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Summary

Summary

Hepatocellular carcinoma (HCC) represents a major and increasing health problem,
however, the therapy options for advanced stage HCC are very limited. Recent studies
highlight the use of conformation changing AURKA inhibitors, like MLN8237 and
CD532, as novel treatment option of TP53-altered HCC. However, all existing AURKA
inhibitors potently affect its kinase function, resulting in dose-limiting toxicities as
shown in several clinical trials. To reduce such toxicities and thus enable the
development of drugs with higher therapeutic index, we developed first-of-their-kind
kinase-spearing AURKA-ligands which specifically modulate the AURKA conformation

and interactome.

Specifically, using genetically defined murine HCC cell lines, | showed that the newly
developed AURKA-ligands specifically kill Trp53-altered HCC cells with 1Cso values in
the low nanomolar range. This effect was independent of kinase inhibition, since
neither the catalytic function of AURKA is reduced, nor that of any other of 320 tested
wildtype kinases. In contrast to the clinically developed AURKA inhibitor MLN8237,
neither non-tumorous cells nor liver cancer cells with TP53 wildtype status were
affected by treatment with Aurora-ligands, thus underlining their unprecedented

therapeutic index.

Mechanistic analyses revealed, that the complex formation of AURKA and MYC was
decreased by the AURKA-ligands, leading to MYC downregulation. However, stable
MYC mutants showed that this downregulation was not responsible for the observed
marked therapeutic effects. | found that the AURKA-ligands tethered the AURKA/TPX2
complex, thereby stabilizing both proteins resulting in an increase in AURKA activation.
This robustly disturbed the mitotic spindle dynamics, leading to a continuous spindle
assembly checkpoint activation, M phase arrest, mitotic defects and ultimately to cell

death by mitotic catastrophe.

| could prove that also TP53-altered human HCC cell lines are sensitive towards
AURKA-ligands and that they also show abnormal spindle formation upon treatment.
Further, by probing a comprehensive panel of lung cancer cell lines | showed that RB1

mutations in addition to TP53 mutations further sensitize for AURKA-ligands.
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Zusammenfassung

Zusammenfassung

Das Hepatozellulare Karzinom (HCC) stellt ein zunehmend grof3es
Gesundheitsproblem dar, jedoch sind die Therapiemdglichkeiten fir HCC im
fortgeschrittenen Stadium sehr begrenzt. Ein kirzlich publizierter Behandlungsansatz
beschreibt die Verwendung von Konformations-andernden AURKA-Inhibitoren,
MLN8237 und CD532, fur die Behandlung von TP53-mutiertem HCC. Alle bisher
entwickelten AURKA-Inhibitoren hemmen jedoch sehr effizient die Kinaseaktivitat, was
zu dosislimitierenden Toxizitaten fuhrt, wie in mehreren klinischen Studien gezeigt
wurde. Um diese Nebeneffekte zu minimieren, habe wir neuartige, nicht Kinase-
hemmende AURKA-Liganden entwickelt, welche uber eine Konformationsénderung

des Proteins das AURKA-Interaktom modulieren.

Anhand genetisch-definierter muriner HCC-Zelllinien konnte ich zeigen, dass die neu
entwickelten AURKA-Liganden, mit ICso-Werten im niedrig-nanomolaren Bereich,
Trp53-veranderte HCC-Zellen spezifisch abttteten. Dieser Effekt war unabhéangig von
der Kinase-Hemmung, da weder die katalytische Funktion von AURKA, noch die einer
anderen von 320 getesteten wildtyp Kinasen in bedeutender Weise beeinflusst wurde.
Die Behandlung von nicht-tumorigenen Zelllinien zeigte, dass die AURKA-Liganden im
Vergleich zum AURKA-Inhibitor MLN8237 einen hoheren therapeutischen Index

besal3en.

Mechanistische Analysen ergaben, dass die Komplexbildung von AURKA und MYC
durch unsere AURKA-Liganden negativ beeinflusst wurde, was zu einer
Herunterregulierung von MYC fuhrte. Stabile MYC-Mutanten zeigten jedoch, dass
diese Herunterregulierung nicht fir die antitumorigene Wirkung unserer Liganden
verantwortlich war. Stattdessen belegten meine Daten, dass der AURKA/TPX2-
Komplex verstarkt und dadurch beide Proteine stabilisiert wurden. Dies, zusammen
mit der induzierten AURKA-Aktivierung, stoért die Dynamik der mitotischen
Spindelbildung und fihrt zu einer kontinuierlichen ,Spindle Assembly Checkpoint®-
Aktivierung, einem M-Phasen Arrest, mitotischen Defekten und Zelltod durch ,Mitotic

Catastrophe®.

Ich konnte zeigen, dass auch TP53-veranderte humane HCC-Zelllinien sensitiv auf
unseren AURKA-Liganden reagierten und die Behandlung ebenfalls eine abnormale

11



Zusammenfassung

Spindelbildung induzierte. Durch Behandlung einer Reihe von humanen
Lungenkrebszelllinien konnte ich aul3erdem nachweisen, dass RB1 Mutationen TP53-

mutierte Zellen zusatzlich fur die Behandlung mit den AURKA-Liganden sensitivieren.
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Introduction

1 Introduction

1.1 Hepatocellular Carcinoma

1.1.1 Etiology and risk factors

Liver cancer represents a major and steadily increasing health problem and, according
to the World Health Organization, is supposed to affect over 1 million patients annually
by 2025, It is the sixth most common cancer and the fourth leading cause for cancer-
related deaths worldwide?! 2.

Hepatocellular carcinoma (HCC) accounts for around 90% of liver cancer?. It develops
mainly in patients suffering from liver disease like alcoholic steatohepatitis (ASH), non-
alcoholic steatohepatitis (NASH), non-alcoholic fatty liver disease (NAFLD) and in
particular in the context of liver cirrhosis® 4. In addition to alcoholic and non-alcoholic
steatohepatitis major risk factors for liver disease and HCC development include
infections with Hepatitis B or C virus (HBV and HCV)* 2,

The highest incidence rates for HCC are present in Sub-Saharan Africa and Asia, due
to the high number of HBV infections, which, despite an existing vaccine, still account
for around 50% of HCC worldwide® ©. In Western countries, HCV is the main cause for
HCC development. However, the changed lifestyle will lead to a strong increase in
NAFLD and NASH patients, thus, fatty liver disease will rapidly become the main cause

for HCC in these countries’10,

1.1.2 Diagnosis and treatment options

The major problem with HCC diagnosis and treatment is the time point of tumor
detection. The only potentially curative therapy options for HCC are surgical resection
and liver transplantation'!. However, these treatment options are restricted to patients
with early stage HCC and due to the symptom-free course of disease at early stages
it is estimated that around 50% of patients present with advanced HCC?* 12, Also the
limited number of donor organs narrows the number of suitable patients for surgery*®
14 Since HCC is genetically very heterogeneous and resistant to standard
chemotherapies, the treatment options for advanced HCCs are limited!®. First-line

13



Introduction

therapies approved for HCC are the multi-kinase inhibitors sorafenib and lenvatinib, or
the anti-PD-L1 antibody atezolizumab (in combination with the anti-VEGF antibody
bevacizumab)!6-18, However, the survival benefit upon sorafenib treatment is on
average only 2.8 months, due to the rapid development of therapy-resistance's. A
noninferiority trial showed that lenvatinib confers an improved median overall survival
compared to sorafenib of 1.2 months (13.6 months vs. 12.3 months). Although the side
effects are different, both drugs are accompanied with grade 3—4 adverse events in
about 50% of the treated patients'’. Atezolizumab in combination with bevacizumab
showed an elevated overall survival at 12 months of 67.2% compared to 54.6% with
sorafenib®®. However, both treatments provoked grade 3-4 adverse events in about
55% of patients?8.

The multi-kinase inhibitor regorafenib and the tyrosine kinase inhibitor cabozantinib
were the first drugs approved for second-line therapy for patients after tumor
progression upon sorafenib or lenvatinib treatment. They increased survival for another
2.8 and 2.2 months'® 20, Recently, also the VEGF receptor 2 inhibitor ramucirumab
and the PD-1 immune checkpoint blocking antibody nivolumab were approved as
second-line treatment options in the US?% 22,

However, the modest prolongation of survival as well as the severe side-effects for all

approved drugs show the need for novel therapeutic strategies.

1.1.3 Molecular pathogenesis

HCC develops in a background of chronic inflammation, fibrosis and aberrant
hepatocyte regeneration. Although the liver harbors an extraordinary regeneration
capacity, the sustained damage can favor cirrhosis and the accumulation of mutations
and epigenetic alterations, leading to the formation of preneoplastic lesions which can
progress to HCC3. The three most frequently activating mutations found in HCC are
the telomerase reverse transcriptase (TERT, 60%), which is a recurrent insertion site
for HBV, catenin beta-1 (CTNNB1, 30%) and the vascular endothelial growth factor
(VEGF, 5-10%)2. Although the high mutation rate renders them attractive targets,
TERT and CTNNBL1 still remain undruggable. Therefore, HCC is one of the solid
tumors with the fewest somatic mutations that can be targeted with molecular

therapies? 23,
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Interestingly, a study found that in 61% of the analyzed HCC aurora kinase A (AURKA)
was overexpressed and that this correlates with high grade HCC and poor clinical
outcome?*. Since AURKA is an actionable protein, it therefore resembles a promising
target for HCC therapy.

Inactivating mutations regularly found in HCC occur in AXIN1 (10%), in AT-rich
interactive domain-containing protein 1A (ARID1A, 10%), and in AT-rich interaction
domain 2 (ARID2, 5%)2. The most frequently mutated tumor suppressor is the Tumor
protein p53 (TP53, 30%), however, p53 is also not druggable to restore its tumor-

suppressive function? 23,

1.2 The P53 tumor suppressor

1.2.1 Physiological function

P53, also called “guardian of the genome”, is a transcription factor which is regulated
in a feedback loop by the E3 ubiquitin ligase MDM2, which keeps p53 levels low under
normal cellular conditions?>?”. Upon diverse stress stimuli, like DNA damage,
replication stress or oncogene activation, MDM2 and p53 become phosphorylated,
which prevents MDM2 binding and ubiquitination of p53, leading to p53 acetylation,
stabilization and activation?® 2°, The transactivation of p53 downstream targets can
lead to the induction of DNA repair®®, cell cycle arrest3: 32, senescence3® 34 or
apoptosis®>-38 (Figure 1).

P53-dependent cell cycle arrest is initiated upon DNA damage to allow for DNA repair
or upon defective mitosis to prevent DNA re-replication3% 39, It is mainly mediated by
induction of cyclin-dependent kinase inhibitor 1 (p21Waf/Cipl/Sdil - in the following
referred to as p21), which binds to the cyclin E/CDK2 and cyclin D/CDK4 complexes,
thereby inhibiting CDK2 and CDK43%> 40, This blocks the phosphorylation of
retinoblastoma protein 1 (RB1), preventing the dissociation of RB1 from the
transcription factor E2F1. As a result, the expression of genes important for cell cycle
progression and DNA replication are inhibited, leading to a G1 phase arrest®2.

A p53-dependent induction of p21 can also lead to a G2/M cell cycle arrest by inhibiting
cyclin B/ICDC2, however, other p53 targets might also be involved in preventing G2/M-
transition!. In addition to halting the cell cycle and allowing for DNA repair, p53 also

has direct functions in several DNA-repair mechanisms=.

15
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Upon excessive cell damage, p53 can also induce a stable or irreversible arrest, called
senescence, however, reversibility is still under debate*?%*. Senescent cells are
characterized by morphological changes, chromatin remodeling, metabolic
reprogramming, and secretion of senescence associated secretory phenotypes
(SASP)*. The p53-dependent induction of senescence is dependent on p21, but also
involves RB133 46, The senescent state ensures genomic integrity by preventing further

proliferation of damaged cells*’.

ive .
Negat! OSitiye

Ulatorg

P
Regu\ ators Reg

Figure 1: The p53 network. Overview of regulators (top) and biological processes (bottom) of p53. Each circle
displays a gene, each line shows an interaction. Blue lines represent direct p53 inputs and red lines represent direct
p53 outputs. Grey lines show interconnections of downstream pathways. Interactions are annotated as negative (T-
bar), positive (arrow) or modifying (solid dot). (adapted from “8)

Another way of how p53 facilitates elimination of seriously damaged cells and
prevention of chromosomal instability is the induction of apoptosis3®>38. Thereby, p53
induces the B3 domain-only proteins Bcl-2-like protein 11 (BIM), p53 upregulated
modulator of apoptosis (PUMA) and NOXA“*°. These pro-apoptotic factors inhibit the
pro-survival proteins B-cell ymphoma-extra large (BCL-XL), B-cell lymphoma 2 (BCL-

16
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2) and myeloid cell leukemia 1 (MCL1), thereby releasing the cell death effectors and
Bcl-2-associated X protein (BAX) and Bcl-2 homologous antagonist killer (BAK). BAX
and BAK then lead to the permeabilization of the mitochondrial outer membrane, which
is followed cytochrome c release and apoptosome assembly. The apoptosome then
recruits and activates caspase 9, which in turn activates caspase 3 and 7 leading to
cell death?.

Besides the induction of those three main outputs, p53 also has several non-canonical

functions as summarized in Figure 1.

1.2.2 Role of p53in development and treatment of cancer

TP53 is regarded as the most frequently mutated gene across tumors with a strong
selective pressure for inactivating mutations. Although around 42% of all tumors carry
a TP53 mutation, the frequency and distribution show a huge variation across different
tumor types, e.g. 95% of high grade serous ovarian carcinoma, 90% of small cell lung
carcinoma (SCLC), 69.8% of head and neck squamous cell carcinoma and only 2.2%
of renal clear cell carcinoma®-°2. Most mutations of TP53 are found to be missense
mutations mainly located in the DNA binding core domain®® 53, These can lead to
destabilization of p53 or disruption of DNA binding resulting in complete loss-of-
function or selection-of-function*®. However, also gain-of-function mutations can be
found, allowing for neomorphic p53 outputs, e.g. the ability to inactivate other p53
family members like p63 or p73, thereby acting as an oncogene®* %5, Only around 25%
are nonsense mutations or frame shift mutations leading to a truncated version of the
p53 protein with impaired wildtype functions*®%6, Due to its importance in G1 and G2/M
checkpoints, mutations of p53 facilitate the accumulation of further mutations and
promote the generation and survival of aneuploid cells, as well as intratumoral
heterogeneity*®. Also, loss of functional p53 does not only impede DNA repair upon
DNA damage, but can also impair the spindle assembly checkpoint (SAC) by
derepressing MAD2, a member of the mitotic checkpoint complex (MCC), inducing
chromosome miss-segregation and subsequent polyploidy or aneuploidy®’. The
accumulation of mutations and aneuploidy leads to loss of genomic integrity, as well
as uncontrolled cell function and proliferation. The insufficient induction of senescence
and apoptosis due to TP53 loss further increases uncontrolled cell proliferation

eventually resulting in tumor formation.
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In vivo studies demonstrating that reinstatement of wildtype TP53 efficiently eliminates
cancer cells in lymphomas®8, soft tissue sarcomas®®, and liver carcinomas®, render
p53 a promising cancer target. Mutant non-functional TP53 is often highly expressed
in tumor tissue, raising the hope that a therapeutic strategy to refold it in order to
reconstitute DNA binding and regain wildtype functions could lead to tumor cell death®*
61,62 However, direct p53 targeting is difficult since the re-establishment of a mutated,
inactive tumor suppressor is by far more challenging than the inactivation of an
oncogene, e.g. a kinase. To date, several refolding small molecules have been tested
in preclinical studies, including cysteine binding or zinc chelating compounds®2.
However, the underlying mechanism is often not fully understood and only two
compounds have made it to clinical trials® %3 64 COTI-2, a 3™ generation
thiosemicarbazone is currently in a clinical phase Il trial (NCT02433626)%%¢7. However,
it functions not only in p53-dependent ways but also via p53-independent redox
homeostatic mechanisms®%7. Further, it is known that thiosemicarbazones have
nonspecific cytotoxicity and affect iron metabolic pathways®>-¢7. APR-246 is currently
being tested in combination with azacitidine in a clinical phase Il trial (NCT03745716)
for the treatment of TP53-mutated myelodysplastic syndromes®’. As a pro-drug, APR-
246 is converted to the reactive methylene quinuclidinone (MQ) within the cell. MQ
then covalently binds to surface-exposed cysteines of mutated, but also wildtype p53°©2,
However, it was shown that MQ also functions at least partially via a mechanism
independent of p53°°.

Besides the often unclear mode of action, specific mutations can induce different
folding and need distinct small molecules for refolding, generating another level of
complexity.

However, a study published by our group in 2016 could show that TP53-altered HCC
harbor specific vulnerabilities that can be exploited therapeutically. One such “synthetic
lethality” of TP53-altered HCC that we characterized is their dependency on AURKA™.

1.3 AuroraKinase A

1.3.1 Physiological function in mitosis

Aurora kinase A (AURKA) together with AURKB and AURKC belongs to the aurora
kinase family of serine-threonine kinases. AURKA and AURKB have essential but

distinct roles in mitosis, while AURKC primarily functions in meiotically-active germ

18
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cells’. Accordingly, the expression levels of AURKA differ throughout the cell cycle,
showing an upregulation at the end of S phase, peak in G2 and M phase and
proteasome-mediated degradation after mitotic exit and in G1 phase’?. The main
functions of AURKA in mitosis include G2/M transition by ensuring timely mitotic entry,
centrosome maturation, centrosome segregation and bipolar spindle assembly in order
to ensure proper cell division”® 74, Although AURKA interacts with a big network of
proteins, there are three main interaction partners that are regarded as core co-factors:
Bora, centrosomal protein of 192 kDa (CEP192) and targeting protein for Xklp2 (TPX2)
(see Figure 2). Those proteins, that lead to the formation of functionally distinct
complexes, compete with each other for AURKA binding and are primarily responsible
for the localization and activation of AURKA throughout mitosis’.

The cytoplasmic cofactor Bora is able to bind AURKA and polo-like-kinase 1 (PLK1),
one of the main downstream targets of AURKA, thereby rendering the activation loop
of PLK1 accessible to AURKA™: 76 (see Figure 2). Phosphorylation of Thr210 of PLK1
in G2 phase by AURKA ensures timely mitotic entry of the cell. Via several target
proteins phosphorylated PLK1 then leads to the activation of CDK1, inducing the G2/M
transition’®. Then CDK1 phosphorylates Bora at Ser252 in a positive feedback loop,
which promotes the binding of PLK1 to Bora and subsequent activation by AURKA’,
However, PLK1 is able to phosphorylate Bora, leading to its ubiquitination via the
SCFPTCP E3 ubiquitin ligase and proteasome-mediated degradation upon mitotic
entry’®. This decrease of Bora protein levels might be essential to render AURKA free
for complex formation with other co-factors important for centrosomal processes and
spindle assembly.

CEP192, another AURKA core co-factor, is responsible for targeting and activating
AURKA at centrosomes, leading to centrosome maturation and separation’ (see
Figure 2). Centrosomes, that function as microtubule organizing centers (MTOC), are
non-membrane bound organelles, that play a role in spindle assembly, cell division,
polarity and motality’®. Depending on the cell cycle phase, they consist of one or two
centrioles, which are surrounded by the pericentriolar matrix (PCM)8L. The PCM
contains proteins essential for microtubule (MT) nucleation and anchoring.
Centrosome maturation is characterized by a substantial PCM expansion and increase
in microtubule-nucleating capacity®?. The subsequent centrosome separation creates
two nascent spindle poles with nucleating microtubules, allowing for bipolar spindle
formation®. Starting in the G2 phase, pericentrin-dependent recruitment of CEP192 to
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the centrosomes triggers the accumulation of AURKA and PLK1 at centrosomes,
which induces AURKA autophosphorylation at Thr288 and subsequent PLK1
activation through phosphorylation at Thr2107°® 8, PLK1, in turn, phosphorylates
CEP192 at several serine sites, creating docking-sites for the complex consisting of y-
tubulin ring complex and neural precursor cell expressed developmentally down-
regulated gene 1 (y-TURC/NEDD1) and cytoskeleton associated protein 5 (CKAP5S),
initiating centrosome maturation, separation and centrosome-mediated MT

nucleation?®: 83,
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Figure 2: Functions of the AURKA core co-factors Overview of the main functions of AURKA in complex with
its core co-factors Bora, CEP192 and TPX2 in G2 and M phase. Inactive forms are depicted in grey, active forms
in color, phosphate groups are shown as black circles, activating phosphate groups as black circles with yellow
center (adapted from 74)

TPX2, the third and best characterized core co-factor of AURKA is responsible for
chromatin-mediated spindle assembly and targeting AURKA to the spindles’ 84, In the
mitotic cytoplasm, TPX2 is inhibited through the binding to importin B and the importin
a/B heterodimer. Upon nuclear envelope breakdown, RanGTP leads to the release of
TPX2 from the importins, allowing TPX2 to interact with AURKA. This complex
formation induces a kinase-independent activation of AURKA by stabilizing AURKA in
an active conformation and preventing the dephosphorylation of Thr288 by the protein-
phosphatase 1. Additionally, binding of TPX2 targets AURKA to the spindle MTs,
where the complex oligomerizes, and binds a complex consisting of receptor for
hyaluronan-mediated motility (RHAMM) and y-TuRC?® (Figure 2). After AURKA-

mediated phosphorylation, the complex becomes capable of initiating MT nucleation
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for chromatin-driven spindle assembly®’: 8, Besides this, the AURKA/TPX2 complex is
also capable to induce spindle assembly by MT nucleation from preexisting MTs via

the augmin/y-TURC complex®® (Figure 2).

1.3.2 Role of AURKA in tumor development

Due to the essential role of AURKA in mitosis, AURKA overexpression was found to
be oncogenic and promote tumorigenesis by favoring cell proliferation, metastasis,
epithelial-mesenchymal transition and self-renewal of cancer stem cells®® %1, AURKA
overexpression has been found in a wide range of tumor types and often correlates
with a poor clinical outcome®, e.g. in HCC?4, non-small lung cancer (NCSLC)% 3,
bladder cancer®, pancreatic cancer®® and kidney cancer®®. AURKA overexpression is
mainly due to AURKA gene amplification, gene mutations, transcriptional or
posttranslational modifications or inhibition of degradation (Figure 3). This can lead to
supernumerary centrosomes, multipolar spindles, aneuploidy and resistance to
apoptosis’. Increased AURKA activity can also overcome the prevention of G2/M
transition upon DNA damage, which usually is mediated via AURKA inactivation®®,
Further, elevated AURKA levels are able to overcome spindle poison induced SAC®":
%, The abrogation of the SAC, activated upon abnormal mitotic spindle formation,
favors tetraploidy by inducing cytokinesis failure or mitotic slippage. This normally
activates the p53-dependent post-mitotic G1 checkpoint. However, in cells that lack
p53, this checkpoint is not activated, thereby allowing for DNA endoreduplication,
centrosome overamplification and subsequent aneuploidy3% %°.

Interestingly, it was found that also the overexpression of a kinase-dead AURKA
mutant leads to tetraploidization and centrosomal amplification®, suggesting that not
only the kinase-related functions, but also the catalytic-independent activities of
AURKA might contribute to tumor development. In line with this, it was recently found
that AURKA stabilizes the oncogenes N-MYC in neuroblastoma and MYC in HCC in a
kinase-independent manner through direct binding, thereby supporting the tumor

development and maintenance’® 190,
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Figure 3: Tumorigenesis induced by AURKA overexpression (adapted from 1)

1.3.3 AURKA drug development for cancer treatment

To date, numerous 1%t and 2" generation inhibitors of AURKA (AKI) have been
developed and were tested in preclinical studies or clinical trials (see Figure 4)% 101,
MLN8237, which is also known as alisertib, is the most advanced amongst the AKls
and the only one that has proceeded to clinical phase lll trials®. In several phase Il
studies MLN8237 showed encouraging results, including objective response in breast
and small cell lung cancer'®?, advanced neuroendocrine prostate cancer with AURKA
and N-MYC activation'®, relapsed or refractory peripheral T-cell non-Hodgkin
lymphoma'®* and occasional responses in advanced sarcomal®®. However, like all
AURKA inhibitors of the 15t and 2"d generation, MLN8237 appears to have dose-limiting
toxicities like (febrile) neutropenia, leukopenia, thrombocytopenia, somnolence and
mucositis, so that it can only be administered 7 days is a 21-day cycle? 197 The low
therapeutic index observed for AURKA inhibitors might be caused by the additional

inhibition of other members of the aurora kinase family, especially AURKB, as well as
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other potential kinase-related off-targets, since the ATP binding pocket is highly
conserved between kinases'®. Although MLN8237 is widely regarded as a specific
AURKA inhibitor, it was shown that the ICso ratio in NCI-H446 cells of AURKB to
AURKA inhibition with 13 is rather low'%°. Therefore, the newly developed and highly
selective AURKA inhibitor LY3295668, with an AURKB/AURKA ratio of 2370 in NCI-
H446, is a promising candidate for an improved therapeutic index'%. However, since
AURKA represents an essential kinase, whose inhibition itself targets a myriad of
signaling pathways (see Figure 4), it remains questionable, if inhibitors of its catalytic

activity will ever have a satisfying therapeutic window.
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Figure 4: Overview of AURKA kinase inhibitors and interacting proteins. Shown are selective AURKA
inhibitors (left side) and pan aurora kinase inhibitors (right side) in preclinical and clinical studies, as well as the
network of AURKA interacting proteins (adapted from®°)
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Interestingly, the AURKA inhibitors CD532 and most probably also MLN8237,
additionally to the kinase inhibition, induce a change in the native conformation of
AURKAMO 111 Thjs shift was shown to prevent the binding of N-MYC and MYC to
AURKA in a kinase-independent manner, thereby inducing the proteasome-mediated
degradation of the two MYC proteins’® 110. 111 |n contrast to normal AURKA inhibitors,
those conformation changing compounds suppress the growth of MYCN amplified
neuroblastoma and Trp53-deficient HCC in vitro and in vivo 7% 110, These observations
suggest, that the modulation of the AURKA interactome by targeting AURKA'’s
conformation, rather than inhibiting the kinases catalytic function, might serve as a new
strategy for compound development, that promises an excellent therapeutic index.

1.4 Aim of the study

AURKA represents an attractive target for cancer therapy. However, although clinical
trials for AURKA inhibitors showed promising results, it became clear that the catalytic
inhibition of AURKA leads to dose-limiting toxicities!92.

In order to overcome these limitations first-of-their-kind kinase-spearing AURKA-
ligands specifically targeting the AURKA interactome were developed.

The first aim of my study was to determine the efficacy and selectivity of the newly
developed kinase-spearing AURKA-ligands in genetically defined Trp53 null and
wildtype murine HCC cell lines. Then, | set out to analyze if the AURKA-ligands
possess an improved therapeutic index compared to the kinase inhibitor MLN8237 by
probing non-malignant cells. Further, | wanted to elaborate if AURKA/MYC interactions
are responsible for the inhibitory effects of the newly developed AURKA-ligands or
other proteins of the AURKA interactome. The next step was to identify the effects on
mitosis and spindle architecture upon alteration of these interactions in the Trp53 null
and wildtype murine HCC cell lines. Then, | aimed to work out the role of Trp53 for the
sensitivity of cells towards the AURKA-ligands. | then set out to analyze if human HCC
cell lines do also respond to the AURKA-ligands and if other tumor entities are sensitive
to the newly developed treatment. Finally, | aimed to examine the pharmacologic
properties of the AURKA-ligands.
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2 Material and Methods
2.1 Material

2.1.1 Chemicals

If not stated differently, all chemicals and solutions used in this study were supplied by

AppliChem, Biosciences, Carl Roth, Fermentas, GE Healthcare, Invitrogen, Life

Technologies, Merck, Millipore, Promega, Peglab, Serva and Sigma Aldrich.

2.1.2 Enzymes

All restriction enzymes, DNasel, calf intestinal alkaline phosphatase (CIP) and T4-

DNA-ligase were purchased from NEB (New England Biolabs).

2.1.3 Kits

The following kits were used in this study

Table 1: Kits used in this study

Kit Company
DC-Protein Assay Biorad
Plasmid Maxi Kit Qiagen
QIAquick Gel Extraction Kit Qiagen
Duolink™ In Situ PLA® Probe Anti-Mouse PLUS Sigma Aldrich
Duolink™ In Situ PLA® Probe Anti-Rabbit MINUS Sigma Aldrich
Duolink™ In Situ Detection Reagents Red Sigma Aldrich
Duolink™ In Situ Wash Buffers, Fluorescence Sigma Aldrich
ADP-Glo™ Kinase Assay Promega
Aurora A Kinase Enzyme System Promega
XTT Invitrogen
Clarity Western ECL Substrate Biorad
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2.1.4 Buffers and Solutions

The following buffers were used in this study (Table 2). All buffers were prepared using

deionized water.

Table 2: Buffers and solutions used in this study

Buffer/Solution

Composition

HBS (2x)

12 mM Dextrose, 10 mM KCI (best out of pH 6.96; 7.00;
7.04; 7.08)

Laemmli-buffer (4x)

200 mM Tris/HCI (pH 6.8), 8% SDS, 20 mM DTT, 40%
glycerol, 0.33% bromophenol blue

DNA loading buffer (5x)

0.25% orange G, 15% (wi/v) Ficoll type 400

LB-medium

11 H0, 20 g LB-powder, 50 mg/I ampicillin

Cell lysis buffer

20 mM TrisHCI (pH 7.5), 150 mM NaCl, 1 mM Na;EDTA,
1 mM EGTA, 1% Triton X-100, 1 x Complete mini®
(Roche), 1 x PhosSTOP® (Roche)

100 mM NazHPO4*2H.0, 20 mM KH2PO,, 1.37 M NacCl,

PBS (10x)
27 mM KCI (pH 7.4)
PBST 0.1% Tween 20 in PBS
Permeabilization-buffer 5% BSA, 0.2% Triton X-100, 0.1% Tween 20 in TBS
PFA in PBS 4% PFA in PBS (pH 7.4)

SDS-running buffer (10x)

250 mM Tris Base, 1.92 M Glycine, 1% SDS

2 M Tris Base (pH 8.5), 1 M glacial acetic acid, 50 mM

TAE (50x)

EDTA
TBS (10x) 500 mM Tris-HCI, (pH 7.4), 1500 mM NacCl
TBST 0.1% Tween 20 in TBS

Transfer buffer

48 mM Tris-HCI (pH 8.3), 39 mM Glycine, 20% Methanol,
0.037% SDS

Immunofluorescence antibody

solution

1% BSA, 0.1% Tween 20 in TBS

Co-IP Lysis Buffer

PBS + 1% Triton X-100, 1 x Complete mini® (Roche), 1
X PhosSTOP® (Roche)

Co-IP elution buffer

250 mM Tris-HCI pH 6.8, 4% SDS, 25% glycerol, 0.02%
bromophenol blue, 100 mM DTT
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2.1.5 Cell Culture Media

The following cell culture media were used in this study:

Table 3: Media used in this study

Medium Supplements

DMEM 10% FCS (PAN Biotech), 1 mM sodium pyruvate, 0.1 mM Non-
Essential Amino Acids Solution, 1 x Penicillin/Streptomycin

DMEM (NIH 3T3) 10% Calf Bovine Serum (ATCC), 1 x Penicillin/Streptomycin

DMEM (BNL CL.2) 10% FCS (PAN Biotech), 1 x Penicillin/Streptomycin

RPMI-1640 10% FCS (PAN Biotech), 1 x Penicillin/Streptomycin

Waymouth's MB 752/1 _ o _

Medium 10% FCS (PAN Biotech), 1 x Penicillin/Streptomycin

McCoy’s 5a Medium 10% FCS (PAN Biotech), 1 x Penicillin/Streptomycin

Eagle's Minimum _ . _
_ _ 10% FCS (PAN Biotech), 1 x Penicillin/Streptomycin
Essential Medium

If not mentioned elsewise, the media and supplements were purchased from Life

Technologies, California, USA.

2.1.6 Antibodies

The following antibodies were used in this study:

Table 4: Antibodies used in this study

Primary antibodies

Antigen Catalog Species Supplier Application Dilution
name
Vinculin V9131 mouse Sigma Aldrich WB 1:10000
a-Tubulin NB100-690 mouse Novus Biologicals IF 1:1000
MYC ab32072 rabbit Abcam WB 1:1000
IF, PLA 1:200
MYC (pT58) ab28842 rabbit Abcam WB 1:1000
AURKA ab13824 mouse Abcam wB 1:1000
IF, PLA 1:200
AURKA NBP1-51843 rabbit Novus Biologicals WB 1:1000
IF 1:200
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Pan pAurora 2914S rabbit Cell Signaling WB 1:1000
TPX2 NB5000-179 rabbit Novus Biologicals WB 1:1000
IF 1:200

PLK1 PA5-96158 rabbit Thermo Fisher WB 1:1000
PLK1 (pThr210) ab155095 rabbit Abcam WB 1:1000
FLAG F1804 mouse Sigma Aldrich Co-IP 0.75ug
MCL1 5453S rabbit Cell Signaling WB 1:1000
p38a MAPK 9218s rabbit Cell Signaling wB 1:1000
p38 MAPK 4511s rabbit Cell Signaling WB 1:1000
(pT180, Y182)
Cleaved 9661 rabbit Cell Signaling WB 1:1000
caspase 3

Secondary antibodies:
Antigen Name Species Supplier Application Dilution Conjugation
Anti-mouse  115-035-062  goat Dianova  WB 1:10000 Peroxidase
Anti-rabbit  111-035-045 goat Dianova WB 1:10000 Peroxidase
Anti-rabbit  A-11034 goat Invitrogen IF 1:10000 Alexa 448
Anti-mouse A-11032 goat Invitrogen IF 1:10000 Alexa 594

2.1.7 Oligonucleotides

The following Oligonucleotides were used in this study:

Table 5: Primers used for cloning and sequencing

Cloning of FLAG-tagged Aurka in RT3G¢cDPIR

Name

Seguence

FLAG_fw_new

TTAGCGATCGCCATGGACTACAAAGACGATGA

FLAG-AURKA_rev_new

ATCTGGCGCGCCCTAAGATGATTTGCTGGTTG

Cloning of FLAG-tagged Tpx2 in RT3GcDPIR

TPX2_fw TGAAGGAATTCGGTACCATGTCACAAGTCCCTACTAC
TPX2_rev GCACTCGAGCTACTGGAACCGAGTGGA
FLAG_fw_new TTAGCGATCGCCATGGACTACAAAGACGATGA

FLAG-TPX2_rev

ATCTGGCGCGCCCTA CTG GAA CCG AGT GGA
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Sequencing primer

GFP_for CATGGTCCTGCTGGAGTTCG

2.1.8 Plasmids

For stable transduction of doxycycline inducible cDNA in cell lines the retroviral vector
including TRE3G promotor, EGFP sequence, P2A site, PGK promotor, puromycin
resistance cassette, IRES and an rtTA3 coding sequence (RT3GP2APIR) was used,
which contained the cDNA for CXCR4. The RT3GP2APIR backbone was cloned by
Dr. Aylin Yigitliler under the supervision of Dr. Florian Heinzmann by using the
RT3GEPIR vector!'?, which was kindly provided by Prof. Dr. Johannes Zuber. The
RT3GP2APIR plasmid containing CXCR4 cDNA was cloned by Dr. Marco Seehawer.

2.1.8.1 Cloning FLAG-tagged Aurka in RT3GP2APIR

The sequence for FLAG-tagged Aurka was taken from the pEZ-M11 vector including
the murine Aurka transcript variant 1 containing a FLAG-tag at the N-terminus (EX-
MmO05501-M11, GeneCapoeia). In a polymerase chain reaction (PCR) using the
primers FLAG_fw_new and FLAG-AURKA rev_new (Table 5) the FLAG-tagged Aurka
sequence was amplified and then digested with Asisl and Ascl. The RT3GP2APIR was
digested with Asisl and Mlul to cut out the CXCR4 cDNA and replace it with the FLAG-
tagged Aurka insert.

2.1.8.2 Cloning FLAG-tagged Tpx2 in RT3GP2APIR

The sequence for Tpx2 was taken from the PCMV6-Kan/Neo vector containing the
murine Tpx2 transcript variant 2 (MC202638, Origene). In order to introduce a N-
terminal FLAG-tag, the Tpx2 sequence was PCR amplified using the primers TPX2_fw
and TPX2_rev (Table 5) and cut with Kpnl and Xhol. The pEZ-M11 vector containing
the murine Aurka transcript variant 1 with a N-terminal FLAG-tag (2.1.8.1) was digested
with Kpnl and Xhol and ligated with the TPX2 insert in order to replace Aurka with
Tpx2. Using the Primers FLAG _fw_new and FLAG-AURKA rev_new (Table 5) the

FLAG-tagged Tpx2 sequence was PCR amplified and digested with Asisl and Ascl.
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The RT3GP2APIR was digested with Asisl and Mlul to cut out the CXCR4 cDNA and
replace it with the FLAG-tagged Tpx2 insert.

2.1.9 Bacteria

For plasmid production Subcloning Efficiency DH5a Competent Escherichia coli cells

(Invitrogen) were used.

2.1.10 Cell lines

The following cell lines were used in this study. For medium composition see Table 3.

Table 6: Cell lines used in this study

Cell line Source Culture Medium  Freezing Medium
NMP537 (murine HCC, Dauch et al., DMEM complete  90% FCS + 10%
Nras®?V:Myc®E; Trp537) 2016 DMSO

NMP19” (murine HCC, Dauch et al., DMEM complete  90% FCS + 10%
Nras®?V:Myc®E:Cdkn2ARF) 2016 DMSO

NP537" MYC"lines 1-3 generated by Dr.  DMEM complete  90% FCS + 10%
(murine HCC, Ramona DMSO
Nras®?:MYC°E; Trp537) Rudalska

NP537" MYC™#lines 1-3 generated by Dr.  DMEM complete  90% FCS + 10%
(murine HCC, Ramona DMSO
Nras®?V:MYCT™® °E:Trp537)  Rudalska

NMP197x53" (murine HCC,  generated by Dr. DMEM complete  90% FCS + 10%
Nras®?V:Myc®E:Cdkn2AR*"  Ramona DMSO

Trp537) Rudalska

Hep3B ATCC: HB-8064 DMEM complete  90% FCS + 10%
DMSO
Huh7 kindly provided DMEM complete  90% FCS + 10%
by Prof. Dr. DMSO
Zucman-Rossi
HLF kindly provided DMEM complete  90% FCS + 10%
by Prof. Dr. DMSO
Zucman-Rossi
HLE kindly provided DMEM complete  90% FCS + 10%
by Prof. Dr. DMSO
Zucman-Rossi
HepG2 ATCC: HB-8065 DMEM complete  90% FCS + 10%
DMSO
JHH1 kindly provided DMEM complete  90% FCS + 10%
by Prof. Dr. DMSO

Zucman-Rossi
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NCI-H446 ATCC'HTB-171 RPMI-1640 95% culture
complete medium + 5%
DMSO
DMS-53 ATCC: CRL- Waymouth's MB  95% culture
2062 752/1 medium medium + 5%
complete DMSO
NCI-H69 ATCC: HTB-119 RPMI-1640 95% culture
complete medium + 5%
DMSO
NCI-H1299 ATCC: CRL- RPMI-1640 95% culture
5803 complete medium + 5%
DMSO
Calu-1 ATCC: HTB-54  McCoy’s 5a 95% culture
Medium complete medium + 5%
DMSO
COR-L279 Sigma Aldrich: RPMI-1640 95% culture
96020724 complete medium + 5%
DMSO
A549 kindly provided RPMI-1640 90% FCS + 10%
by Prof. Dr. complete DMSO
Lauer
NCI-H226 kindly provided RPMI-1640 90% FCS + 10%
by Prof. Dr. complete DMSO
Lauer
NCI-H23 kindly provided RPMI-1640 90% FCS + 10%
by Prof. Dr. complete DMSO
Lauer
NCI-H460 kindly provided RPMI-1640 90% FCS + 10%
by Prof. Dr. complete DMSO
Lauer
NIH 3T3 ATCC: CRL- DMEM (NIH 3T3) 90% Calf Bovine
1658 Serum + 10%
DMSO
BNL CL.2 ATCC: TIB-73 DMEM (BNL 90% FCS + 10%
CL.2) DMSO
Phoenix-ECO ATCC: CRL- DMEM complete  90% FCS + 10%
3214 DMSO

2.2 Cell culture

2.2.1 Standard cell culture

All cells were incubated at 37°C with 7.5% CO: in a water-saturated atmosphere. They
were maintained in modified DMEM, RPMI-1640, McCoy's 5a Medium, Eagle's
Minimum Essential Medium or Waymouth's MB 752/1 Medium (2.1. Materials). Cells
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were split by adding 0.05% trypsin/EDTA solution (Gibco). For storage, around 1 x 106
cells were frozen in 1ml freezing medium (90% FCS and 10% DMSO or 95% culture
medium and 5%DMSOQO) at -80°C. Cells were thawed in a water bath at 37°C and

seeded in a 10cm? dish.

2.2.2 Production of retroviral particles

Retroviral particles were produced using ecotropic phoenix cells. At around 70%
confluency a 6-well plate was pre-incubated with 25 uM chloroquine for 15 min at 37°C.
5 ug of plasmid was mixed with 12.5 pL 2M CaClz and filled up with water to 100 pL.
The Plasmid/CaClz mixture was then drop wise added to 100 pL of 2 x HBS buffer
while constantly producing air bubbles to receive a precipitate. After 5 min incubation
at RT, the mix was drop wise added to the cells. Media was refreshed after 12 h and

the supernatant was harvested after another 24 h and filtered through a 0.45 um filter.

2.2.3 Infection of cells

Cells were grown to 15-30% confluency and pre-incubated with 10 pg/mL polybrene
for 15 min before 1.5 mL of viral supernatant were added per 6-well. After 48 h cells

were selected with 4-6 ug/mL puromycin for another 48 h

2.2.4 Colony formation assay

Cells were seeded at a density of 50.000 cells per 6-well and next day treated with a
2-fold dilution series of the indicated compounds or the highest corresponding DMSO
concentration. After 5 days cells were fixed with a 10% formaldehyde solution for 30
min, washed once with water, stained with a 0.5% crystal violet solution for 30 min and

washed twice with water.

2.2.5 XTT assay

Cells were seeded in a 96-well plate and next day treated with a 2-fold dilution series
of the compounds. As controls cells were treated with DMSO according to the highest

compound concentration (negative control) or 1.5 mM chloroquine (positive control).
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3-5 days after treatment the XTT assay was conducted according to the manufacturer’s
instructions. Absorbance was measured with the Infinite M Plex plate reader (Tecan)
at 450 nm. Each measurement was conducted in triplicates and the ICso was calculated
with GraphPad Prism using variable slope nonlinear regression, with DMSO treated
cells resembling 100% cell viability and chloroquine treated cells resembling 0% cell

viability.

2.2.6 Cell cycle analysis

For the determination of the cell cycle state of cells a propidium iodide staining with
subsequent flow cytometry analysis was conducted. For this, 1 x 10° cells were
harvested and centrifuged at 1200 rpm for 5 min. After washing the pellet with PBS
cells were again centrifuged at 1200 rpm for 5 min. The pellet was resuspended in 250
puL PBS and fixed by adding 750 pL ice cold 100% ethanol dropwise while vortexing.
After incubation overnight, cells were centrifuged at 1200 rpm for 5 min, washed once
with 1% BSA in PBS, pelleted again at 1200 rpm for 5 min and resuspended in 1mL
PBS with 50 pg/mL propidium iodide and 250 pg/mL RNase. After incubation overnight
at 4°C, cell cycle was measured using FacsCanto Il with DIVA software version 8.0.1

(BD Biosciences) and analyzed with FlowJo version 10 (Tree Star).

2.2.7 Immunofluorescence staining (IF) on cells

Cells were plated on 8-well Tissue Culture Chambers (Sarstedt), incubated overnight
and treated as indicated. Cells were then fixed with either 4% PFA at 4°C for 10 min
or 100% methanol at -20°C for 10 min. After washing the cells three times with TBST,
permeabilization buffer (see 0) was added for 60 min at RT on a shaker. Cells were
washed once with TBST and incubated with the primary antibody in 1% BSA in TBST
for another 60 min at RT on a shaker. After washing three times with TBST, the cells
were incubated with a secondary antibody, which was fluorescent dye-labelled,
together with 1 pg/mL DAPI in 1% BSA in TBST for 60 min at RT on a shaker in the
dark. After washing three times with TBST, the slide was mounted with VECTASHIELD

HardSet mounting medium with DAPI (Vector Laboratories) using a coverslide.
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2.2.8 Proximity ligation assay (PLA)

PLAs were performed to detect protein-protein interactions. 50.000 cells were seeded
on round 12 mm glass slides placed in 6-well plates. After incubation overnight, cells
were treated with the indicated compounds or DMSO and fixed for 10 min in 100%
methanol at -20°C. Glass slides were removed from the 6-well plates and cells
permeabilized with TBS + 0.3% Triton X-100 for 5 min. After washing with PBS and
blocking with 5% BSA in TBST for 30 min, slides were incubated with primary
antibodies in 1% BSA in TBST for 120 min at RT and washed three times with PBS for
5 min. After a 20 min pre-incubation of the two PLA probes at RT (diluted 1:10 in 1%
BSA in TBST), slides were incubated with probes for 60 min at 37°C in a humidified
chamber. Slides were washed three times with 1x wash buffer A for 5 min and
incubated with ligase solution (ligase diluted 1:40 in 5x ligase buffer and ddH20) for 60
min at 37°C in a humidified chamber. After washing the slides two times for 5 min, they
were incubated with polymerase solution (polymerase diluted 1:80 in 5x polymerase
buffer and ddH20) light protected for 2 h at 37°C in a humidified chamber. Slides were
washed two times in 1x wash buffer B for 10 min and once in 0.01x wash buffer B for
1 min and mounted on a cover slip using Duolink in situ Mounting Medium with DAPI.
Nail polish was used to seal the edges. PLA foci were visualized with an Olympus
BX63 microscope equipped with an Olympus DP80 camera, 60x objective and 10x
eyepiece (600-fold magnification). Foci were annotated to the cells with the closest
nucleus (DAPI). Significance was calculated using Graph Pad Prism and the
nonparametric Mann Whitney test.

2.3 Molecular biology techniques

2.3.1 Polymerase chain reaction (PCR)

To amplify DNA fragments a PCR was conducted using CloneAmp HIFI PCR MM (2x)
(Takara). Specifically designed primers were used to add additional restriction sites
(Table 5). PCR was conducted as follows (X= melting temperature):
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Component Amount

H.O (RNase/DNase-free) Ad up to 50pL
Takara CloneAmp HIFI PCR MM (2x) 25 pL
Forward Primer (10uM) 3 uL

Reverse Primer (10uM) 3 uL
Template 100 ng

PCR program

94 °C 2 min
94 °C 10 sec
X °C 20 sec 25-35 cycles
72 °C 1 min per kb
72 °C 2 min
4°C 0

2.3.2 DNA digestion with restriction enzymes

5 pg of DNA was digested with 0.5 pL restriction enzyme (NEB) and 2 pL of the
corresponding buffer (NEB) in a total volume of 20 uL for 2 h at 37°C. The DNA
fragments were purified via gel electrophoresis and/or column as described in 2.3.4.

2.3.3 Dephosphorylation of DNA fragments

For dephosphorylation of digested plasmid backbones 2 pL calf intestinal alkaline
phosphatase (CIP) (NEB) and 2 pL CutSmart reaction buffer (NEB) were added to the
backbone to a total volume of 20 pL. The mix was incubated at 37°C for 2 h and purified

as described in 2.3.4.

2.3.4 DNA-Purification

After every cloning step, DNA was purified. If size separation was needed, the sample
was run in an agarose gel electrophoresis. Purification was done with the QIAquick

Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions.
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2.3.5 Ligation of DNA fragments

DNA fragments were ligated by using 0.5 pL T4-ligase (NEB) and 1pL ligase buffer

(NEB) in a total volume of 10 pL. The amount of backbone and insert was calculated

bp(Insert)

with the following formula: m(insert)z—bp(backbone)

*6*100ng.  Ligation was

performed either at 16°C for 2-4 h or overnight with increasing temperatures ranging
from 4°C to RT.

2.3.6 Agarose gel electrophoresis

To determine the size of DNA-fragments, first gels with 1-2% agarose and around
0.01% ethidium bromide in 1x TAE buffer were cast. The sample was diluted in DNA
loading buffer and loaded on the gel, together with the 1kb DNA ladder or the
pegGOLD low range DNA ladder (Peglab). Samples were separated for 30 min at 120
V in 1x TAE buffer and analyzed under UV light. If needed, the correct band was cut
out of the gel and purified using the QIAquick Gel Extraction Kit (Qiagen).

2.3.7 Measuring DNA concentration

DNA concentrations were measured using NanoDrop1000 (PEQLAB) and 1 pL of the

solution.

2.3.8 Bacteria transformation

Plasmid solutions were mixed with Subcloning Efficiency DH5a cells in a 1:10 ratio and
incubated 5-30 min on ice. To induce transformation the mix was heat-shocked for 20
sec at 42°C followed by 2 min incubation on ice. The solution was plated on a LB-agar

plate containing either ampicillin or neomycin and incubated overnight at 37°C.

2.3.9 Plasmid preparation from bacterial cultures

For high yield maxi-preparations 400 mL LB-medium containing ampicillin or neomycin
were inoculated with a single bacteria colony and incubated overnight at 37°C in a
shaker. For plasmid isolation the MaxiPrep Kit from Qiagen was used according to the

manufacturer’s instructions.
36



Material and Methods

For low yield mini-preparations 5mL LB-medium containing ampicillin or neomycin
were inoculated with a single bacteria colony and incubated overnight at 37°C in a
shaker. Bacteria were harvested by centrifugation with 4000 rpm for 5 min,
resuspended in 200 pL P1 buffer (Qiagen), lysed with 200 pL P2 buffer (Qiagen) for 5
min and neutralized with 200 pL P3 buffer (Qiagen). The solution was centrifuged for
10 min at 13.000 rpm and 500 pL of supernatant were transferred into a new reaction
tube. After 400 L isopropanol were added, the samples were centrifuged for 15 min
at 13.000 rpm. The pellet was washed with 70% ethanol, centrifuged at 13.000 rpm for
5 min and the supernatant discarded. The pellet was air-dried and resuspended in 30
ML RNase/DNase-free water. If necessary DNA was sent to Seglab/Microsynth

(Gottingen) for Sanger sequencing.

2.3.10 DNA sequencing

Sanger sequencing of DNA was done by Seglab/Microsynth (Gottingen) with specific

sequencing primers according to the company’s instructions.

2.4 Biochemical methods

2.4.1 Protein isolation

For isolating proteins, cells were washed with PBS and collected in Lysis buffer (see
0) mixed with 8M Urea at a 5:1 ratio. The sample was sonicated on ice for 10 min using
the GT Sonic 3L Sonicator. After 10 min centrifugation at 13.000 rpm at 4°C,

supernatant was transferred into a new reaction tube.

2.4.2 Measuring of protein concentration

The measurement of protein concentrations was conducted using the DC Protein
Assay (Biorad) according to the manufacturer’'s instructions. Absorbance was

measured with the Infinite M Plex plate reader (Tecan) at 690 nm.
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2.4.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE)

To separate protein samples according to their molecular weight SDS-PAGE was
conducted using the Mini-PROTEAN Tetra Vertical Electrophoresis Cell device
(Biorad). After casting the SDS-gels as described in Table 7, 10-25 ug of protein
sample was mixed with Laemmli-Buffer (4x), denaturized at 95°C for 10 min and loaded
on the gel. To determine the size of the protein band the pre-stained protein marker
Spectra Multicolor Broad Range Protein Ladder or High Range Protein Ladder
(Thermo Scientific) was used. The gel was run in 1x SDS running buffer at 90 V in the

stacking gel and at 120 V in the separation gel.

Table 7: Composition of the SDS gel

10% separation gel (2 gels) 5% stacking gel (2 gels)

Water, deionized 6.1 mL Water, deionized 3.1mL
Tris-HCI buffer (1.5M, pH8.8) 3.7mL | Tris-HCI buffer (1M, pH 6.8) 1251
Acrylamide/Bis-acrylamide 4.9 mL Acrylamide/Bis-acrylamide 1.34 mL
(37.5:1) ' (37.5:1)

10% SDS 150 L | 10% SDS 0.5mL
10% APS 75uL | 10% APS 25 pL
TEMED 10uL | TEMED SuL

2.4.4 Western blot

Western blot was conducted using a wet blot device (Biorad). After activating PVDF
membranes in methanol for 1 min, PVYDF membranes, Whatman papers and gels were
incubated in transfer buffer (see 0) for 5 min. The blotting cassette was assembled
accordingly and protein transfer was done at 100 V for 70 min at 4°C. Membranes were
blocked with 5% BSA or 5% milk in TBST for 1 h at RT and incubated with a primary
antibody against the protein of interest in TBST overnight at 4°C. After washing the
samples three times with TBST for 5-10 min each, they were incubated for 1 h at RT
with HRP-conjugated secondary antibody. Then, membranes were washed three times

with TBST for 5-10 min each and specific signals were visualized using Clarity Western
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ECL Substrate (Biorad), the ChemiDoc Imaging System (Biorad) and the software
Image Lab 5.2.1 (Biorad).

2.4.5 Co-Immunoprecipitation (Co-IP)

After washing once with cold PBS, cells were collected in Co-IP lysis buffer and
incubated on ice for 15 min. After centrifugation for 10 min at 13.000 rpm at 4°C
supernatant was collected in a new reaction tube. 1 mg of protein was incubated in a
new reaction tube with 3 pg of FLAG-antibody and 30 puL Dynabeads Protein G
(Thermo Fisher) in a total volume of 1 mL. After incubation overnight at 4°C on a
rotation wheel, beads were washed three times with Co-IP lysis buffer for 5 min at 4°C
on a rotation wheel and transferred into a new reaction tube. After separating beads
from supernatant, proteins were eluted with 35 pL Co-IP elution buffer for 10 min at
70°C. 10 pL of Co-IP sample were loaded on an SDS-gel and analyzed with SDS-
PAGE and western blot. As input control, 15 pg protein of initial supernatant mixed with

Laemmli-buffer (4x) was used.

2.4.6 ADP-Glo™ assay

For determination of kinase inhibition (ICso) of the compounds, the ADP-Glo™ Kinase
Assay (Promega) and the Aurora A Kinase Enzyme System (Promega) were used.
The assay was performed according to the manufacturer’s instructions in a 384-well
format by using 1.4 ng/uL Aurora A, 25 mM ATP and 0.1 pg/uL MBP substrate. To
generate a dose-response curve a 1:3 serial dilution of the compounds was tested
starting from 1 pM. Kinase was pre-incubated for 10 min with compound, before
substrate mix containing MBP and ATP was added. After 60 min ADP-Glo reagent was
added and incubated for another 60 min. Afterwards detection reagent was added and
incubated for 30 min before luminescence was measured with an integration time of
500 ms by using a Filter Max F5 multi-mode microplate reader (Molecular Devices).
As a negative control, the reaction was performed with MBP, ATP and Aurora A only.
The positive control was performed with inactive Aurora A (boiled for 10 min), MBP
and ATP. Each measurement was conducted in quadruplicates and the ICso was

calculated with GraphPad Prism using slope nonlinear regression, with the negative
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control resembling 0% kinase inhibition and the positive control resembling 100%

kinase inhibition.

2.5 Co-IP and mass spectrometry (LC-MS/MS)

For Co-IP assays of FLAG-tagged AURKA, cells stably expressing DOX-inducible
FLAG-AURKA were grown in DMEM SILAC media (PAN Biotech) lacking arginine and
lysine. SILAC medium was supplemented with penicillin/streptomycin (100 U/mL,
PAN), dialyzed FBS (10% (v/v), PAN) and stable isotope-encoded arginine and lysine.
‘Light’” SILAC medium was supplemented with L-[12C6,14N2] lysine (LysO) and L-
[12C6,14N4] arginine (Arg0) (Cambridge Isotope Laboratories), ‘medium’ SILAC
media with L-[2H4] lysine (Lys4) and L-[13C6] arginine (Arg6) and ‘heavy’ SILAC
media L-[13C6,15N2] lysine (Lys8) and L-[13C6,15N4] arginine (Argl0).

For pool 1, FLAG-AURKA expression was induced in cells cultured in medium and
heavy SILAC medium for 24 h. Afterwards, 50 ng/mL nocodazole was added to all
three conditions (light, medium and heavy SILAC) for 6 h. Then, cells were washed
once with PBS and medium was replaced, thereby adding DMSO to cells in light and
medium SILAC medium, and LN3352 to cells in heavy SILAC medium for 2 h. Co-IP
was then performed as described in 2.4.5. The SILAC Co-IP eluates were then mixed
in the ration of 1:1:1 (light:medium:heavy). For pool 2, the procedure was repeated,
with adding LN3352 to the medium SILAC sample and DMSO to light and heavy SILAC
samples.

The preparation of protein samples from Co-IP experiments for liquid chromatography-
MS (LC-MS/MS) was done using in-gel digestion. Both, the preparation and the LC-
MS/MS analysis were performed by the Proteome Center Tubingen (PCT). The
samples were boiled at 70°C for 10 min and proteins were separated on a NUPAGE
Bis-Tris 4-12% gradient gel (Thermo Fisher Scientific). After staining the samples with
Coomassie Brilliant Blue solution, the gel lanes were cut into fragments and washed
three times with washing buffer (5 mM AmBIC, 50% (v/v) ACN). Then 10 mM
dithiothreitol (DTT) in 20 mM AmBIC was added and incubated at 56°C for 1 h. After
adding iodoacetamide (55 mM (IAA) in 20 mM AmBIC) for 30 min at RT, gel pieces
were washed with washing buffer and dehydrated with 100% (v/v) ACN and vacuum
centrifugation for 10 min. After protein digestion with trypsin (12.5 ng/mL in 20 mM
AmBIC, Promega Corporation) at 37°C overnight, the peptides were extracted with 3%
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(v/v) TFA in 30% (v/v) ACN, followed by 0.5% (v/v) acetic acid in 80% (v/v) ACN and
100% (v/v) ACN. All extracts were mixed, concentrated by vacuum centrifugation and
purified on C18 StageTips.

LC-MS/MS runs were performed as described priviously!3. For this study, peptides
were eluted with a 60 min gradient and full MS scans were acquired with a resolution
of 60,000 and within a mass range of m/z 200 to 2,000 (AGC target 3e6, maximum IT
20 ms). For higher-energy collisional dissociation (HCD), the 12 most intensive
peptides were selected and MS/MS spectra were recorded with a resolution of 30,000
(AGC target 1e5, maximum IT 110 ms).

The raw data files were processed as described priviously**3, using the Uniprot Mus
Musculus (UP0O00000589 10090 complete_2020-02_13) database.
Carbamidomethylation of cysteine (C) was set as fixed modification and oxidation of
methionine was defined as variable modifications.

Co-IP targets of interest were selected based on their intensity values and the
significance, represented by the false discovery rate (FDR) values. Interesting targets
were to be significantly detected in the LN3352/DMSO samples (H/M in the pool 1 and
pool 2, FDR < 0.1) and not significantly detected in the CO-IP control channels
DMSO/noDOX (H/L in the pool 1 and M/L in the pool 2, FDR >0.05). Selected target
also had higher raw intensity values in the LN3352 treated samples in comparison to

the DMSO controls, as an additional filtering on condition.

2.6 Statistics

Normal distribution was calculated using the D'Agostino & Pearson test or, if not
possible, the Shapiro-Wilk test. For calculation of significance, student’s t test, Mann-
Whitney test and one-way ANOVA were used. If significant differences by ANOVA
were found, group wise comparison was performed (Holm-Sidak’s multiple comparison
test). All statistical tests were considered statistically significant when P was below

0.05. Statistical analysis was performed using GraphPadPrism (v.8.4.0).
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3 Results

3.1 Development and characterization of kinase-sparing AURKA-ligands

Inhibiting AURKA represents a promising cancer therapy, however, the dose-limiting
toxicities of existing drugs due to catalytic inhibition is a major obstacle. To overcome
this limitation and improve the therapeutic index, in collaboration with Dr. Dirk Flotgen
and Juliander Reiner from the group of Prof. Dr. Stefan Laufer, as well as Dr. Tatu
Pantsar, we set out to develop kinase-sparing AURKA-ligands that target essential
kinase and signal transduction independent functions of AURKA via the modulation of
AURKA'’s interactome. It was shown that the interaction of N-MYC and MYC, two
AURKA binding partners, can be modulated by a small subfraction of AURKA
inhibitors, MLN8237 and CD532, leading to their destabilization and degradation’® 111
(Figure 5 A and B). This modulation was induced due to a conformational shift in
AURKA™: 111 and we reasoned that this shift could serve as a starting point for the
development of kinase-sparing AURKA-ligands. Unpublished molecular dynamics
simulations, performed by Dr. Tatu Pantsar, suggested that the AURKA/MYC
interaction site is located next to the aC-helix, where AURKA’s regulatory spine (R-
spine) is connected’ (Figure 5 C). We hypothesized that compounds targeting this R-
spine region would lead to the desired conformational alteration of AURKA (Figure 5
D). Since the R-spine of AURKA and the p38a MAP-kinase differ only in one amino
acid (glutamine in AURKA, leucine in p38a), | wanted to address this hypothesis by
screening a focused library of proprietary p38a MAP-Kinase inhibitors which were
equipped with R-spine-interacting moieties, previously generated in the group of Prof.
Dr. Laufer!4 115, Since the library consisted of p38a targeting small molecules, the
resulting hits were structurally adapted towards AURKA. For this the initial hits
generated from type 1 2 p38a MAP-Kinase inhibitors were split into different modules
(hinge binder, linker fragment, aromatic core structure and an R-spine interacting
moiety) (Figure 5 E). Different modules were merged to yield in silico libraries with
which a virtual screening was conducted by Dr. Tatu Pantsar. The resulting hits were
synthesized and further optimized by Dr. Dirk Flotgen and Juliander Reiner. The
combination of structural features that were expected to have a strong effect on the

kinases R-spine region with a simplified version of CD532’s hinge binding moiety
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resulted in both, highly active and selective, amphosteric inhibitors (like LN3352) and
AURKA-ligands (like LN3350)6,
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Figure 5: A-D) Molecular dynamics simulation approach for the development of kinase-spearing AURKA-ligands.
(A) AURKA in complex with MYC (purple). (B) Small molecules, like CD532 (green), change AURKA's conformation,
thereby preventing MYC binding. (C) In silico predictions suggest the interaction site of AURKA/MYC being located
next to the aC-helix (blue), where the R-spine (orange) is anchored. (D) Compounds targeting the R-spine region
presumably lead to the desired conformational alteration of AURKA (generated by Dr. Tatu Pantsar) E)
Development approach for improved small molecules that target AURKA without inhibiting its intrinsic kinase
activity. In a first step virtual screening of an in silico library based on an initial hit resulted in potent compounds.
For further optimization the hinge binding moiety of a kinase inhibitor (CD532) with known AURKA conformation
disrupting properties was adapted and improved to spare kinase activity (generated by Dr. Dirk Flétgen).

During iterative cycles of testing and improvement, the small molecules were optimized
by Dr. Dirk Flétgen, Juliander Reiner and Dr. Tatu Pantsar. To simultaneously guide
the improvement strategy with functional in vitro data, | tested the compounds via
colony formation screening assays (Figure 6 A). Therefore, | used the murine HCC cell
lines  Nras®12V:Myc©E:Trp537- (in the following called NMP537) and
NrasG12V;MycCE; Cdkn2aARF- (in the following called NMP197), where the selectivity of

conformation-changing AURKA inhibitors to kill NMP53- cells was described before?.
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Table 8: Exemplary depiction of generated compounds tested in the colony formation assay. Shown are the
effective doses (ED) of each compound in NMP53”- and NMP19” cells, as well as the calculated selectivity towards

NMP53" cells.
Name ED (M =D [nM] Selectivity Name =D [nM] ED [nM] Selectivity
NMP53" NMP19" NMP53" NMP19"
LN3177 4000 4000 equal LN3354 2000 2000 equal
LN3178 2000 2000 equal LN3355 | > 2000 > 2000 n.d.
LN3179 1000 2000 2-fold LN3356 1000 1000 equal
LN3180 | > 4000 > 4000 n.d. LN3357 500 1000 2-fold
LN3198 | > 4000 > 4000 n.d. LN3358 | > 2000 > 2000 n.d.
LN3199 2000 4000 2-fold LN3359 125 250 2-fold
LN3200 2000 4000 2-fold LN3360 125 125 equal
LN3201 2000 4000 2-fold LN3361 | > 2000 > 2000 n.d.
LN3274 | > 4000 > 4000 n.d. LN3362 500 1000 2-fold
LN3275 | > 4000 > 4000 n.d. LN3363 1000 > 1000 n.d.
LN3276 4000 8000 2-fold LN3364 500 > 1000 n.d.
LN3277 | > 4000 > 4000 n.d. LN3365 250 > 1000 n.d.
LN3278 2000 4000 2-fold LN3366 250 > 1000 n.d.
LN3279 500 500 equal LN3367 | > 2000 > 2000 n.d.
LN3280 | > 4000 > 4000 n.d. LN3368 250 > 250 n.d.
LN3281 | > 4000 > 4000 n.d. LN3369 > 250 > 250 n.d.
LN3282 125 1000 8-fold LN3370 | 62.25 500 8-fold
LN3283 1000 1000 equal LN3371 250 > 250 n.d.
LN3284 | > 4000 > 4000 n.d. LN3372 62.25 500 8-fold
LN3285 4000 > 4000 n.d. LN3373 500 > 1000 n.d.
LN3286 1000 1000 equal LN3374 | 62.25 250 4-fold
LN3278 | > 4000 > 4000 n.d. LN3375 | > 1000 > 1000 n.d.
LN3288 2000 2000 equal LN3447 125 500 4-fold
LN3289 31.25 62.5-125 | 2-to4-fold | LN3448 | > 1000 > 1000 n.d.
LN3290 4000 4000 equal LN3789 500 4000 8-fold
LN3291 125 250 2-fold LN3790 | > 4000 > 4000 n.d.
LN3292 500 1000 2-fold LN3791 125 1000 8-fold
LN3293 | > 4000 > 4000 n.d. LN3792 1000 2000 2-fold
LN3350 62.25 500-1000 | 8-to 16-fold | LN3825 15.5 15.5 equal
LN3351 | 125-250 1000 4- to 8-fold | LN3826 500 500 equal
LN3352 | 125-250 2000 8- to 16-fold | LN3828 500 1000 2-fold
LN3353 | > 2000 > 2000 n.d. LN4617 4 4 equal
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| treated both cell lines with the small molecules using 2-fold serial dilutions for 5 days
and analyzed colony formation ability. The lowest concentration of the compounds
which inhibited colony formation was defined as the effective dose (ED). ED was
determined for each cell line and each small molecule and the ratio of ED NMP197 vs
ED NMP53” was defined as selectivity (Table 8). In total | tested about 300
compounds. Based on the highest selectivity and lowest ED values in NMP53,
LN3350 and LN3352, synthesized by Dr. Dirk Flétgen, were characterized further.

LN3350 and LN3352 showed ED values for NMP53 cells at a low nanomolar range
(ED in NMP537 62 nM for LN3350 and 125 nM - 250 nM for LN3352), which were
comparable to the reference compound MLN8237, as determined in colony formation
assays (Figure 6 B-D). LN3350 and LN3352 possessed a much higher selectivity
towards NMP53 cells (around 8- to 16-fold), compared to MLN8237 (around 2-fold)
(Figure 6 B-D). To elaborate if the inhibitory effect in NMP537- cells is caused by
induction of growth arrest or cell death, | conducted cell death analysis using propidium
iodide stainings 5 days post treatment, which were analyzed by flow cytometry. While
in NMP197 cells almost no cell death was observed, treatment with LN3350 and
LN3352 increased cell death in NMP53”- 8- and 5-fold to 87.2% + 0.9% and 86.8% +
1.7% compared to control treated cells, respectively. MLN8237 increased cell death in
NMP53 cells to 68% * 4.6% compared to 2.5% + 1.3% in control treated cells (Figure
6 E-G). However, in contrast to the AURKA-ligands, MLN8237 also increased cell
death in NMP197 cells more than 2-fold up to 22% * 2.2% compared to control treated

cells.
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Figure 6: A) Experimental outline of the colony formation assay and the determination of cell death using propidium
iodide upon treatment as depicted. B-D) Representative colony formation assay of NMP19” (top) and NMP53
(bottom) cells after 5 d of treatment with the indicated concentrations of LN3350 (B), LN3352 (C), MLN8237 (D), or
the corresponding DMSO concentrations (n = 3 for LN3350 and LN3352, n = 2 for MLN8237). E-G) Quantification
of propidium iodide positive NMP19”- and NMP53"- cells after 5 d of treatment with 60 nM LN3350 (E), 240 nM
LN3352 (F), 200 nM MLN8237 (G) or the corresponding DMSO concentrations. Mean with SEM is shown (n = 1-2;
2-4 technical replicates each).

Since the aim of this study was to generate small molecules that target AURKA without
inhibiting its kinase activity, | generated dose-response curves using the XTT and ADP-
Glo™ assay to determine the cellular ICso in NMP53 cells and the ICso of the catalytic
inhibition of the isolated AURKA kinase (Figure 7 A and B). LN3350 and LN3352
inhibited NMP53- cells with an I1Cso of 13 nM + 1 nM and 60 nM * 8 nM, which was
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lower than MLN8237 with 70 nM + 8 nM (Figure 7 C and E). Strikingly, while MLN8237
inhibited AURKA'’s catalytic activity with an ICso of less than 5 nM, LN3350 did not and
LN3352 only merely (ICso = 260 nM + 5 nM) interfered with the kinase function of
AURKA (Figure 7 D-E, data generated by Katharina Bauer). However, the ICspo of the
catalytic inhibition of LN3352 on the isolated kinase is more than 4 times higher than
the cellular ICso. Therefore, since LN3350 and LN3352 exert their effect independently
of kinase inhibition, | define both as AURKA-ligands.

In order to prove the actual binding of the AURKA-ligands to AURKA, we next
conducted thermal shift assays (TSA) in collaboration with the group of Prof. Dr. Stefan
Knapp (performed by Martin Schroder). In this assay the melting temperature of
AURKA is measured with and without compound. If the compound binds AURKA, the
melting temperature increases compared to the free enzyme (ATm). Thereby, the
degree of increase in ATm correlates with the binding affinity of the compound to
AURKAY For LN3352 we could prove a good binding to AURKA by an induced ATm
of about 10°C. Contrarily, with a ATm of 0.5°C we did not detect a strong binding affinity
for LN3350 (Figure 7 E).
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XTT viability assays of NMP53" cells after 3 d treatment with a 2-fold serial dilution of LN3350, LN3352 and
MLN8237. Shown is the summary of 4 independent measurements with SEM. D) Dose-response curves of the
AURKA kinase inhibition after addition of a 3-fold serial dilution of LN3350, LN3352 and MLN8237 conducted with
ADP-Glo™ kinase assays. Shown is the summary of 2 independent measurements with SEM. E) Summary of the
mean ICsp values of LN3350, LN3352 and MLN8237 on NMP53- cells (XTT, n = 4) and the isolated AURKA kinase
(ADP-Glo™, n = 2), as well as the thermal shift on AURKAs melting temperature induced upon addition of each
compound as determined by the thermal shift assay (TSA, n = 1).

Although | could prove that LN3350 and LN3352 do not inhibit the catalytic function of
AURKA at concentrations of cellular ICso values, | wanted to rule out the possibility that
other kinases are affected as off-targets, since the ligands structure originated from
classical kinase inhibitors. For this, a functional kinome screen with 320 wildtype
kinases was conducted at 100 nM and 500 nM compound concentration (ProQinase)
(Figure 8 A). LN3350 did not inhibit any of the kinases at the tested concentrations
while LN3352 displayed an inhibition of 6 kinases to a rest activity of less than 50%
only at 500 nM. Amongst those are the three members of the aurora kinase family
(AURKA, AURKB and AURKC), as well as GRK2, GRK3 and ROCK1 (Figure 8 B).
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Notably, the inhibition of these kinases only occurred at concentrations which were

around 8 times higher than the cellular ICso value (60 nM £ 8 nM).

residual activity [%]

+~compound kinase name LN3350 LN3352
phosphorylated 100nM  500nM [100nM 500 nM

substrate substrate
AURKA 84 91 78 37
M > WD AURKB 106 112 | 8 38

AURKC 92 100 76 37

ATP ADP
%-0-C é; 0-0 EJ GRK2 101 1M 84 38
GRK3 115 110 75 23
ROCK1 98 80 66 39

selectivity score for

320 wildtype kinases | 0000 0000 | 0000 0019
(< 50 % residual activity):

Figure 8: A) Schematic depiction of the kinase reactions measured in the kinome screen (radiometric assay,
adapted from ProQinase). B) Summary of a kinome screen including 320 wildtype kinases performed with LN3350
and LN3352 at 100 nM and 500 nM. Shown is the catalytic rest activity of kinases that were inhibited more than
50%. Only LN3352 at a concentration of 500 nM inhibited 6 kinases more than 50%. Those kinases are AURKA,
AURKB, AURKC, GRK2 (G-protein-coupled receptor kinase 2), GRK3 (G-protein-coupled receptor kinase 3) and
ROCK1 (Rho-Kinase 1). Hits are shown in alphabetical order for all compound conditions. The selectivity score is
calculated by dividing the number of kinases with a rest activity of 50% by the total number of kinases measured.

After proving the lack of AURKA kinase inhibition | aimed to analyze putative toxicities
of LN3350 and LN3352 on non-tumorigenic cell lines. For this, | used the immortalized,
non-tumorigenic murine embryonic liver cell line BNL CL.2, embryonic fibroblast cell
line NIH 3T3 and NMP53” as reference cells. | first calculated the 1Cos of each
compound with XTT assays on the NMP537 cell line (LN3350: 73 nM, LN3352: 312
nM, MLN8237: 750 nM, Figure 9 A-C) and then determined the inhibitory effect of these
concentrations on BNL CL.2 and NIH 3T3 cells. For all three compounds | observed a
significantly stronger inhibitory effect on the tumor cell line NMP53”- as compared to
the non-tumorigenic lines BNL CL.2 and NIH 3T3 (Figure 9 D-F). LN3350 and LN3352
inhibited the non-tumorigenic cell lines 3-fold to 19-fold less than NMP53-- cells, while
MLN8237 induced a 2-fold lower inhibition. However, when comparing LN3350 and
LN3352 with MLN8237, | strikingly found a 3- and 8-fold lower efficacy in BNL CL.2
cells and a 1.7- and 5-fold lower efficacy in NIH 3T3 cells (Figure 9 G and H). These
results suggest, that the newly developed AURKA-targeting small molecules have an
improved therapeutic index, compared to the kinase-inhibiting MLN8237.
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Figure 9: A-C) Determination of the growth inhibition dose-response curves conducted with XTT viability assays of
NMP53-, NIH 3T3 and BNL CL.2 cells after 3 d treatment with a 2-fold serial dilution of LN3350 (A), LN3352 (B)
and MLN8237 (C), starting from 1 uM. Shown is the summary of 3-5 independent measurements with SEM, as well
as the interpolated I1Cgs for NMP53 cells (grey dashed lines). D-F) Quantification of the growth inhibition of LN3350
(D), LN3352 (E) and MLN8237 (F) in NMP537, NIH 3T3 and BNL CL.2 cells at the ICgs concentrations of each
compound in NMP53"- as determined in A-C. The effect in NMP53"- was compared with the one in NIH 3T3 and
BNL CL.2. Shown is the mean with SEM. G and H) Comparison of the growth inhibitory effect of MLN8237 with
LN3350 and LN3352 in BNL CL.2 (G) and NIH 3T3 (H) cells at the ICos of each Compound in NMP53- cells. Shown
is the mean with SEM. For normal distributed data the student’s t-test was used, for non-normal distributed data the
Mann-Whitney Test was used, n = 3-5 each, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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3.2 Induced AURKA/MYC complex disruption by AURKA-ligands does not
inhibit cell growth

Next, | wanted to unravel the underlying mechanism leading to cell death in the
sensitive NMP537 cells. The AURKA-ligands generated in this study were initially
designed to interfere with the R-spine region of AURKA. This interference is needed to
abolish the interaction of AURKA and MYC, leading to MYC degradation. Therefore, |
analyzed MYC and AURKA protein levels 8 h after treatment with LN3350 and LN3352
using western blot analysis (Figure 10 A). | observed a dose-dependent reduction of
MYC and an increase of AURKA protein levels (Figure 10 B and C). In order to confirm
that the observed MYC downregulation is due to a disruption of the AURKA/MYC
complex, | performed proximity ligation assays (PLA). The PLA is an in situ method
used to detect the interaction between two proteins, which therefore are in very close
proximity to each other. The two proteins are labeled with specific antibodies from
different species, followed by an incubation with oligonucleotide-labeled secondary
antibodies (probes) against the respective species. In the next steps, probes of
interacting proteins ligate and are amplified by PCR. At last, fluorochrome labeled
oligonucleotides hybridize to the amplicon which can then be detected as fluorescent
spots (PLA foci) under the microscope (Figure 10 D). To exclude that a decrease in
the AURKA/MYC interaction was caused by altered AURKA or MYC protein
expression, | first determined the timepoint where MYC degradation starts to occur.
For both compounds, LN3350 and LN3352, 4 h post treatment was the earliest tested
timepoint when MYC degradation occurred (Figure 10 E and F). For this reason, |
performed the PLA 2 h post treatment, where MYC and AURKA levels were
comparable to the DMSO control. Indeed, | found that LN3350 (Figure 10 G and H)
and LN3352 (Figure 10 | and J) led to a significant reduction of the number of PLA foci
compared to the DMSO control (from a mean of 4.5 to 2.8 foci for LN3350 and from a
mean 4.2 to 1.6 foci for LN3352), suggesting the disruption of the AURKA/MYC

complex.
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Figure 10: A) Experimental outline of western blot analyses of NMP53- upon treatment. B and C) Representative
western blot for MYC and AURKA on lysates from NMP537 cells 8 h after treatment with the indicated
concentrations of LN3350 (B) and LN3352 (C) or the highest corresponding DMSO concentration. Vinculin served
as loading control. (n = 2) D) Schematic representation of the PLA assay (adapted from Sigma Aldrich). E and F)
Representative western blot for MYC and AURKA on lysates from NMP53” cells at the indicated timepoints after
treatment with 60 nM of LN3350 (E) and 240 nM of LN3352 (F) or the corresponding DMSO concentration. Vinculin
served as loading control (n = 2). G and H) Representative images (G) and quantification (H) of the PLA on NMP53-
- cells 2 h after treatment with 60 nM LN3350 or DMSO as control. red = PLA foci, blue = DAPI. Scale bar = 10 pum.
Shown is the mean of 3 independent experiments each. | and J) Representative images (G) and quantification (H)
of the PLA on NMP53" cells 2 h after treatment with 240 nM LN3352 or DMSO as control. red = PLA foci, blue =
DAPI. Scale bar = 10 pm. Shown is the mean of 3 independent experiments each. Significance was calculated
using the Mann-Whitney Test, **** p<0.0001.

| next investigated, if the induced AURKA/MYC complex disruption and MYC
degradation is also the reason for the observed growth inhibitory and cytotoxic effects.
To test this, | took advantage of a stable MYC mutant, where the threonine on position
58 was exchanged with an alanine, MYCT%8, This mutant cannot be phosphorylated
on position 58, and subsequently cannot be ubiquitinated, preventing proteasomal
degradation''® (Figure 11 A). | used murine Nras®12V;Trp537 HCC cell lines, either
overexpressing the human wildtype MYC (in the following called NP537- MYCWT) or
T58A mutant MYC (in the following called NP537 MYCT584), previously generated by

Dr. Ramona Rudalska from tumor tissue. Three different cell lines of each genotype
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were analyzed regarding MYC phosphorylation at position 58. As expected, only the
cell lines expressing wildtype MYC protein showed a phosphorylation at position 58,
whereas the cells expressing MYCT>8A protein were not phosphorylated. Notably, there
was no difference in AURKA levels between these cell lines (Figure 11 B). Next, |
treated NP537- MYCWT and NP537 MYCT%8A cells with increasing concentrations of
LN3352 and analyzed the MYC protein levels. | could confirm, that in contrast to cells
expressing wildtype MYC protein, which showed a dose-dependent reduction of MYC
and induction of AURKA (Figure 11 C), both protein levels remained unchanged in
MYCT58A cells (Figure 11 D). However, colony formation assays and cell viability
assays using XTT revealed, that there was no difference in the response between
NP537 MYCWT and NP537 MYCT%8A cells upon treatment with LN3350 and LN3352
(Figure 11 E-G).
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Figure 11: A) Schematic representation of the lifecycle of MYC (adapted from 11°). B) Western blot for pMYC (T58),
MYC and AURKA with lysates from 3 cell lines of NP537- MYCWT and NP53" MYCT%8A cells. Vinculin served as
loading control. C and D) Representative western blot for MYC and AURKA with lysates from NP53" MYCWT and
NP53"- MYCT%8A cells 8 h after treatment with the indicated concentrations of LN3352 or the highest corresponding
DMSO concentration. Vinculin served as loading control. (n = 2 different cell lines each). E) Representative colony
formation assay of NP537 MYCWT (top) or NP537 MYCT38A (bottom) cells after 5 d of treatment with the indicated
concentrations of LN3350 and LN3352, or the highest corresponding DMSO concentrations. (n = 3 different cell
lines each). F and G) Quantification of the ICso values of LN3350 (F) and LN3352 (G) on NP537 MYCWT and NP53-
- MYCT®8A ysing the XTT viability assay. Shown is the mean of 3 different cell lines each and 2 independent
experiments per cell line with SEM. For normal distributed data student’s t-test was used, for non-normal distributed
data Mann-Whitney Test was used. n = 6 each. ns, not significant.

MYC is a transcription factor that needs access to the nucleus in order to function.
Since the novel compounds exerted their therapeutic effects also without MYC
degradation, | set out to analyze potential other modes of action. First, | wanted to test
if the AURKA-ligands exert their function by altering the MYC localization within the
cell. So, | treated NMP537- cells for one day with either DMSO as control or LN3350
and LN3352 and performed immunofluorescence staining for MYC (Figure 12 A). Even
24 h after addition of LN3350 and LN3352 MYC showed a normal localization mainly
in the nuclei of the cells, as it is observed in DMSO-treated control cells (Figure 12 B).
Therefore, an alteration of MYC localization could be excluded as a mechanism of

action.
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Figure 12: A) Experimental outline of MYC stainings. B) Representative photographs of NMP53" cells stained for
MYC 24 h after treatment with 60 nM LN3350 or 240 nM LN3352. green = MYC, blue = DAPI. n = 2, scale bar = 20
pm.

3.3 AURKA-ligands increased AURKA/TPX2 interaction, TPX2 stabilization and
AURKA kinase activity

After showing a decreased AURKA/MYC complex formation, | elaborated which other
interaction partners of AURKA are affected by the small molecules. | performed a
FLAG-AURKA co-immunoprecipitation (Co-IP) followed by mass spectrometry
analysis. For the generation of a stable NMP53” cell line expressing doxycycline
(DOX)- inducible FLAG-AURKA | first cloned the FLAG-tagged Aurka cDNA into the
RT3GP2APIR plasmid, which was previously generated in the laboratory (Figure 13 A,
for cloning strategy see methods 2.1.8.1). Phoenix Eco cells were transfected via the
CaPOs method to produce viral particles containing the plasmid. Viral supernatant was
harvested after 36 h and NMP53"- were infected. To ensure stable integration of the
FLAG-AURKA construct in all cells, they were selected with puromycin for 48 h (Figure

13 A). The expression of FLAG-AURKA was validated via western blot 24 h after
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addition of DOX using FLAG and AURKA antibodies. The FLAG-tagged AURKA
showed a slight increase in the molecular weight compared to the endogenous AURKA
in DOX-treated cells (Figure 13 B). Since AURKA mainly functions and interacts with
its partners in mitosis (M phase), | synchronized the cells in M phase using 50 ng/mL
nocodazole for 6 h. After labeling cells with PI, | performed flow cytometry analysis
which showed a decrease in G1 and S phase peaks and an increase in G2/M peak in
nocodazole treated cells compared to controls (Figure 13 C). For the Co-IP with
subsequent mass spectrometry analysis, NMP53” expressing the DOX-inducible
FLAG-AURKA were separately cultured for at least 2 weeks with three different SILAC
media (light, medium, heavy). This leads to the incorporation of distinct isotopically
labeled amino acids, allowing afterwards to pool cells with different treatment
conditions for the mass spectrometry and separate them in the following analysis
according to the incorporated isotopes.

After induction of FLAG-AURKA with DOX in SILAC-labeled NMP537 cells (light: no
DOX, IP control; medium and heavy: plus DOX) and synchronization with 50 ng/mL
nocodazole for 6 h, the cells were released from nocodazole and treated with either
LN3352 or DMSO as control (Figure 13 D). 2 h after treatment the Co-IP was
performed and the lysates analyzed via mass spectrometry by the Proteome Centre
TUbingen. By calculating the intensity ratio between LN3352 and DMSO treated
samples, which was done by Dr. Thales Kronenberger, we could elaborate the proteins
that showed an increased (Figure 13 E) or decreased (Figure 13 F) interaction with
AURKA upon treatment. Using the BioGRID database, a repository for known protein-
protein interactions, | found that TPX2 is the only identified protein, whose interaction
to AURKA was described before.
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Figure 13: A) Schematic representation of the generation of stable cell lines with genomically integrated DOX-
inducible FLAG-AURKA. NMP53 cells were infected with retroviral particles produced in Eco Phoenix cells and
selected with puromycin. FLAG-AURKA expression was induced with DOX for 24 h. B) Western blot for FLAG and
AURKA on lysates of NMP53" cells stably expressing DOX-inducible FLAG-AURKA 24 h after DOX addition.
Vinculin served as loading control. C) Representative cell cycle analysis, as determined by DNA staining with
propidium iodide, of NMP53"- cells 6 h after treatment with 50 ng/mL nocodazole, or DMSO as control. (n = 2). D)
Experimental setup of the Co-IP experiment analyzed with mass spectrometry. (n = 2). E and F) Results of the
mass spectrometry analysis as depicted in D). Shown are the proteins with increased (E) or decreased (F) AURKA
interaction upon treatment with 240 nM LN3352 for 2 h compared to DMSO treated cells.

57



Results

To validate AURKA/TPX2 interactions, | repeated the experiment depicted in Figure
13 D with normal medium and analyzed the input and Co-IP lysates with western blots
using antibodies against TPX2 and AURKA (Figure 14 A). To allow for comparison
between both the AURKA-ligands and the reference compound MLN8237, | also
treated cells with LN3350 and MLN8237. | found that LN3350 and LN3352 showed an
increase in TPX2 levels in Co-IP lysates compared to DMSO control while MLN8237
had levels comparable to DMSO control. Interestingly, TPX2 levels in the input also
had increased levels for LN3350 and LN3352 compared to DMSO while MLN8237
treated samples again showed comparable levels (Figure 14 B).

Since | showed that in contrast to NMP53" cells, NMP197 cells do not respond to
AURKA-ligands, | aimed to compare the effect on the AURKA/TPX2 interaction in both
cell lines. For this | generated a NMP197- cell line stably expressing the DOX-inducible
FLAG-AURKA construct shown in Figure 13 A and validated the FLAG-AURKA
expression with western blot analysis 24 h after induction (Figure 14 C).

| treated the NMP197 cells as depicted in Figure 13 D with normal media and
performed Co-IP and western blot experiments. The Co-IP revealed that also in the
non-sensitive NMP19” cells the AURKA-ligands induced an increased binding of TPX2
to AURKA, which is not the case for MLN8237, similar to NMP53 cells. Again, TPX2
levels in the input were increased in LN3350 and LN3352 treated cells, while MLN8237
did not show an increase compared to DMSO control (Figure 14 D).
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Figure 14: A) Experimental outline of the Co-IP analysis of NMP53” and NMP19” cells stably expressing DOX-
inducible FLAG-AURKA upon treatment using a FLAG antibody. B) Western blot for AURKA and TPX2 on Co-IP
and input lysates from NMP53 cells stably expressing DOX-inducible FLAG-AURKA after synchronization with
nocodazole followed by release and treatment with 60 nM LN3350, 240 nM LN3352 and 200 nM MLN8237 or the
highest corresponding DMSO concentration. (n = 2). C) Western blot for AURKA on lysates of NMP19" cells stably
expressing DOX-inducible FLAG-AURKA 24 h after DOX addition. Vinculin served as loading control. D) Western
blot for AURKA and TPX2 on Co-IP and input lysates from NMP19" cells stably expressing DOX-inducible FLAG-
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AURKA after synchronization with nocodazole followed by release and treatment with 60 nM LN3350, 240 nM
LN335 and 200 nM MLN8237 or the highest corresponding DMSO concentration. (n = 4)

To further validate those findings, | repeated the Co-IP with a RT3GP2APIR FLAG-
TPX2 construct (Figure 15 A, for cloning strategy see 2.1.8.2). For this | generated
NMP537 and NMP197 cell lines stably expressing DOX-inducible FLAG-TPX2
according to the strategy shown in Figure 13 A. Western blot analysis 24 h after DOX
induction showed increased levels of FLAG-TPX2 bands, with slightly increased
molecular weight compared to endogenous TPX2 (Figure 15 B and C). Co-IP analysis
of nocodazole synchronized and released cells confirmed the enhanced TPX2/AURKA
binding upon treatment with LN3350 and LN3352 in both cell lines, as shown by the
increased AURKA protein levels (Figure 15 D and E). Interestingly, also the
exogenously expressed FLAG-TPX2 showed higher TPX2 levels after treatment.
MLN8237, in line with the previous result, showed no altered binding of AURKA to
TPX2 in Co-IP lysates from both cell lines and no increase in TPX2 levels (Figure 15
D and E).
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Figure 15: A) Schematic representation of the vector used to generate cell lines stably expressing DOX-inducible
FLAG-TPX2. B and C) Western blot for TPX2 on lysates of NMP53 cells (B) and NMP19” (C) stably expressing
DOX-inducible FLAG-TPX2 24 h after DOX addition. Tubulin served as loading control. D and E) Western blot for
TPX2 and AURKA on Co-IP and input lysates from NMP537 (D) and NMP19” (E) cells stably expressing DOX-
inducible FLAG-TPX2 after synchronization with nocodazole followed by release and treatment with 60 nM LN3350,
240 nM LN3352 and 200 nM MLN8237 or the highest corresponding DMSO concentration. (n = 1 for D, n = 2 for
E).

Since TPX2 is known to localize AURKA to the mitotic spindles upon complex

formation’ 8, | next wanted to determine if the AURKA-ligands induce any
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abnormalities in the localization of the AURKA/TPX2 complex. Therefore, | performed
AURKA and TPX2 co-stainings in NMP537 and NMP19” cells 2 h post treatment,
which showed that the co-localization of AURKA and TPX2 to the spindles of mitotic
cells is comparable to controls (Figure 16 A and B). However, upon treatment with
MLN8237, | observed in both cell lines that only TPX2 localized to the spindles, but not
AURKA. This was in line with the results from the Co-IP experiments (Figure 14 B and
D and Figure 15 D and E), where | did not observe an increased AURKA/TPX2 binding.
Additionally, | found that the treatment with AURKA-ligands induced the formation of
non-bipolar, abnormal spindles in both cell lines.
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Figure 16: Representative photographs of AURKA and TPX2 double staining on NMP53- cells (A) and NMP19
cells (B) 2 h after treatment with 60 nM LN3350, 240 nM LN3352 and 200 nM MLN8237. DMSO served as control.
red = AURKA, green = TPX2, blue = DAPI. Scale bar = 20 pm.

It is described, that the binding of TPX2 to AURKA renders AURKA in an active
conformation and prevents dephosphorylation at Threonine 288 (Thr288; Thr279 in
murine AURKA as determined using the Phosphosite Plus database; in the following
referred to as Thr288) by the protein phosphatase 1 (PP1), leading to an increased
phosphorylation and activation of AURKAZ®, Since the AURKA-ligands stabilized the
AURKA/TPX2 complex, | analyzed the phosphorylation status at Thr288 of AURKA
upon treatment (Figure 17 A). Western blot analysis revealed that the pThr288
increased in a concentration-dependent manner upon treatment with LN3350 (Figure
17 B) and LN3352 (Figure 17 C) in NMP53 cells. Accordingly, the phosphorylation of
PLK1 on Threonine 210, a downstream target of AURKA, also increased
concentration-dependently. In contrast, MLN8237, which is a strong AURKA kinase
inhibitor, led to concentration-dependent decrease in pThr288 AURKA and unaltered
pThr210 PLK1 levels (Figure 17 D).

| next determined the AURKA activation in NMP19- cells upon treatment. Comparable
to NMP537 cells, the treatment of LN3350 and LN3352 led to an increased AURKA
phosphorylation at Thr288 and phosphorylation of the downstream target PLK1 at
Thr210 (Figure 17 E and F). In contrast, MLN8237 again led to an AURKA
dephosphorylation on Thr288 and did not change phosphorylation of PLK1 Thr210
(Figure 17 G).

The observed identical effects of the AURKA-ligands on the AURKA/TPX2 complex,
TPX2 stabilization and AURKA activation raise the question why only TP53-altered

cells but not p19”RF-altered cells die upon exposure to AURKA-ligands.
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Figure 17: A) Experimental outline of western blot analyses of NMP537 and NMP197 upon treatment. B-D)
Western blot for pAURKA (Thr288), AURKA, pPLK1 (Thr210) and PLK1 on lysates from NMP53 cells 2 h after
treatment with the indicated concentrations of LN3350 (B), LN3352 (C), MLN8237 (D) or the highest corresponding
DMSO concentration. Vinculin served as loading control. (n = 2 for LN3350 and LN3352, n = 1 for MLN8237). E-G)
Western blot for pAURKA (Thr288), AURKA, pPLK1 (Thr210) and PLK1 on lysates from NMP19" cells 2 h after
treatment with the indicated concentrations of LN3350 (E), LN3352 (F), MLN8237 (G) or the highest corresponding
DMSO concentration. Vinculin served as loading control. (n = 1)

3.4 Trp53-deficiency prevents rescue of cell cycle arrest and abnormal spindle
formation upon AURKA-ligand treatment

Mitotic processes are tightly regulated in a cell in order to ensure a normal mitosis and
the formation of two daughter cells with the correct genome. Thus, the activation
changes in mitosis-regulating proteins like AURKA and PLK1 are likely to provoke
mitotic defects, leading to the activation of the mitotic cell cycle checkpoint. To test this
hypothesis, | conducted cell cycle analyses of Pl-labeled NMP537 cells upon treatment
for up to 48 h using flow cytometry (Figure 18 A). Indeed, | could show that LN3350
(Figure 18 B) and LN3352 (Figure 18 C) induced a pronounced G2/M arrest at 6 h post
treatment. However, between 16 h and 48 h cells accumulated DNA contents, leading

to polyploid cells. Additionally, | observed an increasing subG1 fraction in NMP53-
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cells, representing dead cells, which is in line with the results from Figure 6, showing
that AURKA-ligands lead to cell death in NMP53- cells. Moreover, also MLN8237 led
to a G2/M arrest 6 h after treatment, followed by the acquisition of a polyploid status

and cell death between 16 h and 48 h after treatment (Figure 18 D).
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Figure 18: A) Experimental outline of cell cycle analyses, as conducted by flow cytometry measurement of
propidium iodide stained cells. B-D) Representative cell cycle analysis and quantification of the cell cycle distribution
of NMP53 cells at the indicated time points after treatment with 60 nM LN3350 (B), 240 nM LN3352 (C), 200 nM

MLN8237 (D) or DMSO as control. (n = 2 for LN3350 and MLN8237, n = 1 for LN3352).
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To elaborate the differences that render NMP197- cells resistant to the AURKA-ligands,
| next conducted cell cycle analysis of the NMP197 cells. Again, 6 h after treatment
LN3350 (Figure 19 A) and LN3352 (Figure 19 B) induced a transient G2/M arrest,
although, contrary to NMP53 cells (Figure 18 B and C) a portion of cells still were in
G1 or S phase. Strikingly, in contrast to the sensitive NMP53 cells, | did not observe
polyploid cells between 10 h and 48 h after treatment and only a slight increase in the
subG1 fraction. Instead, the G2/M peak decreased and G1 fraction increased again.
This was in line with the previously described colony formation and cell death analysis
(Figure 6 C and F), which showed that the AURKA-ligands did not induce cell death in
NMP197 cells which continued to grow. In MLN8237-treated cells | also saw an
increase in the G2/M peak after 6 h (Figure 19 C), however it was less compared to
LN3350 or LN3352 treatment. Between 10 h and 48 h ratios between G1, S and G2/M

phase did not change, however, there was a slight increase in polyploid cells.
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Figure 19: A-C) Representative cell cycle analysis and quantification of the cell cycle distribution, as determined
by DNA staining with propidium iodide, of NMP19- cells at the indicated time points after treatment with 60 nM
LN3350 (B), 240 nM LN3352 (C), 200 nM MLN8237 (D) or DMSO as control. (n = 2 for LN3350 and MLN8237, n =
1 for LN3352).

The fact that compared to NMP537- cells, NMP197 cells divide and cycle normally after
an initial mitotic arrest is surprising since | found the formation of abnormal spindles
upon treatment in both cell lines (Figure 16). A possible explanation could be that
NMP197 are able to resolve the abnormal spindles over time, allowing for proper cell
division, while NMP53- cells cannot. In order to test this, | performed a-tubulin staining
to visualize the spindles of treated NMP537- and NMP197 cells at 1 h, 24 h and 48 h

post treatment. Then, | calculated the percentage of mitotic cells (defined as cells being
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in prometaphase or metaphase as determined by a-tubulin immunofluorescence
staining) with abnormal spindles (defined as multipolar, monopolar, weak or no spindle
formation) (Figure 20 A and B).

Already 1 h post treatment of NMP53” cells, LN3350 and LN3352 lead to a
concentration-dependent formation of abnormal spindles. When using the highest
selected concentration 100% of the mitotic cells showed abnormal spindle formation
compared to 26% in DMSO controls (Figure 20 C and D). Those spindle defects were
robust and maintained until the latest analyzed time point of 48 h. MLN8237 also
induced the formation of abnormal spindles in 68% of mitotic NMP53" cells 1 h post
treatment. The number of mitotic cells with abnormal spindles further increased until
48 h, reaching 94% with the highest MLN8237 concentration (Figure 20 E). | also
observed a concentration-dependent formation of abnormal spindles in up to 100% of
mitotic NMP197 cells 1 hour after treatment with LN3350 and LN3352 compared to
around 14% in control cells (Figure 20 F and G). However, | found a time-dependent
recovery of the spindles, shown by the reduction of abnormal spindles down to baseline
levels (23%) in LN3350 and 38% in LN3352 treated cells, respectively, after 48 h.
Similar to NMP53 cells, MLN8237 led to the induction of abnormal spindles in 85%
of mitotic spindles after 1 h, which further increased concentration-dependent to 100%
at 48 h post treatment (Figure 20 H).

Taken together, my data suggest, that despite the fact that the newly developed
AURKA-ligands share similarities with the reference compound MLN8237, like the
disruption of the AURKA/MYC complex, there are main differences in the way they

influence mitosis, highlighting a novel mode of action of the AURKA-ligands.
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Figure 20: A) Experimental outline of a-Tubulin staining experiments. B) Representative images of an a-Tubulin
staining on NMP53- cells 24 h after treatment with 60 nM LN3350 or DMSO as control. red = a-Tubulin, blue =
DAPI. Scale bar, 10 um. C-H) Representative quantification of normal or abnormal spindles (multipolar, monopolar,
weak, no formation) in mitotic NMP53 (C-E) or NMP19”- (F-H) cells after 1 h, 24 h and 48 h post treatment with
the indicated concentration of LN3350 (C and F), LN3352 (D and G), MLN8237 (E and H) or the highest
corresponding DMSO concentration. (n = 2). 15 to 60 cells per condition were counted.
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3.5 AURKA-ligands lead to cell death due to mitotic catastrophe in Trp53-
deficient cells

Showing the ability of Trp53 wildtype tumor cells to recover from the cell cycle arrest
and spindle defects | aimed to identify the underlying mechanism. | reasoned, that
there might be a difference in the duration of the enforced AURKA/TPX2 complex
formation, being shorter in NMP197- cells and thereby allowing the mitotic cells to repair
the defects. For this | took advantage of the DOX-inducible FLAG-AURKA expressing
NMP537 and NMP19” cell lines (see Figure 13 B and Figure 14 C) and performed a
Co-IP kinetic for FLAG-AURKA of synchronized cells for up to 12 h with and without
LN3350 treatment (Figure 21 A). | found that in NMP537 cells the tethered
AURKA/TPX2 interaction is maintained until 8 h post treatment (Figure 21 B). In line
with this, | also observed a stabilization of TPX2 up to 8 h and AURKA up to 6 h in the
input samples (Figure 21 C). Similarly, in NMP197 cells the compound-induced
AURKA/TPX2 complex maintained until 8 h post treatment (Figure 21 D) and also
AURKA and TPX2 were stabilized up to 6 h and 8 h in the input samples, respectively
(Figure 21 E).
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Figure 21: A) Experimental outline of the Co-IP kinetic experiments of NMP537-and NMP19 cells upon treatment
with 60 nM LN3350 or DMSO. B and C) Western blot for AURKA and TPX2 of Co-IP kinetic lysates (B) and the
corresponding input (C) lysates from NMP537 cells stably expressing DOX-inducible FLAG-AURKA after
synchronization with nocodazole followed by release and treatment with 60 nM LN3350 or DMSO as control for the
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indicated timepoints. (n = 1 each) D and E) Western blot for AURKA and TPX2 of Co-IP kinetic lysates (D) and the
corresponding input (E) lysates from NMP197 cells stably expressing DOX-inducible FLAG-AURKA after
synchronization with nocodazole followed by release and treatment with 60 nM LN3350 or DMSO as control for the
indicated timepoints. (n = 1 each)

To validate the results of the Co-IP kinetics, | performed the same experiment with
NMP537 and NMP197 cells stably expressing the DOX-inducible FLAG-TPX2
construct (see Figure 15 B and C). Again, | found an increased AURKA/TPX2 binding
in NMP53 cells (Figure 22 A), as well as a stabilization of TPX2 (Figure 22 B) up to 8
h and AURKA up to 6 h post treatment. Similarly, in NMP197 cells, | also observed an
enforced AURKA/TPX2 complex formation (Figure 22 C) and a stabilization of AURKA
and TPX2 in the input samples until 6h and 8 h post treatment (Figure 22 D).

The deregulation of the mitotic spindle dynamics leads to the prolonged activation of
the SAC. Thereby, duration and intensity of the SAC determines cell fate by
downregulating cyclin B (via APC/C) or MCL1 (via p38, JNK or CKIl). Dependent on
which protein reaches the threshold first, MCL1 upon strong SAC activation or cyclin
B upon weak SAC activation, cells undergo either cell death or mitotic slippage?°.

To examine, if the difference in the sensitivity of NMP537 and NMP197 cells towards
the AURKA-ligands could be determined by different levels of SAC activation, |
analyzed cyclin B, phospho p38 (T180/Y182), p38, MCL1 and apoptosis marker
cleaved caspase 3 levels in input lysates of the FLAG-TPX2 Co-IP kinetics. NMP53
cells exhibited increased cyclin B levels, starting to decline again 6 h post treatment
with LN3350, indicating transient mitotic arrest. Simultaneously, treated cells show
increased phosphorylation of p38 at T180/Y182 accompanied with decreased levels of
MCL1 and induction of cleaved caspase 3 levels starting 4 h and peaking at 8 h post
treatment. The same pattern of cyclin B, phospho p38 and cleaved caspase 3
upregulation and MCL1 downregulation appeared 12 h post treatment, suggesting
mitotic catastrophe in NMP537 cells (Figure 22 B, lower panel).

NMP197 cells treated with LN3350 also transiently arrest in M phase, as indicated by
increased cyclin B levels which start to decrease at 8 h post treatment. However,
although | also observed an induction of phospho p38 and cleaved caspase 3 around
410 10 h post treatment, MCL1 levels are constant over time, suggesting that induction
of cell death is not primarily related to mitotic catastrophe (Figure 22 D, lower panel).
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Figure 22: A and B) Western blot for TPX2 and AURKA of Co-IP kinetic lysates (A) and TPX2, AURKA, Cyclin B,
phospho P38 (T180, Y182), P38, MCL1 and cleaved caspase 3 for the corresponding input lysates (B) from NMP53-
I cells stably expressing DOX-inducible FLAG-TPX2 after synchronization with nocodazole followed by treatment
with 60 nM LN3350 or DMSO as control for the indicated timepoint. (n = 1 each) C and D) Western blot for TPX2
and AURKA of Co-IP kinetic lysates (C) and TPX2, AURKA, Cyclin B, pP38 (T180, Y182), P38, MCL1 and cleaved
caspase 3 for the corresponding input lysates (D) from NMP19- cells stably expressing DOX-inducible FLAG-TPX2
after synchronization with nocodazole followed by treatment with 60 nM LN3350 or DMSO as control for the
indicated timepoint. (n = 1 each)

To further examine if cell death is dependent on the SAC intensity and MCL1 levels, |
assessed the synergy of the AURKA-ligands with additional MCL1 inhibition. For this |
conducted combinatorial treatments of LN3350, LN3352 and MLN8237 with the MCL1
inhibitor S63845 in NMP53”7- and NMP197 cells. | treated the cells with different
concentrations of S63845 and a 2-fold serial dilution of either LN3350 (7.5 nM — 60
nM), LN3352 (30 nM — 240 nM) or MLN8237 (30 nM — 240 nM). Additionally, each
dilution of S63845 was then combined with each dilution of LN3350, LN3352 or
MLN8237 (Figure 23 A). Three days after treatment XTT assays were performed and
synergism calculated using the software SynergyFinder 2.0 and the HSA synergy
model. Synergy distribution of the tested conditions is shown in a plot, whereby
synergistic areas are depicted as red and antagonistic areas as green. The color code
above the plot assigns values to the color gradient shown in the plot. The closer the
value is to 10 or above, the more trustful the synergism. Additionally, the most

synergistic area is highlighted in the plot and two synergy scores are calculated
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estimating the synergism of the most synergistic area and the overall synergism of all

tested conditions.
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Figure 23: A) Treatment scheme for the combinatorial treatment. B) Experimental timeline for the XTT viability
assay. C and D) Synergy plot of NMP53 cells (C) and NMP19 cells (D) after the combinatorial treatment with the
MCL1 inhibitor S63845 and LN3350 (left), LN3352 (middle) and MLN8237 (right) as calculated with the software
SynergyFinder 2.0 using the HAS model. Shown is the mean of 2 independent experiments for all combinations in
NMP53 cells and 1 experiment each for all combinations in NMP19”- cells. Red indicates synergism, green
indicates antagonism. The most synergistic area is highlighted in the plot.

Indeed, in NMP53 cells | found that the combination treatment with S63845 and either
LN3350, LN3352 or MLN8237 is synergistic with scores of 20.69, 15.76 and 23.45 in

the most synergistic areas, as shown in the plots (Figure 23 C). The overall synergy
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scores comprising all tested conditions are 13.46 for LN3350, 9.85 for LN3352 and
15.91 for MLN8237. Also in NMP197 cells the treatment with S63845 and either
LN3350, LN3352 or MLN8237 had synergistic effects, showing most synergistic area
scores of 13.2, 13.7 and 22.7, as well as overall synergy scores of 8.9, 6.9 and 14.1,
respectively (Figure 23 D).

This suggests, that MCL1 inhibition sensitizes NMP197 cells towards the AURKA-

ligands making them as responsive as NMP53 cells.

3.6 Sensitivity towards AURKA-ligands of Trp53-deficient cells is not affected
by plgARF

To clarify, if the knockout of Trp53 is essential for the sensitivity or if the knockout of
Cdkn2a”RF (p19ARF) is mediating resistance, | took advantage of the double knockout
cell line NMP197x537, that was generated by Dr. Ramona Rudalska from murine
tumor tissue previously. For a direct comparison, | treated all three cell lines with
LN3350, LN3352 and MLN8237 for 5 days (Figure 24 A). The macroscopic phenotype
of NMP197/x53" cells after treatment with LN3350 and LN3352 was comparable to
treated NMP53 cells. Both cell lines showed massive detachment of cells while the
majority of remaining cells appeared to be multinucleated (Figure 24 B, lower panels).
NMP19” cells only showed a lower number compared to DMSO control but almost no
cell detachment or multinucleation could be observed. MLN8237, however, led to cell
detachment and multinucleated appearance in all three cell lines (Figure 24 B). Cell
death analysis using PI staining and subsequent flow cytometry analysis confirmed
that LN3350 and LN3352 led to an induction of around 60% and 65% cell death in
NMP197x53" cells (Figure 24 C and D). MLN8237 also induced a comparable cell
death induction of around 70%, respectively (Figure 24 E).

73



Results

A C 100 D 100 E 100
80 80 1 80
S S S
= 60 = 601 = 60
I Pl staining / ‘g § ‘g
cells seeded treatment images S 40 S 401 S 40
1 ] | ] ] 2
! ! ! 20 20 20
day -1 0 5
0 0 - 0
> O > &V A
S S S
[¢) \/e (&) \,e (&) §

B control LN3350 LN3352 MLN8237

NMP19¥x 53+

Figure 24: A) Experimental outline of cell death determination with propidium iodide upon treatment is shown. B)
Representative photographs of NMP197- (top), NMP53* (middle) and NMP197x53" (bottom) cells after 5 d of
treatment with 60 nM LN3350, 240 nM LN3352, 200 nM MLN8237 or DMSO as control. C-E) Quantification of
propidium iodide positive NMP197x53" cells after 5 d of treatment with 60 nM LN3350 (C), 240 nM LN3352 (D),
200 nM MLN8237 (E), or the corresponding DMSO concentrations. Mean with SEM is shown (n = 1; 2 technical
replicates).

To further characterize the effect of the AURKA-ligands on NMP197/x53" cells, |
calculated the percentage of abnormal spindles upon treatment as shown in Figure 20
A and B. 1 h after treatment with LN3350, LN3352 and MLN8237, | observed the
formation of abnormal spindles in 85% - 100% of all mitotic cells (Figure 25 A-C). This
phenotype was stably maintained until 48 h post treatment and showed no recovery
as seen in NMP19” cells (Figure 20 F and G). Accordingly, cell cycle analysis revealed
that LN3350 and LN3352 led to a profound G2/M arrest from 6 h up to 16 h, followed
by an increasing amount of cell death (subG1) and polyploid cells at 24 h and 48 h
post treatment (Figure 25 D and E).
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Figure 25: A-C) Quantification of normal or abnormal spindles in mitotic NMP19x53" cells after 1 h, 24 h and 48
h post treatment with the indicated concentrations of LN3350 (A), LN3352 (B), MLN8237 (C) or the highest
corresponding DMSO concentration. (n = 1). 20 to 33 cells per condition were counted. D-F) Representative cell
cycle analysis and quantification of cell cycle distribution, as determined by DNA staining with propidium iodide, of
NMP197x53" cells at the indicated time points after treatment with 60 nM LN3350 (B), 240 nM LN3352 (C), 200
nM MLN8237 (D) or DMSO as control. (n = 2 for LN3350 and MLN8237, n = 1 for LN3352).
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Also for MLN8237 | observed a pronounced G2/M arrest and the induction of polyploidy
starting from 16 h up to 48 h (Figure 25 F). However, there was only a slight increase
in cell death up to 48 h.

Taken together, the similarity in the treatment response of NMP197x53" cells and
NMP53” cells suggests that the sensitivity of cells towards the AURKA-ligands is
dependent on the loss of Trp53 and not the presence of Cdkn2a”RF. Overall my data
suggest that in Trp53-deficient cells AURKA-ligands induce cell death by mitotic
catastrophe. In those cells, LN3350 and LN3352 favor the formation of abnormal
spindles in mitotic cells which subsequently leads to mitotic arrest most likely due to
the activation of the SAC. The activated SAC induces the downregulation of MCL1,
which in turn leads to cell death (see Figure 26 left). In Trp53 wildtype cells the AURKA-
ligands initially also induce the formation of abnormal spindles, activation of the SAC
and mitotic arrest. However, in contrast to Trp53-deficient cells, they maintain a stable
MCL1 protein level and can rescue the spindle phenotype, leading to normal cell
division (Figure 26 right).

Trp53 deficiency Trp53 wildtype

AURKA-ligand | AURKA-ligand
/ 9 Uy

Mitotic Cell M Mitotic Cell
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i | | '
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Cell Death by Mitotic Catastrophe | Spindle Rescue and Normal Cell Division

Figure 26: Summary of the observed phenotype in Trp53-deficient and Trp53 wildtype cells upon treatment with
AURKA-ligands (generated with Biorender).
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3.7 AURKA-ligands also induce growth inhibition and abnormal spindles in

human TP53-altered liver cancer cells

Since | could show, that the loss of Trp53 confers sensitivity of murine HCC cells
towards AURKA-ligands, | next wanted to test their therapeutic potential in human liver
cancer cells. | screened a panel of 6 human liver cancer cell lines with different TP53
status, as determined by the cancer cell line encyclopedia (CCLE) by the broad
institute of MIT and Harvard. The TP53 status was ranging between TP53 wildtype
(JHH1, HepG2), null (Hep3B) or mutated (Huh7 [Y220C], HLF [G244A], HLE [G244A],
both mutations are functionally inactive as assessed by IARC TP53 database of the
international agency for the research of cancer) (Figure 27 A). Using XTT assays, |
generated dose-response curves for LN3350, LN3352 and MLN8237 for all 6 cell lines.
Next, | calculated the ICgs for each compound for the most sensitive cell line Huh7
(LN3350: 85.4 nM, LN3352: 298.5 nM) (Figure 27 B and C). This analysis, however,
was not possible for MLN8237, since none of the cell lines reached an inhibition of
95% upon treatment (Figure 27 D). | then determined the inhibitory effect of LN3350
and LN3352 using these ICgs concentrations on the other 5 cell lines. While JHH1 and
HepG2 only showed a slight growth inhibition of 15.9% and 8.8% for LN3350 and
24.6% and 14.1% for LN3352, respectively, Hep3B, HLE, HLF and Huh7 showed
inhibitions ranging from 67.8% to 96.1% for LN3350 and 71.2% to 94.4% for LN3352
(Figure 27 E and F). | then grouped the calculated inhibition values (%) of the TP53
wildtype cells (JHH1 and HepG2) and the TP53-altered cell lines (Huh7, HLE, HLF and
Hep3B) for each compound and plotted them against each other. This showed that
both, LN3350 and LN3352, were significantly more effective in TP53-altered human
liver cancer cell lines, with 83.3% * 14.9% and 80.7% + 15.7% inhibition, compared to
TP53 wildtype lines, with 13.3% * 7.8% and 20.6% * 14% inhibition, respectively
(Figure 27 G and H).
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Figure 27: A) Tested human liver cancer cell lines and their TP53 status. mut = mutated, null = knockout, wt =
wildtype. B-D) Dose-response curves using XTT viability assays of the cell lines shown in A after 3 d treatment with
a 2-fold serial dilution of LN3350 (B), LN3352 (C) and MLN8237 (D), starting from 1 pM. Shown is the summary of
3-5 independent measurements with SEM, as well as the interpolated ICgs for the Huh7 cells (red dashed lines). E
and F) Quantification of the growth inhibition of LN3350 (E) and LN3352 (F) in Huh7, HLH, HLE, Hep3B, JHH1 and
HepG2 cells at the 1Cgs concentrations of each compound in Huh7 cells as determined in B and C. Shown is the
mean with SEM. n = 3-5 each. G and H) Comparison of the growth inhibition of LN3350 (G) and LN3352 (H) in the
human liver cancer cell lines shown in E and G grouped into TP53-altered (Huh7, HLF, HLE, Hep3B) and TP53
wildtype (JHH1 and HepG2) at the ICgs concentrations of each compound in Huh7 cells as determined in B and C.
Shown is the mean with SEM. Significance was calculated using the student’s t-test, n = 3-5 each, **** p<0.0001

| next wanted to test, if the long-term spindle phenotype observed in murine Trp53-
deficient HCC cells upon treatment with the AURKA-ligands also occurs in human liver
cancer cells. For this | compared spindle phenotypes of the TP53 null cell line Hep3B
and the TP53 wildtype cell line HepG2 upon treatment. | stained a-Tubulin and counted
mitotic cells with normal and abnormal spindles as described in Figure 20 A and B. At
24 h, | observed in Hep3B cells a concentration-dependent formation of abnormal
spindles in up to 100% of mitotic cells for LN3350 and 97% of mitotic cells for LN3352
at the highest concentration tested (Figure 28 A and B). This phenotype was
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maintained until 48 h post treatment. Also in HepG2 cells, LN3350 and LN3352 led to
concentration-dependent spindle defects in up to 93% and 100% of mitotic cells after
24 h, respectively (Figure 28 D and E). However, HepG2 cells could recover from the
defects, revealing only 25% - 50% of mitotic cells harboring abnormal spindles at 48 h
post treatment.

As observed in murine HCC cells (compare Figure 20 E and H), MLN8237 provoked
the formation of abnormal spindles that were stable until 48 h in TP53 null and wildtype
human cells, indicating that the mechanism of action of MLN8237 on the spindles is
not dependent on the TP53 status (Figure 28 C and F).
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Figure 28: Quantification of normal or abnormal spindles in mitotic TP53 null Hep3B (A) and TP53 wildtype HepG2
(B) cells after 24 h and 48 h after treatment with the indicated concentration of LN3350, LN3352, MLN8237 or the
highest corresponding DMSO concentration. (n = 1)

3.8 RB1 alteration increases sensitivity of TP53-altered human lung cancer
cells towards AURKA-ligands

It was recently published, that lung cancer cells with loss of the tumor suppressor RB1
are hypersensitive towards AURKA inhibition'®. RB1 loss leads to an E2F-dependent

upregulation of stathmin, which in turn induces the destabilization of the spindle
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microtubules and activation of the SAC!?2. Further, the tested RB1-deficient lung
cancer cells also have mutated TP53, as assessed by the COSMIC database, thus, |
reasoned that the AURKA-ligands might also inhibit lung cancer cells depending on
their TP53 and RB1 status.

To test this hypothesis, | screened a panel of 6 NSCLCs (NCI-H460, A549, NCI-H226,
NCI-H1299, Calu-1, NCI-H23) and 4 SCLCs cell lines (DMS-53, NCI-H446, NCI-H69,
COR-L279). According to COSMIC database | then annotated their TP53 and RB1
mutation status, with the exception of Calu-1, which was not listed in the COSMIC
database (Table 9 and Table 10).

Table 9: TP53 and RB1 status of the NSCLC cell lines

NSCLC line NCI-H460 A549 NCI-H226 NCI-H1299 Calu-1 NCI-H23
TP53 status wit wt wit null null*# mut

(p.M2461)
RB1 status wit wt wit wit wit10® wit

Table 10: TP53 and RBL1 status of the SCLC cell lines. *CCLE = cancer cell line encyclopedia

SCLC line DMS-53 NCI-H446 NCI-H69 COR-L279
TP53 status mut mut mut mut
p.E56* (het) p.G154V (hom) p.E171* (hom) | ¢.376-4_384del (hom)
p.S241F (het) p.TVL126fs (CCLE")
RB1 status wit mut mut mut
(c.1961-2A>T) p.E748* (hom) | ¢.1498+5G>C (hom)
€.1050-15C>T (hom)

| first generated dose-response curves using XTT assays for all cell lines with LN3350,
LN3352 and MLN8237. | then calculated the ICgs of each compound for the most
sensitive cell line, which was COR-L279 for LN3350 (IC9s5= 78.6 nM) and LN3352 (ICgs
= 232.6 nM), and NCI-H446 for MLN8237 (ICgs = 29 nM) (Figure 29 A-C). Next, |
determined for each compound the percentage of growth inhibition at the calculated
ICos for all cell lines. | observed growth inhibition rates ranging from 15% to 95% among
all cell lines (Figure 29 D-F). To evaluate the effect of TP53 and RB1, | grouped the
calculated inhibition values (%) of the cell lines according to the mutation status,
showing that TP53 mutation alone does not confer sensitivity towards the AURKA-
ligands. For LN3350 the average inhibition of 33.8% + 12.3% in double wildtype cells
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was only increased to 36.2% + 12.2% in TP53-altered cells (Figure 29 G). A similar
result was obtained for LN3352, where the average inhibition of 32.3% + 17.1% in
double wildtype cells was increased to only 36.7% *+ 12.6% in TP53-altered cells
(Figure 29 H). However, in TP53 and RB1 double mutated cells, which are all SCLC,
treatment with LN3350 and LN3352 induced an average inhibition of 94.3% + 3.2%
and 92.9% = 4.7%, respectively. For MLN8237 the average inhibition of 20.5% + 9.7%
in double wildtype cells could not be increased in TP53-mutated cells (21.6% * 11.2%).
RB1 and TP53 double mutated cells showed the highest response towards MLN8237
with 91.7% + 8.9%, which was significantly better than wildtype or TP53-mutated cells
(Figure 29 1).

Taken together, | could show that the AURKA-ligands could be a potential therapeutic
option not only for TP53-altered liver cancers, but also for TP53-and RB1-mutated lung
cancer cells and potentially other TP53-altered cancer entities harboring additional

mutations.
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Figure 29: A-C) Growth inhibition dose-response curves conducted with XTT viability assays of the indicated cell
lines (see bottom) after 3-5 d treatment with a 2-fold serial dilution of LN3350 (A), LN3352 (B) and MLN8237 (C),
starting from 1 uM. Shown is the summary of 3-5 independent measurements with SEM, as well as the interpolated
ICes for most sensitive cell line (COR-L279 for A and B, NCI-H446 for C; red dashed lines). D-F) Quantification of
the growth inhibition of LN3350 (D), LN3352 (E) and MLN8237 (F) in the indicated cell lines at the ICos
concentrations of each compound in COR-L279 (D and E) or NCI-H446 (F) cells as determined in A-C. Color code
indicates the status for TP53 and RB1 (grey = TP53 and RB1 wildtype; blue = TP53 wildtype, RB1-altered; orange
= TP53-altered, RB1 wildtype; black = TP53- and RB-altered). Shown is the mean with SEM. n = 3-5 each. G-I)
Comparison of the growth inhibition of LN3350 (G), LN3352 (H) and MLN8237 (l) in the human lung cancer cell
lines grouped according to their TP53 and RB1 status as shown in D-E. Shown is the mean with SEM. Significance
was calculated using ANOVA and the Holm-Sidak's multiple comparisons test, ** p<0.01, *** p<0.001, ****
p<0.0001, ns = not significant
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4 Discussion

HCC, due to the high mortality rates and increasing incidences, represents a major
global health problem. However, there is no accurate surveillance system to detect
tumors at an early stage when they are eligible for curative therapy, known to prolong
survival’>. A main target for surveillance would be patients with cirrhosis, since the
annual incidence of HCC development amongst those patients reached the threshold
of 1.5%, making surveillance cost-effective? 124, However, the results arguing for a
survival benefit associated with HCC surveillance in cirrhosis patients are
controversialt?> 126, To date, no high-quality randomized, controlled trials on the
effectiveness of HCC screening on cirrhosis patients have been conducted?.
Therefore, in contrast to patients with liver dysfunction amenable for liver
transplantation, patients with cirrhosis are not eligible for cancer surveillance?.

Upon HCC diagnosis the only potentially curative treatment options are surgical
resection or liver transplantation'!: 127, However, patients with HCC are often in a poor
health state, limiting the option to undergo surgery. Additionally, although liver
transplantations are the second most common solid organ transplantations, the limited
amount of donor organs is a huge problem and meets only 10% of global demands*?’.
Compared with other European countries, the liver donation rate in Germany is very
low!?8, According to the “Deutsche Stiftung Organtransplantationen” (DSO), 1416
patients were (re-)added on the German liver transplantation list in 2020. However,
only 826 transplantations were conducted out of which only 52 living donations of the
liver were made. In the same year, 217 listed patients died while waiting for an organ.
Upon successful liver transplantation, the general 5-year survival rate is approximately
70%, however, obesity (an BMI 235 kg/m?) and age (>60 years) can have a negative
influence on the mortality'2% 130, This might suggest a decrease in future survival rates
due to the steady increase in obesity and the aging of society.

Another problem is that liver transplantation is only feasible for early stage HCC, but
most patients present with an advanced HCC stage® 2. Unfortunately, all currently
approved first- or second-line drugs for advanced HCC prolong survival only for a few
months and have severe side-effects, thereby highly impacting the life of patients6-22,
Accordingly, aiming to improve efficacy and safety, several inhibitors against molecular

targets have been tested in clinical studies, some of which progressed to phase Il
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trials, however with negative results'!. For example, the EGFR-inhibitor erlotinib, the
VEGFR and PDGFR inhibitors sunitinib and linifanib, as well as the VEGFR, PDGFR
and FGFR inhibitor brivanib did not confer any benefit compared to sorafenib in phase
Il superiority trials, with linifanib even inducing more grade 3-4 adverse events!32-135,
Similarly, the mTOR inhibitor everolimus and the cMET inhibitor tivantinib failed to
improve survival compared to placebo-treated patients in phase Il clinical trials!36: 137,

Therefore, there is a high unmet need for novel therapeutic approaches for HCC.

One putative target might be AURKA which is often overexpressed in HCC?4. Although
clinical trials with the AURKA inhibitor MLN8237 in other tumor entities showed
promising results, it became clear that the catalytic inhibition of AURKA leads to dose-
limiting toxicities®: 107 Interestingly, a study published by our group revealed, that
TP53-deficient HCC are highly sensitive towards a subset of AURKA-inhibitors, that
additionally change the conformation of AURKA™. Thus, we reasoned that small
molecules changing the conformation of AURKA, without inhibiting its kinase activity

would minimize the toxic side effects observed with MLN8237.

Together with the group of Prof. Dr. Stefan Laufer and Dr. Tatu Pantsar, we were able
to develop first of its kind AURKA-ligands, LN3350 and LN3352. In the TSA a good
binding to AURKA could be proven for LN3352, most likely due to its ability to bind to
AURKAs ATP-binding pocket, as shown by its kinase inhibition. The hydrogen bonds
between LN3352’s hingebinder and AURKA's hinge region stabilize the kinase most
probably, thereby causing the thermal shift. An additional methyl-group in LN3350’s
hingebinder most likely blocks the binding to the hinge region, which is also resembled
by the prevented kinase inhibition. However, the low thermal shift for LN3350 might be
misleading. It could be explained by the highly dynamic character of AURKA and the
absence of a crucial interaction of LN3350 to the ordered, highly conserved hinge
region of AURKA38-140 | N3350 is designed to mainly interact with residues in the
highly flexible R-spine region of AURKA and it is known that the TSA has limitations
on flexible proteins, since the increase of temperature affects flexible proteins more
than rigid ones, which makes it harder to detect a stabilization4!. Also, an interaction
of the ligand with the unfolded protein can also lead to false negative results'42.

Since both compounds, LN3350 and LN3352, contain a fluorine atom, which is usually
not found in biomolecules and therefore not present in the AURKA protein, we also
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planned to conduct a ®F-NMR to prove binding. Here, the signal detected of the
fluorine atom in the AURKA-ligands should be weakened upon binding to AURKA43,
However, since the compounds are very lipophilic and NMR experiments are
conducted with aqueous solutions, the compounds were not soluble enough to perform
this experiment.

Second-harmonic generation (SHG) could be another option to prove binding of
LN3350 to AURKA. With this method a ligand-induced conformational shift of AURKA
could be detected!**. Here, AURKA is conjugated to a second-harmonic (SH)-active
molecule and immobilized on a supported lipid bilayer. Upon laser-induced excitation
of the SH-active dye a SHG-signal is detected, whose intensity is strongly dependent
on the orientation of the SH-active molecule with respect to the surface. Due to a
conformational change, the orientation of the SH-active dye is altered, which results in
a signal change.

Another possibility is that the AURKA-ligands prefer binding AURKA efficiently in
complex with another protein, e.g. TPX2. To test this hypothesis, in vitro PPl-assays
with isolated proteins, like ELISA or fluorescent polarization assays could be
performed?!45 146,

The ultimate goal to prove binding and picture the binding mode and the induced
conformational shift, however, is the generation of a crystal structure of the complex
between AURKA and the newly developed ligands, which so far was not successful.
Nevertheless, since both compounds, LN3350 and LN3352, showed comparable
results in all other conducted assays and structurally only differ in the presence of one
methyl-group, it is very likely that both compounds work in the same manner and bind
AURKA.

The results of the present study prove that it is possible to uncouple the alteration of
the AURKA interactome from its kinase inhibition. Compared to MLN8237, which has
a 15-times lower ICso for the isolated kinase than the cellular 1Cso, LN3352 inhibited
isolated AURKA with an ICso of around 260 nM, more than 4 times higher than the
cellular ICso. Thereby, it has to be considered that for the isolated kinase drugs do not
have to pass any membrane or cannot bind any factors in the cell culture medium, like
serum proteins (BSA), as it is possible in a cellular assay in vitro'#’. Since LN3352, as
well as LN3350, are lipophilic, it is possible that they are able to pass the cellular

phospholipid membrane via passive diffusion'8. However, an experimental validation
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is needed to rule out a transporter-dependent uptake. Further, it cannot be excluded
that the compounds get at least partially retained at the membrane!#°. Additionally, due

to their lipophilicity, they are likely prone to bind unspecifically to BSA or other proteins.

Besides the results on the isolated kinase, | showed, that LN3350 and LN3352 do not
inhibit AURKA but rather lead to its kinase activation seen by phosphorylation of
AURKA and PLK1 in the cells. This increased activation could be explained with my
data showing that AURKA-ligands favor AURKA/TPX2 complex formation, thereby
stabilizing TPX2 and AURKA. This is in line with published data, revealing that TPX2
binding stabilizes AURKA®®0, There, it was shown that RNAi-mediated knockdown of
TPX2 leads to proteasome-mediated AURKA degradation. However, the reintroduction
of either full-length TPX2 or the AURKA-binding domain of TPX2, but not a truncated
TPX2 version lacking the AURKA-binding domain, could restore AURKA levels and
even impair its cell cycle-dependent degradation in telophase®®°. It is known that the
binding of AURKA to TPX2 does not directly induce the phosphorylation of AURKA,
however, TPX2 renders AURKA in an active conformation so that AURKA can
autophosphorylate itself and is more accessible to substrates® 151, Besides that, the
binding to TPX2 prevents the dephosphorylation of AURKA on Thr288 by PP185,

Interestingly, TPX2 and AURKA have been shown to correlate with chromosome
instability (CIN), a common feature of solid tumors. In a recent study, the authors
determined a CIN score for 10.151 genes using 18 data expression sets!®2. TPX2 and
AURKA were among the top 70 candidates with TPX2 even having the highest CIN
score. CIN is one of the main features leading to aneuploidy. This is in line with other
studies showing that overexpression of TPX2 and AURKA results in the induction of
polyploid and multinucleated cells!®3 154, Indeed, | could also show that LN3350 and
LN3352 can induce polyploidy. A main reason for induced polyploidy is a deregulation
of spindles. It is known that the deregulation of mitotic spindle dynamics leads to
improper attachment of the spindles to the kinetochores®®>-157, This is in line with my
data showing that enforced TPX2/AURKA complex formation and subsequent AURKA
activation disturb spindle dynamics. Interestingly, this effect is specific for LN3350 and
LN3352. MLN8237 also induces abnormal spindle formation and polyploidy, however,
it does not induce tethering of the AURKA/TPX2 complex. Instead, it prevents the co-
localization of AURKA to TPX2 and the mitotic spindles.
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Errors in correct spindle formation can cause improper chromosome segregation. In
order to prevent this, cells usually induce a prolonged activation of the SAC155 156
Hereby, the mitotic checkpoint complex (MCC), consisting of MAD2, BUB3, BUBRL1
and CDC20 inhibits the APC/C complex and prevents not only the separation of sister
chromatids, but also the degradation of cyclin B, which keeps cells arrested in M
phase!®® 159 Consistently, | found increased levels of cyclin B upon treatment with
AURKA-ligands. The mitotic arrest induces the activation of p38, CKIl and JNK, which
in turn phosphorylate the anti-apoptotic factor MCL1, provoking its FBW7-mediated
proteasomal degradation and induction of apoptosist?® 160, My data imply that this
mechanism occurs in a fraction of NMP537 cells, since they show increased p38
activation, with simultaneous MCL1 downregulation and induction of cleaved caspase
3. However, at early timepoints NMP19” cells also show increased activation of p38
as well as a temporary induction of apoptosis but without downregulation of MCL1. On
the one hand it is possible that p38 is not the main factor mediating MCL1
downregulation and subsequent apoptosis in NMP53-- cells. To shed light into this, the
activation status of JNK and CKII should be analyzed in both genotypes as well.
Further, it could be tested if the pharmacological inhibition of p38, JINK or CKIllI prevents
downregulation of MCL1 and induction of apoptosis in Trp53-deficient cells upon
treatment with AURKA-ligands. Vice versa, an increased activation, e.g. by inducible
active mutants of p38, JNK or CKIl could be used to examine induced sensitization of
cells towards treatment with AURKA-ligands?'6%: 162,

On the other hand it was previously shown that MCL1 is a direct transcriptional target
of P53 and that upon induction of stress signals, like the treatment with ABT-737 the
pro-apoptotic activity is diminished due to the maintenance of MCL1 levels in a P53-
dependent manner'®, Further it was shown that also mitotic spindle damage can lead
to P53 activation'*, Therefore, it could be possible, that in NMP 197 cells the abnormal
spindle formation, SAC activation and mitotic arrest upon treatment with AURKA-
ligands induce stress signals that lead to the activation of P53. This in turn could induce
the transcriptional upregulation of MCL1, counteracting the induction of cell death,
which is absent in Trp53-deficient cells.

However, the duration and intensity of the SAC determine cell fate. An incomplete
inhibition of the APC/C complex results in slow but continuous degradation of cyclin B,
leading to mitotic exit without proper chromosome segregation (mitotic slippage)*2% 165
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166 Therefore, the fate of cells arrested in mitosis is decided by the degradation rate of
MCL1 and cyclin B. If MCL1 protein levels are too low to inhibit anti-apoptotic proteins,
cells will undergo cell death, in contrast, if cyclin B levels become too low to inhibit
mitotic exit, cells will undergo mitotic slippage'?® %5, The latter seems indeed to be the
case for another subset of NMP53 cells upon AURKA-ligand treatment as cell death
increased over time accompanied by induction of polyploid cells. It can be suggested
that these cells, due to endoreduplication and centrosome amplification, already have
higher SAC induction per se, leading to increased mitotic catastrophe and cell death
rates each round of mitosis.

The results of this study give the first hint that a difference in SAC intensity could make
the difference between apoptosis and mitotic slippage upon treatment with AURKA-
ligands. To further strengthen this hypothesis, knockout or inhibition of MPS1, the
upstream regulator of the SAC'%7, could be used to determine, if lowering of the SAC
intensity prevents mitotic catastrophe and favors mitotic slippage of Trp53-deficient
cells upon treatment with AURKA-ligands. Vice versa, combinatorial treatment with the
APC/C-inhibitor proTAME, mimicking a strengthened SAC by preventing cyclin B

degradation, could reveal if cells are more prone to cell death68: 169,

However, besides AURKA inhibitors several other anti-mitotic drugs inducing SAC and
apoptosis have been used in preclinical and clinical studies with the aim to treat
cancert’® 171 Amongst those are the clinically used spindle poisons eribulin, which
belongs to the group of vinca alkaloids and prevents polymerization of microtubules,
and paclitaxel, which belongs to the group of taxanes and stabilizes microtubules’*.
Although those drugs confer a survival benefit for patients, they are accompanied with
severe side-effects, like neutropenia, anemia, peripheral neuropathy, nausea, fatigue
and hair loss, highly affecting the patient’s life quality!’*173, The reason for this is that
spindle-poisons affect all fast-dividing, mitotic cells and therefore have no selectivity.

Another exploited antimitotic target is PLK1, with volasertib, an ATP-competitive drug,
being the most advanced inhibitor’. Clinical phase | and Il trials revealed, that the
most common adverse grade 3-4 events were neutropenia, thrombocytopenia and
anemia, leading to dose-limiting toxicities and a rather modest overall anti-tumor
activity!’#179, Since PLK1, like AURKA, is an important mitotic kinase, whose catalytic
activity is involved in several signaling pathways and biomarker stratifying patients are

still missing, those results are not surprising’. Nevertheless, it is currently being tested
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in combination with cytarabine, an antimetabolite analogue of cytidine, in a clinical
phase Il trial as first-line treatment for acute myeloid leukemia (AML) patients, which
is supposed to be completed in 2021 (NCT01721876).

In contrast to microtubule-affecting drugs or volasertib the AURKA-ligands appear to
have a high selectivity for TP53-altered cells, thereby promising an improved

tolerability.

Interestingly, this TP53 mutation-dependency upon treatment with the AURKA-ligands
is mainly correlated to induction of cell death. Although also in human cells there was
a strong tendency that TP53-altered cell lines are more sensitive towards MLN8237
than TP53 wildtype cells, cell viability analysis revealed that in contrast to the treatment
with AURKA-ligands, MLN8237 could not inhibit cell growth of the TP53-altered human
HCC cell lines close to 100%. An explanation for this could be the induction of
senescence, which is a known, cell line-dependent outcome of MLN8237 treatment€0,
but this needs further confirmation.

Using genetically-defined murine HCC cell lines being deficient for Trp53, Cdkn2a”" or
both, I could prove that sensitivity towards the AURKA-ligands is mediated by Trp53-
deficiency. Trp53 wildtype HCC cells, instead, are resistant towards these small
molecules. This is surprising, as my data imply, that upon treatment also Trp53
wildtype cells showed a stabilized AURKA/TPX2 complex, activated AURKA and
PLKZ1, disturbed spindle formation and M phase arrested cells. However, | could barely
detect mitotic catastrophe and only an early induction of apoptosis but not at later time
points. In contrast to Trp53-deficient cells, the initial induction of cleaved caspase 3
was not accompanied by MCL1 degradation, arguing against mitotic catastrophe. In
line with this, although cyclin B levels were increased at those time points, suggesting
an M phase arrest, it cannot be excluded that a few cells already exit mitosis and
entered G1 phase probably without proper cytokinesis. Since p53 is functional, it is
possible that those few cells undergo apoptosis due to p21-dependent activation of the
G1 checkpoint. To test this, co-immunofluorescence staining of cleaved caspase 3 and
cyclin B (marker for M phase) or CDT1 (marker for G1 phase)*®! could be performed
to determine in which cell cycle phase cells are upon apoptosis induction. Alternatively,
cells could be stained with antibodies against those proteins and be analyzed by flow

cytometry. Co-immunofluorescence staining of cleaved caspase 3 and p21, as well as
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a CRISPR-mediated knockout or shRNA-induced knockdown of Cdknla (p21) prior to
treatment will help to answer the question if cell death is dependent on p21.
Interestingly, most Trp53 wildtype cells are able to overcome the initial formation of
abnormal spindles over time and continue cycling with a normal DNA content. This is
surprising, because it is known that in Trp53 wildtype cells spindle poisons like
nocodazole or colcemid can lead to mitotic slippage, however, the irregular DNA
content leads to the activation of the G1 checkpoint in order to prevent DNA re-
replication and ensure chromosomal integrity3°. Thereby, p21 is upregulated in a p53-
dependent manner and inhibits the cyclinD-CDK4 and cyclinE-CDK2 complexes32 40,
This prevents the hyperphosphorylation and release of RB1 from the E2F transcription
factor, which in turn inhibits the expression of S phase promoting genes®? 182, As a
result, cells either arrest in a “pseudo G1”-state with double the DNA content, become
senescent or undergo apoptosis®. However, | did not observe a continuous G2/M or
a “pseudo G1” phase arrest in cell cycle and western blot analysis and only marginally
detected cell death. One explanation would be that upon mitotic slippage cells with
doubled DNA content are able to divide in G1 phase. Choudhary et al. showed that
cells, after failed cytokinesis, are able to return to a diploid state by dividing their two
nuclei into two daughter cells in interphase without the cytokinesis machinery in order
to preserve genomic integrity, a process called cytofission®. However, as they only
observed it in up to 2% of the cells per day, it seems unlikely that this is the cause for
normal cell cycling upon treatment with AURKA-ligands. A second explanation could
be that Trp53 wildtype cells are able to repair the spindle defects before exiting mitosis.
| reasoned that a possibility for this could be that the AURKA/TPX2 complex is less
stable in Trp53 wildtype cells upon treatment and gets disrupted earlier than in Trp53-
deficient cells, therefore allowing the spindles to form normally before mitotic slippage
can occur. However, my data show that the AURKA/TPX2 complex has the same
stability in both genetic backgrounds, excluding this option. Another possibility is that
p53 directly affects mitosis, although it was shown that p53 plays no role in mitotic
checkpoint functions upon treatment with nocodazole®°. However, p53 has an indirect
function in mitosis, comprising the transcriptional repression of Mad2 via p21 induction
and canonical Rb pathway signaling®’. This might suggest, that RB1 mutations further
increase sensitivity to the AURKA-ligands.

To prove that theory | tested a cohort of different human SCLC and NSCLC cancer cell
lines. Since TP53 is mutated in 50% of NSCLC and up to 90% in SCLC and RB1 in
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20% of NSCLC and 90% of SCLC these cancer types are another suitable target for
the AURKA-ligands®% 184185 This is interesting, because SCLCs, which comprise 15%
of lung cancers, have an exceptionally poor prognosisi®® 186 Although those tumors
respond initially to chemotherapies, they quickly recur and are resistant to further
treatments and better therapy options are urgently needed'®’. | found that in lung
cancer a TP53 mutation alone is not a robust marker for their response. However, the
three highly responding cell lines also possessed an additional RB1 mutation, which
was not the case for the remaining cell lines. This is in line with the results from Gong
et al., showing that SCLC with loss of the tumor suppressor RB1 are hypersensitive
towards AURKA inhibition®. A second paper, building on the observation that RB1
loss is synergistic with AURKA inhibition, unraveled the underlying mechanism. It was
shown that RB1 loss leads to an E2F-dependent upregulation of stathmin, which in
turn induces the destabilization of the spindle microtubules and activation of the SAC.
Additional AURKA inhibition prevents the phosphorylation of stathmin by AURKA,
thereby increasing its activation. This leads to an even stronger disturbance of the
spindle microtubule dynamics, resulting SAC hyperactivation and mitotic cell death!??,
Furthermore, it was shown that p53 transcriptionally suppresses stathmin?8,

Thus, although the AURKA-ligands do not inhibit the catalytic function of AURKA, it is
conceivable that due to the SAC activation, stathmin could also be the mediator for the
sensitivity of TP53 and RB1 double mutated lung cancer cells or even TP53 mutated
liver cancer cells. To test this theory, it could be determined if a CRISPR-mediated
knockout of STMN1 (stathmin) in those cells abolishes the efficacy of the AURKA-
ligands. Accordingly, since a low abundance and phosphorylation of stathmin lowers
the SAC induction, it could be tested if the overexpression of non-phosphorylatable,
constitutively active stathmin!® in TP53 single mutated or TP53 wildtype cancer cells

sensitizes cells towards AURKA-ligands.

However, those results also highlight the fact, that additional mutations to TP53 might
be essential for treatment response.

Former data from our laboratory using MLN8237 suggested, that overexpression of
the oncogene MYC is a susceptibility towards combined AURKA conformation and
kinase alteration. Similar to MLN8237 and CD53270-110. 111 'the AURKA-ligands disrupt
the AURKA/MYC complex and lead to MYC degradation. Although we lack a crystal
structure for the AURKA/compound complex, molecular modeling performed by Dr.
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Tatu Pantsar (data not shown) suggests that the AURKA-ligands most likely act via a
structural change of AURKA. However, the present study provides evidence that the
change in MYC stability is not solely responsible for the observed phenotype, since
LN3350 and LN3352 also induce growth inhibition in stable MYCT58A expressing cells,
which is comparable to degradable MYCWT-expressing cells. This is contrary to
MLN8237, since it was shown that murine HCC tumors overexpressing the MYCT58A
mutant are resistant to MLN8237 treatment’®. An explanation could be that the shift
induced by the AURKA-ligands is different to that of MLN8237 and thereby also affects
other interaction partners of AURKA, like TPX2, that are not affected by MLN8237. To
prove that theory, crystal structures of the AURKA complex are needed. However, it
has to be noted that MLN8237 has only been tested in vivo and the AURKA-ligands
only in vitro on MYCT®A tumor cells and that also this could be a reason for the
observed difference.

These data suggest the need for the development of other robust biomarker that allows
to stratify different tumor samples into AURKA-ligand responders and non-responders.
However, those biomarkers might vary between different tumor entities. By screening
a set of 29 breast cancer cell lines, for example, it was shown that the Aurora kinase
and FLT3 inhibitor ENMD-2076 has a stronger inhibitory effect on triple negative breast
cancer (TNBC) cells, deficient for the estrogen receptor, progesterone receptor and
without HER2 amplification, compared to the other subtypes!®®. Amongst TNBC cells,
the most sensitive were TP53-mutated cell lines with increased p53-expression,
whereas the cell lines having mutated but decreased p53 rather acquire a senescent
phenotype!®. The authors hypothesize, that p53-binding sites in promotors of pro-
apoptotic genes have a lower affinity than those of growth arrest inducing genes and
that high levels of p53 are needed for binding and apoptosis induction. It is also
possible, that TP53 mutants acquired neomorphic functions, like the ability to inhibit
p63 and p73 functions, two other factors of the p53 family>> 191, P73 can partially
regulate p53 target genes in TP53-deficient cells and is often overexpressed in breast
cancer®2 193 Additionally, it was found that in oral squamous carcinoma and hepatic
carcinomas, TP53 with gain-of-function mutations, but not wildtype TP53, can induce
stathmin expression?%4 19, Therefore, it would be worth it to analyze if TNBC cell lines

with mutated and overexpressed p53 are sensitive towards AURKA-ligands as well.
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Besides identification of reliable biomarker, putative side effects of the AURKA-ligands
are important for a transfer as a targeted therapy into the clinic. One reason for side
effects of drug treatments are off-targets of the compounds. By performing a kinome
screen consisting of 320 wildtype kinases, we did not identify any off-targets for
LN3350 and only 6 kinases, including AURKA, for LN3352 that were inhibited more
than 50% at the high concentration of 500 nM. If we take into consideration that this
assay is also performed on isolated enzymes and the cellular ICso of LN3352 is with
around 60 nM more than 8 time lower, we can reason, that those off-targets play no
role in the cellular setup. Further evidence for the lack of off-targets and side effects
are supported by the specific cell growth inhibition of tumor cell lines compared to
immortalized, non-tumorigenic cell lines. My data imply, that the AURKA-ligands
LN3350 and LN3352 might possess an improved therapeutic index compared to
MLN8237. This would be an important aspect for a potential clinical translation of the
AURKA-ligands, since it suggests, that in contrast to MLN8237, a more continuous
treatment could be feasible. My data suggest, that several rounds of mitoses are
necessary to accumulate damage and induce apoptosis in a substantial number of
cells. Additionally, tumor cells are not synchronized and therefore reach M phase at
different time points, showing the need for a continuous treatment with M phase
disturbing compounds. One estimation to calculate the pattern of M phases is the tumor
volume doubling time (TVDT) which was determined for HCC in several studies,
showing a correlation with the initial tumor diameter'®6-1%, |n 2021, Nathani et al.
published a systemic review and meta-analysis of 20 studies including 1374 HCC
lesions in 1334 patients!®®. The pooled median TVDT was 4.6 months, with the
individual studies ranging from a median TVDT of 2.2 to 11.3 months. MLN8237,
however, can only be given 7 days in a 21-day cycle due to the adverse events it
causes. This implies, that not all mitotic tumor cells can be targeted, likely leading to
tumor progression. Thus, a continuous treatment scheme of the AURKA-ligands could
be an advantage.

However, it is difficult to correlate results from in vitro toxicity studies with actual in vivo
responses. The most observed 3-4 grade adverse effects of MLN8237 in clinical trials,
for example, affect hematopoiesis and comprise (febrile) neutropenia, leukopenia,
thrombocytopenia, with the affected cell types not being present in simple in vitro
experiments. A higher predictive power for the risk for clinical myelosuppression might
be achieved by challenging in vitro grown human bone marrow or umbilical cord blood
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derived granulocyte-macrophages (CFU-GM, colony forming unit granulocyte-
macrophages) with those compounds?'©% 200. 201 ' Making use of this CFU-GM assay, a
predictive model was established for estimating the human maximum tolerated dose
(MTD). It was shown that with this model out of 23 antineoplastic and antiviral drugs,
pesticides and drugs for other therapeutic indications, the human MTD of 20 drugs was
predicted correctly based on the calculated actual ICoo or the extrapolated 1Cg0?%% 201,
Therefore, an additional comparison of the AURKA-ligands with MLN8237 using tumor
cells and a CFU-GM assay could give a more precise picture of the different
therapeutic indices.

The best possible way to preclinically determine effectiveness and tolerability,
however, are in vivo studies. Pharmacokinetic studies in mice showed an insufficient
bioavailability of LN3350 and LN3352 (data not shown). This suggests, that the small
molecules do not get absorbed in the stomach upon oral delivery. Furthermore, plasma
concentrations of both compounds after intravenous injection imply, that they are
metabolically instable. We could identify the metabolites of LN3350 and LN3352, which
are the cleavage products of the amide bond that both compounds contain (data not
shown). Therefore, it is likely that they get cleaved by amidases, independently of
cytochrome P450 enzymes, which catalyze the oxidative biotransformation of 70-80%
of all clinical drugs?®?. After having tested the identified metabolites in vitro, we can
exclude that they are biologically active (data not shown). However, several attempts
of bioisosteric replacements are currently in progress to improve the metabolic stability
of the AURKA-ligands.

Additionally, an alternative to improve the bioavailability and possibly prevent cleavage
of LN3350 and LN3352 by amidases upon intravenous application is their
encapsulation with albumin-nanoparticles. This strategy was already used for
paclitaxel (nAb paclitaxel or abraxane), to reduce the toxicity associated with
Cremophor EL, an ingredient of the formulation?°®, and increase the intratumoral
concentration of the active drug. In line with this, several clinical studies for (metastatic)
breast cancer found that nAb paclitaxel is superior compared to conventional
paclitaxel, with regard to overall response rate, time to tumor progression and

toxicity?203-207,
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Since albumin is an essential carrier of biomolecules through endothelial cells, mainly
via receptor-mediated transcytosis, an additional advantage of this formulation are the
albumin transport routes that would efficiently traffic the compounds to the tumor208-211,
Therefore, albumin encapsulation represents a good chance to increase the
bioavailability of LN3350 and LN3352, by forming micelles that shield the compounds
from cleavage by amidases and might allow a more efficient transport to the tumor. In
cooperation with Prof. Dr. Rolf Daniels, we already generated albumin nanoparticle-
bound LN3350 and LN3352. First results from pharmacokinetic studies, conducted by
Pharmacelsus, revealed intriguing improvements compared to LN3350 and LN3352
without albumin-formulation (data not shown). The next step will be to test the efficacy
of the albumin-encapsulated LN3350 and LN3352 in vivo. We formerly established
highly tractable mosaic HCC mouse models by taking advantage of direct and stable
intrahepatic gene transfer via hydrodynamic tail vein injection of transposon vectors#”:
70, 212-214 |mportantly, these tumors mimic histology and pathology as well as therapy
resistance of human HCCs, representing an ideal model for testing the novel AURKA-

ligands?*?,

In conclusion, this work generated promising results for a novel AURKA-ligand based
therapy option for the treatment of TP53-altered HCC and possibly other tumor entities
like TP53 and RB1 double mutated SCLC.
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