3,4,5-
trisphosphate (PIP3) is produced from phosphatidylinositol 4,5-bisphosphate (PIP2)
which in turn phosphorylates AKT, that activates major downstream targets, such as
mTOR, ultimately resulting in cell growth and downregulation of apoptosis 10-112, A
natural inhibitor of the PI3K pathway and thereby a tumor suppressor
dephosphorylates PIPs resulting in PIP2 and the inhibition of PI3K pathway
downstream signaling 3. Acquired mutations leading to the activation of the
PI3K/AKT/mTOR pathway have been shown to promote the development of MAPKIi
resistance by stimulating cell growth and inhibiting apoptosis independently of the
MAPK signaling pathway 4. They mainly include genetic suppression of PTEN, or
activation of AKT 115116 Another important pathway in MAPKi resistance is the Hippo
signaling pathway, which promotes cell proliferation and survival 7. Similar to the
PI3K/AKT/mTOR signaling pathway, overactivation of the Hippo signaling pathway
promotes cell survival even if the MAPK signaling pathway is suppressed due to MAPKi

treatment. Activating mutations in the oncoprotein YAP, a transcriptional coactivator in
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the Hippo signaling, have been found to confer resistance to BRAFi and MEKIi therapy

118-120

The tumor microenvironment (TME) also has a major influence on the development
of targeted therapy resistance ?1. A tumor can stimulate fibroblasts that surround the
cancer cells to become cancer associated fibroblasts (CAF), and these CAF have the
ability to induce tumorigenesis and metastasis 1?2123, Upon MAPKi treatment, tumor
cells release transforming growth factor g (TGF-B), which leads to upregulation of
neuregulin-1 (NRG1), ultimately inducing differentiation of the TME associated
fibroblasts. Also, MAPKIi treatment may trigger the MAPK signaling pathway in
fibroblasts, resulting in the secretion of HGF which serves as a ligand for mesenchymal
epithelial transition (MET) receptor, eventually resulting in the activation of the MAPK
and PI3K signaling pathway in cancer cells, thereby conferring resistance to BRAFi
treatment 24125 Integrin a5B1, a fibronectin receptor, triggers the reactivation of the
MAPK signaling pathway in the tumor cells, thereby promoting BRAFi resistance 26,
Interestingly, BRAFi treatment triggers the MAPK signaling pathway in tumor
associated macrophages (TAM), causing tumor necrosis factor a (TNF-a) activation,
which induces MITF, as well as vascular endothelial growth factor (VEGF) activation,
eventually conferring BRAFi resistance and tumor growth in the cancer cells 7.
Moreover, it was shown that modulating the immune response may also promote
MAPK:I resistance. For example, the acquisition of PTEN loss upon BRAFi resistance
creates a TME with low numbers of T and NK cells induces an immunosuppressive
phenotype by upregulation of interleukin-6 (IL-6), interleukin-10 (IL-10), and VEGF 28,

The major molecular MAPKI resistance mechanisms are shown in Figure 3.
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Figure 3: Graphical representation of MAPKi resistance mechanisms. Components colored in red are known to
play a role in mitogen-activated protein kinase inhibitor (MAPKi) resistance. Reactivation of the MAPK signaling
pathway, activation of the phosphoinositide-3-kinase (PI3K)/AKT/ mammalian target of rapamycin (mTOR)
signaling pathway, or activation of the Hippo pathway induces MAPK:i resistance. Also, modulation of the immune
system, as well as cancer associated fibroblasts (CAF) and tumor associated macrophages (TAM) can induce
MAPK:I resistance. The illustration was created with Biorender.com.

7.2.4.5. Possible Mechanisms in Overcoming Targeted Therapy
Resistance
Since around half of the patients that received BRAFi show a progressive disease (PD)
after half a year due to emerging resistance, approaches to combine BRAFi plus MEKIi
were studied hoping that the resistance development can be delayed. Interestingly, the
combination studies showed a clear benefit compared to each monotherapies,
especially in patients that were not pretreated with targeted therapy 2°. Not only the
adverse events were dampened, but also the emergence of MAPKIi resistance was
significantly delayed with the combination of BRAFi plus MEKi compared to each
monotherapy 130132, The combinations currently used in a clinical setting are
vemurafenib plus cobimetinib, dabrafenib plus trametinib, and encorafenib plus
binimetinib 133, Currently, the combination of vemurafenib plus cobimetinib is licensed

for treating unresectable BRAF mutated metastatic melanoma. As an adjuvant therapy,



Introduction -31-

this combination is approved for locally advanced BRAF mutated melanoma with tumor
involved regional lymph nodes. The combination of vemurafenib plus cobimetinib and
encorafenib plus binimetinib are approved for unresectable or metastatic BRAF

mutated melanoma 134,

Furthermore, various studies proposed a different treatment regimen, shifting from
continuous treatment to an on-off schedule or possible drug holiday to overcome
targeted therapy resistance %°. However, a preclinical study showed no beneficial
effects in the intermittent dosing schedule compared to continuous treatment regimen,
but on the contrary, continuous treatment of melanoma patients showed statistically
significant increased PFS compared to the on-off schedule %6, Small molecule
inhibitors that inhibit either pan-RAF or ERK have also been hypothesized to overcome
MAPKi therapy resistance 137142, Since the heat shock protein 90 (Hsp90) is crucial for
balancing the stability as well as degradation of BRAFY6%E and CRAF, treatment with
a Hsp90 inhibitor in combination with MAPKi showed clear prolongation of MAPKIi
response 143144 First preclinical studies show clinical activity of the combination 45, It
is obvious that inhibition of the PI3K pathway could stop MAPK:i resistance and studies
clearly showed that the combination could overcome therapy resistance 46-148
However, due to massive toxicities, the clinical translation of this approach is
exceedingly difficult 14%150, Another promising target to overcome MAPKIi resistance is

reducing MITF overactivation by the HIV protease inhibitor nelfinavir 199,

Taken together, it is crucial that further research will be conducted focusing on

overcoming targeted therapy resistance in melanoma patients.

7.3. p53 family
The p53 family is a group of transcription factors and comprises three proteins, p53
itself, p63, and p73 5. The TP53 gene is located at chromosome 17p13.1, the TP63
gene at chromosome 3g27-29 and the TP73 gene at chromosome 1p36.3 %2, The p53
family belongs to the most important tumor suppressors as they are major cell cycle
regulators, deciding if a cell should further divide or enter cell death. Therefore, p53 is

also named the “guardian of the genome” 153,

7.3.1. Structure of the p53 Family Members
The gene structures of TP53, TP63, and TP73 share high sequence homology. All
genes encode a transactivation domain (TAD), a DNA binding domain (DBD), a

proline-rich (PR) domain, as well as an oligomerization domain (OD) and TP73 and
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TP63 also encode a sterile alpha motif (SAM) 154, Due to alternative splicing and
different promoters, the p53 family genes encode a large number of protein isoforms
155 The AN variants lack parts of the N-terminal TAD and are produced by activation
of promoter 2, whereas the TA-variants contain the full TAD and are produced by
activation of promoter 1. Alternative splicing or alternative translation results in the A40
or A133 isoforms of p53, as well as the Aexon2 and Aexon2/3 variants of p73. Further
splicing allows many more isoforms, with p53 expressing the full length (FL), the B, as
well as the y isoform. Alternative splicing of the TP63 and TP73 genes allows the
expression of an a-isoform, containing the SAM, and the p and y isoform, lacking the
SAM. In contrast to the TP63 gene, further alternative splicing of TP73 can lead to 9,
g, (, and n isoforms, which all are lacking the SAM 1%6-162_ The structure of the p53 family

members is summarized in Figure 4.
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Figure 4: Structure of the p53 family genes. The p53 family genes encode a transactivation domain (TAD), a proline-
rich (PR) domain, a DNA binding domain (DBD), an oligomerization domain and TP73 and TP63 also encode a
sterile alpha motif (SAM). Full length, TA and 440 isoforms are generated by promoter 1 (P1), whereas AN, 4133,
Aexon2 (42), and 4exon2/3 (42/3) isoforms are produced by promoter 2 (P2). Alternative splicing results in various
isoforms including full length (FL), g, and y for TP53, «, f, and y for TP63, and «, S, 7, J, ¢, {, and  for TP73. The
schematic overview was adapted from 154158162 The illustration was created with Biorender.com.
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The full length and TA isoforms of the p53 family members share similar functions,
whereas the AN isoforms rather exert their functions as negative regulators of the TA
isoforms due to competitive binding of the same promoter, and thus inhibiting efficient
translation of the TA isoforms %8,

7.3.2. p53 Family Signaling
Since p53 exerts the crucial role of maintaining genomic stability of the cell, the p53
signaling pathway is mostly triggered in response to stress signals 63164 Under
physiological conditions, that is, when the cell is not under stress, the p53-specific E3
ubiquitin ligase MDM2 keeps p53 suppressed by inducing proteasomal degradation
via a negative feedback loop 165166,

Upon oncogenic signaling, the tumor suppressor gene ADP-ribosylation factor (ARF),
encoding the protein p14ARF a negative regulator of p53, is inhibited, resulting in the
expression of p53 target genes, ultimately triggering cell cycle arrest or apoptosis .
The transcription factor E2 promoter binding factor 1 (E2F-1) can also stabilize p53 by
triggering p144RF expression 168, Various genotoxic factors, such as hypoxia, reactive
oxygen species (ROS), ionizing radiation (IR), UV-light, or chemotherapeutic agents
induce DNA damage, which ultimately triggers p53-dependent DNA repair or cell death
169 In detail, DNA damage induces DNA-dependent protein kinase (DNA-PK), Ataxia
telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR). ATM
activation results in phosphorylation of checkpoint kinase 1 (CHK1) and ATR activation
in phosphorylation of checkpoint kinase 2 (CHK2), which phosphorylate p53 through

their serin/threonine kinase activity 170-172,

A central downstream effect of p53 activation is the induction of apoptosis 173. Mainly
responsible for this process are the p53 targets genes PUMA and NOXA 174, These
genes belong to the BH3-only members of the B-cell ymphoma 2 (Bcl-2) protein family
and induce apoptosis by inhibiting the pro-survival members of the Bcl-2 proteins 17
Thus, the pro-apoptotic effectors BAX and BAK are activated. p53 can also directly
activate BAX 17, This ultimately leads to the formation of the apoptosome, activation
of effector caspases, and the demolition of the cell 173177,

P53-mediated cell cycle arrest is mainly induced via the p53 target gene cyclin
dependent kinase inhibitor 1A (CDKN1A), that encodes for the protein p21 1’8, P53
regulates various checkpoints of the cell cycle, including the transition from G1 to S

phase, M phase entry as well as the G2/M checkpoint 17°. Cell cycle arrest via the p53-
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p21-retinoblastoma (RB) signaling axis prevents the transition from G1 to S phase
180,181 1n detail, activation of p21 via p53 blocks different cyclin/cyclin dependent kinase
(CDK) complexes, amongst others cyclin D — CDK4/6, cyclin A/E — CDK2, and cyclin
B — CDK1, resulting in a hypophosphorylation of the tumor suppressor RB. This
eventually leads to the formation of an RB-E2F complex and the transcription factor
E2F cannot bind to the DNA anymore, resulting in inefficient expression of E2F
regulated cell cycle genes, and ultimately G1 cell cycle arrest 182183 An overlapping
mechanism in inducing cell cycle arrest is the p53-p21-DREAM signaling axis 2.
Activation of p21 leads to the hypophosphorylation of the core proteins p130 and p107,
thereby triggering the formation of the DREAM complex, a transcriptional repressor
with the ability to bind to the E2F as well as the cell cycle genes homology region
(CHR) promoter complexes. Thus, this signaling axis has the ability to regulate cell
cycle associated genes ranging from G1 to M phase 82184 Consistent with the p53-
p21-RB signaling axis, repression of E2F regulated target genes results in G1 arrest,
whereas the inhibition of cell cycle genes regulated by CHR promoter leads to a
blockade in the G2/M phase of the cell cycle 18418 Interestingly, p53 can not only
induce cell cycle arrest, but also senescence, which is a typical response to cellular
stress for example by the induction of DNA damage and activation of ATM 186, By
activating the p53 signaling pathway, thereby triggering p21 expression, which

subsequently leads to the inhibition of CDKs, the cell can also reach a senescent stage
187

Since the main task of the p53 family is to ensure genome maintenance, it is a key
regulator in the activation of DNA damage repair pathways 8. If the DNA damage is
too severe, cell death is initiated. However, if there is a possibility that the cell can
repair the defect, the repair of the DNA is initiated. With this, the p53 family plays a
crucial role in the activation of both single strand break repair (SSBR), as well as the
double strand break repair (DSBR) €°,

Upon DNA damage, ATM and p53 is activated, triggering the expression of the p53
target protein growth arrest and DNA damage-inducible 45 o (GADD45a) 1%,
GADD45a is known to induce cell cycle arrest at the S and G2/M checkpoint, as well
as apoptosis. In addition to that, it was shown that p53 dependent induction of
GADD450 also plays a significant role in activating the repair of damaged DNA 191192,

Figure 5 summarizes the canonical p53 signaling.
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Figure 5: Schematic illustration of p53 canonical signaling. Oncogenic signaling induces p14/ADP-ribosylation factor
(ARF) which inhibits murine double minute 2 (MDM2). E2 promoter binding factor 1 (E2F-1) negatively regulates
ARF and is activated via ARF. MDM2 is a negative regulator of p53 and thus the oncogenic signaling results in
phosphorylation and thereby activation of p53. Distinct factors, such as hypoxia, reactive oxygen species (ROS),
ionizing radiation (IR), UV-light (UV), and chemotherapeutic treatment (Chemo.) induce DNA damage. This induces
DNA-dependent protein kinase (DNA-PK), Ataxia telangiectasia—mutated (ATM), and Ataxia-telangiectasia mutated
and Rad3-related (ATR). ATM activation results induces CHK2, and ATR activation induces CHKZ1, which in turn
activate p53. P53 phosphorylation results mostly in apoptosis, cell cycle arrest, senescence, and DNA repair. The
schematic overview was adapted from 181193194 The jllustration was created with Biorender.com.

The p53 targets discussed above are subject to the canonical p53 signaling. In contrast
to canonical p53 signaling, various cellular processes, such as the tumor
microenvironment, stem cell biology, metabolism, and cell death mechanisms are
regulated via noncanonical p53 signaling °>1%. Depending on the signal and the cell
state, p53 can regulate the cellular metabolism to induce tumor prevention, or in the
case of cancer cells trigger tumor suppression 7. In the instance of tumor prevention,
p53 exerts antioxidant functions, thereby avoiding DNA damage, whereas in the setting

of tumor progression, p53 induces ROS, which ultimately triggers cancer cell death 1.
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Also, various p53 mediated noncanonical cell death mechanisms have been
described, amongst others caspase-independent apoptosis, ferroptosis, necroptosis,
autophagy, paraptosis, pyroptosis, efferocytosis, and mitotic catastrophe 1°°. p53 also
prevents cancer formation in a noncanonical manner by inducing differentiation of stem
cells and suppressing stem cell self-renewal 1%. Moreover, due to the Warburg effect
present in cancer cells, indicating that energy production is shifted towards glycolysis
and not as usual mitochondrial oxidative phosphorylation, they massively rely on the
production of energy in form of ATP via glycolysis 2%. Interestingly, it has been shown
that p53 is able to both directly and indirectly downregulate the glucose transporter 1
(GLUT1), glucose transporter 3 (GLUT3), and glucose transporter 4 (GLUT4). In
addition, TP53-induced glycolysis and apoptosis regulator (TIGAR) is activated. With
this, p53 regulates energy production of cancer cells by suppressing glycolysis,

ultimately slowing down cancer cell growth 196.201,

7.3.3. p53 Family in Cancer
TP53 is the most commonly mutated gene in human cancer, with about half of all
cancer patients harboring an alteration in the TP53 gene 2°2. The majority of these
mutations are missense mutations and lie in the DBD of the TP53 gene 2%3. TP53
missense mutations can be divided into DNA contact mutations, meaning that p53
cannot bind the DNA anymore, and conformational mutations, changing the structure
of the p53 protein 19, TP53 mutations often act as cancer drivers due to the loss of the
crucial tumor suppressor function of p53 204, But interestingly, p53 can not only loose
its tumor suppressor functions by inactivating mutations, but also acquire oncogenic
properties by gain of function (GOF) mutations 2°°. Mutant p53 proteins exert their
oncogenic functions via multiple modes of action 2%, By modifying the direct interaction
between p53 and the DNA, mutant p53 may alter the efficiency of transcription. Another
option is triggering transcription of oncogenic genes by complex formation of mutant
p53 with cofactors and transcription factors. Conversely, mutant p53 can bind
transcription factors, thus suppressing their ability to bind the promoter of crucial tumor
suppressor genes. Also, mutant p53 can directly interact with proteins that are linked
to transcriptional regulation of oncogenes and tumor suppressor genes 297
Interestingly, mutant p53 has the ability to inhibit both p63 and p73, thereby resulting
in cancer growth, invasion, and metastasis 2°°2°7, However, TP63 and TP73 are rarely
mutated in cancers, but rather regulate cancer development and prevention by altered

gene expression 298209 |n general, overexpression of AN isoforms is rather associated
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with a poor clinical outcome, since this type of isoform acts as an oncogene, whereas

downregulation of the TA isoforms tends to correlate with cancer formation 210-212,

The aforementioned mechanisms show that mutations in the TP53 gene are highly
likely to promote cancer development. A good example is the well-known Li Fraumeni
syndrome, in which patients suffer from various cancers already at an early age %3.
The familial clustering of predisposition to cancer formation in these patients is caused
by germline mutations of the TP53 gene 24,

Interestingly, mutant p53 is very rare in melanoma, as studies revealed that 80-95% of
melanoma patients harbor WT p53 expression 25, Nevertheless, about 90% of
melanoma patients show inactivated WT p53 independent of TP53 genetic mutations,
making p53 a potent target to limit melanoma growth 216217 Rather than TP53 genetic
mutations, melanoma cells decrease the p53 activity mostly by overexpressing the

negative regulators MDMD2 and MDM2, or deletions in the p53 activator CDKN2A 18-
220

7.3.4. Pharmacological Modulation of p53 Family Members
Once elucidating the crucial role of p53 in cell homeostasis and thus cancer prevention,
research focused on targeting p53 pharmacologically. Multiple approaches have
shown promising results, amongst others p53 gene therapy, p53 based vaccines,
targeting of p53 family proteins, restoration of mutant p53 to WT p53, elimination of
mutant p53, or inhibition of p53-MDM2 interaction 2?1, A method that has been studied
for a long time is p53 gene therapy. A recombinant human p53 adenovirus tumor gene
is injected into the patients, restoring p53’s tumor suppressor function, thus resulting
in cancer cell death 2?2, Also, activation of the immune system by detecting p53
epitopes on the surface of cancer cells with the help of p53 peptide vaccines results in
p53 mutant tumor cell death 223, Several studies are ongoing focusing on activation of
the p53 family proteins, p63 and p73. Possible treatment options include p63 and p73
activators as anti-cancer drugs in p53 mutated tumors, such as RETRA 2?4 A
promising method to target p53 mutant tumor cells is to interfere with the MDM2-p53
signaling axis 225, By inhibiting MDM2 with a small molecule inhibitor, such as Nutlin-3
or AMG-232, the WT p53 activity can be restored, resulting in cell cycle arrest and
subsequent apoptosis 226227, Multiple MDM2 inhibitors are currently being tested in
clinical trials for the treatment of various cancer types 228, By several molecular

mechanisms, mutant p53 can be therapeutically restored to its WT activity 22223,
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These compounds include p53 reactivation and induction of massive apoptosis-1
(PRIMA-1) and its methylated form PRIMA-1MET which show great antitumor activity
in various p53 mutant cancers, also in clinical trials 231232, Taken together,
pharmacological modulation of p53 by multiple mechanisms showed potent antitumor
activity both in preclinical and in clinical settings.

7.4, DNA Damage Response
Damaged DNA is a physiological situation in cells caused by constant endogenous
and exogenous mutagens, with endogenous caused DNA damages being more
common than exogenous 233, During DNA replication, specific errors generated by the
DNA polymerase (DNA Pol) can be detected and corrected by its 3° - 5’ exonuclease
proofreading function, thus reducing the number of replication-associated errors 234,
Endogenous metabolic processes can generate agents that function as mutagens. For
example, ROS are constantly produced during mitochondrial respiration 235, Cellular
antioxidant defense mechanisms can resolve limited amounts of ROS, however
oxidation of bases by endogenous ROS is a common process in the cell 23,
Physiological methylation of the DNA with the molecule S-adenosylmethionine is
crucial for the regulation of gene expression, but also acts as an endogenous DNA
alkylating agent 2%7. Spontaneous, endogenous hydrolysis by cleavage of the

glycosidic bond results in damaged DNA via the formation of abasic sites (AP sites)
238

Exogenous, environmental conditions, such as physical or chemical effects can also
damage the DNA. Physical factors, as for example irradiation lead to the induction of
reactive species, such as ROS, but can also induce single strand breaks (SSB) or even
double strand breaks (DSB) 2%°. Ultraviolet (UV)-light exposure causes DNA damage
and contributes substantially to the emergence of melanoma and other skin cancers
240 Via a photochemical reaction, high-energy UV-B radiation creates photoproducts,
such as cyclobutane pyrimidine dimers (CPDs), which are covalent bonds between
consecutive bases along the nucleotide chain, thus modifying the DNA helix
conformation 24, Alkylating agents can arise from tobacco smoke and commonly
methylate the N-7 position of guanine (G), forming N-7-methylguanine (N-7-MeG)
adducts, or methylate the N-3 position of adenine (A), forming N-3-methyladenine (N-
3-MeA) 242, Unlike the non-cytotoxic N-7-MeG, N-3-MeA is very mutagenic and causes

many A-to-T transversions 243, Exogenous crosslinking agents include for example
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platinum-based chemotherapeutics, such as cisplatin, which form inter- and intrastrand
crosslinks, mitomycin C (MMC), which produces interstrand crosslinks, or
formaldehyde, which causes DNA-protein crosslinks 244245, Polycyclic aromatic
hydrocarbons (PAHSs), found in tobacco smoke and other sources, are known to induce
DNA adducts and trigger the production of ROS 246, Aromatic amines, for example
aflatoxin B1 produced by some Aspergillus strains, cause DNA adducts, as well as
SSB after being activated by Cytochrome P450 246-248,

In general, DNA damage can lead to cell death, however, unrepaired DNA mutations
that activate oncogenes or inactivate tumor suppressor genes can also result in
carcinogenesis. Thus, it is crucial for the cell to preserve genomic integrity by using
various molecular mechanisms to repair the DNA damages caused by endogenous or

exogeneous mutations 24°,

7.4.1. DNA Repair Pathways
In general, the DNA repair pathway can be divided into the repair of single strand
damages, including DNA mismatch repair (MMR), base excision repair (BER),
nucleotide excision repair (NER), SSBR, and the repair of double strand damages,
including HDR and NHEJ 246,

7.4.1.1. DNA damage response

The DNA damage response (DDR) is a complex consisting of various sensors,
transducers, and effectors, deciding the fate of the cell. The DDR can either initiate the
repair of the damage via specific DNA repair pathways, or guide the cell into cell death
250 ATM, ATR, and DNA-dependent protein kinase, catalytic subunit (DNA-PKcs)
show high structural similarities and are crucial for the DDR. ATM is activated by the
Mrel1l-Rad50-Nbsl (MRN) complex in response to DSB which are to be repaired via
homologous recombination repair (HRR), whereas DNA-PKcs shows Ku-dependent
activation upon DSB which are to be repaired via non-homologous end joining (NHEJ).
Single strands resulting from single SSB are quickly coated by replication protein A
(RPA), which then recruit ATR, enabling SSBR 2.

7.4.1.2. Repair of Single Strand Damages
7.4.1.2.1. DNA Mismatch Repair
MMR is a post replicative DNA repair mechanism correcting errors that occurred during
the replication process and escaped the proofreading function of the DNA-Pol. These

errors mainly include base mismatches, but also strand slippage errors leading to
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insertion-deletion mismatches 2°2. In humans, MutS homolog 2 (MSH2) forming a
heterodimer with either MutS homolog 6 (MSH6) or MutS homolog 3 (MSH3),
recognizes the base mismatch. MutL homolog 1 (MLH1) forming a heterodimer with
either MutL homolog 3 (MLH3), PMS1, or PMS2 activates the mismatch repair
machinery. A proliferating cell nuclear antigen (PCNA) and replication factor C (RFC)
dependent endonuclease inserts a nick in the DNA, which allows exonuclease 1
(EXO1) to perform further excision. DNA Pol ¢ fills the gap, which is then closed by the
Ligase | 23,

7.4.1.2.2. Base Excision Repair

BER is capable to correct minor damages in the DNA, such as small base lesions
caused by endogenous or exogenous factors leading to oxidation, deamination, or
alkylation of bases 2°*. In detail, the BER process begins with a DNA-glycosylase,
which locates the modified base and subsequently cuts the N-glycosyl bond at this site,
thereby creating an AP site by a missing base. An apurinic endonuclease (APE1)
further cleaves at the AP site causing overhangs. The DBD of poly (ADP-ribose)
polymerase 1 (PARP1) then binds to the damaged DNAZ2%5, With the binding of
nicotinamide adenine dinucleotide (NAD)* to the NAD* binding pocket of PARP1,
proteins of the BER complex are poly-ADP-ribosylated and thereby recruited to the
DNA damage. Poly-ADP-ribosylation (PARylation) of PARPL1 itself (also called auto-
PARylation) negatively charges the molecule, leading to its dissociation from the DNA
256,257 The polymerase (Pol) then bound at the overhang inserts the missing base(s),
and lastly the DNA-ligase Ill complexed to X-ray repair cross complementing 1
(XRCC1) rejoins the gaps created 28, The BER system can replace a single base,
referred to as short-patch BER, or substitute at least two bases, nhamed long-patch
BER 2%,

7.4.1.2.3. Nucleotide Excision Repair
NER repairs more complex DNA damages, such as bulky, helix distorting DNA lesions.
They are mainly induced by CPDs from UV-irradiation or chemical agents, such as
PAHs or cisplatin 260, Recognition of the DNA damage, which is to be repaired by NER
can be divided into global genome repair (GGR) and transcription coupled repair
(TCR). GGR detects DNA damage in an actively transcribed gene, while GGR repairs
defects throughout the genome, regardless of the transcription status 26!, TCR is
promoted by RNA Polymerase Il (RNAPIIo), which remains attached to the damaged
DNA. The Cockayne syndrome protein B (CSB) interacts with the RNAPIlo and recruits
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the Cockayne syndrome protein A (CSA) complex. This in turn triggers the recruitment
of XAB2 and HMGN1, which are critical for chromatin remodeling, leading to cleavage
of the nascent mMRNA by the RNAPIIo so that the transcription can continue after the
damage is repaired 252, In GGR, the damage is recognized by damaged DNA binding
protein 2 (DDB2) and damaged DNA binding protein 1 (DDB1), which in turn is
detected by xeroderma pigmentosum group C (XPC) complexed with HR23B and
centrin 2 (CETNZ2) 263, After the recognition of the DNA damage site, both subtypes of
the NER proceed in the same way. Xeroderma pigmentosum group B (XPB) and
xeroderma pigmentosum group D (XPD), part of the multiunit complex transcription
factor IIH (TFIIH), bind to the damage and unwind the DNA to form a bubble. RPA bind
the single-stranded DNA (ssDNA) on the opposite side of the damage to prevent the
strand from degradation, while XPC is released from the DNA. Next, XPA binds near
the 5’ position of the DNA bubble, and both xeroderma pigmentosum group G (XPG)
and excision repair cross-complementation group 1 (ERRC1)-XPF associate with the
TFIIH complex. XPG and ERCC1-XPF now incise into the DNA at their specific
positions. Then, DNA Pol § or ¢ recruits the helper proteins PCNA as well as RFC and
synthesizes the new DNA strand. Lastly, either Ligase | or Ligase Illa-XRCCL1 religate
the DNA strands 254,

7.4.1.2.4. Single Strand Break Repair
SSBR can be activated by direct SSB, such as sugar damages, or by indirect SSB, like
for example AP sites 25, Also, DNA topoisomerase 1 (TOP1) can trigger SSB 256, The
SSBR can be classified into long patch SSBR, short patch SSBR, and TOP1-SSBR
246 |n the long patch SSBR, PARP1 recognizes the SSB and activates its poly-ADP-
ribosylation activity, recruiting key SSBR proteins 267, Next, APE1, polynucleotide
kinase 3'-phosphate (PNKP) and aprataxin (APTX) perform end resection, and FEN1
creates a ssDNA gap by removing the damaged 5'-terminus. The gap is then filled with
the help of Pol B, Pol 6, and Pol ¢ and ligase | with the helper proteins PCNA and
XRCC1 joins the DNA strands. SSB that need to be repaired via the short patch SSBR
are generated during BER. APE1 detects the SSB, and the end processing is
performed in the same way as for the long patch SSBR. Pol f fills the gap and ligase
3 religates the DNA strands 2%8. As already mentioned, TOP1 can trigger SSB that
must be repaired via TOP1-SSBR. In detail, the process is similar to the PARP1-
dependent long patch SSBR, with one major difference. The end processing is

conducted by the tyrosyl-DNA phosphodiesterase 1 (TDP1) that can remove the
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trapped TOP1 from the 3’ end of the DNA. Gap filling and re-ligation works in the same
way as in long patch SSBR 2%°. In Figure 6 MMR, BER, NER, and SSBR are graphically
summarized. The similarities and differences between MMR, BER, NER, and SSBR

are illustrated in Figure 6.
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Figure 6: Graphical representation of the repair of single strand damages. DNA mismatch repair (MMR) repairs
replication errors. Base excision repair (BER) corrects base mismatches induced by, e.g., alkylation, deamination,
or oxidation. Nucleotide excision repair (NER) corrects bulky lesion induced by, e.g., UV light, polycyclic aromatic
hydrocarbons (PAH), or platinum-based chemotherapeutics. Single strand break repair (SSBR) corrects single
strand breaks that are directly or indirectly induced. All repair pathways can be subdivided into recognition of error,
repair, and re-ligation. The illustration was created with BioRender.com.

7.4.1.3. Repair of Double Strand Damages
DSB are even more toxic to the cell than SSB and can be divided into one-ended and
two-ended DSB 27°. For example, irradiation induces two-ended DSB, whereas the
replication of a SSB can result in a one-ended DSB 271, The DSBR is a very complex

mechanism and can be performed by homology directed repair (HDR) or NHEJ 249,

7.4.1.3.1.

HDR is an overarching term for all DSBR pathways using homologous sequences to

Homology Directed Repair

repair the damage in a very precise way. This includes HRR, synthesis-dependent
strand annealing (SDSA), break-induced recombination (BIR), and single strand
annealing (SSA) 272. All HDR pathways must undergo an initial end resection to allow
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efficient repair. For this, the MRN complex gets activated upon DNA damage. Mrell
has a ssDNA endonuclease activity, as well as a double strand DNA (dsDNA)
exonuclease activity, and Rad50 and Nbs1 enhance its function. Next, ATM and CtIP
are recruited to the DNA damage 273274, The initiation of the end resection is then
completed and a short 3' ssDNA overhang is formed, that is of great importance for
the extension of the end resection, which is indispensable for HDR. EXOL1 is the major
protein and indispensable for extensive end resection, as is it able to generate large
overhangs 2°. The protein DNA2 harboring a ssDNA endonuclease activity combined
with the helicase activity of the bloom-syndrome-protein (BLM) and the Werner
syndrome ATP-dependent helicase (WRN) further mediate end resection. RPA coating
of the ssDNA strand is of major importance for helicase activity of BLM to facilitate

extended end resection 276278,

The most important HDR pathway is HRR. Since it requires a template in form of the
sister chromatid to repair the break, HRR can only be performed when the sister
chromatids are in close proximity to each other, namely in the S and G2 phases of the
cell cycle 279280, The 3’ tail that is generated by end resection invades the intact
homologous sequence and forms a heteroduplex with the sister chromatid. In detalil,
breast cancer 1 (BRCAL) is both crucial for the end resection by colocalization with the
MRN complex and loading of the Rad51 recombinase to promote HRR. Partner and
localizer of BRCA2 (PALB2) is recruited by BRCAL to the 3’ overhang, which in turn
recruits breast cancer 2 (BRCA2), essential for binding of Rad51 to ssDNA 281, With
the activation via ATP, Rad51 proteins displace RPA at the 3’ tail and coat the ssSDNA,
termed the presynaptic filament. This allows the homology search to be initiated and a
synaptic complex is formed by short base-pairing between the invaded 3’ tail and the
ssDNA of the homologous sequence. By displacing the second strand of the sister
chromatid so that the Rad51 coated 3’ tail can enter and form a heteroduplex with the
complementary strand, the so-called D-loop is created 282, The DNA sequence that
was lost due to the double-strand break and subsequent end resection can now be
restored by the DNA Pol. To ensure the recovery of the entire sequence, the just
created Holliday junction needs to migrate. For the branch migration, Rad54, a helper
protein of Rad51 steps in 282, RFC, PCNA, and DNA Pol § mainly mediate extending
the D-loop. Unwinding the heteroduplex with a helicase disrupts the D-loop and frees
the newly synthesized, invaded ssDNA. To avoid degradation, RPA coats the ssDNA
and as a last step, Rad52 anneals the matching strands 224,
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In SDSA the D-loop formation is followed by the synthesis of only a short DNA
sequence and immediate reannealing with the other end of the DSB 28°. Thereby,
SDSA always results in non-crossover products, making this repair mechanism highly

attractive for somatic cells 286,

BIR is a pathway that repairs one-ended DSB. These errors occur for example, if
accidentally replication is not stopped, even if there is a DNA lesion, which ultimately
results in replication fork collapse 287-28%, Since BIR copies the entire distal part of the

chromosome, it always results in a translocation or a loss of heterozygosity (LOH) 2%,

Unlike the above presented HDR pathways, SSA does not require strand invasion of
the homologous sequence, but only repairs damages with direct repeats flanking the
DSB. SSA is therefore independent of Rad51 2722°1, Upon end resection, ERCC1
complexes with XPF and is responsible for cleavage of the 3’ ssDNA tails coated with
RPA. Rad52 then binds the DNA and promotes the annealing of the matching single
strands 2°2. The cleavage and the immediate rejoining leads to deletion mutations of

these direct repeats. Thus, the SSA pathway leads to deletion mutations 2%,

7.4.1.3.2.  Non-Homologous End Joining
In comparison to HDR, NHEJ does not require a homologous sequence to repair the
DSB, but directly religates the broken ends. With this, NHEJ is a very error prone
mechanism and is therefore a major source of genomic instability 2%4. In general, NHEJ
can be divided into classical NHEJ (cNHEJ) and alternative NHEJ (aNHEJ) 2%. In
detail, in cNHEJ, a Ku heterodimer consisting of Ku70 and Ku80 bind the DNA ends at
the damage and protect them from resection 2°6. Next, DNA-PKcs binds the damaged
DNA and phosphorylates crucial substrates, such as Artemis. The activated
endonuclease Artemis performs short resection to provide the necessary ssDNA ends
for ligation 2°7. Finally, a complex of X-ray repair cross complementing 4 (XRCC4),
ligase IV, and XRCC4-like factor (XLF) religate the gap between the two matching DNA
ends 2%, In comparison to the cNHEJ pathway, where no end resection is needed, the
mechanism of aNHEJ, which is also referred to as microhomology mediated end
joining (MMEJ) requires initial end resection in a manner that is similar to HDR 272,
Interestingly, MMEJ is independent of Ku, and PARP1 competes for DNA binding with
Ku proteins to enable MMEJ 2%°. Next, the microhomologous regions are annealed,

resulting in heterologous 3’ flaps, which are then removed by the XPF/ERCC1
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complex. Together with the cofactor XRCC1, ligase 3 and ligase 1 finally join the DNA

strands 300301

The decision whether to repair the defect via HRR or cNHEJ is determined by the end
resection, which is only activated when the cells are in S or G2 phase of the cell cycle,
thus ensuring that the homologous sequence needed as a template is in spatial

proximity 392, The DSBR is summarized in Figure 7.
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Figure 7: Schematic overview of the repair of DSBR. The DNA double strand break repair (DSBR) can be divided
into homology directed repair (HDR) and non-homologous end joining (NHEJ). When HDR can be further separated
into homologous recombination repair (HRR), synthesis-dependent strand annealing (SDSA), break induced
replication (BIR) and single strand annealing (SSA). NHEJ can be further divided into alternative NHEJ (aNHEJ)
and classical NHEJ (cNHEJ). The illustration is adapted from 272 and was created with BioRender.com.

7.4.2. DNA Damage Repair in Tumor Predisposition Syndromes
Aberrant DDR can lead to genomic instability and patients harboring defects in DNA

repair pathways are frequently predisposed for various cancers 20303,

For instance, defects in the MMR pathway are connected with high microsatellite
instability (MSI) i.e. short tandem repeats (STR), and frequently lead to colorectal
cancer 3%, Lynch syndrome (LS) is a genetic disorder that harbors mutations in MMR-
associated genes, making patients likely to develop tumors 3%, Loss of function (LOF)
mutations in the BER-associated gene MUTYH also predisposes patients for colorectal
cancer and is termed MUTYH-associated polyposis (MAP) 3,

Xeroderma pigmentosum (XP) and Cockayne syndrome (CS), diseases associated
with defective DDR, are caused by different mutations in key genes of the NER

pathway 397, The disorders are linked to developmental delay and accelerated ageing,
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and most importantly, high risk of skin cancer development 3%, Protection from sunlight
is crucial for these patients, since they cannot repair UV-irradiation induced DNA

damages 3°°.

Ataxia telangiectasia (AT) is a DDR deficiency caused by LOF mutations in the ATM
gene. The mutation in ATM leads to inefficient DDR of DSB 310, Patients suffer from
cerebellar degeneration, and are very susceptible to cancer development, primarily
hematological tumors, as well as radiation 3!'. Mutations in at least 20 DNA repair
genes resulting in the inability to repair interstrand crosslinks give rise to Fanconi

anemia (FA), a disease linked to bone marrow failure and cancer susceptibility 312313,

Mutations in BRCA1/BRCA2 genes causing inefficient BRCA1/BRCA2 activity
sensitizes especially female patients to breast, ovarian, fallopian tube, peritoneal, and
other cancers 34, The BRCA1/BRCA2 susceptibility results in inappropriate error-free

DSBR during S and G2 phase, which ultimately leads to chromosomal instability 315,

BRCALl-associated protein-1 (BAP1) is a tumor suppressor that is involved in the DNA
damage repair via HRR 316, The BAP1 tumor predisposition syndrome (BAP1-TPDS)
is a hereditary cancer syndrome, where patients have germline mutations in the BAP1
gene, predisposing them to various malignancies, amongst others uveal melanoma,
cutaneous melanoma, renal cell carcinoma, and malignant mesothelioma 37
BAP1-TPDS is associated with very aggressive cancers and early disease onset 318,
Around 40% of patients with uveal melanoma show a mutation in the BAP1 gene and
in more than 80% of metastatic uveal melanoma cells a BAP1 mutation could be

detected 319,

Taken together, this paragraph shows that mutations causing ineffective DNA damage
repair in any of the DNA repair pathways promote tumorigenesis by increasing

genomic instability.

7.4.3. DNA Repair Pathways Involved in Melanoma Progression
Consistent with the above-mentioned importance of maintaining genomic stability to
prevent cancer development, DNA repair defects are known to promote melanoma

progression.

As discussed in section 7.4, melanoma is often induced by UV-associated DNA
damage, that need to be repaired via NER 24°260, Thus, mutations leading to defective

NER machinery have been shown to increase melanoma progression, since the cell is
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unable to fix the UV-induced DNA damage 32°. Also, many melanoma patients harbor
mutations in the HRR leading to an HRD, ultimately causing genomic instability and
thereby cancer development. Studies show that the frequency of HRR mutations in

melanoma patients is as high as 18%-41% 321,

On the other hand, an overexpression of DNA repair genes was shown to be
associated with higher metastatic potential, relapse, and decreased overall survival in
melanoma patients 322325, Activation of the DNA repair machinery is associated with
genomic stability throughout the entire genome, ensuring a complete genetic
repertoire, and with this the capacity of melanoma cells to invade and metastasize 326.
Massive DNA damage repair is additionally associated with higher resistance to
chemotherapeutic or radiotherapy, as the DNA damage induced can be efficiently
repaired. This might be one reason, why many metastatic melanomas show increased
resistance to chemotherapeutic or radiotherapeutic treatment 322, Interestingly, Makino
et al. showed that upon MAPK:i resistance, melanoma cells express reduced NER gene

expression, sensitizing these cells to the chemotherapeutic treatment cisplatin 327,

However, it can be summarized that the DNA repair machinery is not well studied in
melanoma. Therefore, it is of main importance to further unravel the role of the DNA

repair machinery in melanoma progression and therapy resistance.

7.4.4. Targeting DDR as an Anti-Cancer Therapy
7.4.4.1. Chemotherapy and Radiotherapy

In general, chemotherapeutic agents act by inducing DNA damage and thereby
particularly targeting rapidly dividing cells, such as cancer cells 28, In the following, the

most prominent groups of chemotherapeutics as anti-cancer agents will be discussed.

Platinum-based chemotherapeutics, such as cisplatin or carboplatin mediate cancer
cell toxicity by forming complexes with the DNA via binding of platinum to the N’
position of purine bases, thereby producing intrastrand crosslinks. In addition,
platinum-based therapeutics can also induce interstrand crosslinks, but to a lesser
extent 32, The damages caused in this way must be repaired via NER and to a minor
degree via MMR, and unrepaired platinum-DNA adducts lead to cancer cell death 3%,
Specific side effects promoted by platinum-based drugs include amongst others

nephrotoxicity, myelosuppression, as well as neurotoxicity 331332,
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Nucleoside analogues are chemotherapeutic agents applied both for solid and
hematological cancers 333, They act by mimicking nucleosides and can therefore be
incorporated into the DNA strand during replication instead of the endogenous bases
334 The integration of nucleoside analogues into the replicating DNA leads to stalled
replication forks, thereby activating checkpoints for either cell cycle arrest or the repair
of the DNA damage 3.

As abovementioned, alkylation of DNA results in cross bridges in the DNA, that disturb
the helical structure. Alkylating agents act precisely by this molecular mechanism and

thereby promote cytotoxicity to fast dividing cells, such as cancer cells 336,

The severe adverse events of chemotherapeutic agents caused by a high systemic
toxicity limit their use as anti-cancer therapeutics. The side effects are mostly directed
against rapidly proliferating tissues such as the mucous membranes of the mouth and
stomach, leading to gastrointestinal problems, against the bone marrow, leading to

decreased blood cell production, and also against the hair follicles, leading to hair loss
337

Radiotherapy is based on the principle that irradiation induces DSB, the most toxic
form of DNA damage as described before 3. The inability to repair the DSB or the
excess of DSB causes cell cycle arrest and subsequent apoptosis to avoid genomic
instability 3%°. Targeting the DDR machinery with specific inhibition of major DDR

proteins is a way to further sensitize cancers cells to radiation therapy 34°.

7.4.4.2. PARPIi Therapy
Due to the massive off-target effects of classical chemotherapeutic agents, substantial
research has been carried out to exploit specific interactions between cancer cells and
the DNA damage repair. This should specifically target cancer cells and reduce the
side effects on normal tissue. With this, the FDA and EMA approved PARP inhibitors

(PARPI), the first anti-cancer therapeutics to directly target the DNA damage repair 341,

PARP1 and to a lesser extend PARP2 and PARP3 play a central role in BER, since
they can detect and bind to SSB, as described in section 7.4.1.2.2.

After binding of the SSB, PARP performs PARylation with the help of NAD®,
transferring several ADP-ribose groups onto the acceptor protein, thereby enabling
posttranscriptional modification of acceptor proteins 342343, PARP can auto-PARylate

itself, resulting in dissociation from the damaged DNA so that the SSB can be repaired
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by the recruited proteins and PARP can detect and bind to the next SSB 344, Auto-
PARylation of PARP also enables XRCC1 to bind to the SSB, which is indispensable
for SSBR via BER 3%,

PARPi are NAD* analogues that fit into the NAD* binding pocket of PARP and thereby
competitively bind to PARP 346, Binding of a PARPI to PARP prevents the PARylation
activity of PARP resulting in the inability to repair the SSB via BER. Interestingly,
knockout of PARP compared to PARPI treatment has been shown not to cause the
same level of cytotoxicity to cells 347. The inability of NAD* to bind in the binding pocket
of PARP does not only result in ineffective BER, but the non-functional auto-PARYylation
results in PARP trapped on the damaged DNA, also referred to as PARP trapping.
Consequently, PARP can no longer dissociate from the DNA, which ultimately leads to
replication fork collapse or blocking replication fork reversal 348:34°, The resulting DSB
poses a strong cytotoxic effect to the cell and must now be repaired via HRR or NHEJ,
otherwise the cell dies 3°°, PARPi can bind to the NAD* binding pocket and thereby
inhibit PARP1 and PARP2 347,

PARPI in a physiological setting show limited cytotoxicity to cancer cells, however, in
cancers cells lacking efficient HRR by genetic mutations, PARPI treatment results in
massive cancer cell killing. This effect is referred to as synthetic lethality 3%1. When
cells are deficient in HRR, the DSB induced by PARPI treatment is either repaired with
the error prone NHEJ mechanism, or cannot be repaired, leading to cell death induction
in either case. Tumors with a mutation in either BRCA1/BRCA2, or tumors expressing
so called BRCAness, sharing features of BRCA mutated tumors, i.e., ineffective HRR,
are therefore particularly sensitive to PARPI therapy °2. Inactivating mutations of the
following genes have shown to contribute amongst others to an HRD: ARID1A, ATM,
ATRX, BAP1, BARD1, BLM, BRCA1/2, BRIP1, CHEK1/2, FANCA/C/D2/E/F/GIL,
MRE11A, NBN, PALB2, RAD50, RAD51, RAD51B, and WRN 353, Moreover, a HRD
score has been created, including 3 factors, which predicts the level of HRD, and
thereby can forecast the sensitivity of a patient to PARPI therapy. It includes a LOH
score, a telomeric allelic imbalance (TAI) score, as well as a large-scale state transition
(LST) score. The higher these values, which correlate with the degree of impaired DNA
double strand break repair, the higher the expected sensitivity to PARPI therapy 354-3%6,

The molecular mechanism of PARPI therapy on cancer cells is depicted in Figure 8.
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Figure 8: Schematic illustration of the molecular mechanism of PARPI toxicity. Above the dashed line: Role of poly
(ADP-ribose) polymerase (PARP) in single strand break repair (SSBR) via base excision repair (BER). Under the
dashed line: Mechanism of PARP inhibitor (PARPI) therapy, PARP trapping effect and the role of homologous
recombination repair (HRR) in PARPI toxicity. PARPI therapy suppresses the poly-ADP-ribosylation (PARylation)
process of PARP, which results in trapped PARP on the DNA, leading to stalled replication forks and the induction
of double strand breaks (DSB). In a HRR proficient setting, the DSB can be repaired, however, in a HRR deficient
setting, the DSB is not repaired, resulting in cell death. The illustration was created with BioRender.com.

Although PARPI have specific effects compared to chemotherapeutic agents, they still
show side effects that can vary widely between the different PARPi. Common adverse
events include hematological toxicities, mainly anemia, renal defects causing

increased creatinine concentrations, nausea, or fatigue 3.

Olaparib (tradename Lynparza) was the first PARPI to be approved by the FDA and
is also approved by the EMA for the treatment of high grade ovarian, fallopian tube and
peritoneal cancers, with initial sensitivity to chemotherapeutic treatment and/or HRD
positivity 358359 |n addition, it is used for the treatment of HER2-negative breast cancer
with BRCAL or BRCA2 gene mutations, as well as for the management of BRCAL1 or
BRCA2 mutated metastatic pancreatic cancer. Olaparib is also used in metastatic
castrate resistant prostate cancer (NCRPC) patients with no response to castration
and with BRCA1l or BRCA2 gene mutations or without the possibility of
chemotherapeutic treatment 3%°. Olaparib has shown effective antitumor efficacy in

combination with for example the vascular endothelial growth factor (VEGF) inhibitor
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bevacizumab in HRD positive ovarian cancer patients, or with abiraterone plus

prednisone/prednisolone in HRD positive mMCRPC patients 360.361,

Rucaparib (tradename Rubraca) is approved by the EMA for the treatment of high
grade ovarian, fallopian tube, and peritoneal cancers either as a maintenance therapy
in patients responding to platinum-based chemotherapeutics, or for patients that do no
longer respond to platinum-based chemotherapeutics and at best show a
BRCA1/BRCA2 gene mutation 362363,

Niraparib (tradename Zejula) is approved by the EMA for the treatment of advanced
ovarian, fallopian tube, and peritoneal cancer patients who have either responded to
platinum-based chemotherapy or whose cancer has relapsed after initial sensitivity to

platinum-based chemotherapeutic treatment 364,

Talazoparib (tradename Talzenna) is approved by the EMA for the treatment of HER2-
negative BRCA1/BRCA2 mutated breast cancer patients whose tumors have spread
from the primary site, who show previous therapy resistance or when other treatments
are not suitable 365, Compared to the other EMA approved PARPI, talazoparib shows

significantly higher antitumor efficacy due to a much higher PARP trapping effect 36,

According to various reports including different cohorts, the frequency of mutations in
the HRR pathway in melanoma patients is as high as 18-41% 367, After promising in
vitro and mouse in vivo data suggesting that PARPi might be an effective treatment
option for melanoma patients, several clinical trials have been and are still being
conducted in which PARPI are studied either as monotherapy or as a combination
therapy 321, The results of initial clinical trials using PARPi in melanoma patients did
not look promising, but this was due to the fact that all patients were included,
regardless of their HRD status. Now, several clinical trials include melanoma patients
with HRD positive cancers to evaluate PARPi either as a monotherapy or in
combination with immunotherapeutic agents, such as Nivolumab or Pembrolizumab
(NCT03207347, NCT03925350, NCT04633902, NCT05482074, NCT04187833,
NCT05169437).

Interestingly, preclinical, and clinical investigations of PARPI therapy in combination
with other anti-cancer drugs are currently underway. In these studies, PARPi were
mostly combined with chemotherapy, radiation therapy, targeted therapy, or with

immunotherapeutic agents 368,
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8. Aim of the Thesis

Because of the high mortality of advanced melanoma patients, mostly due to limited
therapy options and resistance mechanisms to anti-cancer therapeutics, the overall
aim of this study was to improve the therapy of melanoma patients by understanding
the molecular mechanisms of targeted therapy resistance and deciphering ways to
overcome this. Our goal was to unravel the complex interplay of the p53 family
members and to enhance the comprehension of the crucial role of the DNA damage

response in melanoma therapy.
The specific aims for the included publications were the following:

Accepted Publication I: The aim of this publication was to (I) assess the impact of
the p53 target p21 in the sensitivity to MDMZ2i and to (Il) investigate the role of MDM2i
sensitivity in the response to targeted therapy. Also, the goal of this publication was to
(111 understand the interplay between p53 and its family member p73 in melanoma

cells.

Accepted Publication Il: The aim of this publication was to (I) assess the role of the
BRAFi sensitivity status to PARPI responsiveness and to (II) understand the molecular
mechanism behind the elevated sensitivity of BRAFi resistant melanoma cells to
PARPI therapy. Also, the goal of this publication was to (lll) study the role of the p53
family in PARPI associated melanoma cell death and to (IV) decipher the synthetic
lethal interaction underlying the combinational therapy of MAPKi and PARPI treatment

in melanoma cells.

Submitted Publication I: The aim of this publication was to (I) understand the role of
PARP1 as a predictive biomarker for PARPi therapy response and to (ll) asses the
expression of PARP1 in melanoma samples and non-malignant skin cells. Also, the
goal of this publication was to (lll) unravel the role of PARP1 in the progression of

melanoma samples as well as the overall survival of melanoma patients.
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9. Results and Discussion

Given the constraints imposed by the emergence of MAPKI resistance, the
investigation of alternative therapies capable of overcoming this challenge became the
central focus of the thesis. The aim was to explore and assess potential solutions that
could effectively address MAPKIi resistance and expand the therapeutic options
available to melanoma patients (see section 7.2.4.4 and 7.2.4.5) 8385,

9.1. Relevance of MDM2 Inhibitor Treatment in Melanoma

Therapy
Even though TP53 is the most commonly mutated tumor suppressor gene in human
cancers, up to 80% of melanoma patients express WT p53 (see section 7.3.3) 202215,
Surprisingly, however approximately 90% of melanomas show inactivated p53 function
due to factors, such as deletions in the CDKN2A locus or the overexpression of MDM2,
a negative regulator of p53 activity (see section 7.3.2 and 7.3.3) 165216-220 The rationale
of targeting p53 in cancer cells is to restore its WT activity, thereby inducing cell cycle
arrest via the p53-p21 axis, and also triggering the activation of p53-dependent
apoptosis (see section 7.3.4) 173179 Based on these observations, we hypothesized
that despite the absence of TP53 mutations and because of the high frequency of
overexpression of MDM2 in melanoma patients, MDM2i therapy could be a beneficial
treatment strategy for this patient group. Additionally, we explored the potential

interplay between MAPKi and MDM2i, particularly in MAPKi resistant melanoma cells.

9.1.1. CDKN1A/p21 Levels Correlate with MDM2 Inhibitor Sensitivity
To assess the potential role of MDM2i in melanoma therapy, we used a diverse set of
cell lines with WT p53, mutant p53 leading to a partial functionality of p53, and mutant
p53 resulting in non-functional p53 activity. We could show that MDMZ2 inhibition via
Nutlin-3 or AMG-232 treatment reduced the cell viability in a dose-dependent manner
(Accepted Publication I, Figure 1A and 1B). This goes in line with previous publications,
showing that p53 rescue by MDM2 inhibition suppresses melanoma cell growth in a
large cohort of melanoma samples including patient derived xenograft (PDX) models
369370 We found that while some melanoma cell lines responded well to MDM2i
treatment, others had a much lower sensitivity. This allowed us to split the different
melanoma cells into two groups: MDMZ2i sensitive and MDM2i resistant. Interestingly,
the MDM2i sensitivity status did not correlate with the TP53 mutational status
(Accepted Publication 1, Table 1). Several other publications rejected the common
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assumption that the TP53 mutational status determines the sensitivity to MDM2i and
thus investigated in alternative predictive biomarkers to forecast the MDM2i response
rates 3’4372 In addition, no clear association between the TP53 mutational status and
p53 transcript expression could be determined, suggesting that altered p53 activity in
melanoma cells is independent of the p53 mutational status 373

We therefore checked for other p53 targets, that might have an influence on MDM2i
sensitivity. We found that the basal gene expression of CDKN1A, and in line with this
the basal protein expression of p21, was elevated in MDMZ2i sensitive compared to
MDMZ2i resistant cells (Accepted Publication I, Figure 1C and 1D). It is well known that
p21 mediates p53-induced G1 cell cycle arrest, thereby ultimately triggering cell death
(see section 7.3.2) 182183374375 |nterestingly, we discovered that treatment with
Nutlin-3 exclusively in MDM2i sensitive melanoma cell lines resulted in a massive
increase in p21 protein levels (Accepted Publication I, Figure 2C). Consistent with that,
additional publications revealed that MDM2i therapy enhances p21 expression leading
to p21-mediated cell cycle arrest and subsequent apoptosis 376377, In contrast, in
MDM2i resistant cell lines, no p21 protein expression was triggered, causing less

cancer cell killing (Accepted Publication I, Figure 2C).

In recent years, it has become increasingly clear that p21 can also be regulated and
induced independently of p53 to exert its tumor suppressor functions 37837°, However,
when p21 is present in the nucleus, it may exert oncogenic functions, such as activation
of proliferation and migration 3. A study showed that p53-independent upregulation
of p21 in the initial phase acts as a senescence inducer, but the remaining proliferating
p21 expressing cells tend to act more oncogenic by increasing genomic instability,
thereby promoting aggressiveness and chemoresistance of these tumor cells 3. This
suggests that the particularly aggressive and thus difficult-to-treat melanoma cells that
express high levels of p53-independent p21 may benefit from the treatment with
MDM2i.

Taken together, we suggest that irrespective of the TP53 mutational status, high p21
levels emerge as a critical determinant for a favorable response of melanoma cells to
MDM2i treatment. These findings not only underscore the significance of p21 in
therapeutic outcomes but also shed light on potential strategies for enhancing the

efficacy of MDM2i therapy in melanoma patients.
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Interestingly, we did not see significant differences in MDM2i sensitivity between
MAPKIi sensitive and BRAFi resistant melanoma cells, suggesting that the BRAFi
resistance status is not decisive for the MDM2i sensitivity status (Accepted Publication
I, Figure 1A and 1B). Therefore, we propose that melanoma patients suffering from
BRAFi resistance, and thus have limited targeted therapeutic options, may profit from
MDM2i treatment.

9.1.2. MDM2 Inhibitor Treatment Increases BRAF Inhibitor Sensitivity
Since the aim of this study was to find effective treatment options for BRAFi resistant
melanoma patients, we were interested in whether MDM2i could potentially enhance
the response to BRAFi therapy in BRAFi resistant melanoma cell lines. Interestingly,
compared to the single treatment, combined treatment with BRAFi and MDM2i
decreased the cell viability of MDM2i sensitive cell lines in a synergistic manner
(Accepted Publication I, Figure 2A and 2B). This goes in line with a variety of previous
other publications stating that MDM2i treatment potentiates BRAFi therapy in
melanoma 369:370.382-:384  promising results also show that a large number of clinical
trials focus now on the combination of MAPKi plus MDM2i therapy in melanoma
patients. The combination showed marked improvement in response rates, PFS, and
OS which were superior to BRAFi treatment alone and in addition, side effects

associated with the development of MAPKi resistance were lower 3.

However, only an additive effect of combined BRAFi and MDM2i therapy was achieved
in MDM2i resistant cells (Accepted Publication |, Figure 2A and 2B). The combined
treatment induced the p53 targets CDKN1A, MDM2, and BAX in MDM2i sensitive cells
(Accepted Publication I, Supplementary Figure 1A and 1B). Surprisingly, the single
MDM2i therapy as well as combined BRAFi plus MDM2i treatment resulted in a
massive induction of p21 solely in MDM2i sensitive cells (Accepted Publication I,
Figure 2C). Another study showed similar results, proving a clear induction of p21 and
further p53 target genes after MDM2i treatment in melanoma cells that were
susceptible to MDM2 inhibition 38, For the first time, we could show that the
combinatorial treatment of BRAFi plus MDM2i induces a synergistic effect in some
BRAFi resistant cells, but not in all. More precisely, MDM2i resistant melanoma cells,
that did not respond to a combinational BRAFi plus MDM2i therapy, also did not show
a p53 signaling transduction, suggesting that the p53 activation and thereby the direct

induction of p53 target genes is of great importance for the synergistic effect.
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Consistent with existing literature, our findings demonstrate that the combinatorial
treatment of BRAFi plus MDM2i elicits a favorable response, particularly in the difficult-

to-treat MAPKi resistant melanoma cells 387,

With this, we conclude that the MDM2i treatment confers high sensitivity to BRAFi
treatment in BRAFi resistant, MDM2i sensitive melanoma cells. These data unveil a
promising treatment synergy that has the potential to pave the way for new treatment
combinations for patients suffering from BRAFi resistance.

9.1.3. p21 Expression Levels Regulate Sensitivity to Targeted Therapies
Next, our aim was to further investigate whether p21 plays a role in the sensitivity of
melanoma cells to targeted therapies. We were able to show that upon knockout of
p53, and with this the absence of p53 target gene induction, MDM2i treatment has a
lesser effect on decreasing melanoma cell viability (Accepted Publication I, Figure 3A-
C). However, the effect of MDM2i treatment on melanoma cell viability was not
completely attenuated, leading to the conclusion that a mechanism independent of p53
itself plays a critical role in the therapeutic response of melanoma cells to MDM2i.
Supporting this hypothesis, various publications showed that MDM2i treatment induces

cell death even in p53 deficient cancer cells 388389,

By ectopic overexpression of CDKN1A, and thereby the induction of p21 protein levels,
we were able to sensitize both BRAFi sensitive as well as BRAFi resistant, MDM2i
sensitive melanoma cells to both MDM2i and BRAFi treatment (Accepted Publication
I, Figure 3F, 3H, and 3J). In accordance with that, a SIRNA mediated knockdown of
CDKN1A decreased the response to both MDM2i and BRAFi targeted therapies
(Accepted Publication I, Figure 3E, 3G, and 3l).

These findings align with additional publications indicating that the effectiveness of
MDMZ2i treatment relies on the induction of p21. Notably, the absence of p21 prevents
the induction of growth arrest and senescence upon Nutlin-3 therapy 3°°. Moreover,
p21 was shown to be regulated by MDM2 independently of p53, pointing to a
questionable role of p53 in MDMZ2i sensitivity of melanoma cells 391

In summary, our findings illustrate that the induction of p21 upon MDM2i treatment and
subsequent cell death can occur independently of p53, highlighting that the levels of
p21 induction, rather than the mutational status of p53, dictate the sensitivity of

melanoma cells to MDM2i.
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In a previous publication from our research group, it was demonstrated that cells
resistant to BRAFi exhibit heightened sensitivity to the chemotherapeutic agent
cisplatin %27, Interestingly, this increased sensitivity was not attributed to p53 activation
but rather to a decreased expression of the TAp73 isoform. Hence, our prior findings,
coupled with the outcomes of this study, suggest that different members of the p53

family confer distinct sensitivities to anti-melanoma substances.

9.2. Crosstalk Between p53 Family Members and Targets in

Melanoma Cells
Considering the interesting observation, that p21 levels rather than the TP53
mutational status plays a role in the response of melanoma cells to targeted therapy,
we were interested in the crosstalk between the p53 family members and p53 targets.
We found that siRNA induced knockdown of CDKN1A resulted in a decreased p53
protein expression, however p73 protein levels were increased (Accepted Publication
I, Figure 3D). This suggests that, conversely, p21 positively regulates p53 signaling.
Indeed, publications show that p21 induces p53 signaling in a positive loop across the
ATM-p21 axis 392, Because no direct interactions between p21 and p73 expression
have been described, we proposed that the upregulation of p73 after knockdown of

p21 resulted from p53 protein expression downregulation.

Based on these results, we postulated a potential negative cross-regulation of p53 and
p73 in melanoma cells. We could show that p53 negatively regulates the protein
expression of p73. A p53 overexpression decreased p73 protein expression in BRAFi
sensitive and resistant melanoma cells, and vice versa, siRNA induced p53 knockdown
enhanced total p73 protein (Accepted Publication I, Figure 4A). Surprisingly, the gene
expressions of TP73 and TATP73 were not decreased after p53 knockdown, indicating
a posttranscriptional regulation of p73 expression by p53 (Accepted Publication I,
Figure 4B). Unexpectedly, MDM2 inhibition by siRNA or MDM2i treatment reduced
both protein and gene expression of p73/TP73/TATP73 (Accepted Publication I, Figure
4 C, Supplementary Figure 1J).

Various publications revealed that p53 can bind to the promoter of TP73, thereby
inducing p73 expression upon cellular stress 3933%4, However, we show for the first time
a negative regulation of p53 on p73 expression. Interestingly, it has been demonstrated
that p53 is unable to trigger apoptosis upon DNA damage, if p63 and p73 are not

expressed 3. As p53 acts not only as a tumor suppressor gene (see section 7.3.2)
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but also as an oncogene, downregulation of p73 following p53 induction may prevent
p53-mediated cell death, consequently promoting the survival of cancer cells 3%,
These observations go in line with further findings indicating that TAp73 functions as a
tumor suppressor, and its downregulation results in increased invasion and migration
of tumor cells 37, Taken together, we propose that p53 paradoxically negatively
regulates p73 to dampen the tumor suppressor signaling and to promote the oncogenic

signature by inhibiting cell death in metastatic melanoma cells.

Given that p53 alteration did not affect the gene expression of TP73 but negatively
regulated p73 protein expression, while MDM2i treatment influenced both the gene
expression of TP73 and the protein expression of p73, we hypothesized that these
mechanisms are distinct from each other. Indeed, MDM2 has been shown to bind
directly to the promoter of TP73 independent of p53 and induces TAp73 protein
expression 3%83%_ Thus, our findings demonstrate that MDM2i exhibit a similar effect
than direct p53 overexpression, namely inhibition of p73 protein expression, but likely

operate through distinct signaling pathways.

Of interest, based on our data, in turn, p73 has no effect on the expression of p53/TP53
(Accepted Publication I, Figure 4D and 4E). This suggests that p73 plays a minor role
compared to p53 and thus does not have the potential to regulate p53 expression.

To summarize, we were able to unravel a novel crosstalk between the p53 family
members in metastatic melanoma cell lines, specifically highlighting the negative
regulation of p73 by p53 to maintain cancer cell growth.

9.3. Significance of PARP Inhibitor Treatment in Melanoma

Therapy
Melanoma is associated with a high mutational load by massive DNA damage due to
unrepaired sunlight associated DNA damages (see section 7.4) 240400 Alsp,
maintaining genomic integrity by efficient repair of the DNA damages is of utmost
significance to prevent cancer cell growth (see section 7.4.2) 250303, PARPI are the first
FDA and EMA approved drugs to specifically target the DDR 341. They act by inhibiting
BER and additionally the PARP trapping effect induces DSB, that cause the main
cytotoxicity 347349, Especially in cancer cells that show an HRD, PARPi demonstrate
strong antitumor responses by a synthetic lethal interaction (see section 7.4.4.2) 31, In

this project, a possible application of PARPI therapy for melanoma patients was to be
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assessed. Moreover, potential combination strategies of PARPI with other typical anti-
melanoma agents, such as MAPKi were investigated. In the last part of the project, the
role of PARP1 as a potential biomarker to forecast PARPIi response and the influence
of PARP1 on metastatic potential and overall survival of melanoma patients was to be
identified.

9.3.1. PARP Inhibitor Treatment Effectively Kills BRAF Inhibitor
Resistant Melanoma Cells
In the first part, we investigated whether melanoma cells respond to PARPI therapy
and checked for differences in PARPi response between MAPKI sensitive and MAPKi
resistant melanoma cell lines. We were able to show that melanoma cells can be killed
by PARPI treatment. Recent reviews focusing on the influence of DDR inhibitors in
melanoma therapy summarized that PARPI treatment might serve as an appropriate
therapy approach for certain melanoma patients, as both in vitro as well as in vivo

experiments showed promising results 321401,

Interestingly, we found a significant enhanced PARPI response in MAPKi resistant
melanoma cells compared to their sensitive counterpart (Accepted Publication II,
Figure 1A). We could confirm this effect in a PDX cell line of a melanoma patient who
developed clinical acquired resistance towards the BRAFi vemurafenib and the MEKIi
dabrafenib (Accepted Publication I, Figure 1A). In an in vivo experiment, we were able
to confirm the Kkilling effect of PARPI treatment, as the tumor growth of a MAPKIi
resistant melanoma cell line was nearly completely blocked in NOD scid gamma (NSG)
mice that were treated with the PARPI talazoparib (Accepted Publication II, Figure 1B-
1D). Additional studies also indicate that melanoma cells resistant to BRAFi are more
effectively eradicated by PARPI treatment in comparison to their sensitive counterparts
402 Nevertheless, the underlying molecular mechanism responsible for this effect has

remained elusive.

In addition, we were able to show that PARPI treatment might decrease the metastatic
potential of MAPKi resistant melanoma cells, as treatment with talazoparib clearly
reduced the migration capability as well as the invasion potential of a metastatic
melanoma cell line (Accepted Publication I, Figure 2A). Additional publications
corroborate our data by indicating that PARPI treatment suppresses the migration,

invasion, and colonization of distant organs by metastatic melanoma cells 402403,
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Taken together, these findings suggest that PARPi treatment may not only cause a
reduction in the size of the primary tumor but also diminish the metastatic capabilities

of melanoma cells.

9.3.2. Significance of p53 in PARP Inhibitor Induced Melanoma Cell
Death
Based on the results indicating that PARPI induced massive cell death, especially of
MAPKI resistant melanoma cell lines, we further aimed to unravel the molecular
mechanism underlying this clear anti-melanoma effect. We could show that after
talazoparib treatment, a massive G2/M arrest with a subsequent induction of G1
arrested cells was triggered (Accepted Publication Il, Figure 2B, Figure 2C). To avoid
genomic instability, the entry into mitosis is prevented and cells are arrested the G2/M
if DSB are detected “%*. Indeed, it has been demonstrated that PARP depletion or
inhibition results in mitotic defects, and PARPI treatment triggers a stress-induced cell
death mechanism, termed mitotic catastrophe 4954%_ Cells that have evaded the G2/M
checkpoint and entered mitosis despite being damaged may potentially exhibit a
polyploid phenotype. Subsequently, these cells could now face arrest at the postmitotic
G1 cell cycle phase, as the p53-dependent polyploidy checkpoint is triggered and

thereby cell death via apoptosis is induced 407408,

To prove our hypothesis, we checked for p53-associated gene expression after PARPI
treatment. Indeed, genes associated with p53-dependent activation of cell cycle arrest
as well as apoptosis were clearly enhanced in melanoma cells treated with talazoparib
(Accepted Publication I, Figure 2D, Supplementary Table ST1). Certainly, p53 is
known to be crucial for DNA damage induced regulation of cell death 4%, Interestingly,
the induction of p53 signaling in response to PARPI therapy has not been extensively
studied. However, as stated above, PARPi treatment induces DNA damage, that
directly can activate p53 signaling to either trigger the repair of the DNA or induce cell

death (see section 7.3.2) 163.164,169,172

Further analysis revealed a potent induction of CDKN1A transcripts, a classical p53
target gene responsible for cell cycle arrest and apoptosis (Accepted Publication II,
Figure 2F and 2E, Supplementary Figure S1A). Indeed, the activation of p21 via p53
signaling is well-established as a key mechanism for both G2/M and G1 checkpoint

arrest in response to DNA damage 410412,
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To sum up, we could show that PARPI treatment induces massive DNA damage,
leading to G2/M arrest and mitotic catastrophe as well as subsequent G1 arrest and
apoptosis. This mechanism is mainly mediated by induction of p53 and its targets, such

as p21, in MAPK:I resistant melanoma cells.

9.3.3. Relevance of ATM in Enhanced PARP Inhibitor Sensitivity of MAPK
Inhibitor Resistant Melanoma Cells

Considering that initial experiments revealed that MAPKIi resistant melanoma cells are
more susceptible to PARPI therapy in comparison to their treatment naive counterpart,
we aimed to understand the molecular mechanism behind this effect. Therefore, we
compared treatment naive and MAPKIi resistant cells and found increased pH2AX
levels, indicating elevated DNA damage in the MAPKI resistant cells (Accepted
Publication Il, Figure 3A, Supplementary Figure S1B) 413414, Since the PARP trapping
induces DSB (see section 7.4.4.2) 348349 we hypothesized that a higher PARP trapping

effect correlates with the induced DNA damage in MAPKI resistant melanoma cells.

Surprisingly, the PARP trapping was not enhanced in MAPK:i resistant cells compared
to MAPKIi sensitive cells (Accepted Publication I, Figure 2B). We therefore concluded,
that MAPK:I resistant cells potentially have an impaired DNA damage repair activity.
We thus checked for the expression of multiple DNA repair associated genes and
found that ATM, a major sensor of DNA double strand breaks was reduced in MAPKI
resistant cells and patient samples compared to their sensitive counterparts both on
RNA and protein level (Accepted Publication II, Figure 3C, 3D, 3E, 3F, Supplementary
Figure S1C, S1D). A cell viability assay of melanoma cells from a patient that has
truncated ATM due to a genetic mutation reinforced our hypothesis, that ATM regulates

PARPI response in melanoma cells (Accepted Publication II, Figure 3G).

As ATM is the most upstream DDR kinase of HRR and acts as a DSB sensor mediating
the phosphorylation of HRR proteins and thereby triggering the repair of a DSB via
HRR, it has been shown to have an impact on PARPI therapy response (see section
7.4.1) 415416 Indeed, numerous studies have provided evidence that cancer cells
lacking functional ATM exhibit impaired HRR due to inefficient DNA damage sensing.
Consequently, these cells are particularly vulnerable to treatment with PARPI as they
act synthetic lethal 4*7-41°, Furthermore, due to the encouraging preclinical findings,
clinical trials are currently being conducted to assess the effectiveness of PARPI

treatment in cancer patients showing somatic or germline ATM gene mutations. These
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trials encompass various cancer types, including melanoma patients (NCT03925350,
NCT04633902) 401,

A potential mechanism through which MAPKi resistant melanoma cells downregulate
ATM gene and protein levels is by the paradoxical reactivation of the MAPK pathway
during the development of resistance. This reactivation is often accompanied by the
upregulation of the mTOR pathway, which is known to exert a negative effect on ATM
expression 420421 Moreover, our research group showed that MAPKi resistance is
associated with downregulated TAp73 levels 327, Preliminary experiments indicate that
the TAp73 isoform may positively influence ATM regulation levels (data not shown).
Consequently, the development of MAPKI resistance leads to decreased TAp73 and
ATM.

The use of an ATM inhibitor unveiled that MAPKi sensitive cells exhibit a significantly
greater dependency on ATM activity compared to MAPKI resistant cells, as Ku-55933
demonstrated a lack of efficacy in inducing cell death in MAPKI resistant melanoma
cells; however, the inhibitor demonstrated significant toxicity in MAPKi sensitive cells
(Accepted Publication II, Figure 3H). These findings suggest that the downregulation
of ATM during the emergence of MAPKI resistance leads to a diminished reliance on
ATM signaling in MAPKI resistant cells, distinguishing them from MAPKi sensitive cells.
This observation is consistent with a publication indicating that ATM-deficient cells do
not exhibit a response to the ATM inhibitor Ku-55933 422,

Most strikingly, the pretreatment of MAPKi sensitive melanoma cells with the ATM
inhibitor to reduce ATM activity resulted in enhanced response to the PARPI
talazoparib (Accepted Publication Il, Figure 3I). With this we were able to resemble the
MAPKI resistance development in MAPKIi sensitive cells and identified that low ATM
levels confer the high sensitivity of MAPKi resistant melanoma cells to PARPI

treatment.

Collectively, our compelling findings underscore the potential benefits of PARPI
therapy for difficult-to-treat MAPKI resistant melanoma patients. Remarkably, these
patients exhibit lower ATM levels, rendering them highly susceptible to PARPI

treatment through a powerful synthetic lethal interaction.
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9.3.4. Synergistic Killing of Melanoma Cells by Combined MAPK Inhibitor

and PARP Inhibitor Therapy
Extensive investigations have focused on exploring the use of PARPi in combination
with chemotherapy, ionizing radiation, or immunotherapies, both in preclinical and
clinical settings (see section 7.4.4.2) 341.344.368 Nevertheless, the potential of combining
PARPI with targeted therapies, particularly with MAPKI, remains an area that requires

further research.

To determine the clinical therapeutic benefit of PARPI more precisely for melanoma
patients, we co-treated MAPKIi sensitive, BRAFi resistant, as well as BRAFi plus MEKi
double resistant melanoma cells with PARPI in combination with MAPKi. In MAPKi
sensitive cells, a synergistic combinatorial effect between the PARPI talazoparib or
olaparib and the BRAFi vemurafenib was observed (Accepted Publication II, Figure
4D, 4E, and 4F, Supplementary Figure S1C and S1D). While no combinatorial effect
of the PARPI talazoparib and the BRAFi vemurafenib in BRAFi resistant melanoma
cells was detected, a synergistic reduction of cell viability in BRAFi resistant cells was
seen after combined treatment of talazoparib and the MEKi trametinib (Accepted
Publication I, Figure 4A and 4B, Supplementary Figure S1A). In line with this the
panRAFi LY3009120 enhanced talazoparib treatment in a synergistic manner in BRAFi
plus MEKi double resistant melanoma cells (Accepted Publication I, Figure 4C,
Supplementary Figure 1B). The in vitro data could be confirmed in an in vivo mouse
model, where BRAFi sensitive melanoma cells were injected into NSG mice, and
treated with either control, the monotherapies, or the combination of talazoparib and
vemurafenib. Most strikingly, the monotherapies as well as the control showed
increased tumor size over time, while the tumor volume of mice treated with the

combination was even reduced (Accepted Publication I, Figure 4G and 4H).

In line with our results, Sun et al. demonstrated a synthetic lethal interaction between
PARPi and MEKi or ERKi in a variety of Ras mutated MAPKi sensitive cell lines.
Furthermore, they could show that suppressing the MAPK pathway can reverse
acquired PARPi resistance, a phenomenon commonly observed in patients
undergoing PARPI treatment 423425, An additional publication supports this hypothesis,
revealing that the combination of the BRAFi dabrafenib, the MEKi trametinib, and the
PARPI olaparib induced a synthetic lethal interaction in MAPKIi sensitive melanoma
cells 4?6, Most remarkably, these highly encouraging findings paved the way for an

exciting clinical trial (NCT03162627), wherein the potential of the combination therapy
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involving the PARPI olaparib and the MEKIi selumetinib will be assessed. The trial aims
to evaluate its effectiveness in treating endometrial, ovarian, and other solid tumors

harboring a Ras mutation, as well as ovarian tumors with PARPI resistance 4?”.

Interestingly, we found that the combination treatment is specific to melanoma cells,
as the same treatment resulted in significantly lower cytotoxicity in primary human

fibroblasts (Accepted Publication I, Supplementary Figure S2E).

By suppressing the MAPK signaling pathway in BRAF mutated melanoma cell lines, a
synergistic reduction of cell viability in combination with PARPI is only achieved, if the
cell shows overactivated MAPK pathway activation and thereby responds to MAPKi
therapy. In contrast to melanoma cells, a negative feedback loop ensures that the
MAPK pathway activation remains at a physiological level in non-malignant skin cells
428 Thus, the massive cytotoxic effect of the combined treatment is exclusively induced
in tumor cells. This remarkable effect holds immense promise for clinical applications,
as it suggests that the combination therapy selectively targets cancer cells while
sparing healthy cells 4?°. Consequently, the potential for general side effects is
significantly reduced, presenting a highly advantageous prospect in the pursuit of

effective and well-tolerated treatments.

Through our research, we have successfully unraveled promising treatment strategies
for melanoma patients, unveiling the potential of combining PARPI with various MAPK:i.
The most advantageous combinations emerged, tailored to different patient groups:
MAPKI sensitive patients profit from a combination of PARPI paired with a BRAFi.
BRAFi resistant patients do not profit from this treatment, but the combination of PARPI
with MEKi showed remarkable potential. In line with this, the combination of PARPI
with panRAFi demonstrated promising efficacy in BRAFi plus MEKi double resistant
melanoma patients. These novel treatment approaches offer a new treatment strategy

to target melanoma and present enhanced therapeutic possibilities.

9.3.5. MAPK Inhibitors Induce Synthetic Lethality in Combination with
PARP Inhibitors in Melanoma Cells
As a next step, the molecular mechanisms underlying the synergistic effect between
MAPKi and PARPi were to be assessed. Initially, our primary objective was to
comprehend whether the combination therapy leads to a higher level of DNA damage
in comparison to the individual monotherapies. Unexpectedly, we did not observe

enhanced DNA damage accumulation in the combined treatment group (Accepted
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Publication I, Figure 5A and 5B). Based on this, we concluded that the combination
does not induce DNA damage, and therefore we suggested that the ability to repair
DSB induced by the PARPI therapy is reduced by MAPKIi therapy. To prove this
hypothesis, we checked for gene expression of main HRR-associated genes, BRCAL,
BRCA2, RAD51, and EXO1l. In MAPKi sensitive melanoma cells, the BRAFi
vemurafenib, the MEKi trametinib and the panRAFi LY3009120 significantly decreased
the expression of these genes, suggesting an ineffective HRR in the MAPKi treated
cells. Interestingly, the HRR-associated gene expression in BRAFi resistant cells was
induced with the MEKIi and the panRAFi, but not with the BRAFi. Consistent with this,
exclusively the panRAFi treated BRAFi plus MEKI resistant melanoma cells showed
decreased BRCA1, BRCA2, RAD51, and EXO1l gene expression (Accepted
Publication 11, Figure 5C).

The data presented here show the pivotal role of the MAPK signaling pathway in
regulating DDR gene expression, and consequently, the efficacy of the HRR
machinery. Indeed, the MAPK pathway is known to play a crucial role in activating the
DDR machinery 4. Moreover, corroborating these findings, both our research team
and other publications recently have demonstrated that inhibiting the MAPK pathway
leads to a decrease in HRR in MAPKIi sensitive cells, which is facilitated by the

transcription factor ELK1 425,

Since BRAFi plus MEKi double resistant patients do not profit from BRAFi or MEKIi
treatment, the recently developed panRAFi LY3009120 has demonstrated the
capability to downregulate the MAPK pathway within these specific tumor types 142431,

MAPKi treatment is known to induce G1 cell cycle arrest in melanoma cells 432, To
study if the effect of downregulated HRR gene expression is exclusively due to
checkpoint arrest, we FACS sorted MAPK:I treated cells according to their cell cycle
phase. Interestingly, the mechanism of HRR downregulation was independent of which
cell cycle phase the melanoma cells were in (Accepted Publication I, Supplementary
Figure S1F). This reinforces our hypothesis, that MAPK suppression results in

decreased HRR gene expression.

Given the pivotal role of the MAPK signaling pathway in facilitating cell growth, we
postulate that its activation, which drives accelerated cell division, would necessitate
heightened HRR activity °. Consequently, we propose that the regulation of HRR
genes is orchestrated by the MAPK signaling pathway.
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With the data of Accepted Publication Il, we support to the concept that PARPI therapy
should be extended beyond BRCA mutated patients. Our findings illuminate the
potential benefits of PARPi treatment in non-BRCA-mutant tumors that exhibit
BRCAness but a HRD phenotype 433435, Excitingly, numerous ongoing clinical trials
are actively investigating the efficacy of PARPI therapy in HRD cancer cases, including
melanoma patients (NCT03207347, NCT03925350, NCT04633902, CT05482074,
NCT04187833, NCT05169437). Remarkably, olaparib has even received approval for
HRD prostate cancer patients with mutations in at least one of 14 HRR related genes.
However, these studies focus on patients with germline or somatic HRR mutations 436,
Our data align with the findings of another study, which suggests that patients need
not necessarily harbor mutations in the HRR pathway to experience a favorable
response to PARPI treatment 426, Instead, our evidence indicates that targeted therapy-
induced suppression of the MAPK pathway results in reduced HRR gene expression,
consequently inducing an HRD phenotype. This effect broadens the horizons of PARPI
therapy, opening new possibilities for treating a wider spectrum of patients with the

possibility of enhanced efficacy and improved outcomes.

9.3.6. PARP1 Gene Expression as a Biomarker for PARP Inhibitor
Therapy Response
Currently, good response to PARPI therapy is predicted by the presence of HRD in
cancer patients %3, Nevertheless, not all HRD cancers respond to PARPI therapy,
suggesting the importance of further biomarkers to more accurately forecast the

effectiveness of PARPI therapy 438.

By correlating PARPL1 levels of various melanoma cells with the sensitivity to the PARPI
olaparib and talazoparib, we found that PARP1 gene expression levels positively
correlate with the PARPi sensitivity (Submitted Publication 1, Figure 1D,
Supplementary Figure 1A, 1B). Further publications support our hypothesis, and a PET
imaging radiotracer has even been manufactured to quantify PARP1 expression in the

tumor, thus selecting patients eligible for PARPI therapy in a noninvasive manner 43°
441

PARPI are known to exert its major cytotoxic functions not by inhibiting the BER, but
by inducing DSB via PARP trapping (see section 7.4.4.2) 341348349 \We thus
hypothesized that higher PARP1 levels lead to increased levels of PARP1 trapped on
the DNA, which ultimately results in enhanced DSB induction. Indeed, low PARP1
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expressing SKMel28 melanoma cells show reduced PARP trapping compared to high
PARP1 expressing A375 melanoma cells. In SKMel28 cells, MMS + talazoparib
treatment did not result in increased chromatin bound PARP, whereas in A375 cells,
the MMS + talazoparib massively induced PARP trapped on the chromatin bound
fraction (Submitted Publication I, Figure 2A). Consistent with this, siRNA induced
downregulation of PARPL1 in high PARP1 expressing A375 melanoma cells led to a
clear desensitization to PARPi treatment (Submitted Publication I, Figure 2B).
Conversely, upregulation of PARP1 in low PARP1 expressing SKMel28 melanoma
cells resulted in a significant sensitization to PARPI treatment (Submitted Publication
I, Figure 2C).

Thus, we propose that in addition to HRD testing, PARP1 gene expression should be
assessed in patients eligible for PARPI therapy to allow a more accurate selection of

patients suitable for PARPI therapy.

9.3.7. High PARP1 Gene Expression Levels Correlate with Metastatic
Potential of Melanomas
To discover, whether PARP1 might play a role in the development and progression of
melanoma, we checked for PARP1 gene expression in non-malignant skin cells
compared to melanoma cells. Interestingly, fibroblasts and melanocytic nevi show
significantly lower PARP1 levels compared to melanoma cells (Submitted Publication
I, Figure 1E). This goes in line with further publications stating that PARP1 levels are

lower in non-malignant cells than in cancer cells, including melanoma 442-444,

Moreover, an increase in PARP1 gene expression in the melanoma stages between
RGP, VGP, and metastatic melanoma could be detected (Submitted Publication I,
Figure 1E, 1F). Consistent with this, a previous publication showed that high PARP1
levels are associated with increased tumor size in uveal melanoma 44, When further
analyzing primary melanomas vs. metastatic melanomas, a significant increase in
PARP1 gene expression levels could be seen in the metastatic melanoma samples
(Submitted Publication I, Figure 3A). In addition, we found a positive trend between the
relative metastatic potential and the PARP1 expression in melanoma samples
(Submitted Publication I, Figure 3B). In line with this, we could show that the higher the
PARP1 expression levels in melanoma samples, the higher the metastatic penetrance
of these cells (Submitted Publication, Figure 3C). Further studies reinforce our data,

showing that inhibition of PARP1 resulted in reduced metastatic features in various
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cancers, including melanoma 493446, Also, PARP1 expression could be correlated with

an increased aggressive phenotype of high PARP1 expressing cancer cells 403443447

Next, we aimed to understand if PARP1 has an influence on the progression of
melanoma. We therefore checked for the invasive and migratory capacity of these
cells, an important ability of cancer cells to metastasize. We could show that the
migratory and invasive potential was significantly enhanced in high PARP1 expressing
A375 melanoma cells compared to low PARP1 expressing SKMel28 melanoma cells
(Submitted Publication, Figure 3D, 3E). Previous publications go in line with our results
stating that high PARP1 levels correlate with an invasive clinical phenotype of cells

from various cancer types 403:443.447,

Taken together, these data indicate that high PARP1 gene expression levels are
associated with increased cancerous potential, and further elevated metastatic
potential in melanoma cell lines and patient samples. These results strengthen the
hypothesis that PARPL1 is a driver of cancer genesis and metastasis formation across

various cancer types.

9.3.8. High PARP1 Gene Expression Levels Correlate with Poor Overall
Survival of Melanoma Patients
Since we found that PARP1 expression correlates with increased metastatic potential
in melanomas, we were interested, if PARP1 also has an impact on the overall survival
of melanoma patients. By using the TCGA 470 dataset, we analyzed the overall
survival probability of 459 melanoma patients that were divided into high PARP1
expression and low PARP1 expression. Strikingly, patients with high PARP1
expression had a significantly lower overall survival probability compared to patients
with low PARP1 expression (Submitted Publication I, Figure 1A). A wide variety of
publications show the same trend, indicating that the association between high PARP1
levels and poor overall survival as well as disease free survival is a universal effect in

various cancer types 43445451,

When splitting all melanoma patients of the TCGA 470 dataset into patients in an early
melanoma stage (stage O-11) and patients suffering from late stage metastasized
melanoma (stage IlI-1V) an interesting effect becomes evident. In the early melanoma
stage melanoma cohort, no significant difference in overall survival between high
PARP1 and low PARP1 expressing melanoma patients was observed (Submitted

Publication I, Figure 1B). However, high PARP1 expressing late stage metastasized
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melanoma patients have a significantly worse overall survival rate than low PARP1

expressing late stage metastasized melanoma (Submitted Publication I, Figure 1C).

Taken together, our data indicate that in particular patients with elevated PARP1 levels
possibly profit from PARPi therapy. Interestingly, especially the late stage
metastasized melanoma patients with a poor overall survival rate have high PARP1
levels, and thereby potentially respond well to PARPI therapy with minor side effects
in low PARP1 expressing non-malignant tissue. Summarizing our data, we propose
that stage Il and IV metastasized melanoma patients should be screened for PARP1
expression. High PARP1 expressing patients should then further be screened for HRD.
Patients with high PARP1 expression and a HRD should receive PARPI therapy.
However, patients with high PARP1 expression but a proficiency in HRR should
receive a combination of PARPIi therapy and MAPKI therapy, as MAPKi therapy
induces a HRD phenotype in BRAF mutated melanomas and therefore acts synthetic

lethal in combination with PARPI therapy (Submitted Publication I, Graphical Abstract).
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1 | INTRODUCTION

Melanoma is one of the most aggressive cancers still with a high mor-
tality rate. Although the development of therapies targeting BRAF
V600 mutations improved the prognosis of metastatic melanoma

Abstract

Metastatic melanoma patients benefit from the approved targeted BRAF inhibitor
(BRAFi) therapy. Despite the great progress in the therapeutic approach to combat
metastatic melanoma, fast emerging drug resistance in patients limits its long-term
efficacy. In this study, we aimed to unravel the role of the p53 target gene CDKN1A/
p21 in the response of melanoma cells towards BRAFi. We show that p53 activation
increases BRAFi sensitivity in a synergistic manner exclusively in cells with a high ex-
pression of CDKN1A/p21. In a similar way, high expression of p21 was associated with
a better response towards the mouse double minute 2 inhibitor (MDM2i) compared
to those with low p21 expression. Indeed, p21 knockdown decreased the sensitivity
towards both targeted therapies. The results indicate that the sensitivity of melanoma
cells towards targeted therapies (BRAFi and MDM2i) is dependent on the p21 pro-
tein level in the cells. In addition to that, we found that p53 negatively regulates p73
expression; however, p73 seems not to have an influence on p53 expression. These
findings offer new potential strategies for the treatment improvement of melanoma
patients with high basal p21 levels with BRAFi by increasing treatment efficacy using
combination therapies with p53 activating substances, which are able to further in-
crease p21 expression levels. Furthermore, the data suggest that the expression and
induction level of p21 could be used as a predictive biomarker in melanoma patients
to forecast the outcome of a treatment with p53 activating substances and BRAFi. All
in all, this manuscript shows the distinct role of p53 family members and its impact on
melanoma therapy. In future, individualized treatment regimens based on p21 basal

and induction levels could help melanoma patients with limited treatment options.

KEYWORDS
biomarker, DNA damage, MAPK pathway, melanoma, p21, p53, p73, targeted therapy, therapy
resistance

patients compared to chemotherapy treatment, the majority of
patients show a progressing disease even with the combination of
BRAFi and MEK inhibitor (MEKi), and therefore, only a small subset
of melanoma patients show a complete response after MAPK inhib-
itor (MAPKIi) 1:herapy.'l’3 Despite major research efforts, no explicit

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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clinical breakthrough has yet been achieved to overcome the resis-
tance towards targeted therapy.*® In addition to targeted therapy
with MAPKi, melanoma patients benefit from immunotherapy, such
as the checkpoint inhibitors ipilimumab, nivolumab or pembroli-
zumab. However, the response rate and tolerability limit the success
rate of immunotherapy in the treatment of metastatic melanoma.*?
Thus, novel molecular approaches to target therapy resistance in
melanoma are urgently needed.

In many cancer types, a key player in the cellular response to
DNA damage is the p53 transcription factor’® which has in general
a high potential to induce apoptosis.9 p53 is the most frequently
mutated tumour suppressor gene in human cancers leading to a
defective DNA damage response. Interestingly, up to 80% of cu-
taneous human melanomas express wildtype p53, however, often
with otherwise impaired function.'®? Frequent mechanisms of p53
inactivation in melanoma cells are deletions in the CDKN2A locus
or the overexpression of the prominent p53 inhibitors murine dou-
ble minute 2 and 4 (MDM2 and MDM4).**!* DNA-damaging agents,
for example chemotherapeutics, disrupt the interaction between
p53 and the negative regulator MDM2, leading to a stabilization of
p53.% Increased abundance of p53 then triggers the transcription of
a number of genes with a broad range of functions, including DNA
repair, metabolism, cell cycle arrest and apc>|:)1:asis.“’18 Once acti-
vated, p53 either inhibits cell growth by activating p21 and other cell
cycle regulators or induces apoptosis through proapoptotic targets
such as Puma, Noxa and Bax and by this maintains genomic integ-
rity.) p21 functions in cell cycle control, where an induction espe-
cially results in cell cycle arrest; however, repressed p21 can lead to
a promotion of cell growth.20

Research focus was put on reactivation of wildtype p53 in
melanoma as a parallel cancer therapeutic opportunity alongside
BRAF V&00E inhibition.”! Nutlin-3 and AMG-232, antagonists of
the MDM2-p53 interaction and small molecules that restore DNA
binding and transcription activity of p53, are p53 activators.??
However, despite numerous attempts to target the p53 signalling
pathway, there are currently no successful treatments available in

the clinic.2®24

p53 activity is regulated by post-translational modifi-
cations and a complex network of interacting proteins, among those
p73, which is rarely mutated in cancers. The p53 family member p73
shares high sequence homology with p53 at the amino acid level.
p73 shares functional properties with p53, such as DNA damage-
induced apoptosis,?® and stress signals induce p73 by induction of
p53.%¢ TAp73, the full-length form of p73, was found capable of per-
forming p53-like functions, including transactivation of many p53
target genes, such as p21 in cancer cell lines.” However, p73 iso-
forms can also have distinct roles in either promoting or repressing
cancer cell growth. Indeed, we showed recently that melanoma cells,
which developed resistance towards MAPKi, show an enhanced
susceptibility to platinum-based drugs correlating with TAp73, but
not p53 expression status.?® Our data showed that a subgroup of

melanoma patients with acquired resistance to MAPKi treatment
and low TAp73 expression can benefit from chemotherapy with
platinum-based drugs as a second line therapy.

In this study, we wanted to unravel the distinct role of p53 and its
target gene p21 in the response of melanoma cells towards targeted
therapies, using BRAFi and MDM2i. Furthermore, our aim was to
decipher the influence of p53 gene expression and activity on p73
and TAp73 expression. Despite the poor long-lasting clinical effec-
tivity of BRAFi and MAPKi as antimelanoma agents, advances in our
understanding of p53 family member activity and their role in the

response towards targeted therapy are of utmost importance.

2 | MATERIALS AND METHODS

21 | Cellculture

A375, SK-MEL19 and SK-MEL28 are human metastatic melanoma
cell lines and were purchased by ATCC. The remaining cell lines
were received from M. Herlyn and C. Krepler (Wistar Institute,
Philadelphia, USA). 1205LU wildtype and p53 knockout cells were
received from Carola Berking (Erlangen, Germany). The cell lines
were cultured in RPMI 1640 medium containing 10% fetal bovine
serum (Sigma Aldrich) and 1% penicillin and streptomycin. The
BRAFi resistant cells were created as previously described.?® Cell
cultures were regularly tested for mycoplasma using the Venor GeM
Classic Mycoplasma Detection Kit (Minerva Biolabs) and used no
longer than 2months upon thawing of the frozen stock.

2.2 | Viability analysis

For the analysis of cell viability, 4-Methylumbelliferyl heptanoate
(MUH) assay was performed as previously described.?”” The fol-
lowing inhibitors were used as stated in the respective figure leg-
ends: vemurafenib (LC Laboratories), Nutlin-3 (SelleckChem/R&D
Systems) and AMG-232 (Medchem Express). Nonlinear regression
analysis and synergism analysis were performed with the help of

Graphpad Prism.

2.3 | RNA isolation and RT-qPCR

The RNA isolation and RT-qPCR analysis were performed as pre-
viously described.?® The normalization of target gene expression
was performed with the help of the expression of actin. The rela-
tive expression was then normalized to the relative expression of
the respective control group. RT-gPCR was performed with 96 block
Lightcycler (Roche). These primer sequences were selected for RT-
PCR analysis:
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Gene Name Forward sequence
BAX ATGTTTTCTGACGGCAACTTC
CDKN1A TCACTGTCTTGTACCCTTGTGC
MDM2 CAGGCAAAACTCATCTTGACC
TATP73 AGGGGACGCAGCGAAAC
TP73 CCTGTCATCCCCTCCAACAC
TP53 AGGCCTTGGAACTCAAGGAT
2.4 | Immunoblot analysis

The immunoblot analysis was done as described previously.29 These
primary antibodies were selected: anti-B-Actin (CST # 4967), anti-
MDM2 (sc-7918), anti-p21 Waf1/Cipl (CST #2946), anti-p53 (DOI)
(sc-126) and anti-p73 (BD #558787).

siRNA Sense (5'-3")

siCTR ACAACAUUCAUAUAGCUGCCCCC
SilITATP73 GCACCACGUUUGAGCACCU-dTdT
si2TATP73 GGAACCAGACAGCACCTACTT-dTdT

siRNAs against p53 (sip53), MDM2 (siMDM2) and CDKN1A
(siCKDN1A) were designed and purchased by siDESIGN Center of
Dharmacon™.

2.6 | Adeno-viral infection

The p53 overexpression adenovirus was produced by Dr. Tobias
Sinnberg according to the AdEasy XL adenoviral expression system
(Stratgene) manufacturer's protocol. 24h after cells were seeded,
they were infected with the virus particles that were added to the
melanoma cell culture medium. After overnight incubation, the
cells were washed 2 times with PBS and seeded for subsequent

experiments.

2.7 | Plasmid transfection

The melanoma cells were transiently transfected with COKN1A
expressing plasmid (Origene RC201765) using Lipofectamine3000
(Thermo Fisher Scientific) according to the manufacturer's protocol

as previously described.”®

2.8 | Database and statistical analysis

Multiple t-test according to Holm Sidac method was applied for the

statistical analysis with Graphpad Prism. The data were denoted

1245
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Reverse sequence
ATCAGTTCCGGCACCTTG
GGCGTTTGGAGTGGTAGAAA
GCCATGTCTGCATCCTGTTA
TCCAGAGGTGCTCAAACGTG
TGCTGGATGCTGGAAAGTG
GACTGACCCTTTTTGGACTTCA

2.5 | Small interfering RNA (siRNA) transfection

Small interfering RNA transfection was

Lipofectamine RNAimax (Thermo Fisher Scientific) in accordance

performed with

with the manufacturer's protocol as previously described.?® These
siRNAs were selected:

Antisense (5"-3')
GGGGGCAGCUAUAUGAAUGUUGU
AGGUGCUCAAACGUGGUGC-dTdT
AAGTAGGTGCTGTCTGGTTCC-dTdT

significant when p<0.05 and marked with asterisks (*). Non-

significant data were marked with “ns.”

3 | RESULTS
3.1 | MDM2 inhibition reduces cell viability in a
p21 dependent manner

First, we analysed the functional impact of MDM2 inhibition in BRAFi
sensitive and resistant melanoma cells. We therefore treated sensi-
tive (S) and BRAFi resistant (R) melanoma cells with inhibitors of the
p53/MDM2 protein interaction—Nutlin-3 (Figure 1A) and AMG-232
(Figure 1B). MDM2 inhibition by Nutlin-3 or AMG-232 treatment re-
duces melanoma cell viability in a concentration-dependent manner ir-
respective of the TP53 mutational status of the melanoma cells (Table 1).
In addition, BRAFi resistant melanoma cells underwent cell death similar
to the sensitive parental cells after the treatment with Nutlin-3 or AMG-
232 except for SK-MEL28 R cells which are more sensitive towards
AMG-232 treatment (Figure 1A,B). Nutlin-3 was able to activate p53
in the melanoma cells as seen by enhanced expression of the p53 tar-
get transcripts CDKN1A (p21), BAX and MDM2 in A375 and SK-MEL19
(Supplementary Figure 1A,B). In accordance with that, siRNA induced
knockdown of MDM2 in A375 cells resulted in activation of p53 sig-
nalling on transcript and protein level (Supplementary Figure 1C,D), re-
duced melanoma cell viability (Supplementary Figure 1E) and increased
the apoptosis level as well as the number of cells in the G2/M cell cycle

phase (Supplementary Figure 1F).
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TABLE 1 p53 mutational status in A375, SK-MEL19, 451Lu, SK-MEL28, Mel1617 and 1205Lu melanoma cell lines. Functional
classification of p53 mutations are adapted from http://mutantp53.broadinstitute.org/heatMap/login (13.09.21)

A375 SK-MEL19 451Lu

N131K
partial functional

p53 status Wildtype

We noticed that the sensitivity towards the MDM2i Nutlin-3
and AMG-232 differed between the melanoma cell lines and did
not correlate with the p53 mutational status. We therefore de-
termined the inhibitory concentrations where 50% of the cells
died (IC50) after Nutlin-3 and AMG-232 treatment. As shown in
Figure 1A,B, A375 (p53"") and SK-MEL19 (p53™) cells were more
sensitive towards MDM2 inhibition as 451Lu (p53™"Y), Mel1617
(p53"Y) and SK-MEL28 (p53™") cells. We termed them MDM2i
sensitive and resistant cells, respectively. Sensitivity towards both
MDM2i Nutlin-3 and AMG-232 was similar and did not signifi-
cantly differ between the BRAFi sensitive and resistant cell line
pairs. Since CDKN1A is known to be a major target gene of p53,
we analysed p21 protein and transcript levels in the MDM2i sen-
sitive and resistant melanoma cell lines. Surprisingly, A375 S and
SK-MEL19 S (MDM2i sensitive) had high basal p21 protein levels,
whereas the basal p21 protein level of 451Lu S, Mel1617 S and
SK-MEL28 S (MDM2i resistant) was undetectable (Figure 1C). This
correlated with a lower RNA expression of the p21 corresponding
gene CDKN1A in MDM2i-resistant cells compared to MDM2j sen-
sitive melanoma cell lines (Figure 1D). The corresponding BRAFi
resistant cell lines show the same expression pattern (data not
shown). These data strongly suggest that irrespective of the p53
mutational status high p21 levels are essential for a good response
of melanoma cells towards MDM2i treatment.

3.2 | MDM2 inhibition increases BRAFi sensitivity
in a synergistic manner only in MDM2i sensitive cells

Since our aim is to find effective treatments for BRAFi resistant mel-
anoma patients, we focused on the following experiments in which
we analysed the combinatorial effect of BRAFi and MDM2i on each
two representative BRAFi R melanoma cell lines, which are either
MDM2i sensitive (A375, SK-MEL19) or MDM2i resistant (451LU,
Mel1617). Interestingly, compared to the single treatment, combined
treatment with the BRAFi vemurafenib and AMG-232 decreased the
cell viability of MDMZ2i sensitive cell lines A375 R and SK-MEL19
R, but not of MDM2i resistant cell lines 451Lu R and Mel1617 R
(Figure 2A). Combined treatment with vemurafenib and Nutlin-3 had
a synergistic effect on MDM2i sensitive cells; however, the effect of
combined vemurafenib and Nutlin-3 treatment only resulted in an
additive effect in the MDM2i resistant cells (Figure 2B). Nutlin-3 as
single treatment or in combination with vemurafenib induced p53
family signalling, which was detected by the enhanced expression of
the p53 targets CDKN1A (p21), BAX and MDM2 on transcript level
in A375 and SK-MEL19 (Supplementary Figure 1A,B). Vemurafenib
treatment alone did not show such a prominent and consistent ef-
fect on these targets. We were able to confirm these results with a

Y220C
non functional

SK-MEL28 Mel1617 1205Lu

L145R
non functional

Wildtype Wildtype

siRNA induced knockdown of MDM2 or the overexpression of p53
in A375 S cells (Supplementary Figure 1G-1). A knockdown of MDM2
via siRNA transfection enhanced the sensitivity of A375 S cells to-
wards BRAFi treatment (Supplementary Figure 1G). Surprisingly,
overexpression of p53 via transfection did not influence melanoma
cell viability of A375 and 451Lu itself (Supplementary Figure 5H),
but sensitized treatment naive and BRAFi resistant melanoma cells
towards vemurafenib treatment (Supplementary Figure 11). We then
asked if the synergistic combinational effect of vemurafenib and
MDM2i in MDM2i sensitive cell lines correlates with an induction
of p21. Indeed, single Nutlin-3 and the combinational treatment of
Nutlin-3 and vemurafenib treatment resulted in an induction of p21
in the MDM2i sensitive cell lines A375 and SK-MEL19. However,
no p21 induction was observed in MDM2i resistant cell lines
(Figure 2C). Furthermore, single Nutlin-3 and combined Nutlin-3
and vemurafenib treatment in A375 and SK-MEL19 cells resulted in
a significant induction of CDKN1A gene transcripts (Supplementary
Figure 1A,B). Together, these data indicate that the basal expression
as well as the induction level of p21 correlates with the synergistic
effect of BRAFi and MDM2i in melanoma cells.

3.3 | P21 mediates increased sensitivity towards
targeted therapy with BRAFi and MDM2i

To determine whether the observed increased expression of p21
is responsible for sensitivity towards MDM2i, we first tested sev-
eral agents known to induce p53 activity. P53 activation by either
Nutlin-3 treatment or siRNA transfection against MDM2 induces
CDKN1A/p21 RNA (Supplementary Figure 1A,C) and protein
(Figures 2C and Supplementary Figure 1D) expression in melanoma
cells.

Next, we tested the functional effect of p21 on MDM2i sensi-
tivity. For this, we used a melanoma cell line (1205Lu) in which p53
was knocked out by CRISPR/CAS9 and compared the results to the
parental p53 wildtype cell line. Nutlin-3 treatment of 1205Lu p53
wildtype cells resulted in a clear reduction of cell viability, whereas
the decrease in viable cells was less strong in 1205Lu p53 knockout
cells (Figure 3A). Interestingly, Nutlin-3 treatment of 1205Lu cells
showed a significant upregulation of p21 and MDM2 on transcript
and protein level only in p53 wildtype cells, but not in 1205Lu cells,
where p53 was knocked out (Figure 3B,C). Nutlin-3 treatment re-
sulted in a downregulation of p73 and TAp73 on transcript level
only in 1205Lu wildtype cells and a decrease in p73 protein levels
in both p53 wildtype and knockout cells (Figure 3B,C). Most impor-
tantly, a knockdown of CDKN1A, the gene that encodes for p21, by
siRNA transfection reduced the sensitivity of both treatment naive
as well as BRAFi resistant A375 and BRAFi resistant SK-MEL19 cells
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FIGURE 1 MDMZ2i efficiently reduces melanoma cell growth. (A-B) Vemurafenib sensitive (S) and vemurafenib resistant (R) melanoma
cell lines were treated with different concentrations of Nutlin-3 (A) and AMG-232 (B) for 72 h (viability analysis in quintuplicates, mean+SD).
IC50 levels and inhibitory effect at 6.25pM of Nutlin-3 and AMG-232 treatment in the different melanoma cells were calculated using the
cell viability data. (C) Immunoblot analysis was performed using melanoma cell lysates. (D) Relative RNA expression of CDKN1A of the
respective melanoma cell lines was determined using RT-gPCR
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towards Nutlin-3 treatment (Figure 3E,l). In accordance with that, overexpression decreased the protein level of p73 in BRAFi sensi- g
overexpression of CDKN1A resulted in a significant sensitization of tive and resistant melanoma cells, and vice versa, siRNA induced p53 =
these cells towards Nutlin-3 treatment (Figure 3F,J). Interestingly, knockdown increased total p73 protein level independent of p53 mu- -
downregulation of p21 reduced also the sensitivity towards the tational status (Figure 4A). However, RNA expression of total TP73

BRAFi vemurafenib in treatment naive A375 cells (Figure 3G,l). The and TATP73 did not show a significant alteration after p53 knockdown
effect of siRNA induced knockdown of CDKN1A on BRAFi resistant pointing to a posttranscriptional regulation of p73 expression by p53
cells was not visible. However, induction of p21 protein level by (Figure 4B). In contrast, MDM2 inhibition by siRNA transfection re-
overexpression of CDKN1A sensitized both treatment naive as well duced not only the abundance of p73a on protein level, but also the
as BRAFi resistant A375 and BRAFi resistant SK-MEL19 melanoma total TP73 and TATP73 transcript level in A375 cells (Figure 4C). These
cells towards vemurafenib treatment (Figure 3H,J). In summary, our data could be confirmed by Nutlin-3 treatment of A375 S and R cells
data indicate that sensitivity towards targeted therapy with BRAFi (Supplementary Figure 1J). Interestingly, p73 seems not to have an
or MDM2i is increased by high expression of CDKN1A/p21. influence on p53 expression since down- or upregulation of TAp73 ex-

pression did not affect p53 protein and transcript level (Figure 4D,E).

3.4 | P53 negatively regulates p73 expression

4 | DISCUSSION
We noticed that siRNA induced p21 knockdown resulted in a de-
creased p53 protein expression and an increased p73 expression This study made the important observation that melanoma cells dif-
suggesting a cross-regulation of p53 and p73 expression (Figure 3D). fer in their sensitivity towards BRAFi and inhibitors of MDM2 de-
Thus, we analysed the influence of p53 on p73 expression. p53 pending on p21 protein levelsin the cells. Furthermore, in accordance

asua0I ] suowo)) aAnear) ajgeordde Y Aq PALIIACS aIe SAAIIT Y 281 Jo Sa[NI 10} ATIGIT UUQ KA U



Appendix

- 102 -

1248
‘W1 LE Y20 E N BT

FROHLICH €T AL.

451LuR
vemurafenib [uM]
5 0

Mel1617 R
vemurafenib [uM]

5 10

—_— 1

(A) A375R SK-MEL19 R
ib [uM]
i ky
= 100
£z
¥l
3
S so
° S
0 2
AMG-232 [uM] AMG-232 [uM]
(8) A375R SK-MEL19 R
(Nut’'Vem) (Nut/Vem)
8 synergism synergism ¢
2 oe Ky 08 .
o .
506 . s .
o
t 0.4- 04 o
E 0.2 ,pr 0.2 ﬁ
° 0.
0.2 0.4 06 0.8 1.0 02 0.4 0.6 0.8 1.0
expected effect expected effect
() A375
S R
. 3 . 2
= 5 5 g = 5 k] 5
5] > z o S > z I}

s R
3 , 3
5 < E & £ o E
3 £ 2 & g £ 2 8
SR TN Nl ©
| - -e
wi[ @ e

Actin | e —-———

£ 0ol 100 ~ Vem
z . ~ AMG-232
3 . - -~ Combi
; 50 50 \\.
g
e 0 0+
0 10 20 10 20
AMG-232 [uM] AMG-232 [;M]
451LuR Mel1617 R
(Nut/Vem) (Nut/Vem)
5 b synergism  «* synergism
£ o8 o 0.8 .
: 0.6 S 0.6
£ o 0.44 y
3 024 . 0.24
-g antagonism)|
0. 0.

0
0.2 0.4 0.6 0.8 1.0
expected effect

0.2 0.4 0.6 0.8 1.0
expected effect

Mel1617

Combi.
Ctr
Vem.
Nut.
Combi.

s R
¢ z ¢ H
5§ £ 2 3 § £ 2 3
P53 | My TN g e
p21 \

FIGURE 2 Combinational treatment of MDM2i and MAPKi reduces melanoma cell growth in a synergistic manner. (A) Viability assays
were performed in the BRAFi resistant melanoma cells (R) which were treated with a combination of AMG-232 and vemurafenib (viability
analysis in quintuplicates, mean +SD). (B) Isobologram analysis was performed using the data of cells treated with a combination of Nutlin-3
(Nut) and vemurafenib (Vem). (C) Immunoblot analysis was performed using the lysates of treatment naive and MAPKi resistant melanoma
cells which remained untreated (Ctr.), were treated with vemurafenib (Vem), Nutlin-3 (Nut.), or with a combination of both drugs (Combi.)

with previous publications,***!

we were able to show that p53 ac-
tivation in melanoma cells by either MDM2 inhibition with Nutlin-3
or AMG-232 or direct p53 activation using overexpression could
sensitize both BRAFi sensitive and interestingly also BRAFi resistant
melanoma cells to vemurafenib treatment in a synergistic manner
in MDM2i sensitive cells lines. However, the combinational effect
could not be observed in MDM2i-resistant cell lines, and we could
show that the synergistic activity in MDM2i sensitive cell lines is de-

pendent on p21 induction. In our previous study, we could show that

BRAFi resistant cells are more sensitive towards the chemothera-
peutic agent cisplatin, and this is not mediated by p53 activation,
but by a lower expression of the TAp73 isoform.?® Therefore, our
previous data and the results in this study indicate that the different
p53 family members mediate distinct sensitivities towards targeted
therapies or DNA-damaging substances.

Together with findings of other recent papers,®? we found that in
all melanoma cell lines used and irrespective of their p53 mutational
or BRAFi sensitive or resistant status, treatment with the MDM2i
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FIGURE 3 p21 plays a crucial role in the response of MDM2i and MAPKi treatment of melanoma cells. (A) Viability analysis was
performed after the treatment of 1205Lu wt and 1205Lu p53 ko cells with Nutlin-3 for 72 h (viability analysis in quintuplicates, mean +SD).
(B) Relative RNA expression of TP53 and its target genes in 1205Lu wt and 1205Lu p53 ko cells was determined by RT-qPCR. The samples
were collected 24 h after the treatment with 5 uM Nutlin-3 or remained untreated (Ctr.; analysis in triplicates, mean+SD). (C) Immunoblot
analysis was performed using 1205Lu wt and 1205Lu p53 ko melanoma cell lysates which were collected 24 h after the treatment with 5 M
Nutlin-3 (+) or remained untreated (). (D) Immunoblot analysis was performed using A375 S melanoma cell lysates which were collected
48h after the transfection of siRNA against CDKN1A (siCDKN1A) or control siRNA (siCtr). (E-H) Viability analysis was performed after the
treatment of A375 S and R as well as SK-MEL19 S cells with Nutlin-3 (E, F) or vemurafenib (G, H) for 72h. CDKN1A knockdown (siCDKN1A)
and control siRNA transfected cells (siCtr) or CDKN1A overexpression (CDKN1A OvE) and control overexpression (ctrOvE) transfected

cells were used. The treatment started 24 h after the transfection process (viability analysis in quintuplicates, mean +SD). (I-J) Immunoblot
analysis was performed using the lysates of melanoma cell lines used in (E-H). The samples were collected 24 h after the transfection process
of siCtr (=) and siCDKN1A (+) (I) or ctrOVE (=) and CDKN1A OVE (+) (J).

Nutlin-3 and AMG-232 resulted in a decrease in cell viability. In con- of p53 did not influence the basal p53 signalling activity, as well as
trast to an ectopically induced expression and accumulation of p53, melanoma cell viability or vemurafenib sensitivity.33 Further publi-
the reduction of intrinsic p53 level via siRNA or specific knockout cations support these findings by showing no effect on p53 target
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FIGURE 4 p53 negatively regulates p73 expression. (A) Immunoblot analysis was performed using the melanoma cell lysates which were
collected 48h after the transfection of siRNA against p53 (sip53) or control siRNA (siCtr) as well as after the adenoviral infection of p53
overexpression plasmid (n530VE) or the correspondent control plasmid (GFPCtr). (B-C) Relative RNA expression of TP73 and its specific
isoform TATP73 was determined by RT-qPCR. The samples were collected 24 h after the transfection of siRNA against TP53 (sip53) (B) or
the siRNA against MDM2 (siMDM2) (C) as well as 24 h after the transfection of control siRNA (siCtr) (analysis in triplicates, mean+SD).
Immunoblot analysis was performed using the A375 melanoma cell lysates which were collected 48 h after the transfection of siRNA against
MDM2 (siMDM2) and control siRNA (Ctr). “ns” is defined non-significant. (D) Immunoblot analysis was performed using lysates of BRAFi
resistant (R) SK-MEL19 melanoma cells which were collected 48 h after the transfection of Ha-TAp73« expressing plasmid (p730vE) or
pcDNA control-plasmid (Ctr) or lysates of treatment naive (S) SK-MEL19 cells which were collected 48h after the transfection with sSIRNA
against TATP73 (si1Tap73 or si2Tap73) or after the transfection with control siRNA (sictr) (analysis in triplicates, mean +SD). (E) Relative RNA
expression of TP53 after treatment naive A375 and SK-MEL19 cell lines was determined by RT-qPCR. The correspondent samples were
collected 24 h after the transfection with siRNAs against TAp73 (silTAp73 or si2TAp73) or after the transfection with control siRNA (siCtr;

analysis in triplicates, mean +SD)

gene transcription after knockdown of p53. These findings suggest
that the basal p53 signalling activity is markedly suppressed in mel-
anoma cells.

In our study, we showed that p21 plays a crucial role in the sen-
sitivity of melanoema cells not only towards BRAFi, but also towards
MDM2i. In accordance with previous publications, we pointed out
that MDM2 inhibition results in an induction of p53 and its target
genes, such as p21.>* Furthermore, we found that p21 is essential
for the effect of MDM2i in melanoma cells, as a siRNA induced
knockdown lead to a reduced sensitivity of treatment naive as well
as BRAFi resistant A375 and BRAFi resistant SK-MEL19 melanoma
cells towards Nutlin-3 treatment. In accordance with that, induction
of p21 by CDKN1A overexpression resulted in a clear sensitization
of these cells towards Nutlin-3 treatment. This study revealed that
high basal p21 levels correlate with a higher sensitivity of melanoma
cells towards MDM2i. High p21 levels lead to an accumulation of

A375 S cells in G1 phase, which possibly makes them more sensi-
tive to p53 mediated apoptosis.a5 In addition to that, we found that
p53 activation, for example by Nutlin-3 treatment, influences the
BRAFi treatment effect. P53 accumulation and activation resulted
in an induction of the p53 target gene CDKN1A and a decrease in
p73 expression, which ultimately lead to a Nutlin-3 induced sen-
sitization of the BRAFi resistant melanoma cells to vemurafenib
treatment. With these findings, we are able to confirm previous pub-
lications that state that a combination of Nutlin-3 treatment with
BRAFi results in a synergistic reduction of melanoma cell viability
in vitro.*°~*? Furthermore, we could show for the first time that the
combined MDM2i and BRAFi treatment had a synergistic effect on
MDM2i sensitive cell lines, whereas the effect of combined MDM2i
and BRAFi treatment only resulted in an additive effect in MDM2i
resistant cell lines and that MDM2i sensitivity is determined by basal
expression and induction level of p21. By this, p21 expression could
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be used as a prognostic biomarker for the treatment response of
melanoma patients towards BRAFi and MDM2i.

To unravel the complex interplay of p53 with p73 in BRAFi sensi-
tivity we determined the crosstalk of both p53 family members. In our
study, we show that modulating p53 level by either overexpression or
downregulation negatively influenced protein level of p73, but not p73
transcription pointing to a p53 mediated posttranscriptional regula-
tion of p73 expression. However, Nutlin-3 treatment or MDM2 knock-
down could reduce the total TP73 and TATP73 transcript as well as
p73a protein level in TP53 wild type cells. Previous papers could show
that p53 directly interacts with the TAp73 promoter and thereby acti-
vate TAp73 expression, which in particular occurs upon cellular stress.
This ultimately leads to an apoptotic response.““37 Interestingly, al-
though the crosstalk between p53 and p73 has been extensively stud-
ied,*®**” no mechanism of direct reduction of p73 protein level by p53
overexpression of MDM2 inhibition has been published before. The
observed effect of Nutlin-3 or siRNA mediated MDM2 blockage on
TAp73 protein level is possibly mediated by p53 activation. Besides
the direct inhibitory interaction of MDM2 and p73 on protein level,
MDM2 was also shown to induce TATP73 transcription,‘m which would
fit to the findings of this present study. Surprisingly, TAp73 levels do
not alter the transcription or protein level of p53 and its downstream
signalling in A375 and SK-MEL19 cells, which points to p53 indepen-
dent, but TAp73 dependent molecular mechanisms.

In summary, the results of this study show that p21 has a distinct
role in determining the sensitivity towards BRAFi and MDM2i. The
p21 expression and induction level could be used as a biomarker in
melanoma patients to dissect them for a combined treatment with
p53 activating substances and BRAFi. Also, drugs that activate p21
could serve as a potential amplifier to targeted therapeutics in the
treatment strategy. This could sensitize BRAFiresistant melanoma
patients for the p53 activating substances in combination with
MAPKi pointing to an individualized treatment regimen based on
p21 basal and induction level in future.
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Supplementary figure 1

a-b Relative gene expression of TP53 and its target genes CDKNI1A, MDM2 and BAX in A375 S/R (a)
and SK-MEL19 S/R (b) were analysed. The RT-qPCR samples were collected after the treatment with
5 uM vemurafenib, (Vem.), 5 uM Nutlin-3 (Nutlin-3) or after the combined treatment (Combi.). The
correspondent untreated cell samples were used as control (Ctr.) (analysis in triplicates, mean + SD). ¢
Relative gene expressions of MDM2, TP53 and its target gene CDKN1A were analysed in A375 S cells.
The samples were collected 24h after the transfection of siRNA against MDM2 (siMDM?2) or control
siRNA (siCtr) (analysis in triplicates, mean + SD). d Immunoblot analysis was performed using lysates
of treatment naive A375 cells which were collected 48 h after the transfection of siRNA against MDM?2
(siMDM2) or of non-silencing control siRNA (siCtr.). e Relative viability was calculated in A375 S
cells which were collected 96 h after the transfection of siRNA against MDM2 (siMDM?2) and control
siRNA (siCtr). f Relative distribution of sub-G1 phase and G2/M phase cells was detected by cell cycle
analysis. The assay was performed 96 h after the transfection of siRNA against MDM2 (siMDM?2) or
non-silencing control siRNA (Ctr.). g Viability analysis was performed after the treatment A375 S cells.
MDM?2 knock-down (siMDM2) and control siRNA transfected cells (siCtr) were used. The vemurafenib
treatment started 24 h after the transfection process for 72 h (viability analysis in quintuplicates, mean
+ SD). h Relative viability of the cells was calculated (viability analysis in quintuplicates, mean + SD).
i Viability analysis was performed after the treatment of the correspondent infected cells with up to 20
UM vemurafenib for 72 h. The treatment was started 24 h after the infection (viability analysis in
quintuplicates, mean + SD). j Relative gene expressions of TP73 and TATP73 were analysed in A375
S and R cells. The samples were collected 24h after the treatment with 5 uM Nutlin-3 or remained

untreated (Ctrl.) (analysis in triplicates, mean + SD).
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Table 1

P53 mutational status in A375, SK-MEL19, 451Lu, SK-MEL28, Mel1617 and 1205Lu melanoma cell

lines. Functional classification of p53 mutations are adapted from

http://mutantp53.broadinstitute.org/heatMap/login (13.09.21)

A375

p53
status

wildtype

SK-MEL19

N131K

partial
functional

451Lu

Y220C
non
functional

SK-MEL28

L145R
non
functional

Mel1617

1205LU

wildtype

wildtype
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ABSTRACT

The efficacy of targeting the MAPK signaling pathway in patients with
melanoma is limited by the rapid development of resistance mechanisms
that result in disease relapse. In this article, we focus on targeting the DNA
repair pathway as an antimelanoma therapy, especially in MAPK inhibitor
resistant melanoma cells using PARP inhibitors. We found that MAPK in-
hibitor resistant melanoma cells are particularly sensitive to PARP inhibitor
treatment due to alower basal expression of the DNA damage sensor ataxia-
telangiectasia mutated (ATM). As a consequence, MAPK inhibitor resistant
melanoma cells have decreased homologous recombination repair activity
leading to a reduced repair of double-strand breaks caused by the PARP
inhibitors. We validated the clinical relevance of our findings by ATM ex-
pression analysis in biopsies from patients with melanoma before and after
development of resistance to MAPK inhibitors. Furthermore, we show that
inhibition of the MAPK pathway induces a homologous recombination

Introduction

Melanoma cells typically have a high mutational load due to accumulation of
unrepaired UV radiation-associated DNA damage (1). Therefore, efficient re-
pair of DNA damage is of fundamental importance for genomic integrity and

play a critical role in cancer development and progression. Interestingly, cancer
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repair deficient phenotype in melanoma cells irrespective of their MAPK
inhibitor sensitivity status. MAPK inhibition results in a synthetic lethal
interaction of a combinatorial treatment with PARP inhibitors, which sig-
nificantly reduces melanoma cell growth in vitro and in vivo. In conclusion,
this study shows that PARP inhibitor treatment is a valuable therapy option
for patients with melanoma, either as a single treatment or as a combination

with MAPK inhibitors depending on ATM expression.

Significance: We show that MAPK inhibitor resistant melanoma cells
exhibit low ATM expression increasing their sensitivity toward PARP in-
hibitors and that a combination of MAPK/PARP inhibitors act synthetically
lethal in melanoma cells. Our study shows that PARP inhibitor treatment
is a valuable therapy option for patients with melanoma, either as a single
treatment or as a combination with MAPK inhibitors depending on ATM
expression, which could serve as a novel biomarker for treatment response.

cellsare more susceptible to inhibition of DNA damage repair (DDR) compared
with noncancerous cells making this pathway an attractive target in cancer ther-
apy especially for patients who suffer from acquired resistance toward targeted
drugs (2). Up to 50% of patients with melanoma have a genetic mutation in
the BRAF gene leading to a hyperactivation of the MAPK signaling pathway
and thus benefit from therapy with MAPK inhibitors (MAPKi; ref. 3). How-
ever, long-term treatment results in acquired resistance to MAPKi, which limits
the benefit of the therapy (4). Interestingly, it still remains unknown whether
melanoma cells resistant to MAPKi therapy can be targeted by modulating the
DDR.

PARPs are essential in the immediate response to DNA damage. PARP is in-
volved in early steps of the base excision repair, and its inhibition via PARP
inhibitors (PARP) results in the inability to repair the damaged base. In ad-
dition, PARPi prevent the dissociation of PARP from damaged DNA leading
to PARP trapping and thereby double-strand break (DSB) formation, which
is mainly responsible for the cytotoxic effect of PARPi (5). A synthetic lethal
interaction of PARPi in tumors with a genetic mutation in homologous re-
combination repair (HRR) genes makes these patients particularly sensitive to

PARPI (6,7). On the basis of this knowledge, several clinical trials are on the way

Cancer Res Commun; 3(9) September 2023
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using PARPi in patients with cancer with a HRR deficiency (HRD) including
patients with melanoma (8-10).

Interestingly, inhibition of the MAPK pathway in treatment-naive melanoma
cells was recently shown by us and others to suppress the expression of HRR
pathway genes leading to a HRD phenotype (11, 12). This suggests that com-
bined treatment of melanoma cells with PARPi and MAPKi is effective in killing
these cells and first preliminary investigations showed a synergistic reduction
of cancer cell viability of PARPi in combination with MAPKi (12, 13). How-
ever, the molecular mechanisms of synergistic killing of PARPi and MAPKi in
treatment-naive melanoma cells and the effectiveness of PARPi as a monother-
apy or in combination with MAPKi in melanoma cells with acquired resistance
toward MAPKi is still unknown.

The aim of this study was to decipher whether PARPi therapy can be an ap-
propriate treatment strategy for patients with melanoma and to identify the
molecular mechanisms of PARPi sensitivity. In addition, we wanted to unravel
whether there are differences in PARPi sensitivity in melanoma cells with an
acquired resistance toward MAPKi in comparison with treatment-naive cells.
Finally, we aimed to analyze a potential synergistic effect of PARPi with MAPKi
in melanoma cells which are either sensitive or resistant toward MAPKi treat-
ment. Our aim was to unravel which patients with melanoma specifically can
benefit from PARPi treatment alone or in combination with MAPKi and to

identify biomarkers for treatment response.

Materials and Methods
Cell Culture

The human metastatic melanoma cell lines A375, SKMel28, and HT-144 were
purchased from ATCC. The human patient-derived xenograft (PDX) cells
were received from T. Sinnberg and H. Niessner. The remaining cells were re-
ceived from M. Herlyn (Wistar Institute, Philadelphia, PA). The BRAF inhibitor
(BRAFi) and MEK inhibitor (MEKi) resistant cells were created as described
previously (14). BRAFi resistant (R) cell lines were cultured with 2 pmol/L
vemurafenib, BRAFi plus MEKi resistant (RR) cell lines were cultured with
2 pmol/L vemurafenib and 5 nmol/L trametinib. All cell lines were cultured
in RPMI1640 medium containing 10% FBS (Sigma-Aldrich F9665) and 1%
penicillin and streptomycin (Gibco 11548876) at 37°C and 5% CO-. The cell
lines were regularly tested for Mycoplasma using the Venor GeM Classic My-
coplasma Detection Kit (Minerva Biolabs 11-1025; last test: November 2022)
and used no longer than 2 months upon thawing of the frozen stock. Cell lines
were authenticated by short tandem repeat profile analysis (Microsynth; last au-
thentication: November 2022). Primary human fibroblasts were isolated from
human foreskin after routinely circumcision from the Loretto Clinic Tiibingen

upon informed consent of the patients as described previously (15).

Viability Analysis and Inhibitors

Cell viability was analyzed with the 4-Methylumbelliferyl heptanoate (MUH)
assay as described previously (16). A total of 1 x 10° melanoma cells or 5 x 10*
fibroblasts were seeded the day before treatment started. Cells were treated with
the following inhibitors: vemurafenib (BRAF inhibitor, Medchemexpress HY-
12057), trametinib (MEK inhibitor, Biomol 16292-250), LY3009120 (panRAF
inhibitor, Medchemexpress HY-12558), olaparib (PARP inhibitor, Medchemex-
press HY-10162), or talazoparib (PARP inhibitor, Medchemexpress HY-16106).

Experiments were performed in quintuplicates.

Cancer Res Commun; 3(9) September 2023

Cell-cycle Analysis

A total of 2 x 10° melanoma cells per cavity of a 6-well plate were seeded
24 hours before treatment start with 2 umol/L talazoparib for the indicated
timepoints. Cells were permeabilized in 80% cold ethanol for 1 hour and re-
suspended in PBS containing 100 jg/mL RNAseA (Applichem) and 50 j1g/mL
Propidium Iodide (Sigma-Aldrich P4864) for 30 minutes. LSRII FACS (BCD
Biosciences) was used for the cell-cycle experiment. For cell-cycle sorting, cells
were treated with 5 pmol/L vemurafenib or remained untreated. A total of
24 hours after the treatment start, cells were harvested and stained with Hoechst
(1:20,000, Thermo Fisher Scientific H3570) for 10 minutes and then sorted ac-
cording to their cell-cycle phase in G;-phase, S-phase, and G,-M-phase. For
the sorting of the cells, FACS Aria (BD Biosciences) was used. FACSDiva soft-
ware (BD Biosciences) was used for the analysis of the distribution of the cells

in the different cell-cycle phases. FloJo_10 was used to visualize the data.

Apoptosis Assay
Apoptosis assay was performed with the Incucyte Caspase-3/7 Dye for apop-

tosis (Sartorius 4440) according to the manufacturer’s protocol. Briefly, 5 to
10 x 10° cells were seeded into 96-well plate cavities. A total of 24 hours after
seeding, cells were treated with 5 umol/L talazoparib, or remained untreated.
Simultaneously, the Caspase-3/7 dye diluted 1:1,000 in cell culture medium was
added to the cells. Using the Incucyte SXI, phase contrast and green channels
were selected and nine images per well were taken to cover the entire well with
an average scan interval of 2 hours for a total of 48 hours. Green fluorescence

positive cells were quantified.

Spheroid Assay

Spheroid assay was performed as described previously (11), For this, 250 cells in
25 pL medium were grown in hanging drops for 10 days. The formed spheroids
were then reseeded on a 12-well plate in medium containing 1.2 mg/mL collagen
I (Matrix Biosciences, 50105). Spheroids were treated on day 0 with 5 jumol/L
talazoparib, 2.5 jLmol/L vemurafenib, a combination of both drugs, or remained
untreated. Between 5 and 15 spheroids per treatment group were included in the

analysis. Spheroid sizes were quantified using Image].

Colony Formation Assay

Colony formation assay was performed as described previously (16). A total
of 750 cells were seeded and 24 hours later treated with 2 umol/L talazoparib,
2 pmol/L vemurafenib, a combination of both drugs, or remained untreated.
Seven days after treatment start, cells were fixed in 4% formalin, stained with
3% crystal violet solution (Sigma-Aldrich, HT90132) in 80% methanol for

2 hours, and colonies were counted.

RNA Isolation and qRT-PCR

RNA isolation was performed with the help of the Nucleospin RNA Kit
(Macherey-Nagel 740955) according to the manufacturer’s protocol. RNA iso-
lation of mouse tumor material was performed with NucleoSpin totalRNA
formalin-fixed paraffin-embedded (FFPE; Macherey-Nagel 740969) accord-
ing to the manufacturer’s protocol. The cDNA was produced and gRT-PCR
was performed as described previously (14). qRT-PCR was performed with
the Lightcycler 96 Instrument (Roche). The primer sequences are depicted in
Table 1.

Actin served as a housekeeping gene. PCR profiler array was performed as

described previously (11). RT? Profiler PCR Array Human DNA Repair and
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TABLE 1 Primers used in this project

PARP Inhibitors as an Effective Treatment for Melanoma

Gene name Forward sequence Reverse sequence

CDKNIA TCACTGTCTTGTACCCTTGTGC GGCGTTTGGAGTGGTAGAAA

ATM TGTTCCAGGACACGAAGGGAGA CAGGGTTCTCAGCACTATGGGA
BRCAT TTGTTGATGTGGAGGAGCAA GATTCCAGGTAAGGGGTTCC

BRCA2 GAAAATCAAGAAAAATCCTTAAAGGCT GTAATCGGCTCTAAAGAAACATGATG
RADS5T GGTGAAGGAAAGGCCATGTA GGGTCTGGTGGTCTGTGTT

EXO1 TCGGATCTCCTAGCTTTTGGCTG AGCTGTCTGCACATTCCTAGCC

Actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT

p53 Signaling Pathway (Qiagen PAHS-042) were used. Cells were treated with
5 pmol/L talazoparib for 24 hours or remained untreated. Experiments were

performed in triplicates.

Comet Assay
The Comet Assay Kit (Abcam, ab238545) was used for analysis of DNA damage

and performed according to the manufacturer’s protocol. A total of 1,500 cells
were seeded on each cavity of the 3-well object slide. The cells were treated
with 15 pmol/L talazoparib, 5 pmol/L vemurafenib, a combination of both
drugs, or remained untreated. TBE electrophoresis was performed at 2 V/cm for
20 minutes. For the analysis of the comets, the software OpenComet was used
(17, 18). The tail moment was calculated by using the formula: tail moment =
tail length x tail DNA %, where the tail length is defined as the length of the tail
in pixels and the tail DNA % is defined as the tail DNA content as a percentage
of comet DNA content.

Migration and Invasion Assay

Boyden chamber-based migration and matrigel invasion assay was performed
as described previously (19). A total of 8 x 10° cells were seeded onto the tran-
swell insert and 10 minutes after the seeding process, cells were treated with

talazoparib, or remained untreated. Experiments were performed in triplicates.

IHC and Immunofluorescence Staining

FFPE tissue sections of metastatic melanoma samples were deparaffinized and
prepared as described previously (11). For IHC staining, ataxia-telangiectasia
mutated (ATM) antibody (ab32420, 1:50) was used with Fast Red Substrate
(Thermo Fisher Scientific Lab Vision Liquid Fast-Red Substrate System), and
a counterstain with hematoxylin and eosin was performed. For the anal-
ysis of patient material, written informed consent from the patients was
obtained. The studies were conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Commission Tiibingen, Germany
(approval number 866/2021B02). For immunofluorescence staining of ATM,
5 x 10* cells were seeded into each well of an 8-well chamber slide (Falcon
354118). On the next day, cells were fixed with 4% formalin for 10 minutes.
The following primary antibodies were used for immunofluorescence staining:
anti-ATM (ab32420, 1:250), anti-pH2AX (Ser139; Merck, JBW301, 1:500), anti-
p21 Wafl/Cipl (DCS60; CST29486, 1:50). After overnight incubation of the first
antibody at 4°C, the secondary antibodies were added for 1 hour at room tem-
perature. For ATM staining, the secondary antibody Cy3 Donkey Anti-Rabbit
IgG (711-166-152, Jackson ImmunoResearch, 1:250), and for pH2AX and p21 the
Alexa Fluor 488 Donkey Anti-Mouse IgG (715-546-151, Jackson ImmunoRe-
search, 1:250) was used. DAPI staining (Invitrogen, NucBlue fixed cell stain
Ready-Probes reagent) or Hoechst33342 (Invitrogen) were used to stain the
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nuclei. Quantification of the THC was performed by counting the cells with the
help of Image]. Quantification of the immunofluorescence was performed with
the Zen blue Version 2.6 software. For this, a total of 10 images with on average
25 cells per image for each group were analyzed. The red fluorescence intensity

per cell was analyzed.

Immunoblot Assay

Immunoblot analysis was performed as described previously (16). For study-
ing the PARP trapping effect of the PARP, isolation of the nuclear soluble and
chromatin bound fraction was performed using the Subcellular Protein Frac-
tionation Kit for Cultured Cells (Thermo Fisher Scientific 78840) according to
the manufacturer’s protocol. Cells were therefore treated with 0.005% Methyl
methane sulfonate (MMS, Thermo Fisher Scientific, 156890050) and 2 pmol/L
talazoparib. The following primary antibodies were used for immunoblot anal-
ysis: anti-p21 Wafl/Cipl (DCS60; Cell Signaling Technology 2946, 1:1,000),
anti-pH2AX (Ser139; Merck, JBW301, 1:500), anti--Actin (Cell Signaling Tech-
nology 4967, 1:2,000), anti-p53 (DOI; sc-126, 1:500), anti-ATM (D2E2; Cell
Signaling Technology 2873, 1:1,000), anti-PARP (Cell Signaling Technology
9542, 1:1,000), and anti-H2A.X (Cell Signaling Technology 2595, 1:1,000). The
following secondary antibodies were used: anti-mouse IgG, horseradish per-
oxidase (HRP)-linked (Cell Signaling Technology 7076) and anti-rabbit IgG,
HRP-linked (Cell Signaling Technology 7074).

Xenograft Mouse Experiment

The animal experiments were approved and performed in compliance with
the requirements of the German Animal Welfare Act and approved by local
authorities (Regierungsprisidium Tabingen, HT1-18). The mice were random-
ized into the different treatment groups based on gender and age. A total
of 1 x 10° melanoma cells (A375 S, A375 R) in 50 WL sterile PBS (Sigma-
Aldrich D8537) and 50 pL Matrigel (Corning 354234) were subcutaneously
injected into the right flank of NSG mice. The inhibitors talazoparib and ve-
murafenib were dissolved in 10% DMSO (PanReac AppliChem A3672), 40%
PEG300 (Medchemexpress HY-Y0873), 5% Tween80 (Sigma-Aldrich P1754),
and 45% PBS. After a palpable tumor size of 25 mm?, the treatment with
2 mg/kg/day talazoparib (A375 R), or 1 mg/kg/day talazoparib (A375 S),
25 mg/kg/day vemurafenib (A375 §), or a combination of 1 mg/kg/day tala-
zoparib and 25 mg/kg/day vemurafenib (A375 S) via oral gavage started. The
control mice received the solvent without inhibitors. The mice were treated
daily for 14 days. The tumor was measured every second day. After 14 days,
if the tumor exceeded a size of 1,000 m?, or the tumor ulcerated, the mice were
euthanized, and the tumor was removed for further analysis. The tumor volume

was calculated with the formula: Viymer = 0.5 x width? x length.
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Statistical Analysis

All experiments were statistically analyzed using GraphPad Prism version 9.1.2.
Data that are statistically significant (P < 0.05) were labeled with asterisks
(%, P < 0.05; **, P < 0.01;***, P < 0.001; and ****, P < 0,0001). Unless otherwise
stated, statistical analysis was performed by unpaired ¢ test when two groups
were compared with each other, and one-way ANOVA was performed when
multiple groups were compared with each other. For the normalized intensity of
ATM levels of patients with melanoma before and after MAPK inhibitor resis-
tance, the GSE data provided by Gene Expression Omnibus (GEO; GSE50509
and GSE61992) were used (20-23). Paired Wilcoxon test was performed for the
statistical analysis of the GEO data. For the analysis of the MUH cell viabil-
ity assay, nonlinear regression analysis was performed. When comparing two
MUH curves with each other, comparison of fits of the nonlinear regression
was performed. Synergism analysis was performed by calculating the com-
bined index (CI) values of each treatment ratio and drug concentration using
the software compusyn (https://www.combosyn.com/; with CI < 1 synergistic,
CI > 1 additive). In detail, the observed effect of each single treatment and the
combined treatment were used. The compusyn software then calculated the CI
value using the measured treatment effect of the single treatments versus the
combined treatment. The compusyn software calculated the CI value for each
treatment ratio used. The calculated CI values were then added in a graphic in
respect of the treatment ratio. Protein expression of immunoblot experiments

was analyzed with Image] 1.53a.

Data Availability

The data generated in this study are available upon request from the corre-
sponding author. ATM mRNA expression profile data analyzed in this study
were obtained from GEO at GSE50509 and GSE61992.

Results

BRAFi Resistant Melanoma Cells are Highly Susceptible
to PARPi Treatment

To analyze whether PARPi treatment affects acquired resistance to MAPKi, we
tested the sensitivity of the PARPi olaparib and talazoparib in melanoma cell
line pairs that are either sensitive (S) or resistant (R) toward the BRAFi ve-
murafenib. Interestingly, the R cells were significantly more sensitive to both
PARPi (Fig. 1A). Next, we tested the sensitivity to PARPi of a PDX from a patient
with melanoma who developed resistance toward the BRAFi vemurafenib and
dabrafenib. The cells of this patient were highly sensitive toward the PARPi ola-
parib and talazoparib (Fig. 1A). Most importantly, treatment with talazoparib
almost completely prevented growth of human A375 R melanoma cells in NSG
mice. The tumor volume over time of mice treated with talazoparib was signif-
icantly reduced from day 7 on compared with the solvent-treated control mice
(Fig. 1B). The final tumor size of the mice treated with talazoparib was also sig-
nificantly lower compared with the solvent-treated control mice (Fig. 1C). In
addition, the tumors at the end of the experiment in the talazoparib-treated
mice were macroscopically smaller than the solvent-treated control mice
(Fig. 1D). These data indicate that BRAFi resistant melanoma cells can be
treated with PARPi as a single agent.

PARPI Treatment Induces p53-associated Proapoptotic
Genes and Cell Death in BRAFi Resistant Melanoma Cells

To decipher the molecular mechanism underlying the high sensitivity of BRAFi

R cells toward PARPi, we tested their effect on melanoma progression and

Cancer Res Commun; 3(9) September 2023

cell-cycle arrest induction. Interestingly, treatment of A375 R cells with the
PARPi talazoparib for 24 hours significantly decreased their migratory and
invasive ability (Fig. 2A). Furthermore, cell-cycle analysis revealed an initial
induction of G2—M arrest that transited to apoptosis, as seen by the appearance
of a subG, peak in talazoparib-treated BRAFi R cells (Fig. 2B). Apoptosis in-
duction by talazoparib was confirmed by measuring the amount of activated
caspase 3/7 over time (Fig. 2C). As apoptosis induction is often accompanied
by activation of the p53 signaling pathway, we performed a PCR profiler ar-
ray for genes involved in the p53 signaling pathway. Indeed, genes important
in p53-mediated cell-cycle arrest and apoptosis induction, such as FOXO3,
SESN2, BAX, APAF1, CDKNIA, MDM?2, and CDKN2A were upregulated af-
ter talazoparib treatment of A375 R cells (Fig. 2D; Supplementary Table S1).
In particular, both RNA and protein expression of p2l/CDKNIA were sig-
niﬁcamly induced in talazoparib-treated BRAFi R cells (Fig. 2E and F). This
PARPi-dependent upregulation of p21/CDKNIA was also confirmed in the
talazoparib-treated mouse tumors (Supplementary Fig. S1A). These data sug-
gest that PARPi treatment induces G,—M arrest and subsequent activation of

apoptosis by p53-associated induction of proapoptotic genes.

MAPKIi Resistant Melanoma Cells Exhibit Low Expression
of the DNA DSB Sensor ATM

We found that talazoparib treatment of A375 R cells clearly induced phospho-
rylation of the histone variant H2A. X (pH2AX) at position serine 139 indicating
induction of DNA damage (Fig. 3A). This was also observed in the A375 R tu-
mors of talazoparib-treated mice (Supplementary Fig. SIB). Because the PARP
trapping and thereby the induction of DSB is the main mechanism of cellular
toxicity of PARPi (24), we tested whether PARPi treatment leads to a higher
PARP trapping effect in MAPKi resistant cells. For this, we performed a West-
ern blot analysis, in which we analyzed PARP levels bound to chromatin, and
thus, trapped PARP after talazoparib treatment and after short-time treatment
with methyl methanesulfonate to induce DNA damage. As expected, higher
chromatin bound PARP levels were observed compared with untreated control
cells (Fig. 3B). However, no difference between trapped PARP and thus the
PARP trapping efficacy in MAPKi resistant cells compared with their sensitive
counterparts was seen. Therefore, we proposed that the PARP trapping efficacy
is not higher in MAPKi resistant cells compared with their treatment-naive
counterpart. To gain further insight into the high PARPi sensitivity of BRAFi
R melanoma cells compared with their treatment naive, sensitive counterparts,
we performed a PCR Profiler Array for human DNA repair genes. Interestingly,
we found that in A375 R cells, ATM in particular was downregulated (Fig.
3C; Supplementary Table S1). ATM is a gene important for DNA DSB sensing
and for early steps of the DNA damage repair. We confirmed the data by im-
munoblot analysis (Fig. 3D), qPCR (Fig. 3E), and immunofluorescence staining
(Supplementary Fig. S1C) in several matching pairs of § and R melanoma cell
lines. The data indicate that RNA and protein expression of ATM is downreg-
ulated in BRAFi R cells compared with their sensitive counterparts. Moreover,
THC of matched biopsies from one patient before and after BRAFi resistance
development showed a clear downregulation of ATM protein levels in the
MAPKi resistant tumor compared with the treatment-naive tumor (Fig. 3F).
Downregulation of ATM in MAPKi resistant melanomas compared with the
treatment-naive tumors was confirmed by database analysis of mRNA se-
quencing data from matched melanoma samples before and after either BRAFi
resistance or BRAFi/MEKi dual resistance development published by Hugo and
colleagues (21-23). ATM mRNA levels were significantly reduced in MAPKi

resistant melanoma samples compared with samples of the same patient
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FIGURE 1 MAPKi resistant melanoma cells are highly susceptible to PARPi treatment. A, MUH cell viability assay of vemurafenib sensitive (S) and
resistant (R) melanoma cell lines as well as PDX R cells treated with different concentrations of PARPi (olaparib and talazoparib) starting at 100 umol/L
for 72 hours. Comparison of fits of the nonlinear regression was performed to analyze statistical differences between S and R cells. ICsg levels are
shown. B, NSG mice were treated with 2 mg/kg/day talazoparib (Tala.) or the same solvent without talazoparib (Ctr.). The xenograft tumor volume in
percent compared with treatment start over time is shown. C, The final tumor volume of the individual mice is depicted. Multiple t test was used to
compare the control (Ctr.) group to the talazoparib (Tala.) group. D, Representative pictures of the excised tumors are illustrated.

before the onset of MAPKi resistance (Supplementary Fig. S1D). To study the
importance of ATM to PARPi treatment in melanoma on a functional level, we
used the human melanoma cell line HT-144, that has the homozygous mutation
p-W2845* in the ATM gene, resulting in a truncated and thereby inefficient
ATM protein. Interestingly, the MUH analysis showed that the ATM-deficient
cells are also sensitive to talazoparib treatment (Fig. 3G) and that inhibition of
ATM by the ATM inhibitor Ku-55933 is more effective in A375 S cells than the
corresponding R cells (Fig. 3H). Most strikingly, downregulation of ATM in
A375 S cells via treatment with low concentrations of Ku-55933 sensitized the
cells significantly to talazoparib treatment (Fig. 31). Taken together, these data
suggest that BRAFi R cells are more susceptible to PARPi therapy because of
lower ATM levels and consequently an inefficient sensing of DNA DSBs.

AACRJournals.org

Synergistic Killing of Melanoma Cells by a Combination
of MAPKi and PARPi

Next, we tested whether combined treatment of MAPKi resistant melanoma
cells with PARPi and MAPKi increases the effectiveness compared with the
monotherapy. Treatment of A375 R cells with talazoparib and the BRAFi ve-
murafenib did not increase cell death induction compared with talazoparib
treatment alone (Fig. 4A; Supplementary Fig. S2A). However, a combination
of talazoparib and the MEKi trametinib resulted in a synergistic reduction of
melanoma cell viability, as indicated by the low CI values (Fig. 4B; Supple-
mentary Fig. $2A). Consistent with these data, a combination of talazoparib
and the panRAF inhibitor (panRAFi) LY3009120 had a synergistic cytotoxic ef-
fect on BRAF/MEKi double-resistant A375 melanoma cells (A375 RR; Fig. 4C;

Cancer Res Commun; 3(9) September 2023
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migrated (left) or invaded (right) cells is shown. Unpaired ¢ test was performed to compare the Ctr. with Tala. group. B, Cell-cycle analysis was

performed in A375 R, 451Lu R, and Mel1617 R cells after treatment with 2 pmol/L talazoparib (Tala.) for 24, 72, or 120 hours. Untreated cells (Ctr.)

served as a control. C, Incucyte Caspase-3/7 Dye for apoptosis was used to trace cell death activation after (Continued on the following page.)
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(Continued) treatment of 5 wmol/L talazoparib (Tala.) for up to 48 hours compared with untreated cells (Ctr.). The percentage of green fluorescence
positive cells is shown. Unpaired ¢ test was performed to compare the Ctr. with Tala. group. D, RT2 Profiler PCR Array Human p53 Signaling Pathway
was performed in A375 R cells that were treated with 5 umol/L talazoparib for 24 hours or remained untreated. log, fold changed in the expression of
the corresponding genes between the talazoparib treated group and the control group as well as the log;g P values of the respective gene expression
changes are shown in the volcano plot. Technical triplicates were performed. E, Immunoblot analysis of A375 R, 451Lu R, and Mel1617 R cells treated
with 5 wmol/L talazoparib (+) for 24 hours or untreated (—). Relative protein expression is shown. F, Relative gene expression of CDKNTA after

5 pmol/L talazoparib (Tala.) treatment for 24 hours or untreated A375 R, 451Lu R, and Mel1617 R cells. Unpaired t test was performed to compare the

Ctr. with Tala. group.

Supplementary Fig. S2B). These data indicate that patients with MAPKi re-
sistant melanoma may benefit from a combination of PARPi and MEKi or

panRAFi in case of a MEKi resistance.

Next, we asked whether a combination of MAPKi and PARPi would be effective
in MAPKi sensitive melanoma cells as a potential additional initial treatment
for patients with melanoma. For this, we treated SKMel28 S and A375 S cells
either with olaparib, talazoparib, vemurafenib, or the combination of a PARPi
and the BRAFi. As shown in Fig. 4D, the combination treatment synergistically
reduced the growth of the S melanoma cells (see also Supplementary Fig. S2C
and $2D). The different combination treatments led also to a significant lower
cytotoxicity in primary human fibroblasts compared with A375 melanoma cells
(Supplementary Fig. S2E). The combination treatment was also very efficient
in killing melanoma cells cultivated in three dimensions, as it significantly de-
creased the growth of melanoma cells in spheroids (Fig. 4E). Moreover, the
combination treatment significantly reduced the colony formation ability of
SKMel28 S and A375 S cells (Fig. 4F). Most strikingly, the combination treat-
ment of vemurafenib and talazoparib completely inhibited growth of A375 §
cells in vivo (Fig. 4G and H). The tumor volume over time of mice treated
with the combination was significantly reduced compared with the tumor vol-
ume over time of the solvent-treated control mice. The final tumor size of the
mice treated with the combination of BRAFi and PARPi was also significantly
lower compared with the tumor size of mice treated solely with vemurafenib or
talazoparib. In summary, we demonstrated that a combination of PARPi and
MAPKi synergistically reduces the growth of BRAFi sensitive, BRAFi resistant,

as well as BRAFi/MEKi double-resistant melanoma cells in vitro and in vivo.

Synthetic Lethality Elicits Synergism in the Combination
of MAPKi with PARPi

To analyze the molecular mechanism of the synergistic effect of PARPi and
MAPKIi, we determined the extent of DNA damage induction by talazoparib,
vemurafenib, or the combination treatment using pH2AX staining of A375 §
cells. As shown in Fig. 5A, talazoparib induced DNA damage to a high ex-
tent, in contrast to vemurafenib. Interestingly, the combination of talazoparib
and vemurafenib did not result in an increase of pH2AX staining extent com-
pared with the single treatments (Fig. 5A). Consistent with that, a comet assay
showed no increase in DNA damage of the combined treatment of talazoparib
and vemurafenib compared to each single treatment (Fig. 5B). On the basis of
these results, we postulated that the synergistic effect of combining PARPi and
MAPKi initially does not enhance DNA damage in melanoma cells, but that
MAPKi treatment possibly results in the inability to repair the DNA damage
induced by PARPi treatment.

Therefore, we analyzed gene expression of the important HRR genes BRCAL,
BRCA2, RADS5], and EXOI after MAPKi treatment in MAPKi S, R, and RR
A375 melanoma cells. Interestingly, treatment with the BRAFi vemurafenib, the
MEKi trametinib, or the panRAFi LY3009120 resulted in a significant downreg-
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ulation of these genes in MAPKi sensitive cells, whereas the respective effective
MAPKi treatment downregulated these HRR genes in R or RR cells: the MEKi
and the panRAFi in R cells and the panRAFi in RR cells (Fig. 5C). To exclude
the possibility that the downregulation of HRR genes was solely due to G; cell-
cycle arrest induced by vemurafenib, we checked RNA expression of HRR genes
in sorted vemurafenib-treated cells that were either in G;- or G;-M-phase and
compared them to the respective untreated cells in G- or G,-M-phase. Cells
treated with vemurafenib showed decreased HRR gene expression, regardless
of cell-cycle phase they were in (Supplementary Fig. S2F). These data indicate
that downregulation of the MAPK signaling pathway by the respective MAPKi
results in an HRD phenotype in melanoma cells and is therefore synthetically
lethal in combination with PARPi.

Discussion

In this work, we show that PARPi therapy could be an effective treatment option
for patients with both MAPKi sensitive as well as MAPKi resistant melanoma
as a monotherapy or in combination with MAPKi. We demonstrate that a di-
verse array of MAPKi induce an HRD phenotype and thus act synthetic lethal
in combination with PARPi in MAPKi sensitive and resistant melanoma cells

in vitro and in vivo.

We found lower ATM expression in MAPKi resistant cells and saw higher sen-
sitivity of these cells to PARP inhibitor therapy. Because ATM is known to be
an important sensor to activate HRR upon DNA DSBs, our hypothesis is that
the higher sensitivity of MAPKi resistant cells to PARPI is explained by lower
ATM levels, and thus lower repair of DNA DSBs by HRR. In addition, we found
a combination effect between MAPKi and PARPi. This combination effect can
be explained by the fact that suppression of the MAPK signaling pathway leads
to downregulation of essential HRR genes, such as BRCAL, BRCA2, RAD5I, or
EXOL. Therefore, BRAF mutant cells treated with MAPK inhibitors are very
sensitive to PARP inhibitors due to the downregulation of HRR gene expres-
sion. Interestingly, we have been able to detect this combination effect not only
in MAPKi sensitive but also in MAPKi resistant cells. We assume that downreg-
ulation of ATM decreases the sensing of the DSB, and additional treatment with
the MEKi trametinib, or the panRAFi LY3009120 leads to a further decrease in

HRR activity, making these cells even more sensitive to PARPi treatment.

Consistent with other publications, we found that cell viability in established
melanoma cell lines as well as PDX melanoma cells and PDX melanoma mouse
models was clearly reduced by PARPi treatment, especially by talazoparib, a
PARPi with high PARP trapping activity (25). We were able to discover that
MAPKi resistant melanoma cells are more sensitive to PARP] treatment com-
pared with their treatment-naive counterparts. Furthermore, we show for the
first time that MAPKi resistant melanoma cell lines and patient material have
decreased ATM expression, and this confers sensitivity to PARPi treatment.

ATM, the most upstream DDR kinase of HRR, acts as a DSB sensor and is

Cancer Res Commun; 3(9) September 2023
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respective gene expression changes are shown in the volcano plot. Technical triplicates were performed. (Continued on the following page.)
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(Continued) D, Immunoblot analysis of A375 and Mel1617 S and R cells. Relative protein expression is shown. E, Relative ATM gene expression of A375
and Mel1617 S and R is shown. Unpaired ¢ test was performed to compare the Ctr. with Tala. group. F, IHC of paraffin-embedded tumors of a patient
before and after MAPKi resistance stained for ATM. 10X magnification was used. Quantification of the ATM positive cells was performed and % ATM
positive cells is shown. G, MUH cell viability assay of HT-144 melanoma cell line treated with different concentrations of talazoparib (Tala.) starting at
50 pmol/L for 72 hours. ICsq level is shown. H, MUH cell viability assay of A375 S and R cells treated with different concentrations of Ku-55933 (Ku.) for
72 hours. Comparison of fits of the nonlinear regression was performed to analyze statistical differences between S and R cells. I, MUH cell viability
assay of A375 S cells treated with different concentrations of talazoparib for 72 hours. Cells were additionally treated with a stable concentration of

2 umol/L Ku-55933 or remained untreated. Comparison of fits of the nonlinear regression was performed to analyze statistical differences between

cells treated with Ku-55933 or untreated cells.

recruited and triggered by the MRN complex (26). Activation of ATM results
in phosphorylation of crucial proteins, such as BRCA1 and thereby triggers the
repair of the DSB via HRR (27). Indeed, several studies have shown that ATM-
deficient cancer cells have impaired HRR by inefficient sensing and therefore
are particularly susceptible to PARPi treatment (28-30). Also, phase II clini-
cal trials checking the efficacy of PARPi treatment in patients with cancer with
among others somatic or germline ATM gene mutations, are currently un-
derway (NCT04042831, NCT03344965, NCT02286687, NCT04030559), even
for patients with melanoma (NCT03925350, NCT04633902). Combining our
results with previously published data, we hypothesize, that paradoxical hy-
peractivation of the MAPK signaling pathway, a frequent MAPKi resistance
mechanism, upregulates the mTOR signaling pathway, and as a consequence
negatively regulates ATM expression (31, 32). Furthermore, downregulation of
the TAp73 isoform in MAPKi resistant melanoma cells might have an influence
on ATM expression (14). However, we cannot exclude the possibility that other
factors associated with MAPKi resistance also have an impact on the increased

PARPi sensitivity of MAPKi resistant melanoma cells.

We demonstrated that MAPKi resistant melanoma cells did not respond to
inhibition of ATM by Ku-55933, whereas the inhibitor showed marked cyto-
toxicity in MAPKi sensitive cells. This suggests that downregulation of ATM
during the emergence of MAPKi resistance causes MAPKi resistant cells to
lose their dependence to ATM signaling compared with MAPKi sensitive cells.
This goes in line with a publication showing that ATM-deficient cells do not
respond to the ATM inhibitor Ku-55933 (33). Taken together, we conclude that
especially the difficult-to-treat patients with melanoma that developed MAPKi
treatment resistance may benefit from PARPi treatment, and that ATM might

be a promising biomarker for treatment response.

We found that PARPi treatment significantly decreased the migratory and in-
vasive potential of melanoma cells. Further publications support our data by
showing that PARPi lead to suppression of migration, invasion, and coloniza-
tion of distal organs of metastatic melanoma cells (34, 35). These findings
suggest that PARPi treatment could not only lead to a shrinkage of the pri-
mary tumor, but also reduce the metastatic potential of melanoma cells. In
agreement with other studies, we could show that DNA damage induction by
PARPi treatment of melanoma cells leads to clear G;-M-phase arrest and sub-
sequent induction of apoptosis (25, 35). Cell death was mainly mediated by
p53-associated activation of proapoptotic genes and massive induction of p21.
p53-dependent p21 activation is known to be crucial for G;-M checkpoint ar-
rest following DNA damage (36-38). This eventually led to mitotic catastrophe

and apoptosis, resulting in cancer cell death (39, 40).

Numerous preclinical and clinical studies have been looking at the use of PARPi

in combination with chemotherapy, ionizing radiation, or immunotherapies (8,
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41, 42). However, the potential of combining PARPi with targeted therapies,
especially with MAPKi, is still unknown. Previously, another group and ours
were able to decipher that suppressing the MAPK pathway downregulates HRR
gene expression in MAPKi sensitive melanoma cells via the transcription fac-
tor ELK], but the HRR regulation in MAPKi resistant cells remains unknown
(11, 12). Therefore, we used a MEKi to suppress the MAPK signaling path-
way in BRAFi resistant melanoma cell lines, and a panRAFi in BRAFi/MEKi
double-resistant melanoma cells, that has proven to suppress the MAPK signal-
ing pathway in BRAFi/MEKi double-resistant cancers (43, 44). We were able to
show that downregulation of the MAPK signaling pathway specifically induces
an HRD phenotype by suppressing the important HRR genes BRCA1, BRCA2,
RAD51, and EXOL. Because the MAPK signaling pathway is mainly responsible
for cell growth, we assume that an activation of it, and thus a faster cell division
also requires a higher HRR activity, and therefore the HRR genes are regulated
via the MAPK signaling pathway (45).

Most strikingly and in line with other publications, we demonstrated that
PARPi in combination with MAPKi show a synergistic cytotoxicity in
melanoma cells both in vitro and in vivo (12, 13). MAPKi results in an HRD
phenotype and the combination with PARPi leads to a synergistic synthetic
lethal interaction of both therapies. Taken together, we propose that patients
with treatment-naive BRAF-mutated melanoma would benefit from a combi-
nation treatment with BRAFi and PARPi as resistance quickly develops in the
majority of MAPKi single treated patients. BRAFi/MEKi pretreated and thereby
double-resistant patients as well as MEKi single resistant patients may benefit
from a combination therapy of panRAFi and PARPi. However, we found that
the combination of talazoparib with vemurafenib has significantly higher toxi-
city in vitro on primary human fibroblasts as the MEKi or panRAFi. Therefore,
a potential toxicity may limit the clinical translation of the combination ther-
apy. To mitigate a potential toxicity of the combination treatment, we propose
to use in clinical studies talazoparib in combination with MEKi or panRAFi.
Consistent with this, preliminary data from a phase I clinical trial in which solid
tumors with Ras pathway alterations were treated with the PARPi olaparib and
the MEKi selumetinib showed no grade 4 adverse events and were generally
well tolerated (46).

With this project, we support the concept that not only BRCA-mutated pa-
tients benefit from PARPi therapy, but also non-BRCAl-mutant tumors that
have BRCAness and thus a HRD phenotype may be treated with and bene-
fit from PARPi treatment (47-49). There are currently numerous clinical trials
underway focusing on the efficacy of PARPi therapy on HRD cancers, includ-
ing patients with melanoma (NCT03207347, NCT03925350, NCT04633902,
NCT05482074, NCT04187833, NCT05169437). Olaparib has even been ap-
proved for patients with HRD prostate cancer with a mutation in at least one

of 14 HRR-related genes (50). However, these involve patients that carry a
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FIGURE 4 Synthetic lethality elicits synergism in the combination of MAPKi with PARPi. MUH cell viability assay of A375 R or A375 RR cells treated
with different concentrations of talazoparib (Tala.), vemurafenib (Vem.; A), trametinib (Trame.; B), LY3009120 (LY.; C) or a combination of these drugs
(Combi.) for 72 hours. D, MUH cell viability assay of A375 and SKMel28 S cells treated with different concentrations of olaparib (Ola.), talazoparib
(Tala.), vemurafenib (Vem.) or a combination of these drugs (Combi.) for 72 hours. E, SKMel28 S spheroids were treated with 5 pmol/L talazoparib
(Tala.), 2.5 pmol/L vemurafenib (Vem.), a combination of both inhibitors (Combi.) in collagen for € days or remained untreated. The total size of the
spheroids was quantified and multiple ¢ test was performed to compare the groups at day 6. Representative pictures of the spheroids are shown.

F, Colony formation of SKMel28 S and A375 S was analyzed after the treatment with 2 umol/L talazoparib (Tala.), 2 wmol/L vemurafenib (Vem.), a
combination of both drugs (Combi.) for 7 days or untreated cells (Ctr.). The number of colonies per well was counted. One-way ANOVA was used to
compare each group with each other. G, NSG mice were treated with control vehicle (Ctr.), 1 mg/kg/day talazoparib (Tala.), 25 mg/kg/day (Vem.), or a
combination of both inhibitors (Combi). The xenograft tumor volume in percent compared with treatment start over time is shown. Multiple t test was
used to compare the Ctr. group with the Combi. group. H, The final tumor volume of the individual mice of G is depicted. Multiple ¢ test was used to
compare the different groups with each other.
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MAPKi induce HRD phenotype and thereby act synthetic lethal in combination with PARPi. A, Immunofluorescence of A375 S cells that
were treated with 5 wmol/L talazoparib (Tala.), 5 wmol/L vemurafenib (Vem.), or a combination of both inhibitors (Combi.) for 24 hours, or remained
untreated (Ctr.). Green: pH2AX, blue: DAPI. 40X magnification was used. Number of pH2AX foci per cell was counted and one-way ANOVA was
performed to analyze the differences between the groups. B, Comet Assay was performed using A375 S cells that were treated with either 15 umol/L
talazoparib (Tala.), 5 pmol/L vemurafenib (Vem.), a combination of both drugs (Combi.) for 24 hours or remained untreated (Ctr.). Green: DNA, 10X
magnification was used. C, RNA expression of MAPKi sensitive (S), vemurafenib resistant (R), or vemurafenib and trametinib double-resistant (RR)
A375 cells after the treatment with 5 umol/L vemurafenib (Vem.), 10 nmol/L trametinib (Trame.), or 5 wmol/L LY3009120 (LY.) for 24 hours. The
relative gene expression of the treated cells compared with the control group is shown.
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mutation in one of the HRR genes. Our data are consistent with the outcome
of another study indicating that patients do not necessarily have to have a
mutation in the HRR pathway to respond well to PARPi treatment, but that
suppression of the MAPK pathway with targeted therapy leads to reduced HRR
gene expression inducing an HRD phenotype (12).

In summary, our study indicates that PARPi should not be limited to the treat-
ment of patients with somatic or germline mutations in the HRR pathway,
but that a combined treatment of melanoma patients with PARPi and MAPKi
induces synthetic lethality by inducing a HRD phenotype and stops tumor
growth.
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Supplementary Figure S1:
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Supplementary Figure S1: PARPi treatment in melanoma cells.

A.-B. Immunofluorescence of p21 (A.) and pH2AX (B.) of the mouse tumors from
Figure 1D. Green: p21/pH2AX. Blue: DAPI. Number of p21/pH2AX positive cells per
image section is shown. 20x magnification was used. C. Immunofluorescence of ATM
in 451Lu, A375, and Mel1617 S and R cells was performed. Red: ATM, blue: Hoechst.
40X magnification was used. 10 images with on average 25 cells per image were
analysed. The fluorescence intensity per cell is shown. D. Normalized ATM RNA
expression levels of melanoma patients before MAPKi treatment and after tumor
progression. The data were obtained from the databases GSE50509 and GSE61992.
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Supplementary Figure S2:
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Supplementary Figure S2: Synergistic interaction of PARPi and MAPKi
treatment.

A.-C. Synergism analysis was performed using the data of Figure 4A (A.), Figure 4B
(A.), Figure 4C (B.), and Figure 4D (C.) treated with combinations of olaparib (Ola.),
talazoparib (Tala.), vemurafenib (Vem.), trametinib (Trame.), or LY3009120 (LY.) for
72. Synergism analysis was analyzed using the combosyn software. The calculated
combined index (Cl) values reflect the degree of the combined treatment with:
synergistic effect = 0<Cl<1, and additive effect = CI=1 D. A375 S cells were treated
with 5 uM talazoparib (Tala.), 5 uM vemurafenib (Vem.), or a combination of both drugs
(Combi.) for 48h or remained untreated (Ctr.). Every 2 hours pictures of the cells were
taken with the Incucyte SX1 system. Incucyte advanced label-free classification
analysis software was used to calculate the percent of living cells. E. MUH cell viability
assay of primary human fibroblasts treated with different concentrations of the PARPI
talazoparib (Tala.) and the BRAFi vemurafenib (Vem.), the MEKi trametinib (Trame.),
or the panRAFi LY3009120 (LY.) for 72h. A375 melanoma cells (S for Tala.+Vem., R
for Tala.+Trame, and RR for Tala.+LY.) from Figure 4A-D were used for comparison.
F. A375 S cells were sorted in the different cell cycle phases. RNA expression of either
in G1 or in G2/M phase treated with 5 uM vemurafenib (Vem.) or untreated (Ctr.).
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RT2 Profiler™ PCR Array Human p53 Signaling Pathway
and Human DNA Repair Pathway

All data points from Figure 2D are listed in this table

Gene Name
APAF1
ATM
ATR
BAX
BBC3
BCL2
BCL2A1
BID
BIRC5
BRCA1
BRCA2
BTG2
CASP2
CASP9
CCNE1
CCNGH1
CCNH
CDC25A
CDC25C
CDK1
CDK4
CDKN1A
CDKN2A
CHEK1
CHEK2
CRADD
DNMTH1
E2F1
E2F3
EGFR
EGR1
El24
FADD
FAS
FOXO3
GADD45A
HDAC1
HK2
IGF1R
IL6

JUN
KAT2B
MCLA
MDM2
MDM4
MLH1
MSH2
MYC

log2 normalized value

1.01288514
0.79597297
0.69150819
1.45448513
2.70787411
0.1885916
1.40286804
-0.03158801
-0.60607268
0.34388587
0.55483672
4.75035273
0.13388339
0.49191802
0.12114984
0.82569546
0.31001825
0.17364958
-0.7171246
-0.80846531
0.34716198
3.47005108
1.57688571
-0.23946711
-0.2024955
0.90554543
0.34069674
-0.7544001
0.32542563
0.97583067
3.61750964
0.41125555
-0.09084605
3.35282209
1.22723035
435747682
-0.12902245
0.19936324
1.28928696
3.32788221
0.98949122
0.76078978
0.84725785
3.89393966
1.11403672
0.27939648
-0.22368926
0.95193819

-log10(p value t test)

3.03072004
2.80654904
2.23571029
2.94940022
3.94357563
0.76014342
2.24135978
0.08121413
1.02814909
1.25673688
2.92635927
3.76500639
1.31962833
2.31161177
0.67818994
2.59260708
0.95116633

0.5560912
1.44636402
1.12758229
1.43223185
5.21461411
2.58521764
1.82365861

1.2681825
5.562184126

1.1293568

1.9121389
0.99821605
1.94353697
2.40750054
0.97870277
0.07115044
4.20887029

4.7526781
3.06680363
0.42382616
0.69321056
2.76526008
4.61671204
2.02168509

1.4811485
3.43024913
3.89134033
3.34272582
1.21249789
1.28778335
2.50773956
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NF1
NFKB1
PCNA
PIDD
PRCA
PRKCA
PTEN
PTTG1
RB1
RELA
SESN2
SIAHA1
SIRT1
STAT1
TNF
TNFRSF10B
TNFRSF10D
TP53
TP53BP2
TP73
TRAF2
TSC1
WTH

0.41732484
0.58955381
0.15243966
1.58150844
-0.99712831
0.18026627
0.90193859
-0.24214845
0.15043346
0.569493449
3.51946064
0.32001619
-0.15013943
0.50494921
2.02101161
1.63378521
0.54647548
0.4846694
0.30865781
0.35706867
0.06887054
0.45156138
-0.22493917

1.06497322
1.70811409
0.20379407
2.64245848

0.51114691
2.72885259
1.03095071
0.67124915
1.39890688
4.94962545
0.70385322
0.34629973
1.16047572
0.89864347
2.77455764
0.07915007
1.37704499

0.6467659
0.38348081
0.02005464
1.03578854
0.52652156
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RT2 ProfilerTM PCR Array Human p53 Signaling Pathway
and Human DNA Repair Pathway
All data points from Figure 3C are listed in this table

Gene Name
APEX1
APEx2
ATM
ATR
ATXN3
BRCA1
BRCA2
BRIP1
CCNH
CCNO
CDK7
DDBH1
DDB2
DMCH1
ERCC1
ERCC2
ERCC3
ERCC4
ERCC5
ERCC6
ERCC8
EXO1
FENA1
LIG1
LIG3
LIG4
MGMT
MLH1
MMS19
MPG
MRE11
MSH2
MSH3
MSH5
MSH6
MUTYH
NEIL1
NEIL2
NEIL3
NTHLA
OGG1
PARP1
PARP2
PARP3
PMSH1
PMS2
PNKP1
POLB
POLD3

log2 normalized value

-0.12597014
-0.02771635
-0.52083166
-0.02724114
-0.49239969
0.08428122
0.32521336
0.22415027
0.00155365
0.41023358
0.17931079
-0.13641789
0.23364096
0.18417736
-0.76209597
0.4338778
-0.33561686
0.03980503
0.28955406
0.58669917
-0.33585548
0.16304651
0.08802402
0.22619472
-0.45942325
0.05194111
0.04955337
-0.01117357
-0.25796279
-0.02832823
0.04458263
0.12040794
0.18691541
0.09410385
-0.02303999
-0.02861803
-0.39853044
0.39667568
0.3729834
-0.31986432
0.21169022
-0.24729656
0.1139778
0.85148107
0.43031985
-0.06879938
0.05136902
0.46962075
-0.02324612

-log10(p value t test)

0.83190298
0.02742257
2.64336295
0.06841827
2.30738537
0.34871756
1.07440348
1.26487664
0.01499298
0.60030278
0.27128133

0.5262517

1.6760862
0.73218233
2.40760987
1.20403399
1.39491467
0.20440295
1.67395149
2.28091943
1.45898667
0.63621499
0.16499339
0.55956094
2.27657783
0.27754675
0.18465428
0.06559986
2.61966912

0.0693097
0.28184589
0.91721372
0.46956364
0.36121342
0.09079098
0.11382699
1.07178698
1.32203889
2.01187331
1.25987464
0.90490347
1.03914251
0.48434723
0.71014355
1.88208644
0.12934189

0.2578199
2.02942533
0.07894762
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POLL
PRKDC
RAD18
RAD21
RAD23A
RAD23B
RADS50
RAD51
RAD51C
RAD51D
RAD52
RADS4L
RFC1
RPA1
RPA3
SLK
SMUGH
TDG
TOP3A
TREX1
UNG
XAB2
XPA
XPC
XRCC1
XRGC2
XRCC3
XRCC4
XRCC5
XRCC6

-0.26287698
-0.62508201
0.08423095
0.47330119
0.35563714
0.20862337
0.64344583
0.37188149
0.12479489
0.20359113
-0.09002701
-0.08682054
-0.02204358
0.15186564
0.23805789
0.06364554
0.06108438
-0.5508043
-0.22887078
0.06974728
-0.00304141
-0.05743238
-0.88595039
0.16515434
-0.52676542
0.24998614
0.38598401
0.25651006
-0.01672993
0.25225234

0.16753936
1.75479334
0.42430549
2.23355101
0.2625226
0.51663953
2.09964765
0.70161828
0.41229901
0.68549977
0.51930038
0.23265457
0.07727411
1.11430211
1.82495344
0.30242927
0.11120688
1.82155905
1.15118181
0.11678777
0.01723906
0.25537759
0.45463073
0.242071
1.56438563
0.70083339
0.70169397
1.41736369
0.08729448
0.93440668
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Novelty and Impact: This study shows the importance of PARP1 as a potential

biomarker to predict the response to PARPi therapy in melanoma. In addition, we
demonstrate that melanomas with high PARP1 expression levels show increased
metastatic potential, as well as decreased overall survival. With this, we suggest, that
especially the late stage metastasized melanoma patients might profit from PARPI
therapy.
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Abstract

Metastatic melanoma is still a difficult-to-treat cancer type due to its frequent resistance
mechanisms to targeted and immunotherapy. Therefore, we aimed to unravel novel
therapeutic strategies for melanoma patients. Preclinical and clinical studies show that
melanoma patients may benefit from a treatment with poly (ADP-ribose) polymerase
(PARP) inhibitors (PARPI).

In this study, we focus on PARP1 as a potential biomarker to predict the response of
melanoma cells to PARPi therapy. We found that melanoma cells with high basal
PARP1 gene expression exhibit significantly increased cell death after PARPI
treatment due to higher PARP1 trapping compared to melanoma cells with low PARP1
gene expression. In addition, we could demonstrate that PARP1 expression levels are
low in non-malignant skin cells, and metastatic melanomas show considerably higher
PARP1 levels compared to primary melanomas. Also, PARP1 expression levels
positively correlated with the invasiveness of melanoma cells. Most strikingly, we found
that high PARP1 levels correlate with worse overall survival of late stage metastasized

melanoma patients.

In conclusion, we show that PARP1 might act as a biomarker to predict the response
to PARPi therapy, and that in particular the late stage metastasized melanoma patients
are especially sensitive to PARPI therapy due to elevated PARP1 gene expression.
Also, our data suggest that the PARPI cytotoxicity primarily will affect the high PARP1
expressing melanoma cells, rather than the low PARP1 expressing non-malignant skin

cells resulting in only low side effects.
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Introduction

Malignant melanoma, a skin cancer arising from mutated melanocytes, is a very
aggressive tumor and patients have poor prognosis because of a high potential for
metastasis to distant organs '. At the moment, patients with mutated mitogen-activated
protein kinase (MAPK) signalling pathway profit from a combination therapy of BRAF
inhibitors and MEK inhibitors 2. Despite the good efficacy of the targeted therapy,
several molecular mechanisms that lead to acquired resistance after long-term
treatment restrict the positive outcome 3. Melanoma patients also benefit from
checkpoint inhibitors; however, the success of immunotherapy is limited due to
tolerability and response rate issues *. Therefore, it is of major importance to

investigate possible new therapeutic options for melanoma patients.

Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPI) are the first FDA and EMA
approved anti-cancer drugs to directly target the DNA damage response. PARP1 is a
major regulator of the DNA repair mechanism termed base excision repair (BER). By
acting as nicotinamide adenine dinucleotide (NAD*) analogue, PARPi block the
PARylation process of PARP1, which results in inefficient BER. Moreover, PARP1 can
no longer auto-PARYylate itself, resulting in stalled replication forks by the inability of
PARP1 to dissociate from the DNA and ultimately the induction of double strand breaks
(DSB), which exert the major cytotoxic function of PARPi therapy. This phenomenon
is termed as PARP trapping effect 5.

In our previous recent study, we showed that PARPI effectively reduce the growth of
MAPK inhibitor resistant melanoma cells and synergize with MAPK inhibitors through
a synthetic lethal interaction highlighting the importance of PARPi treatment for
melanoma patients in a clinical setting 6. Furthermore, patients with a homologous
recombination repair (HRR) deficiency (HRD), and thereby the inefficiency to repair
DSB, particularly profit from PARPI therapy 7. However, additional biomarkers might
even further predict the response to PARPI therapy, independent of HRD. Therefore,
we aimed to unravel the influence of PARP1 expression levels in melanoma cells on
PARPi therapy response. Furthermore, we wanted to find out whether PARP1

expression levels might have an impact on melanoma progression and prognosis.
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Materials and Methods
Cell Culture

The human melanoma cell lines A375 (RRID:CVCL_0132) and SKMel28
(RRID:CVCL_0526) were purchased from ATCC. The remaining cells WM3211
(RRID:CVCL_6797), WM793 (RRID:CVCL_8787), WM1552 (RRID:CVCL_6472),
Mel1617 (RRID:CVCL_DG51), 1205Lu (RRID:CVCL_5239), WM3248
(RRID:CVCL_6798), BLM (RRID:CVCL_7035), and SKMel19 (RRID:CVCL_6025)
were received from M. Herlyn (Wistar institute, Philadelphia, USA). All cell lines were
cultured in RPMI1640 medium (Gibco, 21875034) containing 10% fetal bovine serum
(Sigma-Aldrich, F9665) and 1% penicillin and streptomycin (Gibco, 11548876) at 37°C
and 5% COsz. The cell lines were regularly tested for mycoplasma contamination using
the Venor GeM Classic Mycoplasma Detection Kit (Minderva Biolabs, 11-1025) and
were authenticated by STR profile analysis (Microsynth). Primary human fibroblasts
were isolated from human foreskin after routinely circumcision from the Loretto Clinic
Tibingen upon informed consent of the patients as previously described 8. Fibroblast
isolation from human foreskin was approved by the ethics committee of the medical
faculty of the University Tlbingen (654/2014B0O2) and performed according to the
principles of the Declaration of Helsinki.

Viability Analysis and Inhibitors

Cell viability was analysed with the 4-methylumbelliferyl heptanoate (MUH) assay as
previously described ©. Cells were treated with talazoparib (Medchemexpress,
HY16106) or olaparib (Medchemexpress, HY-10162) for 72h. Experiments were

performed in technical quintuplicates.
RNA Isolation and RT-qPCR

RNA isolation was performed with the help of the Nucleospin ® RNA Kit (Macherey-
Nagel 740955) according to the manufacturer’s protocol. The cDNA was produced and
RT-qPCR was performed as previously described €. RT-gPCR was performed with the
Lightcycler® 96 Instrument (Roche). The following primer sequences were used:
PARP1 forward: CCAAGCCAGTTCAGGACCTCAT, PARP1 reverse:
GGATCTGCCTTTTGCTCAGCTTC. Actin forward:
CACCATTGGCAATGAGCGGTTC, Actin reverse: AGGTCTTTGCGGATGTCCACGT.
Actin served as a housekeeping gene. Experiments were performed in technical

triplicates.
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Immunoblot Assay

Immunoblot analysis was performed as previously described 8. Isolation of the
chromatin bound fraction was performed using the Subcellular Protein Fractionation
Kit for Cultured Cells (Thermofisher Scientific™, 78840) according to the
manufacturer’s protocol. Cells were treated with 0.005% methyl methane sulfonate
(MMS, Thermofisher Scientific™, 156890050) to recruit PARP1 to the DNA and 2 pM
talazoparib for 6h. The following primary antibodies were used: anti-PARP (CST 9542,
1:1000) and anti-H2A.X (CST 2595, 1:1000). The following secondary antibodies were
used: anti-mouse IgG, HRP-linked (CST 7076, 1:2000), anti-rabbit 1gG, and HRP-
linked (CST 7074, 1:2000).

Transfection

The melanoma cells A375 and SKMel28 were transiently transfected with either siRNA
against PARP1 or with a PARP1 expressing plasmid (Origene, RC207085). The
following siRNAs against PARP1 (siPARP1, Dharmacon, D-006656-02-0005) was
used. For the transfection of the siRNA against PARP1, Lipofectamine RNAimax
(Thermofisher Scientific™, 13778075) and for the PARP1 expressing plasmid,
Lipofectamine3000 (Thermofisher Scientific™, L3000150) was used according to the
manufaturer’s protocol and as previously described 6. 24h after the transfection
process, cells were either harvested for RNA gene expression analysis or reseeded

into 96 well plates for further MUH analysis.
Migration and Invasion Assay

Boyden chamber-based migration and matrigel invasion assay was performed as
previously described . 8 x 105 cells were seeded onto the transwell inserts and 24h
after the seeding, migrated or invaded cells were fixed and stained. Experiments were

performed in triplicates and 9 images per group were quantified.
Database Analysis

The Kaplan-Meier curve of the TCGA SKCM 470 database of melanoma patients was
generated with R2 Genomics Analysis and Visualization Platform (https:/r2.amc.nl).
The median was used to divide the patients into high PARP1 expression and low
PARP1 expression and a survival curve for each group with a cut-off at 10 years was
plotted. The GSE112509 dataset was used to compare the PARP1 gene expression
between melanocytic nevi and primary melanomas and the GSE8401 as well as the

TCGA SKCM 375 dataset was used to compare the PARP1 gene expression between
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primary and metastatic melanomas. For correlation analysis of the respective datasets
the DepMap portal was used (https:/depmap.org/portal/). For analysis of the

metastatic potential and the penetrance, the MetMap 500 dataset was utilized.
Penetrance was defined as the percentage of mice detected with the cell line after
cancer cell injection °. For the PARP1 gene expression, the DepMap Public 23Q2
dataset was used and for the talazoparib and olaparib drug sensitivity, the PRISM
Repurposing 19Q4 dataset was utilized.

Statistical Analysis

All experiments were statistically analysed using GraphPad Prism version 9.1.2. Data
that are statistically significant (p<0.05) were labelled with asterisks (* for p<0.05, ** for
p<0.01, *** for p<0.001, and **** for p<0.0001). Unless otherwise stated, statistical
analysis was performed by unpaired t-test when two groups were compared to each
other. For the analysis of the correlation between to datasets, a simple linear
regression model was used. For the analysis of survival curves the R2 platform was
used to compare the high PARP1 expression and low PARP1 expression groups. The
median was used to divide high PARP1 expression and low PARP1 expression groups
and a log rank test was performed to check for significant differences in the overall
survival of the two groups.
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Results
PARP1 expression levels are predictive for overall survival and PARPi response

in melanoma

To analyse the potential role of PARP1 as a biomarker in melanoma, we correlated
overall survival of melanoma patients with PARP1 expression levels in their tumors.
Interestingly, overall survival analysis showed a significant difference in the prognosis
of melanoma patients depending on PARP1 expression levels. Melanoma patients with
high PARP1 expression have a significant lower overall survival probability compared
to patients with low PARP1 expression (Figure 1A). We then split these patients into
early stage patients without metastasis (stage 0-1I) and late stage patients suffering
from metastasis (stage llI-1V). Interestingly, while no significant difference in overall
survival between high and low PARP1 expressing patients in stage 0-Il melanoma
patients was seen, metastasized patients in stages IlI-1V with high PARP1 expression
levels show significant worse outcome than late stage patients with low PARP1

expression levels (Figure 1B, 1C).

To unravel the influence of PARP1 expression on PARPI response, we performed cell
viability assays after PARPI treatment (olaparib or talazoparib) of melanoma cells,
which express PARP1 at different levels. Indeed, a significant correlation between
PARP1 RNA expression and PARPi sensitivity could be detected, with cells having
high PARP1 expression showing a significantly better response to PARPI therapy
(Figure 1D). Consistent with this, analysis of a correlation between the PRISM
Repurposing 19Q4 and DepMap Public 23Q2 dataset checking for the drug sensitivity
(olaparib and talazoparib) and PARP1 gene expression of various melanoma cells in
vitro validated our results (Supplementary Figure S1A, S1B). RT-gPCR analysis
revealed that fibroblasts show significant lower PARP1 gene expression levels
compared to metastatic melanoma cells. In addition, we found an increase in PARP1
gene expression between melanoma cells in radial growth phase (RGP), vertical
growth phase (VGP) and metastatic melanoma cells (Figure 1E). In line with this, we
could demonstrate that melanocytic nevi show significant reduced PARP1 gene
expression levels compared to primary melanoma cells (Figure 1F).

To conclude, we found that in melanoma patients high PARP1 gene expression
correlates with worse overall survival, especially in the metastasized patients and that
the sensitivity towards PARPi positively correlates with PARP1 gene expression in

melanoma patients and in melanoma cell lines. These data implicate, that especially
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late stage metastasized patients with high PARP1 gene expression levels would profit
from PARPI therapy with limited side effects on low PARP1 expressing benign cells.

PARP1 trapping after PARPi treatment induces melanoma cell death

Since the main cytotoxicity of PARPI therapy is known to be dependent on PARP
trapping and thereby the induction of DSB, we were interested, if PARP1 expression
levels correlate with trapped PARP1. Indeed, cells with high PARP1 gene expression
and thereby increased PARPI sensitivity, such as A375 (see Figure 1D), show clearly
enhanced chromatin bound PARP after talazoparib treatment, whereas cells with low
PARP1 gene expression and thereby reduced PARPi sensitivity, such as SKMel28
(see Figure 1D), do not show this effect (Figure 2A). To support the hypothesis, that
PARPi therapy induces higher PARP trapping and thereby more DSB in high PARP1
expressing cells, we performed siRNA induced knockdown of PARP1 in A375 cells
and subsequently treated them with PARPI. Strikingly, in high PARP1 expressing A375
cells, the knockdown of PARP1 significantly desensitized these cells to olaparib and
talazoparib treatment (Figure 2B, Supplementary Figure S1C). Vice versa, an
upregulation of PARP1 expression via plasmid transfection led to a clear sensitization
of low PARP1 expressing SKMel28 cells to olaparib and talazoparib treatment (Figure

2C, Supplementary Figure S1D).

These data indicate that PARP1 expression correlate with a higher PARP trapping
effect after PARPI therapy and a higher killing efficiency.

PARP1 expression level correlates with metastatic potential of melanoma cells

To analyse the influence of PARP1 expression on the metastasis potential of
melanoma cells, we analysed PARP1 gene expression in primary versus metastatic
melanoma samples in two datastets. Interestingly, we found a significant lower RNA
expression of PARP1 in the primary melanoma group compared to the metastatic
melanoma group (Figure 3A). When analysing the role of PARP1 in metastasis
formation and metastatic penetrance of melanoma cells line, a trend was observed,
confirming that PARP1 might positively influence the metastatic potential of

melanomas (Figure 3B, 3C).

Furthermore, we checked for differences in the migratory and invasive potential of high
PARP1 expressing A375 and low PARP1 expressing SKMel28 cells. As expected, the

migratory and invasive potential of high PARP1 expressing A375 melanoma cells was
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233 significantly enhanced compared to low PARP1 expressing SKMel28 melanoma cells
234  (Figure 3D, 3E).
235 Taken together, we show that high PARP1 gene expression levels correlate with

236 increased metastatic potential and penetrance of melanoma cells and enhanced

237 migratory and invasive capacity.

238
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Discussion

This study shows the importance of basal PARP1 gene expression on sensitivity
towards PARPI therapy. Elevated PARP1 levels were associated with higher PARP1
trapping after PARPI treatment leading to high cytotoxicity in these cells. Upregulation
of PARP1 sensitized low PARP1 expressing cells to PARPI therapy, and vice versa,
downregulation of PARP1 desensitized high PARP1 expressing melanoma cells to
PARPi treatment. We found that melanoma cells show significantly increased PARP1
gene expression levels compared to non-malignant skin cells. Moreover, our data
revealed that high PARP1 expression levels positively correlate with the metastatic
and invasive potential of melanoma cells. Most strikingly, we were able to show that
high PARP1 levels are associated with worse overall survival exclusively in late stage

melanoma patients.

Currently, PARPi are FDA approved for the treatment of HRD cancers 9. Our data
indicate that that elevated PARP1 levels result in increased PARP trapping by PARP
inhibitors, and thereby higher cytotoxicity. Consistent with another study, we here show
that PARP1 therefore could serve as a useful biomarker to forecast PARPI response
in cancer patients 12, We therefore propose that, in addition to testing the HRD status
of patients before receiving PARPi therapy, PARP1 gene expression levels should be

analysed to further predict PARPI therapy success.

In this study we demonstrate, that PARP1 expression levels correlate with increased
invasiveness and metastatic potential of melanoma cells. These results go in line with
many further publications stating that PARP1 activates metastatic features in
melanoma cells and thereby acts as a marker of an aggressive clinical phenotype 1%
18 Interestingly, together with other publications, we additionally found that PARP1
gene expression is significantly increased in melanomas compared to non-malignant
skin cells, such as fibroblasts or melanocytic nevi 6. With this, we suggest that
undesirable side effects of PARPI therapy targeting non-cancerous cells should be
comparably low.

Our data indicate, that PARP1 is associated with a worse overall survival of melanoma
patients. Indeed, various other publications demonstrated that high PARP1 expressing
cancer patients showed poor overall survival, and vice versa, low PARP1 expression
correlated with significant better overall survival 3120, To our knowledge, this is the
first publication to show that the decreased survival probability of high PARP1

expressing cancers is dependent on the tumor stage, and that only in late stage
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metastatic melanoma patients (stage llI-1V), a significant difference in overall survival

between low and high PARP1 expressing patients is evident.

Taken together, our study reveals that PARP1 might be an effective biomarker to
forecast PARPi response. We suggest that patients with late stage metastatic
melanoma should be screened for PARP1 gene expression. Patients who exhibit high
PARP1 gene expression should additionally be screened for HRD, as we expect a poor
overall survival. We suggest that patients with high PARP1 expression and an HRD
should receive PARPI therapy. Together with our previous results, we propose that
patients displaying high PARP1 levels but are proficient in HRR should profit from a
combination of PARPI therapy plus MAPKi therapy, since MAPKi therapy in BRAF
mutated melanoma cell lines induces an HRD phenotype and thereby act synthetic

lethal in combination (see graphical abstract) 6.
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Figure 1: PARP1 levels are predictive for overall survival and PARPi response in
melanoma

(A-C) Kaplan Meier curve of overall survival of 459 melanoma patients (A) of the TCGA
SKCM 470 dataset divided into stage 0, I, la, Ib, lla, llb, lic (B) and stage I, llla, lllb,
IIIC, and IV (C) grouped into high and low PARP1 expression. Median was used to
define the cutoff between high and low PARP1 expression. R2 was used to plot the
graph and perform stastitical analysis. (D) MUH cell viability assay was performed after
treatment of melanoma cells with different concentrations of olaparib or talazoparib for
72h. 1Cs0 was calculated. PARP1 gene expression of the respective cells is shown.
The correlation between the ICso levels and the PARP1 expression was analysed using
the simple linear regression model. (E) Gene expression of PARP1 of 6 fibroblasts, 12
melanoma cells in radial growth phase (RGP), 6 melanoma cells in vertical growth
phase (VGP) and 27 metastatic melanoma cells is shown. Unpaired t-test was used to
compare the two groups. (F) GSE112509 dataset was used to compare PARP1 gene
expression between 23 melanocytic nevi and 57 primary melanomas. Unpaired t-test

was used to compare the two groups.
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Figure 2: PARP1 trapping of PARPi treatment induces melanoma cell

death
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Figure 2: PARP1 trapping after PARPi treatment induces melanoma cell death

(A) Immunoblot analysis of chromatin bound fraction of A375 and SKMel28 cells after
the treatment with 0.005% MMS plus 2 uM talazoparib (+) or untreated cells (-) for 6 h.
(B)-(C) MUH cell viability assay of SKMel28 and A375 melanoma cell lines treated with
different concentrations of PARPi (olaparib and talazoparib) for 72 h. PARP1
knockdown (siPARP1) and control (Ctr.) cells ((B)) or PARP1 overexpression
(PARP10VE) and control (Ctr.) ((C)) transfected cells were used. The treatment started
24 h after the transfection process. Comparison of fits of the nonlinear regression was
performed to analyse statistical differences between the untransfected and transfected

cells.
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Figure 3: PARP1 expression levels correlate with
invasiveness and metastatic potential of melanoma cells
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Figure 3: PARP1 expression levels correlate with invasiveness and metastatic
potential of melanoma cells

(A) GSE8401 dataset (left) and TCGA SKCM 375 (right) was used to compare PARP1
gene expression between 23 primary melanomas and 57 metastatic melanomas (left)
or 65 primary melanomas and 266 metastatic melanomas (right). Unpaired t-test was
used to compare the two groups. (B) The relative metastatic potential in brain, lung,
liver, bone, and kidney using the MetMap 500 data compared to PARP1 expression
using the DepMap Public 23Q2 of melanoma cells is shown. The correlation between
the relative metastatic potential and the PARP1 expression was analysed using the
simple linear regression model. (C) The penetrance in brain, lung, liver, bone, and
kidney using the MetMap 500 data compared to PARP1 expression using the DepMap
Public 23Q2 is shown. The correlation between the penetrance and the PARP1
expression was analysed using the simple linear regression model. (D)-(E) Migration
and invasion assay using SKMel28 and A375 cells. The number of invaded ((D)) or
migrated ((E)) cells per image section is shown. 9 images per group were analysed.

Unpaired t-test was performed to compare the two groups.
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Supplementary Figure S$1
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Supplementary Figure 1:

(A)-(B) PARPI drug sensitivity using the PRISM Repurposing 19Q4 data compared to
PARP1 expression using the DepMap Public 23Q2 is shown. The correlation
between olaparib ((A)) or talazoparib ((B)) drug sensitivity and the PARP1 expression
was analysed using the simple linear regression model. (C)-(D) Relative gene
expression of A375 cells after the transfection of siRNA against PARP1 (siPARP1) or
control (Ctr.) (C) and of SKMel28 cells after the transfection of the PARP1 expressing
plasmid (PARP10OvVE) or control (Ctr.) (D). Cells were harvested 24h after the
transfection process. T-test was used to compare the two groups.
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