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1 Abstract

Triple-negative breast cancer (TNBC), representing the most aggressive form of breast
cancer (BC) with currently no targeted therapy available, is characterized by an
inflammatory and hypoxic tumour microenvironment (TME). Natural sources provide a
broad spectrum of metabolites that are currently utilized as standard chemotherapeutics in
TNBC therapy, including paclitaxel, or being investigated as novel drug candidates due to
their anti-tumour effects in preclinical studies. Structure—activity relationship (SAR) is
important to identify crucial chemical groups that determine compound activity.
Furthermore, drug design enables improved activities of naturally occurring metabolites, or
generation of novel compounds with selective molecular targets. To identify novel potential
agents to combat TNBC, natural products isolated from plants and fungi, as well as
synthetically engineered inhibitors of histone deacetylases (HDACIs) were investigated to
characterize their pharmacological mechanism of action.

To date, a broad spectrum of anti-tumour activities has been reported for
phenanthroindolizidine alkaloids (P-alkaloids), however, their mode of action in TNBC
remains elusive. Thus, six naturally occurring P-alkaloids isolated from the plant Tylophora
ovata were investigated: O-Methyltylophorinidine (TYLO-1) and its five derivatives
tylophorinidine (TYLO-2), tylophoridicine E (TYLO-3), 2-demethoxytylophorine (TYLO-4),
tylophoridicine D (TYLO-5), and anhydrodehydrotylophorinidine (TYLO-6). In comparison
to the natural TYLO-1 and for more in-depth studies, we also utilized a sample of a
chemically prepared O-methyltylophorinidine molecule (TYLO-1s). Our results indicate a
remarkably effective blockade of nuclear factor kappa B (NFkB) within 2 h for TYLO-1 and
TYLO-1s (ICso = 17.1 £ 2.0 nM and 3.3 + 0.2 nM) that is different from its effect on cell
viability within 24 h (ICso = 13.6 £ 0.4 nM and 4.2 + 1 nM). Furthermore, NFkB inhibition
data for the additional five derivatives suggest a SAR. Mechanistically, NFkB is significantly
blocked through the stabilization of its inhibitor protein kappa B alpha (IkBa) under normoxic
as well as hypoxic conditions. In addition to the transcriptional factors (NFkB and HIF), the
transcriptional coactivator yes-associated protein (YAP) was identified as a novel target of
TYLO-1 by blocking its nuclear translocation. Knockdown studies targeting NFkB/p65 or
YAP expression further support the hypothesis, that the underlying mechanism of P-
alkaloids relies on multiple target sites. The TME plays a substantial role in tumour
progression and drug resistance, mainly relying on the bidirectional crosstalk of tumour and
stromal cells mediated via their secretome, including interleukin (IL)-6 and IL-8. In a direct
2D co-culture of the human TNBC cell line MDA-MB-231 (MB-231) and primary human
peripheral blood mononuclear cells (PBMCs), TYLO-1 sufficiently blocked the crosstalk

based on the cytokines, presumably by inhibiting NFkB-regulated expression.
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To better mimic the TNBC TME in vitro, a 3D co-culture was established by combining the
human MB-231 with primary murine cancer-associated fibroblasts (CAFs) and type |
collagen. TYLO-1 demonstrates superiority against the therapeutic gold standard paclitaxel
by diminishing spheroid growth by 40% at 100 nM. The anti-proliferative effect of TYLO-1s
is distinct from paclitaxel in that it arrests the cell cycle at the G0/G1 state, thereby mediating
a time-dependent delay in cell cycle progression. Furthermore, TYLO-1s inhibited invasion
of TNBC monoculture spheroids into a matrigel®-based environment at 10 nM. In
conclusion, P-alkaloids serve as promising agents with presumably multiple target sites to
combat inflammatory and hypoxia-driven cancer, such as TNBC, with a different mode of
action than the currently applied chemotherapeutic drugs. Moreover, P-alkaloids are
capable modulators to suppress tumour-promoting features of the TME.

Despite various anti-tumour activities, fungus-derived metabolites are not yet approved for
cancer therapy. Notably, culture conditions influence the gene expression profile, and
thereby, accumulation of fungal metabolites. Hence, compounds were isolated after
alteration of cultivation conditions. Regarding metabolites derived from Aspergillus
falconensis, NFkB-mediated gene transcription was suppressed in TNBC within 24 h by all
nine azaphilones, namely falconensin A, H, I, M, N, O, Q, R, S, that hint to a SAR.
Falconensin Q displayed the strongest anti-inflammatory agent (ICso = 11.9 £ 2.1 yM) with
no cytotoxicity detected. Amongst polyketides, isolated from Aspergillus falconensis,
sulochrin demonstrated significant suppression of TNBC migration at 70 uM, while
monochlorsulochrin showed no effects. Both substances were non-toxic against TNBC. The
decahydrofluorenes isolated from Didymella sp. IEA-3B.1, suppressed NFkB-mediated
gene transcription within 2 h in TNBC. Didymellanosine (ICso=15.5 + 1.1 yM) was the most
potent agent compared to phomapyrrolidone A and ascomylactam C. However, reduced
cell viability by ascomylactam C displayed a strong dependency on its anti-inflammatory
effects, while phomapyrrolidone A and didymellanosine showed no cytotoxicity. In
summary, fungal metabolites possess anti-cancer potential in TNBC at two-digit micromolar
concentrations, with hint to a SAR. However, their efficacy is low compared to currently
applied chemotherapeutic regimens.

Approved targeted therapy options are limited to TNBC patients experiencing metastasis
and tumour relapse, which is the main cause of cancer death. Currently novel targeted
strategies are explored, including the epigenetic modification by histone deacetylases. In
this study, eight chemically prepared HDACIs were examined: LAK41, LAK107, LAK110,
LAK121, LAK-ZnFD, KSK64, KSK75 and MPK265, that hint to a SAR. Cell viability was
reduced by compounds, that simultaneously target HDAC1 and HDACG6, which are LAK41,
KSK64 and MPK265 with an ICso value of 4.5 + 1.7 uM, 10.2 £ 4.9 uM and 38.7 + 1.8 uM,

respectively.
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1 Zusammenfassung

Der Triple-negative Brustkrebs (TNBC), welcher die aggressivste Form von Brustkrebs (BC)
darstellt und derzeit keine gezielte Therapiemdglichkeit hat, ist durch ein inflammatorisches
und hypoxisches Tumor Mikromilieu (TME) charakterisiert. Natirliche Ressourcen bieten
ein breites Spektrum an Metaboliten, die derzeit als Standard Chemotherapeutika in der
TNBC Therapie angewandt werden, miteingeschlossen Paclitaxel, oder welche aufgrund
ihrer Anti-Tumor Effekte als neue Arzneimittelkandidaten in praklinischen Studien
untersucht werden. Struktur-Aktivitats Beziehungen (SAR) sind wichtig, um chemische
Gruppen zu identifizieren, die entscheidend flr die Substanzaktivitat sind. Des Weiteren,
ermoglicht ein Wirkstoffdesign verbesserte Aktivitdten von natarlich vorkommenden
Metaboliten, oder ermoglicht die Herstellung von neuen Wirkstoffen fur selektive molekulare
Zielstrukturen. Um potenzielle Substanzen zu identifizieren, die den TNBC bekampfen,
wurden Naturprodukte, welche von Pflanzen und Pilzen isoliert wurden, so wie synthetisch
entwickelte Histondeacetylase Inhibitoren (HDACIs) hinsichtlich ihrer pharmakologischen
Wirkmechanismen untersucht.

Bis heute wurden vielfaltige Anti-Tumor Wirkungen fir die Phenanthroindolizidine Alkaloide
(P-alkaloids) berichtet, wobei ihr Wirkmechanismus nach wie vor nicht in TNBC aufgeklart
ist. Deshalb wurden sechs natlrlich vorkommende P-alkaloids, die von der Pflanze
Tylophora ovata isoliert wurden, untersucht: O-Methyltylophorinidine (TYLO-1) und dessen
funf Derivate Tylophorinidine (TYLO-2), Tylophoridicine E (TYLO-3),
2-Demethoxytylophorine (TYLO-4), Tylophoridicine D (TYLO-5) und
Anhydrodehydrotylophorinidine (TYLO-6). Im Vergleich zum natirlich vorkommenden
TYLO-1 und fur ausfuhrlichere Studien wurde das chemisch hergestellte
O-Methyltylophorinidine (TYLO-1s) verwendet. Unsere Ergebnisse weisen auf eine
bemerkenswerte effektive Blockade vom Nuclear Factor Kappa B (NFkB) innerhalb von 2 h
hin, wobei sich die Wirkung von TYLO-1 und TYLO-1s (ICso = 17.1 £ 2.0 nM und
3.3+0.2nM) von der reduzierten Zellviabilitdt innerhalb von 24 h unterscheidet
(ICs0 = 13.6 £ 0.4 nM und 4.2 £ 1 nM). Aul3erdem suggerieren die Daten der NFkB-inhibition
eine SAR. Mechanistisch basiert die signifikante NFkB Blockade auf die Stabilisierung vom
Inhibitor Protein Kappa B Alpha (IkBa) unter Normoxie so wie auch unter hypoxischen
Bedingungen. Zusatzlich zur Inhibition von Transkriptionsfaktoren (NFkB und HIF), wurde
der Transkriptions-Koaktivator Yes-assoziiertes Protein (YAP) als neues Zielprotein von
TYLO-1 entdeckt, welches die YAP Translokation in den Nucleus unterbindet. Die Protein
Knockdown Studien mit NFkB/p65 oder YAP unterstitzen die Hypothese, dass die Anti-
Tumor Wirkung von P-alkaloids auf multiple molekulare Inhibitionen beruhen. Das TME
spielt eine wesentliche Rolle bei der Tumorprogression und Wirkstoffresistenz. Dabei
basiert die bidirektionale Interaktion von Tumor und Stroma Zellen auf deren Sekretom,
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miteingeschlossen Interleukin (IL)-6 und IL-8. In einer direkten 2D Ko-Kultur von der
humanen TNBC Zelllinie MDA-MB-231 (MB-231) und primaren, periphere mononukleare
Blutzellen (PBMCs) unterdriickte TYLO-1 die Interaktion, welche auf den Zytokinen beruht,
wahrscheinlich durch die Blockade der NFkB-regulierten Expression.

Fur eine bessere in vitro Nachahmung des TNBC TME, wurde eine 3D Ko-Kultur aus
humanen MB-231, so wie primaren, murinen Krebs-assoziierten Fibroblasten (CAFs) und
Typ | Kollagen hergestellt. TYLO-1 demonstriert eine Uberlegenheit gegeniiber dem
therapeutischen Goldstandard Paclitaxel durch eine Verringerung des Spharoidwachstums
um 40% bei 100 nM. Die anti-proliferativen Effekte von TYLO-1s unterscheiden sich zu
Paclitaxel, indem die den Zellzyklus in der GO0/G1 Phase anhalten, wodurch eine
zeitabhangige Verzdgerung der Zellzyklus Progression vermittelt wird. Daruber hinaus,
inhibiert TYLO-1s mit 10 nM die Invasion von TNBC Monokultur Spharoiden in ein
Matrigel®-basiertes Milieu. Zusammengefasst sind P-alkaloids vielversprechende
Wirkstoffe mit wahrscheinlich multiplen Zielstrukturen, um Inflammation- und Hypoxie-
angetriebene Krebsarten, inklusive TNBC, zu besiegen. Dabei haben die P-alkaloids eine
andere Wirkweise als die derzeit angewandten Chemotherapeutika. Ebenfalls sind die P-
alkaloids wirksame Modulatoren, um das Tumor-féordernde TME zu unterdriicken.

Trotz einer Breite von Anti-Tumor Effekten, sind Pilzmetabolite bisher nicht fur eine
Krebstherapie zugelassen. Grundsatzlich beeinflusst die Kultivierung das Genexpressions
Profil und damit die Akkumulation von Pilzmetaboliten. Daher, wurden Pilzsubstanzen nach
Veranderung der Kulturbedingungen isoliert. Mit Hinblick auf Metabolite, die aus dem
Aspergillus falconensis isoliert wurden, wurde die NFkB-vermittelte Genexpression in
TNBC innerhalb von 24 h von allen neun Azaphilonen blockiert, was eine SAR suggeriert.
Namentlich gehéren dazu Falconensin A, H, I, M, N, O, Q, R und S. Falconensin Q ist die
effektivste anti-inflammatorische Substanz (ICso = 11.9 £ 2.1 uM), die keine Zytotoxizitat
aufweist. Unter den Polyketiden, welche vom Aspergillus falconensis isoliert wurden, zeigte
Sulochrin eine signifikante Unterdriickung der TNBC Migration mit 70 uM, wobei
Monochlorsulochrin keine Effekte hatte. Beide Substanzen waren nicht toxisch gegen
TNBC. Die Decahydrofluorene, die von Didymella sp. IEA-3B.1 isoliert wurden, inhibierten
die NFkB-vermittelte Genexpression in TNBC innerhalb von 2 h. Didymellanosine (ICso =
15.5 + 1.1 uyM) war die starkste Substanz im Vergleich zu Phomapyrrolidone A und
Ascomylactam C. Allerdings, zeigte die reduzierte Zellviabilitdt durch Ascomylactam C eine
starkere  Abhangigkeit von der anti-inflammatorischen  Wirkung, = wahrend
Phomapyrrolidone A und Didymellanosine nicht zytotoxisch wirkten. Zusammenfassend
lasst sich sagen, dass Pilzmetabolite bei TNBC in zweistelligen mikromolaren
Konzentrationen krebshemmend wirken, wobei eine SAR vorliegt. Allerdings ist die

Substanzwirkung sehr gering im Vergleich zu derzeit angewandten Chemotherapeutika.
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Die Mdoglichkeiten zur gezielten Therapie sind nur fir TNBC Patienten genehmigt, die
bereits Metastasierung oder ein Tumor Rezidiv erfahren haben, was zur Haupt-
Todesursache zahlt. Derzeit werden neue zielgerichtete Therapie Strategien erforscht,
einschliellich die epigenetische Modifikation durch Histondeacetylasen. In dieser Studie
wurden acht chemisch produzierte HDACIs untersucht: LAK41, LAK107, LAK110, LAK121,
LAK-ZnFD, KSK64, KSK75 und MPK265, die auf eine SAR hindeuten. Die Zellviabilitat
wurde von Molekilen reduziert, welche simultan das HDAC1 und HDACSG blockieren. Dazu
zahlen LAK41, KSK64 und MPK265 mit jeweils einem ICso Wert von 4.5 £ 1.7 uM, 10.2 £
4.9 yM and 38.7 + 1.8 uM.
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1 Introduction

1.1 Triple Negative Breast Cancer (TNBC)

1.1.1 Clinical prognosis

Among women, breast cancer (BC) is the predominant type of cancer and leading cause of
cancer death (Figure 1-1). In 2022, there are an estimated 2.3 million new BC cases and
685,000 BC-related deaths [1]. Clinical-relevant subtypes are categorized based on
expression of hormone receptors (estrogen receptor (ER) and progesterone receptor (PR))
or human epidermal growth factor receptor-2 (HER2/EGFR2/HER2neu) (Table 1-1). The
triple-negative breast cancer (TNBC) lacks significant expression of these receptors
(ER-/PR-/HER2-) and is more frequent among younger women [2,3] and regarding ethnic
groups, among black women [4]. The clinical outcome depends on the BC subtype, hence,
TNBC patients have the worst prognosis accounting for 10% of BC incidences and a
disproportionate of 83% of BC-related deaths (Table 1-1) [5].

TNBC is characterized by a high rate of proliferation, high rate of metastasis and shorter
overall survival due to recurrence after chemotherapy based on taxanes, e.g. paclitaxel,
anthracyclines, e.g. doxorubicin, or platinum-based treatment regimens [6-9]. TNBC
patients experience early metastasis, predominantly to the lung and brain [10]. Compared
to non-TNBC diseases, TNBC patients display a higher cancer stage (Figure S 1) at the
time of diagnosis [11], which is linked to the worse clinical outcomes (Figure 1-2).
Metastasis drastically lowers the five-year survival rate of TNBC patients to 29% with distant
spread compared to 86-99% with regional or local spread [12]. Dramatically, the median
overall survival with a metastatic disease is about one year for TNBC patients, that is
extremely low compared to non-TNBC types with four-five years [13]. The main treatment
option for TNBC is surgery, radiation and systemic chemotherapy, however metastasis and
drug resistance are the main cause of death [11]. Lacking target therapy options for TNBC
emphasizes the urgent need to characterize the tumour disease and to identify novel

treatment regimens.
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Figure 1-1 Global breast cancer (BC) incidence and mortality rate in 2020. Estimated

number of (a) new BC cases and (b) BC-related deaths among females in 2020. Among
women, BC has the highest incidence rate (24.55% of a total of 9,227,484) and mortality

rate (15.5% of a total of 4,429,323). lllustration with minor modifications from Globocan

(2020) [14].

Table 1-1 Immunohistochemistry-based classification of breast cancer with the
corresponding clinical prognosis

BC IHC ' and molecular Frequency Therapy and prognosis
subtype characteristics 2 (incidence) (Five-year overall survival (OS))
HER2- with (ER+/PR-),
) Endocrine and chemotherapy
Luminal A (ER+/PR+), (ER-/PR+), 250%
) (OS: 92%)
(ER-/PR-) and low Ki67
HER2+ with (ER+/PR-), ]
) Endocrine and chemotherapy
Luminal B (ER+/PR+), (ER-/PR+), 20-30%
] ] (OS: 89%)
(ER-/PR-) and high Ki67
HER2 Endocrine + HER2 targeting
HER2+ with ER-/PR- 15-20%
enriched antibodies (OS: 83%)
Triple-
) ER-/PR-/HER2- Chemotherapy (OS: 77%)
negative ) ) 10-20%
) and high Ki67
(basal-like)

Data were adapted from [12,15] ' IHC: Immunohistochemistry. Negative receptor

expression

is described with no significant expression of ER/PR/HER2

(<1% / < 20% / < 10%). 2 Cut-off for Ki67 expression: high (> 30%), low (< 30%)
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Figure 1-2 Triple-negative breast cancer (TNBC) patients have the worst prognosis.
Five-year survival rate according to the disease stage of BC with comparison of TNBC to
non-TNBC subtypes [6]. At advanced stages with metastatic disease, median overall
survival for non-TNBC spans four to five years, while it drastically decreases for TNBC
patients to a maximum of 13 months [13]. lllustration with minor modifications from Pal,
Childs and Pegram [6].

1.1.2 Molecular characteristics of TNBC

It became evident, that the intrinsic molecular subtyping has a higher predictive and
prognostic value for the patient’s outcome than the classical immunohistochemistry status
[16]. Classification of molecular characteristics in TNBC was approached by various
laboratories (compare Table S 1), highlighting the heterogenic character of this disease
[17]. In addition to assessment of the genomic and transcriptomic landscape, there are
novel approaches to include the landscape of proteomics, regulation of gene expression
(e.g. epigenomics, alternative pre-mRNA splicing, long-non coding RNAs) and also
assessment of immune cells within the tumour microenvironment (TME) [18] with regard to
their subtype specific prognostic values, e.g. overall survival or disease-free survival [19]. It
is not surprising, that the drug response varies depending on the TNBC subtype [20], thus
therapy should be tailored according to the molecular features (Table 1-2) [21]. While non-
basal-like BC can be treated with endocrine and HERZ2 targeted regimens, the therapy for
basal-like tumours is limited to chemotherapeutics [22]. Basal-like tumours include a high
percentage of TNBC (86%), and vice versa, TNBC includes a high percentage of basal-like
tumours (78%) (Figure 1-3). To be considered, hyperactivated genes in TNBC correlate
with tumour aggressiveness [3] and might present potential targets for therapy.

Molecular signalling is dysregulated in TNBC through mutation of tumour suppressor genes,

e.g. predominantly in TP53 (80%), and gene amplification of oncogenes, e.g. PIK3CA,
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KRAS (Table 1-3) [23]. In addition to genomic alterations, epigenetic modifications change
cell features through methylation or acetylation. Regarding the methylation status of the
promotor region, expression of genes is suppressed by hypermethylation, e.g. for BRCA1,
while expression of genes that correlate with tumour aggressiveness are elevated by
hypomethylation e.g. stem cell marker CD44 (Table 1-3) [24]. Of note, TNBC is
characterized by enhanced hypomethylation [23] and has a lower methylation status in
comparison to other BC classes [25]. In the course of gene transcription, chromatin
relaxation is regulated by histone acetyltransferases through histone acetylation at lysine
residues. The reversed process is accomplished by histone deacetylases (HDACs), thus
resulting in chromatin condensation and gene repression [26]. HDACs are overexpressed
in cancer and play a role in angiogenesis and metastasis of TNBC [26] through mediating
epithelial-to-mesenchymal transition (EMT) [24]. HDAC inhibitors (HDACIs) selectively
block HDAC isoforms, which are categorized into four classes (Table 1-4Table 1-4). While
HDACIs, targeting class | HDACs, were able to induce ER expression in ER- BC, HDACI,
targeting class Il, were reported to induce apoptosis [26], and moreover, to reverse drug
resistance [27].

All'in all, TNBC is a heterogenic disease. Targeting epigenetic modulation, e.g., acetylation,

is a possible route to prevent tumour progression and to reverse drug resistance.

Table 1-2 Therapy options for TNBC according to the transcriptome-based subtypes

TNBC subtype ’ Characteristics Therapy option

DNA damaging agents
BRCA mutation (cisplatin) + inhibition of DNA
repair (PARP inhibitor)

Basal-like immune-suppressed
(BLIS; 39%)

Luminal androgen receptor Androgen receptor

(LAR; 23%)

Antibodies against receptors;

HER? receptor CDK4/6 inhibitors

Targeting the tumour-stromal
High infiltration of crosstalk in the TME
lymphocytes (TILs) (Immune checkpoint
(IM; 24%) blockade by e.g., PD-L1
antibodies)

Immunmodulary

Mesenchymal-like Features of stem cells

(MES; 15%) Inhibition of JAK/STAT3

JAK/STATS signalling

1 Subtypes were categorized based on their transcriptome [20].
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Figure 1-3 Proportion of TNBC and basal-like subtypes in BC. (a) Subtypes were
defined in TNBC by Prediction Analysis of Microarray 50, short PAM50, analysis in the data

base of The Cancer Genome Atlas, short TCGA. (b) Subtypes were classified in basal-like

BC in the data base of TCGA. BC subtypes were defined according to the receptor status

(ER, PR, HER2) determined with immunohistochemistry. (a,b) Proportion of cell types was

similar and confirmed in another data base, namely METABRIC. lllustration with minor
modifications from Garrido-Castro, Lin and Polyak (2019) [28].

Table 1-3 Genetic and epigenetic profile of basal-like TNBC

Molecular alteration

Modified gene expression

Gain of function
mutation !

TP53 (80%); PIK3CA (7%)

Loss of function

Negative regulator of p53, namely MDM2 (14%); PTEN (35%);

H 1
mutation RB1 (20%); BRCA1 (30%); BRCA2 (6%); RB1(20%)

Hyperactivation
(gene amplification) '

PIK3CA (49%); MYC (40%); KRAS (32%); BRAF (30%); EGFR
(23%); cyclin E1 (9%)

Inactivation through
gene deletion

TP53; PTEN; RB1

Inactivating
hypermethylation 23

RB; P73; BRCA1 (27%-37%) 5

Activating
hypomethylation 124

Cancer stem cell marker (CD44; CD133); EMT-marker (TWIST1);
negative regulator of BRCA1 (ID4); Ras signalling (RASAS3);
tumour suppressor (FLJ43663);

" Reviewed in [23]. 2 Reviewed in [24]. 3 Controversial findings for CDKN2B [29]
and CD44 [30]. Methylation was described, although these genes are
overexpressed in basal-like BC and correlate with poor prognosis. 4 Reported in
[25]. ® Hypermethylation of BRCA gene correlates with the features in BRCA1
mutated cells, which is referred to as “BRCAness” [24].



Table 1-4 Classes of HDAC isoforms and their function

HDAC class HDAC isoforms Cellular functions of HDAC
1,2,3 Nuclear lysine deacetylation
|
8 Fatty acid deacetylation
lla 4,5,7,9 Acetyl-lysine recognition
Cytoplasmatic lysine
6 deacetylation
Ilb y
10 Polyamine deacetylation
v 11 Fatty acid deacetylation

Summary was adjusted from Maccallini et al. (2022) [26].

1.1.3 Drug resistance in TNBC

The leading cause of death in TNBC is metastasis and tumour recurrence due to resistance
after standard chemotherapy [31]. Failure of standard chemotherapy and worse clinical
outcome [32,33] is managed by the so-called tumour initiating cells or cancer stem cells
(CSC), which are enriched in TNBC [32,34] as well as in the TNBC cell line MB-231 (> 90%)
[35]. CSCs are characterized as poorly differentiated cells that possess the capability for
self-renewal, cell type differentiation and tumour initiation, defined by the potential of
reconstituting an entire tumour upon engraftment in vivo. This heterogenic cell population
causes metastasis, resistance to drugs as well as tumour relapse and displays a dynamic
phenotype and proliferation state: rapidly proliferating epithelial-like cells or dormant
mesenchymal-like cells [32], whereas CSC are described to co-express epithelial as well
as mesenchymal markers in TNBC [36]. Although the gene expression profile is altered to
sustain CSC features [37], CSCs can arise from non-CSCs without any genomic changes
[32]. In particular EMT is linked to CSC maintenance [31], whereby EMT was discovered as
a key process to convert non-CSCs to CSCs, and here, the transcription factor ZEB1 plays
a crucial role to mediate EMT[32]. EMT may be induced through diverse pathways, which
are also described as regulators for CSC features: nuclear factor kappa (k) B (NFkB)[38],
TGF-B/SMAD, growth factors/receptor tyrosine kinase (RTK), Wnt/B-catenin, Delta-
like/Notch, hedgehog/SMO, cytokines/JAK, integrin/ILK or negative regulation by
Hippo/LATs [32,39]. Growth factors trigger RTKs resulting in PI3BK/AKT and ERK/MAPK
signalling [39], while cytokines, e.g. interleukin (IL)-6 [40], mainly induce JAK/STAT3 [37] or
NFkB [38] signalling. In general, pro-inflammatory cytokines, IL-6 and IL-8, are enhanced
in TNBC compared to other BC subtypes [38], and are linked to enrichment of CSC and
poor prognosis [32]. Cytokines trigger NFkB pathway in an autocrine and paracrine fashion
[41,42]. In particular, NFkB activity is enhanced in CSCs [38] and TNBC [43]. In TNBC,
diverse soluble factors induce NFkB activation, thus, targeting of e.g. RTK would be
6



compensated by another route resulting in downstream NFkB signalling, which is postulated
as the main node to sustain drug resistance [44]. Indeed, NFkB was reported as one of the
key mediators of cell plasticity and CSC features by producing pro-inflammatory cytokines
[45]. Standard drugs in TNBC therapy, e.g. paclitaxel, change the gene expression profile
[32] resulting in drug resistance by upregulating cytokines, like IL-6 and IL-8, and
enrichment of CSCs [46]. In chemotherapy-enriched CSCs both, NFkB and Wnt pathway,
are activated to produce cytokines and maintain a positive feedback loop of Wnt and NFkB
signalling via JAK, STAT and AP-1 signalling [38]. NFkB and Wnt/B3-catenin target genes,
including cytokines, IL-6 and IL-8, are linked to a poor survival rate and shorter DFS [47].
NFkB [48] as well as Wnt [49] were reported to further transactivate the transcriptional co-
activator yes-associated protein (YAP), which is linked to poor prognosis in basal-like BC
[50] and shorter overall survival [51]. In TNBC, the transcriptional coactivator is also
upregulated upon paclitaxel-based therapy [52] and the nuclear translocation of the
transcriptional complex with TAZ (YAP/TAZ) is negatively regulated by phosphorylation
mediated by the Hippo/LATS axis [53].

Also the TME has a tremendous effect on drug resistance by creating a niche to maintain
CSC features and promoting drug resistance [54] [32]. The soluble factors in the TME,
secreted by cancer as well as stromal cells, induce EMT [55]. EMT and the reversed state,
mesenchymal-to-epithelial transition, are key processes to enable tumour metastasis,
including invasion, as well as colonialisation, respectively [56]. Furthermore, the low oxygen
level (hypoxia) within the TME activates YAP [48], NFkB [57,58] and HIF signalling [59,60].
All three pathways, YAP [48], NFkB as well as HIF [31], mediate EMT, the key process of
CSC, while blocking EMT reverses drug resistance [59,61-63].

In summary, TNBC has a limited sensitivity to standard chemotherapeutics, thus resulting
in tumour relapse, which is mainly conducted by CSC. Targeting key pathways that sustain

CSC features, namely YAP, NFkB or HIF, may improve clinical outcome.

1.1.3.1 Inflammation-associated nuclear factor kappa B (NFkB) pathway

Chronic inflammation is associated with oncogenesis [64] and the inflammatory TME in
TNBC [65] is linked to a worse overall survival [66]. The transcription factor NFkB is a
dominant regulator in inflammation and correlates with tumour aggressiveness in breast
and other cancer types [67-72]. Compared to other BC subtypes, NFkB is highly activated
in TNBC [43] and overexpression is linked to a poor clinical outcome [73]. In mammalians,
the NFkB family comprises five functionally conserved transcription factors: p50 (processed
from p105), p52 (processed from p100), RelA (p65), RelB and c-Rel with p50/p65
representing the predominant dimer in ER- BC types [74]. P50/p65 is retained in the
cytoplasm, when engaged to its inhibitor protein kB alpha (a) (IkBa). Various NFkB
activating stimuli, e.g., tumour necrosis factor a (TNFa) or DNA damaging agents, such as
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paclitaxel, trigger the complex of IkB kinase (IKK)a/IKKB/IKKY which phosphorylates the
IkBa/NFkB complex. Subsequently, IkBa is eliminated by proteasomal degradation and the
p50/p65 dimer is released to translocate to the nucleus (Figure 1-4) [61,75]. Among over
150 target genes, the pro-inflammatory cytokines IL-6 and IL-8 maintain a positive feedback
loop via NFkB to orchestrate tumour growth, metastasis, and drug resistance in an autocrine
manner [41,76]. In particular, migration, as a crucial step in metastasis, is regulated by NFkB
through activation of transcription factors involved in EMT [77]. Various pathways triggered
by growth factors and cytokines are described to converge in NFkB signalling, which
emphasizes its role to maintain tumour progression and survival in an autocrine [78] and
paracrine manner [65]. Resistance to drugs, such as paclitaxel, is mediated by NFkB
through enhanced expression of anti-apoptotic factors including Bcl-2 [61]. Targeting NFkB
signalling is sufficient to inhibit cancer cell migration as well as invasion [79] and reverses

paclitaxel resistance [61]. Based on these findings, NFkB represents a promising target to
combat TNBC.
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Figure 1-4 Stimulation and regulation of the transcription factor nuclear factor kappa

(x) B (NFkB) signalling. The IKK complex is the main transducer of soluble as well as
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cellular stimuli resulting in NFkB (p65/p50) activity. Phosphorylation by the IKK complex
releases p65/p50 for nuclear translocation and transcription of genes, which are linked to
tumour progression and drug resistance. lllustration from Wang, Nag and Zhang (2015)
[80].

1.1.3.2 Hypoxia-associated hypoxia-inducible factor (HIF) pathway

A disbalance of rapidly proliferating tumour cells and a poor vascularization causes hypoxia,
that is characteristic for TNBC but not for non-TNBC diseases [62]. Low oxygen
concentration at <0.1% (pO2 < 0.7 mmHg) increases genomic instability of cells and
selection pressure of cells [81]. The spatially distinct oxygen level within the tissues creates
a gradient with hypoxic conditions at vessel free areas and oxygen supply near blood
vessels (normoxic conditions) [82]. Hypoxia can be detected in the core of microtumours or
cells with a distance of > 100 ym to blood vessels providing oxygen [83]. Due to the
increasing relevance of hypoxia in the tumourigenesis and tumour progression, hypoxia
induced alternative splicing is declared as the 11" hallmark of cancer [84], whereby the 10
hallmarks of cancer were earlier declared by Hanahan and Weinberg in 2011 [85]. In this
context, poor clinical outcome due to hypoxia is linked to a high activity of the transcription
factor hypoxia-inducible factor 1a (HIF-1a), which is stabilized under hypoxia and mediates
cell survival [86,87]. In BC, HIF is overexpressed and highly activated [88]. In particular, the
hypoxic TME in TNBC has a considerable impact in supporting tumour growth,
invasiveness, and resistance to therapy [81].

The HIF transcription factor family comprises oxygen-sensing a-subunits (HIF-1a, HIF-2q,
HIF-3a) and oxygen-insensitive B-subunits (e.g., HIF-1B), both dimerizing to form
heterodimeric HIF-transcription complexes under hypoxic conditions, stabilizing HIF-driven
gene expression. During normoxia, oxygen-sensing HIF-1a is hydroxylated and degraded
via the proteasome, whereby under hypoxic conditions, hydroxylation is impaired due to
oxygen shortage, resulting in HIF-1a stabilization and nuclear translocation. HIF regulates
over 1500 target genes, that are related to drive angiogenesis, tumour growth, and multiple
steps of metastasis (Figure 1-5) [88,89]. Hypoxia-induced vessel formation is characterized
by a poor connection between pericytes and endothelial cells, thus causing vessel leakiness
and facilitating metastasis [90]. Crosstalk with other pathways, such as NFkB [89] or STAT3
[91], further drives tumour progression and mediates drug resistance. In cancer, hypoxia is
described to induce NFkB activity [92], while in turn, NFKB transcriptionally regulates HIF
[89] and both pathways correlate with worse clinical outcome [33]. Blockade of HIF-1a
expression reduced proliferation as well as induced apoptosis in TNBC [93], and further
reversed CSC features, resulting in increased drug sensitivity [94].

In conclusion, hypoxia is a crucial driver of tumour aggressiveness, and blocking

transcriptional activity of the key pathway HIF-1a is a promising approach to combat TNBC.
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Figure 1-5 Hypoxia-inducible factor (HIF) regulation by the cellular oxygen level. In
normoxia, HIF-1a degradation is induced by prolyl hydroxylases (PHD) controlled
hydroxylation, which is recognised by von-Hippel-Lindau (pVHL). Hypoxia inhibits factor
inhibiting HIF (FIH) and PHD, thus, stabilizing HIF-1a, which translocates to the nucleus
and regulates gene transcription in a complex with nuclear HIF-13 and CBP/p300.
lllustration from D’lgnazio et al. (2017) [89].

1.1.4 The tumour microenvironment (TME)

The TNBC TME is a complex network of cellular components including cancer as well as
stromal cells (endothelial cells, immune cells, adipocytes, fibroblasts), and non-cellular
components including the extracellular matrix (ECM) as well as soluble factors released
from all cell types [95-97]. The tumour’s secretome recruits non-cancerous stromal cells,
that are involved to create an inflammatory tumour-promoting environment [98], reducing
drug sensitivity [99], and preparing a pre-metastatic niche at distant organs [100]. Stromal

cells are enriched in the TNBC TME [101] and are associated with poor prognosis [101].

1.1.4.1 Predominant cell types

Tumour-derived cytokines, e.g. TGF-B [102], recruit and activate fibroblasts to so-called
cancer-associated fibroblasts (CAFs), that represent the predominant stromal cell
population [98] with a percentage of up to 70% of the total tumour mass [103]. CAFs sustain
a niche with optimal conditions for colonialisation of tumour cells, in particular CSC [32],
and correlate with cancer relapse and poor prognosis [33]. Transcriptome-based subtyping
of CAFs revealed heterogeneous origins, e.g. from resident fibroblasts or epithelial cells

that underwent EMT, and heterogeneous contribution to tumour progression [104,105].
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Although there are no specific CAFs marker, this cell type is identified based on e.g., a
smooth muscle actin (aSMA), which is a characteristic marker for activated fibroblasts, the
so-called myofibroblasts, that play a role regarding wound healing [106]. Myofibroblasts are
the main regulator of wound repair in response to acute tissue damage and afterwards, the
activation state of fibroblasts is reversed or cells are eliminated by apoptosis. Collaborating
with immune cells, activated fibroblasts regulate inflammation, angiogenesis and ECM
deposition as well as ECM remodelling [102]. However, under chronic inflammation,
associated with tumourigenesis [107], fibroblasts conduct tissue fibrosis (desmoplasia) with
maintenance of their activated state, also due to epigenetic changes. The tumour tissue is
quite alike the desmoplastic tissue, because CAFs recruit immunosuppressive cells and
excessively produce ECM components, such as collagen and fibronectin [102]. In TNBC
patients, CAFs correlate with poor clinical outcome [105] by supporting tumour growth,
metastasis and drug resistance [108]. The tumour promoting role is conducted through their
secretome including growth factors, e.g. EGF, TGF- and VEGF, and cytokines, e.g. IL-6,
and IL-8 and ECM components, mainly collagen, and proteases for ECM degradation
[99,109,110]. The secretome is a major contributor to TNBC progression by inducing NFkB
and HIF signalling [31,42]. In CAFs, NFkB is highly activated and maintains pro-
tumourigenic features, while targeting NFkB reverses the CAF state [111]. All in all,
targeting pathways, that maintain tumour-promoting features of CAFs, is promising to
attenuate tumour aggressiveness.

CAFs are involved in immune evasion and protect tumour cell elimination by creating an
immunosuppressive environment (Figure 1-6) [112,113]. Through paracrine signalling
CAFs [112] as well as TNBC [110] recruit monocytes and polarize macrophage
differentiation towards a tumour-promoting type [112], the so-called tumour-associated-
macrophages (TAMs), which are the predominant immune cell population within the TME
[112]. TAMs can make up to more than 50% of the tumour mass in BC [114] and correlate
with poor prognosis in TNBC [110,114]. There are two phenotypes of macrophages,
whereas M1-like cells are anti-tumourigenic and M2-like cells release cytokines, growth
factors and proteases to support tumour growth, metastasis, angiogenesis as well as
tumour cell survival [110]. Therefore, M2-like macrophages are linked to a shorter overall
survival [114]. Tumour-promoting features in the inflammatory TME, including cytokine
expression by TAMs, including IL-8, rely on NFkB/p65 mediated transcription [115].
Blockade of NFkB disrupts the crosstalk of TAMs and TNBC through suppressing cytokines
expression, IL-6 and IL-8 [79,116], thereby resulting in suppression of tumour progression
[70,111]. Thus, NFkB is a promising target to decrease tumour-promoting features of TAMs.
Both predominant cell types, CAFs and TAMs, promote immune evasion [113,114], TNBC

growth, ECM remodelling, metastasis, angiogenesis and chemotherapy resistance
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[112,117-119] based on the crosstalk via several growth factors, cytokines and
chemokines, including VEGF, IL-6 and IL-8 [120]. These secreted factors are associated
with enhanced NFkB signalling [47,121] and further associated with tumour proliferation,
migration [120] and invasiveness [99]. Moreover, pathways triggered by growth factors and
cytokines converge in NFkB signalling [65], that is a key pathway in mediating drug
resistance [61]. NFkB/p65 is important for IL-8-induced Notch1 signalling, which initiates
migration and invasion mediated through the bidirectional tumour-stroma crosstalk [115].
Moreover, pro-inflammatory cytokines, such as TNFa and IL-8 are enriched in basal-like
BC [65], and blocking cytokine-induced signalling, e.g. IL-8, decreased tumour growth,
metastasis [120] and angiogenesis [65].

In conclusion, interfering the bidirectional tumour-stroma communication by blocking
cytokine-induced signalling or key pathways for tumour-promoting features of stromal cells,

e.g., NFkB, might present a promising approach to combat TNBC.
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Figure 1-6 Cancer-associated fibroblasts (CAFs) create a tumour promoting niche.
CAF-secreted factors support tumour aggressiveness, including maintenance of the CSC
state and initiation of angiogenesis. Through secretion of e.g., lysyl oxidases, collagen and
hyaluronic acid, CAFs remodel the ECM, thereby additionally driving tumour progression.
Via their secretome, CAFs recruits innate and adaptive immune cells to create an
inflammatory and immunosuppressive milieu. In this process, monocytes are differentiated
towards a pro-tumourigenic M2-like macrophage type. Among lymphocytes, CAFs enrich

the immunosuppressive regulatory T-cells (T reg) and eliminate anti-tumourigenic cytotoxic
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T-cells or decrease their activation, also by inhibiting antigen-presenting dendritic cells.
Furthermore, anti-tumour potential of NK cells is decreased [113,122]. lllustration from
Linares et al. (2020) [122].

1.1.4.2 The extracellular matrix (ECM)

Within the TME, CAFs are the main producer of the ECM [123], which is composed of
fibrous collagens, glycoproteins, proteoglycans and polysaccharides [124]. Collagens,
including the most abundant collagen type |, are the main structural proteins in the ECM of
TNBC. CAFs modulate the ECM by production of collagen, altering collagen orientation and
produce ECM degrading proteases such as MMP-9 and MMP-13 [99], which results in
release of bound growth factors that enhance tumour progression and survival [124].
Especially, linear organisation of collagens provides a route for metastasis in BC, also for
co-migration with macrophages, to support the tumour niche formation at distant organs
[124]. Metastasis is also facilitated by CAFs-derived growth factor VEGFA, that initiates
angiogenesis, but also results in leakiness of the vasculature, thus, enabling tumour cells
to escape [99]. The high collagen type | level acts as a physical barrier for nutrient as well
as drug exchange and correlates with reduced drug response [33,125]. Indeed,
chemotherapy is hampered by the ECM through binding to the ECM itself and thus reducing
the concentration of effective drugs. In general, excessive ECM generation increase tissue
stiffness [124], and the TNBC tissue was found to be more stiff compared to luminal BC.
Tissue stiffness relies on ECM thickening through cross-linking of ECM components,
especially collagen by e.g., a lysyl oxidase. Rigidity associates with an invasive character
and further enhances infiltration of immunosuppressive cells [126]. Of note, hypoxia within
the TME enhances ECM deposition, correlates with tissue fibrosis as well as ECM stiffness
and enhances collagen type | secretion from CAFs as well as tumour cells [124].

The mechanical cues in the TME, especially the stiffened ECM [127] and contractile forces,
drive and maintain the CAF phenotype [122] as well as BC progression [128]. Further the
ECM sustains the CSC character through collagen-induced EMT, which is mediated
through NFkB, Wnt or NOTCH signalling [124]. Tissue rigidity is sensed through pathways
involved in mechanotransduction, e.g. RhoA [53] and Hippo/LATS [129], which negatively
regulates YAP/TAZ [124]. YAP is a transcriptional coactivator, which is linked to paclitaxel
resistance [52]. In particular, the stiff tissue induces tumourigenesis in non-tumour cells via
YAP [130]. Rigid tissues result in an altered cell morphology and activate gene transcription
mediated by e.g. NFkB and YAP1 [131]. Both, NFkB and YAP, share upstream regulators,
such as RhoA signalling [132] and are linked to enhanced cell survival [53] and cell
migration [48]. In particular, RhoA is also transactivated by e.g. hypoxia (HIF1/2) [88] and
inflammation (NFkB and IKKy/NEMO) [133]. In addition to that, hypoxia was also reported

to stimulate YAP activity through decreasing Hippo pathway signalling by degradation of
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downstream LATS [48]. Increasing relevance for YAP was found in the TME, because
YAP/TAZ is highly activated in stromal cells [134], including tumour infiltrated cells [51], and
correlates with tumour progression [122] and relapse [52]. YAP produces cytoskeletal
regulators to remodel the ECM [135], whereas degradation of the ECM, e.g. the Hippo
pathway ligand hyaluronan, further increases YAP activity [136]. Additionally, tissue
stiffness triggers YAP signalling, thus establishing a feed-forward loop which maintains the
CAF phenotype [49].

Targeting CAFs or key factors that are involved in modulation of the ECM and sensing

tissue rigidity, such as NFkB and YAP, are potential targets to prevent drug resistance.
1.2 Screening for novel drug candidates in TNBC therapy

1.2.1 Natural sources for drug discovery

In the last decades natural products gained interest in the cancer research field due to their
diverse bioactivities[137]. More than half of the currently used anticancer drugs are either
natural products or natural product derivatives as well as synthetic analogues, and several
important chemotherapeutic drugs are derived from plants, such as taxanes and their
analogues, revealing out the important role of plant-derived natural products for anti-cancer
drug discovery [138]. Novel therapy approaches seek for unique options to interfere with
molecular processes that correlate with tumour progression. Hence, regarding to targeting
inflammation, plant-derived [139] as well as fungus-derived [116] secondary metabolites
displayed marked activity to inhibit BC progression by blocking inflammation associated
NFkB signalling. The fact, that still some new species and new compounds are discovered

[140,141], elevates chances to identify novel treatment regimens for cancer therapy.

1.2.1.1 Plant-derived phenanthroindolizidine alkaloids (P-alkaloids).

Among various natural sources (see Table S 2) [142], phenanthroindolizidine alkaloids (P-
alkaloids) are derived from the plant Tylophora spp., belonging to the family Apocynaceae,
which are endogenous to (sub-)tropical Africa, Asia and Australia [143,144]. This plant has
been used for diverse medicinal purposes and its vernacular names vary within each region.
Tylophora spp. Is known to be rich with alkaloids, flavonoids and saponins, in addition to
steroids, lipids, carbohydrates and other proteins [145]. Among plant-derived secondary
metabolites, P-alkaloids were found to possess a broad bioactivity, including anti-tumour
potential (Table S 3) [146]. These class of compounds are isolated from roots and leaves
of Tylophora spp. [146], and derivatives isolated since 2000 were previously reported [142].
The morphological characteristics of Tylophora spp. are exemplarily shown for Tylophora

lui (Figure 1-7) and detailed description is summarized elsewhere [145,147].
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P-alkaloids exhibit anti-cancer potential by blocking proliferation [148], migration [149],
inflammation [150,151] as well as angiogenesis [152], and inducing apoptosis [153,154], or
reversing drug resistance [154] (Table S 4). Regarding BC, tylophorine acts as an anti-
proliferative agent in the TNBC cell line MDA-MB-231 (MB-231) and the luminal BC cell line
MCF7 as well as T47D [148,155,156], whereas in T47D tylophorine was sufficient to
enhance drug sensitivity to doxorubicin [154]. To date, no studies assessed the
pharmacological mode of action in TNBC, and hence, we aimed to study the potential of P-
alkaloids as novel drug candidates. In this study, six naturally occurring derivatives isolated
from the plant Tylophora ovata were examined: O-methyltylophorinidine (TYLO-1),
tylophorinidine (TYLO-2), tylophoridicine E (TYLO 3), 2-demethoxytylophorine (TYLO-4),
tylophoridicine D (TYLO-5) and anhydrodehydrotylophorinidine (TYLO-6). Described
bioactivities of these derivatives are summarized in Table 1-5 and Figure 1-8Table 1-5. The
anti-tumour mechanism of these compounds depends on blocking cell signalling, e.g. NFkB
in HepG2 [150] or HIF in T47D [157], and on suppressing DNA replication and protein
synthesis [158,159]. To date, their mode of action remains elusive in TNBC. Thus, these
derivatives were characterized in TNBC with investigating their mode of action regarding
cytotoxicity and blockade of proliferation as well as invasion. To study their pharmacological
targets, we investigated the NFkB, HIF and YAP pathway. Additionally, we utilized O-
methyltylophorinidine from chemical synthesis (TYLO-1s) for comparison to TYLO-1 and

for more in-depth studies.

Table 1-5 Mode of action of P-alkaloid derivatives in cancer

Mode of action
Cell type (cell line) and P-alkaloids '
or molecular target

Prostate [160], hepatocellular (HepG2) [150] and pancreatic
cancer (PANC-1) [150,161] by TYLO-1.
Rectum adenocarcinoma (HCT-8) [162], hhepatocellular
(HepG2), pancreatic (PANC-1) [150] and nasopharyngeal
Anti-tumour (KB) cancer by TYLO-2.
cytotoxicity 2 Nasopharyngeal (KB), lung (A549) and colorectal (HT-29)
[163] cancer by TYLO-3.
Lung (A549), colorectal (HT-29) and colon (HCT-116) cancer
by synthetically prepared TYLO-3 and TYLO-4 [164].

Blockade of transcriptional activity of

Hepatocellular cancer (HepG2) by TYLO-2 [150].
AP-13, CRE 4 and NFkB 5

Blockade of transcriptional activity of ~BC (T47D) by TYLO-1, TYLO-2, TYLO-3 [157].
HIF 67
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Binding to human telomeric DNA and G-quadruplex DNA
Blockade of telomerase activity formation by TYLO-5 and TYLO-6 [165].

Inhibition of thymidylate synthase in leukaemia (primary

Blockade of DNA synthesis leukocytes) by TYLO-2 [166].
Growth blockade of 3D co-culture spheroids (PANC-1 and
Blockade of tumour growth pancreatic CAFs) by TYLO-1 [161].
(in vitro)

Growth blockade of hepatocellular cancer (HepG2, xenograft
model) by TYLO-2 [150].

Blockade ((i)r]: t\;Ji\r/r;o)ur growth Growth blockade of murine sarcoma (Meth A) by TYLO-3
[163].

' Derivatives are highlighted in bold font. 2 TYLO-5 was tested, but showed no
cytotoxicity in nasopharyngeal cancer (KB) and rectum adenocarcinoma (HCT-8) [162].
3 Transcriptional activity was induced with forskolin. # Transcriptional activity was
induced with 12-O-tetradecanoylphorbol 13-acetate. STranscriptional activity was
induced with TNFa. 8 Transcriptional activity was induced upon hypoxia (< 1% Oz).

Figure 1-7 Exemplary illustration of the plant family Tylophora spp.. Depiction of the
holotype of Tylophora lui, a new species found in Taiwan, in 2011. A Habit. B Leaf adaxial
surface. C Leaf abaxial surface. D Sepal. E Petal inner surface. F Petal outer surface. G
Inflorescence. H Flower upper surface. | Flower lower surface. J Gynostegium. K
Prollinium. L Fruit. M Seed. lllustration from Tseng and Chao (2011) [140].
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Inhibition of cell division Inhibition of gene transcription
Proliferation
(in vitro, in vivo)

P-alkaloids

TYLO-1
TYLO-2
TYLO-3
TYLO-4

Figure 1-8 Anti-tumour potential of Phenanthroindolizidine alkaloids (P-alkaloids)

P-alkaloids TYLO-1 to TYLO-6 exhibit anti-tumour features through negative regulation
(red arrow) of cellular processes [150,157,161-166].

1.2.1.2 Fungal-derived compounds

Kingdom fungi encompasses eucaryotic organisms with estimated 1.5 million species, with
only a small number that is identified yet (< 10%). Fungi can be classified into lichenized
fungi, macrofungi and microfungi that are found in the soil, sea, and as symbiotic
endophytes in plants [167]. Fungal-derived secondary metabolites have various activities,
including anti-viral, anti-bacterial [168], and anti-cancer potential, whereas in TNBC fungal
metabolites were associated with cytotoxic, anti-inflammatory and anti-migratory features
[169,170]. Regarding fungal metabolites, it is known, that transcription of specific gene
clusters is usually silenced in fungi, whereby the change in culture conditions promotes
accumulation of known or novel compounds [171]. Thus, in this study, we examined fungal
substances that were isolated after fermentation on solid rice medium with changing
cultivation conditions to alter their metabolites profile. In this study, we investigated
azaphilones and polyketides which were isolated from the marine-derived fungus
Aspergillus falconensis, in addition to studying decahydrofluorenes which were extracted
from Didymella sp. IEA-3B.1, an endophyte of Terminalia catappa.

Hence, after cultivation of A. falconensis in sodium chloride-based medium, azaphilone
derivatives were isolated including four known azaphilones (falconensins A, M, N, H) and
one novel compound (falconensin O). When replacing sodium chloride with sodium
bromide, resulted in isolation of falconensin | alongside with three novel azaphilones
(falconensin Q, R, S). Meanwhile, when exchanging sodium chloride with ammonium
sulfate, this resulted in isolation of two known polyketides, namely, sulochrin and

monochlorsulochrin. Both compounds were not naturally accumulated in sodium chloride-
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based culture. Azaphilones were described as anti-inflammatory compounds with blocking
NFkB-inhibition and migration in TNBC [170]. Thus, we characterized nine azaphilones in
TNBC with evaluating their anti-inflammatory potential. Polyketides are described as anti-
cancer agents in various cancer types including the anti-proliferative properties in TNBC
[172]. Docking studies for sulochrin and monochlorsulochrin revealed blockade of matrix
metalloproteases (MMP)-13, which are associated with an invasive behaviour [141]. Thus,
we characterized these two polyketides regarding their anti-migratory potential in TNBC.

In addition, when Didymella sp. IEA-3B.1 was cultivated in sodium chloride-based medium,
compounds of the class decahydrofluorene were isolated including two known metabolites,
ascomylactam C and phomapyrrolidone A, and one novel metabolite, didymellanosine. Anti-
tumour potential was reported for ascomylactam C and phomapyrrolidone A in various
cancer types including TNBC [169]. Thus, decahydrofluorenes were characterized in TNBC

with regard to their anti-inflammatory capacity.

1.2.2 Current preclinical models for drug screening regarding therapy

of solid tumours

Only 10% of drugs that were tested in preclinical studies were also successful in clinical
trials with showing no cytotoxicity [173]. Drug failure relies on the limited predictability of
preclinical models that do not or in a limited manner reflect in vivo conditions of cancer
diseases [27]. Current preclinical models present partially controversial limitations and
benefits (Table 1-6) [83,174,175].

For initial drug screening, an adherent monolayer of cells, also referred to as two-
dimensional (D) culture, presents a convenient model for high-throughput screening (HTS)
due to its reproducibility and low cost [83]. However, drugs tested in 2D cultures are mostly
overestimated regarding their anti-cancer potential and fail in vivo due to excessive toxicity
and their side effect profile [173]. A major drawback of 2D cultures is the accumulation of
genetic and epigenetic changes during subculture, so that the tumour cells used for
examinations differ from the original state of the primary tumour [27], especially regarding
CSC features and drug resistance [174]. Because 2D cultures lack in vivo conditions [83],
such as the vasculature [176] and TME [109], animal models are beneficial to estimate drug
efficacy regarding tumour growth, metastasis and drug resistance [174].

Due to ethical reasons, mice models are more accepted in research than companion
animals, despite higher genetic similarity to humans. Syngeneic mice are advantageous
due to a competent immune system, however, spontaneous tumourigenesis caused by
genetic modification or carcinogen exposure may extend the period of establishing the

model and also impacts the time for drug studies [175].
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Besides the impact of the TME [113], heterogeneity displayed within the distinct molecular
TNBC subtypes [20,22], including various proportion of CSC [36], is a major factor that
determines drug response. To individually test drugs, patient-derived xenograft mouse
models serve as a suitable model to mimic the complex tumour TME with maintaining the
tumour’s original chemosensitivity, epigenetic, and molecular changes and is engrafted
including the ECM at its original architecture [27]. Giving the fact, that TNBC has a higher
rate of metastasis, it is important to screen drugs, that may be investigated in a complete
organism and an intact blood brain barrier [21]. However, immune cells, that regulate
tumour progression [109] are compromised and thus, this model is not meeting all
conditions that impact chemosensitivity [135]. Mice are not suitable as a model for HTS
[177] and the main disadvantages for in vivo drug screening are high costs and the long
duration until receiving the experimental results [83]. Notably, the injection of tumour cells
into the animal model displays a decisive variable to impact tumour engraftment and growth
[178]. Although xenograft models meet most physiological conditions of a cancer patient,
differences in species (mouse vs. human) may influence drug efficacy [83] and may further
explain that some patient-derived tumour cells will not engraft in mice models [174].
Remarkably, 85% of all drugs loose efficacy in translation from animal models to clinical
trials [177]. Most unfortunate, anti-cancer potential of drugs may even be underestimated
in mice models due to a modest drug response in vitro [179], thus, some agents may not
be considered for in vivo examinations and overlooked as a therapeutic option. To sum it
up, due to all these limitations, mice models do not fully predict efficacy in clinical trials.
Preclinical models, that may overcome some limitations of 2D cultures or animal models,
are 3D in vitro models. In particular, spheroids resemble solid tumours with gradients in
nutrients and oxygen that impact the metabolism, induce proliferation, and drug resistance.
They are advantageous in HTS by including the heterogenic cell and ECM compositions,
that reconstitute spatial interactions of cell-cell as well as cell-ECM and further drive tumour
aggressiveness [83]. In TNBC, spheroids mimicking microtumour characteristics have
higher migratory as well as invasive behaviour, and exhibit enhanced resistance to
chemotherapeutics, e.g. doxorubicin, when compared to 2D monolayer cells [180]. It is well-
known, that the drug efficacy differs in a monolayer of cells compared to the respective 3D
biology [100,101], and drug response in 3D can be studied within less than 7 days regarding
tumour growth or invasiveness [79,161,181].

In conclusion, 3D spheroids serve as a predictable model for HTS to identify novel drug
candidates in cancer therapy. The advantages of this model include mimicking the cellular

organisation of tumours and mimicking the characteristic interactions within the TME.
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Table 1-6 Features of preclinical models for drug screening

Preclinical model

Advantages

Disadvantages

2D models

s

Quick and simple model for
examinations

Relatively cost-effective

Unable to recapitulate complex
TME interactions, including
tumour cell-ECM, angiogenesis
Cell cycle, growth rate and gene
expression profile differ from

in vivo tumours

Animal models

Physiologically intact model

o Partially, intact immune
system

o Similar mammary
environment

o Realistic nutrient delivery

and waste removal systems

Ethical questionable

High costs

Low biochemical control
Does not mimic the human

organism

3D models

.
%%
FE

" -

Physiologically intact model

o Morphology

o Intratumoural gradients of
nutrients and drugs

o Growth rate

Cost-effective compared to

animal models

Easily and highly tailorable

No standardised established
methods for 3D model generation
and data interpretation
Compared to 2D models

o Lower reproducibility

o Slower throughput

Table content was adapted with minor modifications from Clegg et al. (2020) [182],
including additional information from [173,183].
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1.3 Aims of the studies

To characterize the anti-tumour potential of P-alkaloids in TNBC

1.

To identify a SAR for P-alkaloids, including TYLO-1 to TYLO-6, regarding their anti-
inflammatory effects and cytotoxicity in 2D cultures as well as 3D models

To verify the biological activity of the chemically prepared TYLO-1s regarding NFkB-
inhibition and reduced cell viability in 2D cultures as well as 3D models

To investigate the anti-inflammatory potential of TYLO-1s under hypoxia and to
determine the molecular target for NFkB inhibition as well as to evaluate effects on
HIF-mediated transcription

To examine the effects of TYLO-1 on the mechanosensing pathway YAP

To explore the crosstalk between NFkB and HIF as well as NFkB and YAP for the
bioactivity of TYLO-1 or TYLO-1s

To assess the mechanism of action for anti-proliferative effects of TYLO-1s under
normoxic as well as hypoxia-simulated conditions

To elucidate the effect of TYLO-1 on the bidirectional communication between
TNBC and PBMCs via NFkB-regulated cytokines, explored in a direct 2D co-culture
To establish a simplified preclinical in vitro 3D model encompassing TNBC cancer
cells, ECM (type | collagen), and primary murine CAFs to mimic the human TNBC
TME suitable for HTS assays

To examine TYLO-1/TYLO-1s regarding tumour progression, including growth or
invasion, in a 3D TNBC monoculture model, grown in matrigel®, and 3D TNBC co-

culture model, grown in collagen type |

To characterize the anti-tumour potential of fungus-derived metabolites in TNBC

1.

To evaluate anti-inflammatory potential of azaphilones isolated from the marine-
derived fungus Aspergillus falconensis.

To assess anti-migratory effects of polyketides isolated from the marine-derived
fungus Aspergillus falconensis.

To investigate anti-inflammatory features of decahydrofluorenes isolated from the

endophytic fungus Didymella sp. IEA-3B.1.

To characterize the anti-tumour potential of synthetically engineered HDACIs in TNBC

1.

To examine TNBC cell viability in response to chemically synthesized HDACIs
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2 Materials and methods

2.1 Commercial consumables

Name and location of vendors providing commercial materials are listed in Table 2-1.

Table 2-1 Vendors and their locations

Vendor City/state Country
Alfa Aesar Kandel Germany
Analytik Jena Jena Germany
ATCC, American Type Culture
Collection Virginia USA
Beckmann Coulter Krefeld Germany
BioCat Heidelberg Germany
Bio-Rad Dusseldorf Germany
Roth Karlsruhe Germany
Cell Signalling Leiden Netherlands
Cenibra Bramsche Germany
Corning Taufkirchen Germany
ECACC, European Collection of
Authenticated Cell Cultures Salisbury K
Eurofins Ebersberg Germany
Fisher scientific Schwerte Germany
GSL Biotech LLC San Diego/CA USA
Greiner; greiner bio-one Frickenhausen Germany
GraphPad Software, Inc California USA
Hecht-Assistent Sondheim vor der Rhén Germany
Hitec Zang Herzogenrath Germany
Hycultec Beutelsbach Germany
Ibidi GmbH Gréfelfing Germany
Lonza Cologne Germany
Luminex MV ‘s-Hertogenbosch The Netherlands
Memmert Bichenbach Germany
Merck Darmstadt Germany
Neolab Heidelberg Germany
Olympus Hamburg Germany
Peprotech Hamburg Germany
PerkinElmer Informatics Hamburg Germany
Peqlab, Life Science Hannover Germany
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Promega Mannheim Germany

Qiagen Hilden Germany

R&D Systems Wiesbaden Germany

Scbt, Santa-Cruz Biotechnology Heidelberg Germany

Selleckchem Minchen Germany

Sigma; Sigma-Aldrich Taufkirchen Germany
Signosis Santa Clara, CA USA

STARLAB Hamburg Germany

STEMCELL Technologies Kéln Germany
TECAN Méannedorf Swiss

Teqler Wecker Luxembourg

Thermo Fisher Scientific Darmstadt Germany

Yokogawa Wehr Germany

VWR Langenfeld Germany

Vilber Eberhardzell Germany

Zeiss Oberkochen Germany

2.1.1 Disposable materials

Pipette tips, reaction tubes, serological pipettes and cell culture flasks were
provided by STARLAB, Sarstedt or Greiner. Further disposable materials are listed
in Table 2-2. Disposable cell plates are listed in Table 2-3. Re-used materials are
listed in ' Plate is closed with microseal B PCR plate sealing film (Bio-Rad, #MSB-

1001).
Table 2-4.
Table 2-2 Disposable consumables
Material Vendor Catalogue nhumber (cat#)
Plastic pasteur pipette VWR 612-1685
2-well insert Ibidi 80209
Cell scraper Sarstedt 83.1832
Cryo vials, Nalgene™ (1.5 ml) Thermo Fisher Scientific 5000-1012
Counting slides for LUNA [I™ BioCat -Logos Biosystems L12001
Nitrocellulose membrane (0.45 um) Merck (GE10600002
Roth 4675.1
Aseptical filter (0.2 ym) VWR 514-0073
Precast 12% polyacrylamide gel Bio-Rad 456-1044
Syringe, 2 ml Teqler T135707
Blot filter paper (extra thick) Bio-Rad 1703968
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Table 2-3 Disposable plates used for cell seeding, compound dilution and gPCR

Wells Characteristics Vendor Cat#
Sarstedt 83.3920.005
6 Transparent

Greiner 657160

Sarstedt 6020811
24 Transparent Falcon 353047

Greiner 662160
24 Black Ibidi 82426

(plate frame) 437591
96 Non-sterile Thermo Fisher Scientific
(well inserts) 469914

96 Transparent gPCR plates ' Bio-Rad MLL 9601

Greiner 651161
96 Transparent, V-bottom

Sarstedt 83.3926

Corning 353072
96 Transparent

Greiner 655180
96 White Greiner 655098
96 Black Greiner 655090
96 Black, square wells Ibidi 89626

Corning 4515

Greiner 650970
96 U-bottom, cell repellent

Cenibra ULA-96U

Thermo Fisher Scientific 174925

384 White, opaque bottom Greiner 781080
384 White, uclear bottom Greiner 781098

' Plate is closed with microseal B PCR plate sealing film (Bio-Rad, #MSB-1001).

Table 2-4 Re-used materials

Characteristics Vendor Cat# Application/Experiment
. . CellCamper®
Freezing container Mini Long-term cell storage
ini
Hecht-
Hemocytometer ) 40441 Cell counting
Assistent
Axygen™ high profile; Fisher 11380275 Reservoir for cell suspension; cell seeding
96 bottom troughs* Scientific with the pipette robot CyBio® well vario
Axygen™high profile; 4- Fisher Reservoir for cell suspension; seedin
¥e op 12537867 P 9
well Scientific with the multi-channel pipette
Axygen™ low profile; 8- Fisher Reservoir for cell suspension; seeding
11350265
well Scientific with the multi-channel pipette
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2-Well insert Ibidi 80209

2D wound healing assay

2.1.2 Chemicals and Kits

Chemical agents, enzymes and cytokines are listed in Table 2-5. Commercial kits are listed

in Table 2-6.

Table 2-5 List of chemical agents, cytokines, and enzymes

Chemical Vendor Cat#
BSA, bovine serum albumin Roth 8076.2
BA, Benzyl alcohol Alfa Aesar L03258
BB, Benzyl benzoate Alfa Aesar L03292
Bromphenol blue Roth A512.1
Crystal violet Sigma-Aldrich CQ0775-25G
CoClz, cobalt (1) chloride Sigma-Aldrich C8661
DMSO, dimethyl sulfoxide Sigma-Aldrich 67-68-5
EDTA, ethylenediaminetetraacetic acid Roth 3053.1
Endotoxin free water Sigma-Aldrich TMS-011-A
Glycerol Roth 3783.5
Glycine Roth HNO07.2
LPS, Lipopolysaccharide extracted from
E.Coli O111:B4; finally dissolved in endotoxin Sigma-Aldrich L2630
free water
2-Mercaptoethanol Roth 4227.3
Methanol Roth 8388.6
PFA, paraformaldehyde Sigma-Aldrich 0335.2
e st () Pan it
Propium iodide (PI) Sigma-Aldrich 4864
Protease inhibitor; Pierce ® Thermo T isher A32955
shenyimethansulfony fluorde Sigme-Aldrich P7626
- - — —
PVP, polyvinylpyrrolidone Sigma-Aldrich P0930
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Thermo Fisher

RNAse A Sicentific ENO0531
Sodium chloride Roth 3957.1
SDS, sodium dodecyl sulfate Roth CN30.1
Sodium-deoxycholate Sigma-Aldrich D6750
TNFg, tumour necrose factor alpha (a); Peprotech 300-01A
dissolved in endotoxin free water
Tris Roth Ad411.4
Tris-HCI Roth 9090.2
Triton® X-100 Sigma-Aldrich X-100
Tween® 20 Roth 91271
uo126 Selleckchem S1102
Table 2-6 List of kits and reagents
Kit/reagent Vendor Cat# Experiment
Bradford reagent; Coomassie Thermo E|§her 1856209 Western blot
protein assay Scientific
3D CellTiterGlo Assay Promega G9682 3D cell viability
CDNA Synthese Kit Bio-Rad 1708891 RT-qPCR, cDNA
synthesis
CellTiter-Glo®, Luminescent Cell N
Viability Assay Promega G7570 2D cell viability
Chemiluminescent-substrate; Thermo Fisher
SuperSignal™ West Pico PLUS Scientific 34577 Western blot
IQ™ SYBR® Green Supermix Bio-Rad 1708880 Gene expression; 2D
co-culture
ITag™ SYBR® Green Supermix Bio-Rad 1725121 Gene expression in
MB-231
Nano-Glo® Luciferase Assay Promeaa L
System g N1110 NFkB-inhibition (2 h)
Lipofectamine™ 3000 The”‘.“" El_sher L3000008 Knockdown studies
Scientific
Luciferase Assay System Promega E1500 NFkB-inhibition (24 h)
: S . MPX-CAL-K25, .
Luminex MAGPIX calibration Kit Merck MPX-PVER-K25 IL-8 secretion
MILLIPLEX MAP Human Merck
Cytokine/Chemokine Magnetic Merck IL-8 secretion

Bead Panel

HCYTOMAG-60K
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PrestoBlue A13262 A13262 2D cell viability

- e —
ReliaPrep™ RNA Miniprep Promega Z6011 RT-qPCR, RNA

RNeasy® Mini Kit Qiagen 74104 isolation

2.1.3 Primer and siRNA

All primer used for gPCR studies were purchased from Eurofins. Forward (fw) as well
reverse (rev) primer sequences are listed in Table 2-7. Small interfering RNAs (SIRNAS)

used for knockdown studies are listed in Table 2-8.

Table 2-7 Forward and reverse primer sequence

Target gene ' DNA sequence of the primer
GAPDH fw 5-TGCACCACCAACTGCTTAGC-3’
GAPDH rev 5- GGCATGGACTGTGGTCATGAG -3’

IL-6 fw 5- GGCACTGGCAGAAAACAACC -3’
IL-6 rev 5- GCAAGTCTCCTCATTGAATCC -3
IL-8 fw 5- ACTGAGAGTGATTGAGAGTGGAC -3’
IL-8 rev 5- AACCCTCTGCACCCAGTTTTC -3
P65 fw 5- CCCACGAGCTTGTAGGAAAGG - 3’
P65 rev 5- GGATTCCCAGGTTCTGGAAAC - 3’
YAP fw 5- CCTTCTTCAAGCCGCCGGAG - %
YAP rev 5- CAGTGTCCCAGGAGAAACAGC - 3’

1 Fw: forward. Rev: reverse.

27



Table 2-8 SiRNA and their targets

Stock
. Target . Final
SiRNA Vendor Cat# concentration o
mRNA application
[micromolar, uM]
Silencer Select, N Thermo
) Unspecific )
Negative Control ) Fisher 4390846 10 uM (134 ng/ul) 80 nM
(NCsiRNA) o
No. 2 Scientific
Sip65 P65 Scbt sc-29410 10 uM (30 ng/pl 1) 30 nM
) 10 uM (130
SiYAP YAP Scbt sc-38637 80 nM
ng/ul )

TRNA concentration of the solutions was measured using the spectrophotometer
NanoDrop™ Lite.

2.1.4 Antibodies

Primary and species secondary antibodies used for western blot studies are listed in Table

2-9. Primary and species-specific secondary antibodies used for 2D and 3D immunostaining
are listed in Table 2-10 and Table 2-11, respectively.

Table 2-9 List of antibodies used in western blot studies

Antigen Origin Isotype Vendor, cat# Conjugate Application
IkBa Rabbit IgG Cell Signalling, #9242 / 1:1000
Vinculin Rabbit IgG Cell Signalling, #13901 / 1:1000
Rabbit Thermo Fisher Scientific, Horseradish
Goat 19G ] 1:5000
IgG (H+L) #31460 peroxidase (HRP)

Table 2-10 List of primary antibodies used for immunofluorescence studies

Antigen Origin (Clone#) Isotype Vendor, cat# Concentration Application

Rabbit, monoclonal

Ki67 IgG R&D, MAB7617 0.5 mg/mL 1.6:100
(1297A)
Goat,
P53 IgG R&D, AF1355 0.2 mg/mL 4:100
polyclonal
Mouse, monoclonal Sigma-Aldrich,
aSMA IgG2 2 mg/mL 0.4:100
(1A4) A5228
YAP Mouse, monoclonal lgG2 Scbt, Sc-101199 100 pg/ml 1:100
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Table 2-11 List of secondary antibodies and DNA staining dye used for immunofluorescence

studies
Conjugate or
Vendor,
Antigen Origin Isotype " excitation Application '
ca
wavelength (exA)
Thermo
Mouse Donkey, Fisher
IgG Alexa Fluor® (AF)647 1:200
1gG (H+L) polyclonal Scientific,
#A31571
Thermo
Donkey, Fisher
Goat IgG (H+L) IgG o AF488 1:200
polyclonal Scientific,
#A-11055
Thermo
Rabbit Donkey, Fisher
IgG R AF546 1:200
IgG (H+L) polyclonal Scientific,
#A10040
DAPI, ) DAPI, exA at 340 nm;
Sigma-
4' 6 diamidino-2- . DAPI-DNA complex,
) / / Aldrich, 1:500
phenylindole exA at 364 nm
#D9542

dihydrochloride

1 Antibodies were dissolved in PBS. DAPI was dissolved in ddH20 at 1 mg/ml.

2.2 Compounds

2.2.1 Commercial compounds

Commercial compounds are listed in Table 2-12.

The NFkB-inhibitor BAY 11-7085 prevents release of NFkB/RelA/p65 by stabilizing its
inhibitor IkBa [184]. Consequentially, gene expression under NFkB is blocked, which may
induce arrest during cell division at the GO/G1 phase or apoptosis [185]. Molecule structure
is depicted in Figure 2-1.

The antimitotic agent paclitaxel (tradename: Taxol®) belongs the group of taxanes. It
prevents depolymerization of microtubules at the G2/M phase during cell division by binding
and stabilizing the B-tubulins, thereby, resulting in apoptosis [186]. Paclitaxel is applied in
systemic chemotherapy for TNBC [7]. Molecule structure is depicted in Figure 2-2.

The cytotoxic agent staurosporine induces apoptosis through inhibition of phospholipid/

calcium-dependent protein kinases. Molecule structure is depicted in Figure 2-3.
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Table 2-12 Commercial compounds

Compound Vendor Cat# Experiment
(CAS ', MW)
BAY 11-7085
(196309-76-9, Hycultec HY-10257 Positive control for NFkB inhibition

249.33 g/mol)

Paclitaxel, Taxol® Positive control for cytostatic /anti-

(33069-62-4, Scbt sc-201439 liferative effect

853.9 g/mol) proliferative effects
Staurosporine

(62996-74-1; Sigma-Aldrich 569397 Positive control for cytostatic effects
466.5 g/mol)

1 Chemical Abstracts Service Registry Number (CAS) . 2Molecular weight (MW) .

O

1]
S\/\
17 CN
w 8
CHy—C
CHg

Figure 2-1 Chemical structure of BAY 11-7085. lllustration from Sigma-Aldrich (cat#
B5681).

Figure 2-3 Chemical structure of staurosporine. lllustration from Sigma-Aldrich
(cat#569397).
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2.2.2 Natural products isolated from the plant Tylophora ovata

Plant-derived phenanthroindolizidine alkaloids (P-alkaloids) were kindly provided by
Haigian Yu (Institute of Pharmaceutical Biology and Biotechnology, Heinrich Heine
University, 40225 Disseldorf, Germany). The following derivatives were extracted from the
plant Tylophora ovata (T. ovata). O-methyltylophorinidine (TYLO-1), tylophorinidine
(TYLO-2), tylophoridicine E (TYLO 3), 2-demethoxytylophorine (TYLO-4), tylophoridicine D
(TYLO-5) and anhydrodehydrotylophorinidine (TYLO-6). Compound isolation is described
in our previous work [187]. The chemical structures of the compounds are depicted in

Figure 2-4 and their molecular weight is listed in Table 2-13.

Table 2-13 Phenanthroindolizidine alkaloids (P-alkaloids) with their internal code and
molecular weight

Molecular weight

Internal code Compound
[g/mol]
TYLO-1 O-Methyltylophorinidine 379
TYLO-2 Tylophorinidine 365
TYLO-3 Tylophoridicine E 365
TYLO-4 2-Demethoxytylophorine 363
TYLO-5 Tylophoridicine D 360
TYLO-6 Anhydrodehydrotylophorinidine 346

OMe OMe

(TYLO-1) (TYLO-2) (TYLO-3)

OMe OMe T OMe

2-Demethoxytylophorine Tylophoridicine D Anhydrodehydrotylophorinidine
(TYLO-4) (TYLO-5) (TYLO-6)

Figure 2-4 Chemical structure of P-alkaloids isolated from Tylophora ovata.

O-Methyltylophorinidine (TYLO-1) and its natural occurring derivatives, namely
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tylophorinidine (TYLO-2), tylophoridicine E (TYLO-3), 2-demethoxytylophorine (TYLO-4),
tylophoridicine D (TYLO-5), anhydrodehydrotylophorinidine (TYLO-6) are depicted with
highlighting the distinct characteristics (grey dotted circles) compared to TYLO-1. Molecule

structures were illustrated with ChemDraw.

2.2.3 Natural products isolated from fungi

Fungus-derived azaphilones and fungus-derived polyketides were kindly provided by Dina
H. El-Kashef (Institute of Pharmaceutical Biology and Biotechnology, Heinrich-Heine-
University Dusseldorf, 40225 Ddusseldorf, Germany). Both, azaphilones [171] and
polyketides [141], were isolated from the marine-derived fungus Aspergillus falconensis
(A. falconensis) as described. Belonging to the polyketides, sulochrin and
monochlorsulochrin were isolated. Chemical structures of polyketides are depicted in
Figure 2-5. Amongst the azaphilones, falconensin A, H, I, M, N, O, Q, R and S were
isolated. Chemical structures of the obtained azaphilones are depicted in Figure 2-6.
Fungus-derived decahydrofluorenes were kindly provided by Ni P. Ariantari (Institute of
Pharmaceutical Biology and Biotechnology, Heinrich Heine University, Disseldorf, 40225
Dusseldorf, Germany; Department of Pharmacy, Faculty of Mathematics and Natural
Sciences, Udayana University, 80361 Bali, Indonesia). Decahydrofluorenes were extracted
from the fungus Didymella sp. as described [168]. Within the decahydrofluorenes,
didymellanosine, ascomylactam C and phomapyrrolidone A were isolated. Chemical

structures are depicted in Figure 2-7.

OH O  OMe ,-=~.. OH O  OMe

Y
oH coome! OH coome
Sulochrin Monochlorosulochrin

Figure 2-5 Chemical structures of polyketides isolated from the fungus Aspergillus
falconensis. Sulochrin and Monochlorsulochrin are depicted with highlighting differences
in structure (grey dotted circles). lllustration was adapted from El-Kashef et al. (2020) [141].
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Falconensin A (R = Me) Falconensin H
Falconensin M (R = H)

X A
> 0 . : - o
2 ik =g
i OH iOR;
Falconensin Q (R = H) Falconensin S (R, =Ac, R, = H)
Falconensin R (R = Me) Falconensin | (R, =H, R, = H)

Figure 2-6 Chemical structures of azaphilones isolated from the fungus Aspergillus
falconensis. Azaphilone derivatives are depicted with highlighting differences in structure
(grey dotted circles): Falconensin A, H, I, M, N, O, Q, R and S. Adapted from El-Kashef et
al.(2020) [171].

Didymellanosine Phomapyrrolidone A Ascomylactam C

Figure 2-7 Chemical structures of decahydrofluorenes isolated from the fungus
Didymella sp.. Decahydrofluorene derivatives are depicted with highlighting differences in
their structure (grey dotted circles): lllustration was adapted from Ariantari et al. (2020)
[168].
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2.2.4 Chemically synthesized compounds

Additionally, a chemically prepared O-methyltylophorinidine (TYLO-1s) was kindly provided
by Kay Merkens (Department of Chemistry, University of Cologne, 50923 Cologne,
Germany). Chemical synthesis is described in our previous work [187].

Synthetically prepared HDACIs were kindly provided by research group of Prof. Dr. Thomas
Kurz (Institute of Pharmaceutical and Medicinal Heinrich Heine University, Dusseldorf,
40225 Dusseldorf, Germany): LAK41, LAK107, LAK110, LAK121, LAK-ZnFD, KSK64,
KSK75 and MPK265. To date, solely the chemical preparation for LAK41 [188] and KSK64
[189] is published and both compounds were characterized as class I/lIb inhibitors. The
molecular weight and pharmacologically proven targets for HDACI are listed in Table 2-14.

Chemical structures of the HDACI are depicted in Figure 2-8.

Table 2-14 Molecular weight and target proteins of histone deacetylase inhibitors (HDACIs)

Molecular weight

HDACI Proven targets of inhibition ' (Average ICs ?)
[g/mol]
HDAC1 (37 nM), HDAC2 (92 nM), HDACG6 (173 nM),
LAK41 317.14
HDACS (9.8 uM); but not HDAC4 (>100 uM)
LAK107 449.07 HDAC3 (no concentration provided)
LAK110 544.09 HDAC1-2 (no concentration provided)
LAK121 431.02 HDAC1-3 (no concentration provided)
LAK-
232.08 ZnFD from HDACS6 (2 uM)
ZnFD
HDAC1 (43 nM), HDAC®6 (3 nM), HDACS8 (1.5 pM);
KSK64 406.34
but not HDAC4 (>100 pM)
HDACG6 (5 uM), HDACS8 (630 nM);
KSK75 354.02
but not HDAC1 (>100 pM)
HDAC1 (742 nM), HDAC2 (1.4 uM), HDAC3 (900 nM),
MPK265 343.15

HDACS (20 nM)

" Data provided by Prof. Dr Matthias Kassack (Institute of Pharmaceutical and
Medicinal Heinrich Heine University, Diisseldorf, 40225 Disseldorf, Germany).
2 |Cso: half maximal inhibitory concentration.
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Figure 2-8 Chemical structures of the histone deacetylase inhibitors (HDACIs).

Molecule structures were illustrated with ChemDraw.

2.2.5 Dilution of lyophilized compounds
All compounds were dissolved at 10 mM using DMSO and stored at -20 °C. Further dilutions

were conducted in the culture medium according to the method used. Untreated controls
maintained the maximum DMSO amount which is equivalent to the DMSO concentration at
the highest compound concentration in serial diluted compounds. In dose-response studies
the highest compound concentration was 100 uM (1% DMSO), with exception of

azaphilones, where the highest compound concentration was 400 uM (4% DMSO).

2.2.6 Serial compound dilution
For determining dose-response regarding NFkB-inhibition (2.5), compounds were diluted in
serum-reduced medium (2.2.6.1). For dose-response studies regarding cell viability (2.8),

compounds were diluted in culture medium (2.2.6.1).

2.2.6.1 Dilution in serum reduced medium

Compounds were diluted at the final concentration using culture medium reduced to
1% FCS. The serial dilution for dose-response studies was prepared on a V-bottom 96-well
plate using a multichannel pipette. The highest DMSO amount (maximum 1%) was
maintained throughout every concentration. Each concentration was applied in triplicates.

Final compound concentration range and dilution factor are listed in Table 2-15.

35



2.2.6.2 Dilution in cell culture medium

Compounds were diluted in culture medium to obtain a ten-fold concentrated (10x)

compound. Serial compound dilution was prepared on a V-bottom 96-well plate using a

multichannel pipette. The highest DMSO amount (maximal 1%) was maintained throughout

every concentration. To obtain final 1x drug concentration, it was applied 2 uyl on a 384-well

plate (18 ul seeding volume), 10 ul on a 96-well plate (90 pl seeding volume), 11 pl on a

96-well plate (100 pl seeding volume). Each concentration was applied in triplicates. Final

compound concentration range and dilution factor are listed in Table 2-15.

Table 2-15 Compound concentration applied in dose-response inhibition studies

Dilution Conc. range 2
Compound ' Assay
factor [nanomolar, nM]
100,000 nM to
1:3 NFkB-inhibition (2 h)
46 nM
50,000 nM
1:2 or
13 to 390.6 nM NFkB-inhibition (24 h)
BAY 11-7085 ' or to 22.9 nM
1:2 or 100,000 nM to 781 nM
2D CellTiterGlo (MB-231;96-well)
1:3 orto 46 nM
13 50,000 nM to 2D PrestoBlue (MB-231, low cell
' 22.9nM density; MB-468-UnaG)
1:2 100,000 nM to 781 nM 3D CellTiterGlo
NFkB-inhibition (2 h), 2D
Decahydrofluorenes 1:2 100,000 nM to 781 nM
CellTiterGlo (MB-231,384-well)
NFkB-inhibition (24 h), 2D
Falconensin A, H, | 1:2 400,000 nM to 781 nM
CellTiterGlo (MB-231,384-well)
Falconensin I, M, N, O, 19 200,000 nM to NFkB-inhibition (24 h), 2D
QRS ' 781 nM CellTiterGlo (MB-231,384-well)
HDACIs 1:2 100,000 nM to 781 nM 2D CellTiterGlo (MB-231, 384-well)
NFkB-inhibition (2 h, 24 h),
2D PrestoBlue (MB-231, 96-well, low
1:3 1000 nM to 0.5 nM
and high cell density; MB-468-UnaG,
Paclitaxel 96-well), 3D CellTiterGlo
1:2 1000 nM to 7.8 nM 2D PrestoBlue (MCF10A)
1:2 100,000 nM to 781 nM 3D CellTiterGlo
1:2 500 nM to 2.5 nM 2D CellTiterGlo (D2A1, 96-well)
NFkB-inhibition (24 h), 2D
Polyketides 1:2 100,000 nM to 781 nM
PrestoBlue (MB-231, 384-well)
1:4 1000 nM to 0.06 nM NFkB-inhibition (2 h, 24 h)
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TYLO-1, -2, -3, 4, -5, -

3D CellTiterGlo

2D PrestoBlue (MB-231,low and

high cell density)

6
2D CellTiterGlo (MB-231; 384-well,
96well)
10000 nM to 2D PrestoBlue (MB-231, low cell
TYLO-4, -5 1:3
4.6 nM density)
2D CellTiterGlo (MB-231; PBMC),
TYLO-1 1:4 1000 nM to 0.06 nM 2D PrestoBlue (MCF10A; MB-231,
after p65 and YAP knockdown
TYLO-1 1:2 500 nM to 2.5 nM 2D CellTiterGlo (96-well in D2A1)
1:3 300 nM to 0.14 nM 3D CellTiterGlo,
2D PrestoBlue (KMB-231, low cell
TYLO-1s
1:3 100 nM to 0.05 nM density; MB-468-UnaG) , 3D

CellTiterGlo, NFkB-inhibition

1 After compound injection, the plate was rotated for two min on a rocking platform
before incubation for the duration of treatment. 2 Concentration range (conc-

range).

2.3 Electronic devices and software

Electronic devices are listed in Table 2-16. Software programmes used for data acquisition

or processing are listed in Table 2-17.

Table 2-16 Electronic devices

Device Name Vendor
Brightfield microscope AE2000 Motif
5810 Eppendorf
Heraeus™

Thermo Fisher Scientific

Centrifuge Megafuge 16R
(15 ml and 50 ml reaction tubes) Hettich® ROTOFIX 32 A
(300 x g is equal to 1350 Sigma-Aldrich
rpm)
Imager Fusion Pulse™s VILBER
Pipette robot CyBio® Well vario Analytik Jena

CO:2 Incubator

HeracellTM 150i

Thermo Fisher Scientific

Heracell™ VIOS 160i

Thermo Fisher Scientific

High-content imager cQ1 Yokogawa
Flow cytometer CytoFlex BA50446 Beckmann Coulter
Gas mixer Gmix™ Hitec Zang

Automated cell counter

LUNA II™ (L40002-LG)

Logos Biosystems
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Infiinite M200 and TECAN
Multimode microplate reader M1000 Pro
Spark® TECAN
LSM880 AxioObserver .
Zeiss
(20x lens M27)
CLSM, confocal laser scanning
_ FluoView 3000
microscope
(10x lense UPLFLN; Olympus
(60x lense PLAPON)
Inverted brightfield and fluorescence
) Axio Vert.A1 Zeiss
microscope
Multiplexing system MAGPIX® Luminex
5418/5418R Eppendorf (1.5 ml)

Micro centrifuge

(1.5 ml reaction tube)

Heraeus™ Fresco 21

Thermo Fisher Scientific

Himac CT15RE VWR
Micro centrifuge - SPROUT®
(0.5 ml reaction tubes) - ROTH
Infiinite M200 and TECAN
M1000 Pro
Multimode microplate reader
Spark® TECAN
OPTIMA BMG Labtech
. 3-30KS . )
Plate centrifuge Sigma-Aldrich
(rotor; #11222)
Plate shaker PeqTWIST Peqlab
Rocker 3D Digitial
IKA®
Rocking platform (#0004001000)
Mini Rocker Shaker MR-1 Kisker

Spectrophotometer

NanoDrop™ Lite

Thermo Fisher Scientific

(#ND-LITE)
PeqgStar
PEQLAB
(#732-2888DE)
Thermal cycler
CFX96 Touch Real-Timer
Bio-Rad
PCR Detection System

Ultrasonic Bath SONOREX DIGITEC Bandelin

Vortexer

Genie 2

Scientific Industries

Water bath

Memmert

Table 2-17 Software for data illustration and data analysis

Software (Version) Vendor Device associated
CellPathfinder (3.04.02.02) Yokogawa cQ1
CFX Manager (3.1.1517.0823) Bio-Rad Thermal Cycler CFX96
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ChemDraw (18.1.0.458). PerkinElmer Informatics None

CytExpert (2.4.0.28) Beckmann Coulter Flow cytometer CytoFlex
EvolutionCapt (unknown) VILBER
Fiji (1.52i) Open source software [190] -
GraphPad Prism (8.1.2) GraphPad Software, Inc -

MILLIPLEX® Analyst
Software (unknown)
SnapGene (6.1.1.) GSL Biotech LLC -
OPTIMA, integrated software
(2.10 R2)/ firmware (1.20)

Merck MAGPIX®

BMG Labtech OPTIMA

2.4 Cell culture

Cell lines and their origins are listed in Table 2-18. Culture medium for cell growth, cell clone
selection, cell counting and materials for tumour spheroid generation are listed in Table 2-
19. Cell culture experiments were performed under sterile conditions. All cell lines were
grown or incubated in a humid atmosphere at constant 37 °C and 5% CO.. If not stated
otherwise, overnight incubation in experiments was conducted for 24 h and cell incubation
steps were conducted at 37°C. Cell culture media, trypsin-EDTA and PBS were prewarmed
at 37 °C using a water bath. For collecting cells, they were centrifuged for 3 to 5 min at
300 x g. Freshly thawed cells were cultured in 25 cm?flasks with up to 8 ml culture medium,
subculture was proceeded in 75 cm? flasks with up to 15 ml culture medium. Cell culture
seeding and compound treatment for drug dose-response studies regarding NFkB-inhibition

and cell viability was partially done using the pipette robot.

Table 2-18 List of cell lines with origin and vendor

Purchased from : vendor,
Cell line Origin cat# or collaborating

research groups

Murine CAFs, Cancer- Primary CAFs were isolated from Kindly gifted by
associated-fibroblasts 4T1-bearing BALB/c mice [191]. Ass. Prof. Dr Ute Jungwirth '.

Kindly gifted by Ass. Prof. Dr

Cell line was derived from the Ute Jungwirth . Origin of
Murine D2A1 malignant neoplasms of the BALB/c  cells is stated in the previous
mouse mammary gland. work of Jungwirth et al.
(2018) [192].
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HMEC, (Human mammary

epithelial cells)

Human mammary epithelial cells

isolated from an adult female.

Lonza, cat#CC-2551

MCF10A, Michigan Cancer
Foundation-10A

Human mammary gland epithelial
cells are derived from a 36-year-old
woman, who experienced fibrocystic

changes.

Kindly gifted by Dr Julia
Sero . Commercially
available at ATCC®
(cat#CRL-10317TM).

MDA-MB-2311,
M.D. Anderson - Metastatic
Breast-231 (MB-231)

Metastatic cells were derived from
the pleural effusion of a 51-year-old
Caucasian woman bearing a breast

adenocarcinoma and experienced

chemotherapy.

Commercially available at
ECACC (cat#92020424) and
ATCC (#HB-26). Kindly gifted

by Kate Gridley .

NFkB-MDA-MB-231-Firefly
(NFkB-MB-231-Firefly)

The TNBC cell line MB-231 was
transfected with a plasmid containing
a NFkB regulated luciferase (firefly)

reporter gene.

Signosis, cat#SL-0043

NFkB-MDA-MB-231MB-
231-NanolLuc
(NFkB-MB-231-NanoLuc)

The TNBC cell line MB-231 was
transfected with a plasmid containing
a NF«kB regulated luciferase

(NanoLuc®) reporter gene.

Cell line was established by
Julia Sperlich [116]

MDA-MB-468-UnaG
(MB-468-UnaG)

MDA-MB-468 were stably transfected
with the plasmid pHRE-UnaG [82].
The original cell line is derived from

metastatic cells of the pleural
effusion of a 51-year-old black
woman bearing a breast

adenocarcinoma.

Kindly gifted by
Nadine Bauer 2 and Prof. Dr

Friedemann Kiefer 23,

PBMCs, peripheral blood

mononuclear cells

Primary cells were isolated from the

peripheral blood of a healthy human.

STEMCELL Technologies,
Cat#70025.3

' Department of Life Sciences, University of Bath, Bath, UK. 2 European Institute of
Molecular Imaging, University of Minster, Minster, Germany. 3Max Planck
Institute for Molecular Biomedicine in Miinster, Germany.

Table 2-19 Cell culture medium, antibiotics, and agents

Reagent Vendor Cat#
Cholera toxin Sigma-Aldrich C8052
Thermo Fisher Scientific A1048301
Collagen type |, origin: rat tail
Ibidi 50201
DMEM, high glucose Dulbecco's Modified Eagle's 41966-029

Thermo Fisher Scientific

Medium
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Thermo Fisher Scientific 11995065
DMEM/F12 Thermo Fisher Scientific 11330-032
EGF, epidermal growth factor Peprotech AF-100-15
Erythrosin B BioCat GmbH L13002
FCS, fetal calf serum Gibco 10270-106
Geneticin disulfate (G418 disulfate) Roth CP11.2
Hygromycin B (50 mg/ml) Thermo Fisher Scientific, 10687010
Horse serum Thermo Fisher Scientific 16050130
Hydrocortisone; finally dissolved in 100% ethanol Sigma-Aldrich H0888-1G
Insulin Sigma-Aldrich 19278
Matrigel VWR 7340268
Corning 356432
MEGM™, Mammary Epithelial Cell Growth Medium
BulletKit™ (Mammary Epithelial Cell Basal Medium
and the SingleQuots™ supplements (BPE, hEGF, Lonza C-3150
hydrocortisone, GA-1000, Insulin)
Opti-MEM Thermo Fisher Scientific 31985062
PenStrep, penicillin-streptomycin (10,000 U/ml) Thermo Fisher Scientific 15140-122
ReagentPack™ containing Trypsin/EDTA, Trypsin
Neutralizing Solution and HEPES Buffered Saline Lonza CC-5034
Solution
RPMI, Roswell Park Memorial Institute 1640 Thermo Fisher Scientific 21875-091
Trypan blue BioCAt T13001-LG
0.05% Trypsin-ethylenediamine tetra acetic (EDTA) Thermo Fisher Scientific 25300054
0.25% Trypsin-EDTA Thermo Fisher Scientific 25200-056

2.4.1 Cell lines
2.4.1.1 Human breast epithelial cell lines

2.4.1.2 MCF10A
The mammary epithelial cell line MCF10A was grown according to the culture method of
Keller et al. (2019) [193]. The DMEM/F12 medium was supplemented with the following

agents: 1% Pen-Strep, 5% horse serum, 500 ng/ml hydrocortisone, 100 ng/ml cholera toxin,
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10 pg/ml insulin and 20 ng/ml eGF. Before applying to the medium, supplementary agents
were mixed and filtered aseptically using a syringe and a 0.2 ym filter. At a cell confluency
of 60% to 80%, adherent MCF10A were detached for further subculture or experiments. For
that, cells cultured in a 25 cm? (75 cm?) flask were washed thrice in 3 ml (5 ml) PBS.
Trypsinization was performed for 10 to 15 min at 37°C after addition of at least 3 ml (5 ml)

0.05% trypsin-EDTA. Trypsin reaction was stopped by applying equal volume of serum-rich



medium (DMEM/F12 + 20% horse serum+ 1% Pen-Strep). Cells were pelletized for 5 to
10 min at 200 x g. Finally, cells were dissolved in 3 ml medium and counted using the
hemocytometer (see chapter 2.4.2.3.1). Cells were frozen as described in chapter 2.4.2.4,
except for reducing the DMSO amount to 7.5%. The MCF10A were used as a non-
cancerous cell line in the cell viability assay (2.7.2, 2.15.3) and YAP knockdown studies
(2.15.3.4.2).

2.4.1.3 Human mammary epithelial cell (HMEC)

The human mammary epithelial cell line HMEC was grown in MEGM medium containing
BPE, hEGF, hydrocortisone, GA-100, insulin and 1% Pen-Strep. For subculture, the
Reagent Pack™ was prewarmed at RT. Cells grown in a 25 cm? (75 cm?) flask were washed
with 5 ml (10 ml) HEPES Buffered Saline Solution and detached for 2-6 min with 2 ml (4 ml)
Trypsin/EDTA. Final, it was applied 4 ml (8 ml) Trypsin Neutralizing Solution and cells were
centrifuged at 220 x g for 5 min. Finally, cells were dissolved in 3 ml medium and counted
using the hemocytometer (see chapter 2.4.2.3.1). Cells were frozen as described in chapter
2.4.2.4, except of reducing the DMSO amount to 7.5%. HMEC cells served as a non-

cancerous cell line in YAP knockdown studies (2.15.3).
2.4.1.4 TNBC cancer cell lines

2.4.1.5 Murine D2A1

The D2A1 cells were grown in DMEM supplemented with 10% FCS and 1% Pen-Strep. At
a cell confluency of 70% to 90% cells were detached by trypsinization as described in
chapter 2.4.2.2. Cells were used for cell viability studies (2.7.1.3) and for the colony

formation assay (2.7.4)

2.4.1.6 MDA-MB-231 (MB-231)

The MB-231 cells were grown in RPMI supplemented with 15% FCS and 1% Pen-Strep. At
a cell confluency of 70% to 90% cells were detached by trypsinization as described in
chapter 2.4.2.2. The MB-231 cell line was used as a TNBC cell model for investigating the
biological activity of plant-derived P-alkaloids, fungus-derived azaphilones,

decahydrofluorenes or polyketides and synthetically engineered HDACIs.

2.4.1.7 NFkB-MB-231-NanoLuc (NFkB-MB-231-NanoLuc)

The MB-231 cell line is stably transfected with a plasmid containing a NFkB response
element (compare 6.3.1) to regulate transcription of a NanoLuc® luciferase (NFkB-MB-231-
NanoLuc). Culture medium is composed of DMEM supplemented with 10% FCS, 1% Pen-
Strep and for cell clone selection with 400 ug/ml hygromycin B. At a cell confluency of 70%

to 90%, cells were detached by trypsinization as described in chapter 2.4.2.2. The NFkB-
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MB-231-NanoLuc were used to examine NFkB-inhibition within 2 h (2.5.1) to exclude

cytotoxic effects and modulation of NFkB expression.

2.4.1.8 NFkB-MB-231-Firefly (NFkB-MB-231-Firefly)

The MB-231 cell line possesses a plasmid containing a NFkB response element (compare
6.3.2) to regulate transcription of a firefly luciferase (NFkB-MB-231-Firefly). Culture medium
is composed of DMEM supplemented with 10% FCS, 1% Pen-Strep. Cell clones are
selected in 100 pg/mL hygromycin B. At a cell confluency of 70% to 90% cells were
detached by trypsinization as described in chapter 2.4.2.2. The NFkB-MB-231-Firefly were
used to examine NFkB-inhibition within 24 h (2.5.2) and YAP after knockdown studies
(2.15.3).

2.4.1.9 MDA-MB-468-UnaG (MB-468-UnaG)

The MDA-MB-468 cell line was stably transfected with the plasmid pHRE-dUnaG containing
a hypoxia (HIF-1a) response element (HRE) (compare 6.3.3) to regulate transcription of the
fluorescent protein UnaG (MB-468-UnaG). Culture medium is composed of RPMI
supplemented with 10% FCS, 1% Pen-Strep and for cell clone selection in 1 mg/ml geneticin
disulfate. At a cell confluency of 70% to 90%, cells were detached by trypsinization as
described in chapter 2.4.2.2. The MB-468-UnaG were used for cell viability assays (2.7.2),
cell cycle studies (2.8), hypoxia studies (2.13) and to examine IkBa in western blot studies
(2.14.2).

2.4.1.10 Primary cells

2.4.1.11 Murine CAFs

The immortalized primary murine CAFs were grown in high glucose DMEM supplemented
with 10% FCS and 1% Pen-Strep. At a cell confluency of 60% to 80%, CAFs were detached
by trypsinization as described in chapter 2.4.2.2. The primary murine CAFs express GFP
under the human Ubiquitin C promoter. The GFP-signal of the CAFs gets lost with the
BA/BB clearing step performed in the 3D immunostaining (2.10.2). The CAFs were used in
3D TNBC co-culture studies with evaluating cell viability (2.7.2, 2.7.3), spheroid growth
under normoxic (2.12.2) and hypoxic conditions (2.13.2), and cellular distribution (2.12.3).

2.4.1.12 Peripheral blood mononuclear cells (PBMCs)

PBMCs were thawed in RPMI supplemented with 15% FCS and 1% Pen-Strep. Before
utilization for experiments, cells were incubated for 1 h at 37 °C. PBMCs were examined for
cell viability (2.7.2) and they were used in a 2D co-culture with MB-231 to investigate

cytokine expression (2.6.1).
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2.4.2 Subculture

2.4.2.1 Thawing cells

Nitrogen-stored cells were thawed in a water bath at 37 °C and dissolved in 10 ml pre-
warmed cell culture medium. Cells were centrifuged for 5 min at 300 x g, dissolved in culture
medium and grown in 5 to 7 ml in a 25 cm? cell culture flask. When reaching 90%
confluency, cells were detached by trypsinization as described in chapter 2.4.2.2 and
transferred for further subculture to a 75 cm? cell culture flask in a total of 12 ml culture

medium for 48 h incubation and in a total of 15 ml for 72 h incubation.

2.4.2.2 Detachment of adherent cells

At a cell confluency of 60% to 90%, cells were washed with PBS and detached in 0.25%
Trypsin-EDTA for maximal 5 min at 37 °C in a volume that is appropriate to the cell culture
flask size (1 mlin 25 cm?; 1.5 mlin 75 cm?; 3 ml in 175 cm?). To deactivate trypsin activity,
at least equal volume of cell culture medium was added. For cell subculture, cell specific
fraction (1:15 to 1:2) was transferred to a to cell culture flask (25 cm?, 75 cm?or 175 cm?)
with a total cell culture volume of 12 ml, 15 ml or 28 ml, respectively. If cells were used for
experiments, they were pelletised (5 min at 300 x g) and dissolved in culture medium (2 ml,

3 ml or 6 ml) according to their cell culture flask size (25 cm?, 75 cm?or 175 cm?).

2.4.2.3 Cell counting
After detaching adherent cells, count cells manually (2.4.2.3.1) or automatically (2.4.2.3.2).
For that, mix 10 pl cell suspension with a dye for dead cell exclusion. Cell density for cell

seeding was calculated using the cell number of viable cells.
2.4.2.3.1 Manual cell counting: haemocytometer

The hemocytometer was used for counting CAFs, HMECs, MCF10A and PBMCs. Cell
suspension is mixed 1:1 with 0.4% trypan blue and it was applied 10 ul to the
hemocytometer. Cells were counted using a brightfield microscope at 100x magnification.
The hemocytometer is sectioned into four squares (& 1mm?), whereby each square is
sectioned into sixteen smaller squares (a 0.0025 mm?). The absolute number of viable cells
per ml of the cell suspension was calculated as indicated in Equation 1. In brief, the total
number of counted viable cells was divided by the total number of squares (a 1mm?) that
were used for cell counting. Then, the average viable cell number per square was multiplied
with the dilution factor two, because the cell suspension was diluted 1:2 in trypan blue. To
extrapolate the cell number to 1 ml, the corrected viable cell number per square in 10 pl

was then multiplied with the factor 10%.
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Equation 1 Calculation of the live cell number using the haemocytometer.

number of viable cells

viable cells per ml = x 2 x10*

number of squares (2 Imm?)

2.4.2.3.2 Automated cell counting: LUNA II™
MB-231, NFkB-MB-231-Firefly, NFkB-MB-231-NanoLuc and MB-468-UnaG were counted

using the automated cell counter LUNA 1I™. Cell suspension is mixed 1:1 with erythrosin B
0.4% trypan blue and it was applied 10 pl to a counting slide. Cells were counted according
to following settings: Dilution Factor (2), Noise Reduction (5), Live Cell Sensitivity (2),
Roundness (40), Minimal Cell Size (3 ym), Maximal Cell Size (60 um), Declustering Level

(low).

2.4.2.4 Long-term cell storage

After cell trypsinization (2.4.2.2) and cell counting (), cells were pelletized (5 min at 300 x
g) and dissolved in culture medium supplemented with 10% DMSO to obtain a density of 2
to 4 x 10° cells/mlin the. It was frozen 1 ml per cryo vial at - 80 °C using a freezing container.

For long term storage, frozen cells were transferred to liquid nitrogen.

2.5 NFkB-inhibition
Modulation of the inflammatory NFkB pathway is determined in MB-231 based on the NFkB

regulated luciferase reporter gene. To investigate negative effects on the NFkB pathway,
compounds were pre-incubated before application of NFkB stimulants. To stimulate NFkB
for 2 h (2.5.1), LPS was applied, and for 24 h, TNFa was applied (2.5.2).

2.5.1 NanoGlo assay, 2h

On day one, 4 x 10* NFkB-MB-231-NanoLuc cells were seeded in a total of 100 pl on a
white 96-well plate. On day two, serial compound dilution was performed as described
(2.2.6.1) and cells were incubated for 20 min in 100 pl containing the final compound
concentration (compare Table 2-15) before cells were incubated for another 2 h in 1 pg/ml
LPS. Non-stimulated and untreated cells served as control. Measurement of NFkB-
dependent luciferase activity was performed according to the manufacturer’s instruction of
the “Nano-Glo® Luciferase Assay System”. For that, equal volume of 1:50 diluted
NanoGlo® reagent was applied and cells were incubated for 3 min at RT. Luciferase-
dependent luminescence was recorded in relative light units (RLU) using the multimode
microplate reader Spark® with setting the integration time at 500 ms and the time at 1 ms.
The half maximal inhibitory concentration (ICso) was assessed by calculating the dose-

response inhibition in a non-linear regression using GraphPad (2.16).
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2.5.2 Luciferase assay, 24 h

On day one, 3 x 10* NFkB-MB-231-Firefly cells were seeded in a total of 100 yl medium on
a white 96-well plate. On day two, serial compound dilution was performed as described
(2.2.6.1) and cells were incubated for 20 min in 100 pl containing the final compound
concentration (compare Table 2-15) before cells incubated for another 24 h in 20 ng/ml
TNFa. Non-stimulated and untreated cells served as control. Measurement of NFkB-
dependent luciferase activity was performed according to the manufacturer’s instruction of
the “Luciferase Assay System”. In brief, cells were lysed for 15 min at room temperature
(RT) in 20 pl 1x cell lysis buffer (dissolved in PBS). By use of the multimode microplate
reader M200 infinite® or Spark® 100 pl luciferase substrate mixture was injected with
subsequently measuring the luciferase-dependent luminescence in RLU with setting
“integration time” at 10 sec. The ICsy was assessed by calculating the dose-response

inhibition in a non-linear regression using GraphPad (2.16).

2.6 Gene expression studies

Expression of interleukin (IL)-6 and IL-8, regulated by NFkB, was analysed based on the
MRNA level in the co-culture of MB-231 and PBMCs by performing Real-Time quantitative
Polymerase-Chain Reaction (RT-gPCR) (2.6.1). In MB-231 monolayer cells, RT-gPCR
(2.6.2). was performed to assess expression of IL-6, IL-8 under TNFa-induced NFkB
signalling (2.6.2, 2.6.2.2), expression of p65 (2.15.2.1, 2.6.2.2) or YAP (2.15.3.1, 2.6.2.2)
after siRNA-mediated protein knockdown. Secreted IL-8 from MB-231 was evaluated with

a multiplex enzyme-linked immunosorbent assay (ELISA) (2.6.2.3).

2.6.1 Real-Time quantitative Polymerase-Chain Reaction (RT-qPCR) in
a 2D co-culture of MB-231 and PBMC

On day one, 1 x 10° MB-231 cells were seeded in a total of 2 ml culture medium on a
transparent 6-well plate. On day two, medium was replaced with fresh medium and cells
were left untreated or pre-incubated for 20 min in 1 ml at 100 nM TYLO-1. Subsequently,
1 ml culture medium was added to the MB-231 monoculture. For co-culture, 1 x 108 of
freshly thawed PBMC in a total of 1 ml were added. Cells incubated in a total of 2 ml for
24 h. On day three, cells were harvested using 1 ml 0.25% Trypsin-EDTA and trypsin
activity was neutralized with 1 ml culture medium. The cells were collected using a micro
centrifuge at 300 x g for 5 min. Cell pellet could be stored at -80 °C. The total RNA was
isolated from the cell pellets according to the manufacturer’s instruction of the “RNeasy Mini
Kit”. The total RNA concentration was measured with the multimode microplate reader
Infiinite M200 or M1000 Pro. Reverse transcription of 1 ug RNA to the mRNA equivalent,

the complementary DNA (cDNA) was performed according to the manufacturer’s instruction
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of the “Reverse transcription system”. Quantification of the cDNA was done using the
“QuantiFast SYBR® Green PCR Kit”. Gene expression of IL-6, IL-8 and the housekeeping
gene GAPDH were assessed using 30 ng cDNA in duplicates. Primers are listed in Table
2-7 and each primer, fw and rev, was applied at 1.5 uM for each target gene. Templates
without cDNA served as negative control. Real time quantification was performed with the
following settings using the thermal cycler CFX96: Denaturation at 95 °C for 900 sec and
template amplification over 45 cycles (one cycle: 95 °C for 15 sec, 55 °C for 25 sec and
72 °C for 10 sec). Fold change of the mRNA level was calculated according to the 29¢T
method [194]: In the first step, the Ct value assessed for the target genes was normalized
to GAPDH (8CT) and in the second step, the 6CT values within the target gene group was

normalized to the untreated co-culture group (d3CT).

2.6.2 Gene expression in MB-231

2.6.2.1 Cytokine expression

On day one, 3 x 10° MB-231 cells were seeded in a total of 2 ml culture medium on a 6-well
plate. Cells were allowed to attach for in total 72 h, equivalently to knockdown studies. On
day four, the medium was replaced with 2 ml serum reduced medium (1% FCS) and cells
were pre-incubated for 20 min with 7 nM TYLO-1. Subsequently, TNFa was applied at a
final concentration of 20 ng/ml and cells incubated for another 24 h. Unstimulated and
untreated cells served as control. On day five, cells were harvested using 1 ml 0.25%
Trypsin-EDTA and trypsin activity was neutralized with 1 ml culture medium. Cells were
pelleted using a micro centrifuge at 300 x g for 5 min. Cell pellet could be stored at -80 °C
before proceeding with the RT-gPCR (2.6.2.2).

2.6.2.2 RT-qPCR in MB-231

The total RNA was isolated from the cell pellets according to the manufacturer’s instruction
of the “ReliaPrep Kit”. For that, cells were lysed and total RNA was captured via
chromatography. DNA digestion by the DNAse | was prolonged to 30 min. Spin columns
were washed and dried before elution in 15 pl nuclease free water. The total RNA
concentration was measured with the spectrophotometer NanoDrop™ Lite. Reverse
transcription of 1 yg RNA to the mRNA equivalent, the cDNA, was performed using the
“cDNA Synthese Kit” with the following settings at the thermal cycler PegStar: Primer
annealing at 25°C for 5 min, elongation at 46 °C for 20 min, inactivation of the reverse
transcriptase at 95°C for 1 min. Quantification of the cDNA was done using the according
to the manual of the “iTaq SYBR Green Supermix® kit. The gene expression of IL-6, IL-8
and the housekeeping gene GAPDH were assessed using 50 ng cDNA in triplicates. Primer

are listed in Table 2-7 and each primer, forward and reverse, was applied at 0.25 pM for
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each target gene. Templates without cDNA served as a negative control. Real time
quantification was performed with the following settings using the thermal cycler CFX96:
Nucleic acid denaturation at 95 °C for 30 sec, template amplification over 37 cycles (each
cycle: at 95 °C for 5 sec and at 58 °C for 40 sec) and for the melting curve analysis it was
done an gradual increase in temperature from 65 °C up to 95 °C in 0.5 °C steps every 0.05
sec. Fold change of the mRNA level was calculated according to the 2%°¢T method [194]: In
the first step, the cycle threshold (CT) value assessed for the target genes was normalized
to GAPDH (8CT) and in the second step, the 8CT values within the target gene group was

normalized to the untreated control (d8CT).

2.6.2.3 IL-8 secretion

IL-8 secretion was determined in MB-231 using a multiplex magnetic-based ELISA. On day
one, 4 x 10* cells were seeded in 100 ul on a flat transparent 96-well plate. On day two,
medium was replaced with serum reduced medium (1% FCS) containing 10 nM, 100 nM or
1000 nM TYLO-1 in triplicates. After pre-incubation for 20 min, cells were stimulated with
LPS at a final concentration of 50 ng/ml to stimulate NFkB for another 24 h. Unstimulated
and untreated cells served as control. On day three, supernatant was collected. Samples
could be stored at -20 °C until analysis. If samples were frozen, they were thawed on ice
and centrifuged for 5 min at 14,000 rpm using a micro centrifuge to eliminate cell debris.
Samples were three-fold or ten-fold diluted in serum-reduced medium and IL-8 secretion
was quantified according to the manufacturer’s instruction of the “Magnetic Bead-Based
Multiplex Assay”. For that, the kit was equilibrated to RT before usage. The following
incubation steps were done at RT under constant rotation at 600 rpm. The provided plate
was washed with 200 pl washing buffer per well. For immunological binding of the cytokines
to the magnetic beads, it was mixed 25 ul of the prior diluted samples with 25 ul of the
magnetic bead solution per well and the plate incubated for 2 h in the dark. The magnetic
beads were washed twice for 30 sec in washing buffer and incubated for 1 h after injection
of 25 ul of detection antibodies and another 30 min after addition of 25 ul streptavidin-
phycoerythrin. Final, beads with linked IL-8 proteins were washed twice in washing buffer
and incubated for 10 min after addition of 150 pl of the drive-fluid that was required for the
measurement. For MagPix® instrument preparation, it was rinsed six-times in the following
order: ddH-0, 70% ethanol solution and 2% sodium hypochlorite. The probe was sonicated
for 15 min in 0.5 M sodium hydroxide using the ultrasonic water bath SONOROEX DIGITEC
and the probe was calibrated no more than 24 h before measurement using the calibration
kits. Subsequently, the probe was rinsed again as described before. The |IL-8-dependent
fluorescence of phycoerithrin was recorded in pg/ml using the multiplexing system
MAGPIX®. Data were assessed and evaluated with the integrated MILLIPLEX® Analyst
Software.
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2.7 Cell viability studies
Cell viability was determined in monolayer cells by performing the 2D CellTiterGlo (2.7.1)

or 2D PrestoBlue (2.7.2), while cell viability in tumour spheroids was determined with the
3D CellTiterGlo (2.7.3). Cell viability in the CellTiterGlo is based on ATP-dependent
luciferase activity and cell viability in the PrestoBlue™ is based on metabolic reduction of
resazurin to the fluorescent resofurin. In each assay, background signal resulting from the
culture medium was subtracted from the measured values. The ICsp was assessed by
calculating the dose-response inhibition in a non-linear regression using GraphPad (2.16).
To assess colony formation, viable cells were determined according to the 2D colony
formation assay (2.7.4). Cell seeding density for each assay and cell type is listed in Table
2-20.

Table 2-20 Cell seeding density for dose-response inhibition studies

Assay method Cell line Cell seeding density (volume per well)
2D CellTiterGlo
. MB-231 5 x 10 cells/ml (18 pl)
(384-weill)
CAFs 2.5 x 104 cells/ml (100 pl)
2D CellTiterGlo
MB-231 1.5 x 10° cells/ml (100 pl)
(96-well),
PBMC 3.5 x 105 cells/ml (100 pl)
2D PrestoBlue
D2A1 1 x 104 cells/ml (100 pl)
High density: 1.5 x 105 cells/ml (100 pl
CAFs g y (100 ui)
Low density: 2.5 x 10* cells/ml (100 pl)
2D PrestoBlue MCF10A 1 x 105 cells/ml (100 pl)
24 h High density: 1.5 x 105 cells/ml (100 pl
(24 h) MB.231 9 y (100 ui)
Low density: 7.5 x 10* cells/ml (90 pl)
MDA-MB-468 1.5 x 10° cells/ml (100 pl)
2D PrestoBlue
MB-231 6 x 10* cells/ml (100 pl)

(48 h)

. Co-culture spheroids
3D CellTiterGlo 6 x 10* cells/ml (50 pl)
(MB-231:CAF, 1:2)

2.7.1 2D CellTiterGlo

Measurement of cell viability was performed according to the manufacturer’s instruction of
the “2D CellTiterGlo” assay.

2.7.1.1 Cell viability of MB-231 (384-well)
The pipette robot CyBio® Well vario was utilized for cell seeding on day one and compound
injection on day two. On day one, 18 ul was seeded at a density of 2.8 x 10° MB-231

cells/ml. On day two, serial dilution of compounds was prepared in culture medium as
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described (2.2.6.2). For treatment in quadruples, 2 pl of the 10x concentrated compound
was applied and cells incubated for 24 h. Final compound concentration for dose-response
studies is listed in Table 2-15. On day three, cell viability-dependent luminescence was
recorded as described (2.7.1.4).

2.7.1.2 Cell viability of MB-231 (96-well)

On day one, 100 pul cell suspension was seeded on a white 96-well plate. Cell seeding
density is listed in Table 2-20. On day two, serial dilution of compounds was prepared in
culture medium as described (2.2.6.2). For treatment in triplicates, 11 pyl of the 10x
concentrated compound was applied and incubated for further 24 h. Final compound
concentration for dose-response studies is listed in Table 2-15. On day three, cell viability-

dependent luminescence was recorded as described (2.7.1.4).

2.7.1.3 Cell viability of D2A1 (96-well)

On day one, 100 ul of the cell suspension was seeded on a transparent 96-well plate. Cell
seeding density is listed in Table 2-20. On day two, the serial dilution of compounds was
prepared in culture medium as described (2.2.6.2). For treatment in triplicates, 100 pl of the
2x concentrated compound was applied and cells were incubated for 72 h. The final
compound concentration for dose-response studies is listed in Table 2-15. On day five, cell

viability-dependent luminescence was recorded as described (2.7.1.4).

2.7.1.4 Luminescence measurement

After compound treatment, equal volume of the CellTiterGlo reagent (384-well/20 pl;
96-well/100 ul) was applied before the plate was rotated on a rocking platform for 2 min and
incubated for 10 min in the dark. Luciferase-dependent luminescence was recorded in RLU

using the multimode microplate reader Spark® with setting the integration time at 1000 ms.

2.7.2 2D PrestoBlue

On day one, 100 pl of the cell suspension were seeded on a black 96-well plate. The cell
seeding density is listed in Table 2-20. On day two, the serial dilution of compounds was
prepared in a culture medium as described (2.2.6.2). For treatment in triplicates, 11 yl of
the 10x concentrated compound was applied and cells were incubated for the individual
duration of the treatment (24 h or 48 h). The final compound concentration for dose-
response studies is listed in Table 2-15. Post-treatment, cell viability was measured
according to the manufacturer’s instruction of the PrestoBlue™ Assay. For that, 12 pl
PrestoBlue™ reagent was injected before the plate was incubated for 10 min at 37 °C. Cell-
viability dependent fluorescence was recorded in relative fluorescence units (RFU) using

the multimode microplate reader Spark® with exA/emission A (exAemA) at 535nm/590 nm
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for measurement in CAFs, MB-231 (high cell seeding density), MCF10A or at
560nm/590 nm (exA/emA) when measured in MB-231 (low cell seeding density).

2.7.3 3D CellTiterGlo

On day four, after co-culture spheroid formation for 72 h (2.11.3), a serial dilution of
compounds was prepared in culture medium without collagen as described (2.2.6.2).
Eleven pl of the 10x concentrated compound was applied in triplicates. The final compound
concentration for dose-response studies is listed in Table 2-15. On day seven, after 72 h
spheroid treatment, 50 yl medium containing the spheroid were transferred to a white 96-
well plate. The cell viability was determined according to the manufacturer’s instruction of
the “3D CellTiterGlo”. For that, the plate was incubated for 30 min at RT, before 50 pl of the
CellTiterGlo reagent were applied. Subsequently, the plate was vigorously shaken on the
plate shaker for 5 min and was incubated for another 25 min at RT in the dark. The cell
viability-dependent luminescence was recorded in RLUS using the multimode microplate

reader Spark® with setting the integration time at 1000 ms.

2.7.4 2D colony formation

On day one, 150 D2A1 cells were seeded in a total of 2 ml culture medium on a flat-bottom
6-well plate. On day two, TYLO-1 or paclitaxel were applied at the final concentration in
culture medium. Cells were grown for further ten days. On day twelve, cells were washed
in PBS to remove detached cells and stained for 15 min at RT using the crystal violet
staining solution (0.4% (w/v) crystal violet powder dissolved in 5% methanol). Cells were
washed using tap water and air dried for several hours. The cell plate was imaged using a

digital camera (there are no information given about the vendor of the device).

2.8 Cell cycle studies
To assess modulation of the cell cycle states during proliferation, the DNA content in MB-
231 (2.8.1) and MB-468-UnaG (2.8.2) was measured after exposure to TYLO-1s and

paclitaxel under normoxic or hypoxic conditions.

2.8.1 Cell cycle population in MB-231

On day one, 1 ml cell suspension was seeded on a 24-well plate. MB-231 cells were seeded
at a density of 1 x 10° cells/ml for 24 h and 48 h treatment or at a density of 8 x 10* cells/ml
for 72 h treatment. On day two, medium was replaced with fresh culture medium containing
TYLO-1s or paclitaxel at the final concentration. Cells were treated for 24 h, 48 h or 72 h

before analysis of the DNA amount as described (2.8.3).
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2.8.2 Cell cycle population in MB-468-UnaG

On day one, 1 ml cell suspension was seeded on a 24-well plate. MB-468-UnaG cells were
seeded at a density of 8 x 10* cells/ml for 48 h treatment or at a density of 6 x 10* cells/ml
for 72 h treatment. On day two, MB-468-UnaG were pre-treated to induce hypoxia. Cells
incubated for 24 h with culture medium (normoxia) or 100 uM CoCl, (hypoxia) in a total of
2 ml. On day three, MB-468-UnaG medium was replaced with fresh culture medium
containing TYLO-1s or paclitaxel at the final concentration. Cells were treated for 48 h or
72 h before analysis of the DNA amount as described (2.8.3).

2.8.3 Quantification of the cell cycle population

Post-treatment, all cells (detached and after trypsinization) were collected in a 1.5 ml
reaction tubes and cells were pelletised for 5 min at 300 x g using a micro centrifuge. Cells
were dissolved in 200 yl PBS and transferred to a transparent V-bottom 96-well plate
provided by Sarstedt. Further centrifugation steps were performed using the plate centrifuge
(3-5 min at 300 x g). PBS was removed and cells were fixed in 70% ethanol overnight at
4°C and washed again in PBS. for DNA staining and RNA removal, cells were incubated
for 15 min at 37°C in the presence of 10 pug/ml Pl and 100 ug/ml RNase A dissolved in 0.1%
Triton® X-100. Finally, cells were washed in PBS and fluorescence signal resulting from
the PI-DNA complex formation was recorded in the ECD-A channel (exAMemA
488nm/610nm/bandpass filter (BP, [nm]) 20 using the flow cytometer CytoFlex. The cell
cycle phase population was determined based on the DNA content of a set of chromosomes
(2n) of cells using the integrated software CytExpert: sub-G0/G1 (< 2n), GO/G1 (2n), S (>2n,
<4n), G2/M (4n) or hyperploid (> 4n) cells. Procedure for determination the cell cycle phase
in single cells is described in Figure 2-9. For assessing cell cycle phase population, we
gated for single cells and subsequently for cells that displayed the chromosomal set of a
healthy cell (2n - 4n). For assessing cell cycle phase populations to estimate apoptosis
induction upon compound treatment, all events gated in cells (compare Figure 2-9a) were

evaluated for events that indicated DNA fragmentation (< 2n) or hyperploid DNA sets (> 4n).
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Figure 2-9 Quantification of cell cycle phase populations. Cells were exposed for a
maximum of 72 h to paclitaxel or TYLO-1s (compound (1s)). Signal of the PI-DNA complex
was recorded within the ECD-A channel using the flow cytometer CytoFlex. The cell
population was gated for (a) cells and (b) single cells. (¢) To evaluate cell cycle phases,
the range of analysed cells was determined within the (b) single cells by excluding recorded
events that extend the proportional distribution of the DNA chromosome set (n): < 2n; > 4n.
(d-f) Gating for the cell cycle population sub-G0/G1 (< 2n), GO/G1 (2n), S, G2/M (4n) or
hyperploid (> 4n) cells was done manually and maintained for each independent
experiment and each individual time point of treatment. The cell cycle population G0/G1
was determined in relation to the (¢) untreated group and G2/M was determined in relation
to the highest concentration applied for (d) paclitaxel and (e) compound (1s). Histograms
were illustrated using CytExpert. lllustration from Reimche et al. (2022) [187].

2.9 Migration Studies

2.9.1 2D wound healing
The anti-inflammatory TYLO-1 was also examined regarding its inhibitory potential in

migration of MB-231 cells. In our experiment, the wound is defined as a cell free area, which

was artificially introduced upon physical exclusion during cell growth (2.9.1.3). Initial optimal
seeding density was determined for MB-231 to ensure observe migratory character
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(2.9.1.1). We investigated the effect of TYLO-1 on TNBC migration with regard to the
relevance of NFkB signalling (2.9.1.4) and we investigated the impact of the tumour stroma
on TNBC migration with performing indirect co-culture utilizing CAF conditioned medium
(CAF-CM).

2.9.1.1 Cell seeding density for MB-231

To obtain a defined migration gap between two cell monolayers, a silicon-based 2-well
insert was sticked to a 24-well plate before seeding. Per insert-well, 70 ul were seeded
containing 2 x 104, 3 x 10* or 4 x 10* cells. After 24 h, inserts were removed, cells were
washed in PBS and grown in 500 pl serum-reduced medium (1% FCS). The migration gap
between the cell monolayers was imaged after 8 h, 24 h and 48 h using the high-content
imager CQ1 (Figure 2-10). Without any external stimuli, MB-231 cells show migratory
behaviour and optimal cell confluency was observed when seeding of 4 x 10* cells per

insert-well.

2 x 104 cells

3 x 10% cells

4 x 104 cells

8h 48 h

Figure 2-10 Determining the MDA-MB-231 (MB-231) cell seeding density for the 2D
wound healing assay. Two cell monolayers of MB-231 cells were grown under physical
exclusion. Per insert-well, 2 x 104, 3 x 10* or 4 x 10* cells were seeded. After removing the
inserts, cells were grown in serum-reduced medium. The migration gap between the cell

monolayer was imaged after 8 h, 24 h and 48 h. Magnification: 100x.

2.9.1.2 Cell seeding density for CAFs

CAFs were seeded in 500 pl culture medium (DMEM, 10% FCS) or serum-reduced medium
(RPMI, 1% FCS) on a 24-well plate with a cell density of 1 x 10* to 1 x 10° cells per well
(Figure 2-11a). Cell confluency was recorded 24 h post-seeding using the inverted

brightfield microscope. Optimal cell confluency was observed with a seeding density of
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5 x 10* cells per well showing a confluency of nearly 100% (Figure 2-11b), whereas some
monolayer areas showed confluency of about 60% (not shown). Growth behaviour was

independent on serum proportion (Figure 2-11b).
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Figure 2-11 Determining the CAF cell seeding density for indirect co-culture studies.
On a 24-well plate, 500 pl was seeded in (a,b) serum-reduced medium (RPMI, 1% FCS)
or (b) culture medium (DMEM, 10% FCS) containing CAFs at a cell density of (a) 1 x 104,
2 x 104, 4 x 104, 6x 104, 8 x 104, 1 x 105 or (b) 5 x 10* cells/well. (a,b) Brightfield images
recorded 24 h post-seeding. Magnification: 100x.

2.9.1.3 MB-231 migration

To obtain a defined migration gap between two cell monolayers, a silicon-based two-well
insert was placed on a 24-well plate before seeding. On day one, 70 pl containing a total of
4 x 10* MB-231 cells were seeded per well of a 2-well insert. After 24 h, on day two, inserts
were removed and washed at least twice in 70% ethanol for reutilization. Cells were washed
in pre-warmed PBS and serum-reduced medium (1% FCS). Treatment was conducted in
serum-reduced medium as described in chapter 2.2.6.1. Within 24 h, the migration gap was
recorded in the same area and at different time points using high-content imager CQ1. To
record the maximal length of the migration gap, five fields per well were recorded. Each
field was acquired in a z-stack comprising four images within the z-axis in a range of 15 ym
with setting “Brightfield Power” at 100% and “Exposure Time” at 50 ms. Automatic image
recording with the CQ1 was ensured in a humid atmosphere at constant inflow (1 L/h) of a

gas mixture containing 5% CO; and 95% air using the gas mixer Gmix™.

To quantify cell migration into the cell free migration gap, the cell free area at each time
point of imaging was measured using the CQ1 integrated software CellPathfinder. The
z-stacked images were projected to a 2D image to obtain a plane and maximal covered
area by cells. Cell area identification was based on a machine learning algorithm after
manually selecting characteristic areas that define a cell or a cell free area (Figure 2-12a,b).

For each well, three different fields at the migration gap were analysed with the “X-
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coordinate filter” set manually to determine the migration gap width (Figure 2-12c).
However, a cell area outside the migration gap connected to cell areas within the defined
gap, was also recognised as an area of migrated cells (Figure 2-12b,c). Thus, we
determined the cell free area within the gap and defined migration as reduction in the cell
free area. Because of the divergence in the migration gap width between the wells, the cell
free area post-treatment (< 24 h) was normalized to the area pre-treatment (0 h; 100%). To
calculate the area of migrated cells, the cell free area post-treatment (<24 h) was
subtracted from the maximum of cell free area pre-treatment (100%). For each independent
experiment and time point, the area of migrated cells was normalized to the untreated
control (100%).

e 4 LS
D Bl

Cell free area
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Figure 2-12 Machine learning identification of cell covered areas and cell free areas.
(a) The machine learning identification in CellPathfinder is based on characterization of the
cell area and the cell free area. Characterization is manually done by selecting areas for
the object “Cells” or “Background”’/cell free area. (b) The migration gap between two MB-
231 cell monolayers was recorded 8 h after insert removal. Cells were identified based on
the machine-learned algorithm using CellPathfinder. Red outlines indicate the border
between the cell area and cell free area. Red areas indicate the area of cells. (c) The
migration gap between two MB-231 cell monolayers was recorded directly at or 24 h after
insert removal. Quantification of the cell free area within the migration gap was performed
with the CellPathfinder after determining the border of the migration gap by setting
“X--coordinate filter“ (red lines). The cell free area (rose) and cell area (black) are visualized

after CellPathfinder analysis.

2.9.1.4 Relevance of the NFkB pathway in TNBC migration

On day one cell seeding and imaging post-treatment was done as described in chapter
2.9.1. On day two, treatment was performed in duplicates. For that, cells were pre-incubated
for 20 min in 450 pl serum-reduced medium (1% FCS) containing 5.5 uM BAY 11-7085 or
10 nM TYLO-1. To activate NFkB signalling, 50 pl of the ten-fold higher concentrated TNFa
were applied to obtain a final concentration of 20 ng/ml. To maintain the final compound
concentration, TNFa was pre-mixed in serum-reduced medium containing the final

compound concentration. Cells were incubated for 8 h.

2.9.1.5 Indirect 2D co-culture with MB-231 and CAFs

To examine stromal cell regulation in TNBC migration, we performed indirect co-culture
studies using conditioned medium of primary murine CAFs. MB-231 seeding on day one
and imaging post-treatment was done as described in chapter 2.9.1.. On day two, MB-231
were washed and exposed to 500 ul of CAF-CM that was prepared as followed: First, we
determined the optimal seeding density of CAFs (2.9.1.2), which is 500 ul serum-reduced
medium (RPMI, 1% FCS, 1% PS) at a density of 1 x 10° cells/ml. CAFs was seeded on a
24-well plate. The supernatant, here referred to as CAF-CM, was collected 24 h post-
seeding and centrifuged at 300 x g for 5 min to remove cell debris. CAF-CM could be stored
at —-80°C until utilization. On day two, MB-231 were exposed to 500 ul CAF-CM and
incubated for 24 h.

2.9.2 3D TNBC invasion

To study TNBC invasion into an ECM-like environment, spheroids of MB-231 cells were

generated in the presence of matrigel® as described [79]. On a cell repellent U-bottom 96-

well plate, 50 ul were seeded at a density of 6 x 10* cells/ml in 0.25% matrigel®. For cell

aggregation, cells were centrifuged for 10 min at 1000 rpm (136 x g) at constant 4°C before
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grown for 72 h at 37°C. After injection of 50 yl (100%) matrigel®, ECM formation was
allowed for 1 h at 37°C. Subsequently, equal volume of the cell culture medium containing
the invasion modulating agent TYLO-1s at a two-fold higher concentration was applied to
give the following final concentration for a total of 100 ul: 2 nM, 5 nM, 10 nM. Culture
medium served as negative control. Invasion was allowed for another 72 h and at least
three spheroids per treatment group were recorded using the inverted brightfield
microscope Axio Vert.A1. The spheroid area was measured pre-treatment, and post-
treatment using Fiji (Figure 2-13). The invaded area is calculated by normalizing the
spheroid area post-treatment to the spheroid area pre-treatment (which was set to 1, fold-

change).

Area determination

I

Figure 2-13 Measurement of TNBC spheroid invaded area. Monoculture spheroids were
generated using MB-231 according to the 3D TNBC invasion assay. Spheroids were
recorded before (0 h) and after (48 h) matrigel® application at 50x magnification using the
Zeiss A.1 microscope. Area was measured using Fiji with manually picking positions (white
squares) to determine the outline (yellow line) of the spheroid (0 h) and the invaded area
(48 h). Adapted from Reimche et al. (2022) [187].
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2.10lmmunofluorescence studies
Monolayer cells were analysed for YAP by 2D immunostaining (“2.10.1) and spheroids were
analysed for cell type distribution by 3D immunostaining (2.10.2). Composition of manually

prepared solutions, used for the 2D and 3D immunostaining, are listed in Table 2-21.

Table 2-21 Immunostaining solution for two dimensional (2D) monolayer cells and 3D
spheroid staining

Application Solution Components
Monolayer, PFA/PBS 4% (wiv) PFA dissolved in PBS, pH 7.4
spheroids
0 o, H _
Monolayer Blocking solution 5% (w/v) BSA and 0.3% Triton® X-100

dissolved in PBS

0.1% volume per volume (v/v) Tween® 20

Monolayer Washing solution dissolved in PBS
0, o 1 - H i
Monolayer Antibody solution 1% (w/v) BSA, 0.3% (v/v&;’gton@ X-100 dissolved in
Monolayer DAPI-solution 1 ug/ml DAPI dissolved in washing solution
(see below)
Spheroids PVP/PBS 3 mg/ml PVP dissolved in PBS

Permeabilization

Spheroids 0.25% (v/v) Triton® X-100 dissolved in PBS

solution
. . . 0.1% (w/v) BSA and 0.01% (v/v) Tween® 20
Spheroids Blocking solution dissolved in PBS
. . Benzyl alcohol (BA) mixed with
Spheroids BA/BB (1:2) benzyl benzoate (BB) at a ratio of 1:2
2101 2D immunostaining

The total volume used per each solution was 100 ul. All incubation steps were done on a
rocking platform and all washing steps were repeated thrice a 5 min. Initially, cells were
washed in PBS and fixed for 10 min at RT in PFA/PBS. After another washing step with
PBS, cells were incubated with blocking solution for 15 min at RT. Cells were rinsed in
washing solution and were incubated with the primary antibody (anti-YAP; 1:100 dissolved
in antibody solution) for 19 h — 24 h at 4 °C. Further washing steps were performed with
washing solution. Cells were washed prior to the incubation with the species-specific
secondary antibody (donkey-anti-mouse; conjugated to AF647; 1:200 dissolved in antibody
solution) for 1 h at RT in the dark. Subsequently, cells were washed and stained for the
nucleus for 5 min at RT with DAPI-solution. Finally, cells were washed again and cells
recorded with the cLSM FluoView3000 at 100x or 600x magnification with exAemA at
405 nm/461 nm and 640 nm/671 nm.
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2.10.2 3D immunostaining

The procedure is adapted from the method described in our previous work [161]. For
examination of the cellular organisation within the spheroid, MB-231 are identified based on
the proliferation marker Ki67 [15] or the highly activated p53 [23]: The primary murine CAFs
are identified based on the marker for activated myofibroblast, that is alpha smooth muscle
actin [195].

At least five round shaped spheroids per treatment group were combined in a 1.5 ml
reaction tube using a cut 100 pl pipette tip. All the following incubation steps were performed
on a rocking platform. To collect spheroids, they were centrifuged for 15 sec to 60 sec at a
maximum of 2000 rpm (x g) using a microcentrifuge. For structure preservation, the
spheroids were fixed for 1 h in PFA/PBS. The spheroids were washed thrice in PVP/PBS
and stores for no longer than fourteen days at 4 °C. For cell permeabilization, the spheroids
were incubated for 1 h in the permeabilization solution and unspecific areas were blocked
using the blocking solution for another 1 h at RT. Combination of primary and secondary
antibodies to identify tumour cells and CAFs within the co-culture spheroids are listed in
Table 2-22. Antibodies were diluted in blocking solution. Antibody labeling was performed
overnight (19 — 24 h) at 4°C with 100 pl blocking solution containing the primary antibodies
targeting Ki67, p53 or aSMA. Afterwards, spheroids were washed thrice for 15 min with
blocking solution. The species-specific secondary antibody and DAPI were diluted in a total
of 200 ul blocking solution, and antibody labelling was performed overnight (19 - 24 h) at
4°C. Spheroids were again washed thrice for 15 min with blocking solution and were
subsequently dehydrated by applying ethanol at increasing concentration (diluted in
ddH-0). For that, the spheroids were incubated for 30 min at RT (without rotation) in each
ethanol solution in the following order: 30%, 50%, 70%, 90%, 96% and twice in 100%
ethanol. For clearing the cell structure, the spheroids were incubated for at least 1 h at RT
(without rotation) in the BA:BB solution. Finally, spheroids were transferred to a black 96-
well plate (square wells) using a cut 100 pl pipette tip. As little as possible of the BA:BB
solution was transferred to avoid minimal movements of the spheroids during microscopic
imaging. For transfer, spheroids could be made visible using the inverted fluorescence
microscope with exA /femA at 365/445 nm/BP50. Spheroids could be stored at 4°C up to 14
days until analysis. Spheroids were recorded using the cLSM LSM880 at
200x magnification with exA /emA at 405 nm/442 nm, 488 nm/522 nm, 561nm /588 nm and
633 nm/ 703 nm.
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Table 2-22 Antibody combination used for examining the cell type distribution within
co-culture spheroids

Primary antibody Secondary antibody Conjugate
Mouse, anti-aSMA Donkey anti-mouse AF647
Rabbit, anti-Ki67 Donkey anti-rabbit AF546
goat, anti-p53 Donkey anti-goat AF488

2.113D TNBC co-culture establishment

To emulate the TNBC microenvironment for drug screening, spheroids were composed of
MB-231 and primary murine CAFs in a collagen-based matrix. Co-culture medium is
composed of a cell culture media mixture of DMEM:RPMI (1:1) supplemented with 12.5%
FCS, 1% Pen-Strep and collagen type |. Optimal seeding conditions were determined with
testing various cell seeding number, MB-231:CAF cell ratio, collagen concentration with
evaluation of spheroid growth and cellular organisation to defined within the spheroids
(2.11.1,2.11.2, 2.11.3)

2111 Selecting the seeding cell number

On day one, 50 pl of the individual cell suspension was seeded on a cell repellent U-bottom
96-well plate. A total of 1500 cells were seeded, each with MB-231:CAFs at ratio of 2:1, 1:2
and 1:4, or a total of 3000 cells were seeded, each with MB-231:CAFs at a ratio of 2:1, 1:1,
1:2 and 1:4. Spheroids in each cellular composition was grown in co-culture medium
supplemented with 0.05 mg/ml,.1 mg/ml or 0.3 mg/ml collagen type |. To evaluate the
optimal spheroid formation, the cells were either directly incubated or exposed to
mechanical forces with centrifugation for 10 min at 136 x g using the plate centrifuge prior
to incubation. On day two, 50 pl of the individual culture medium containing the final
concentration of collagen type | was added. Spheroids were grown for a total of 144 h and
were imaged using the inverted brightfield microscope Axio Vert.A1 at 50x and 100x
magnification. Spheroid shape was evaluated based on the brightfield images. Optimal co-
culture conditions were selected to examine the cellular distribution of each cell type within

the spheroid structure (chapter 2.11.2)
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211.2 Spheroid characterization to determine culture conditions

For further spheroid characterization, co-culture conditions were chosen that showed
reproducible round and compact spheroids. For that, on day one, 90 ul of the co-culture cell
suspension was seeded on a cell repellent U-bottom 96-well plate. A total of 3000 cells
were seeded with a MB-231:CAFs ratio of 1:1 and 1:2. Spheroids in each cellular
composition were grown in co-culture medium supplemented with 0.05 mg/ml, 0.1 mg/ml or
0.3 mg/ml collagen type |. On day four, 11 pl medium without collagen was applied, which
is equal to the volume for compound treatment. Spheroids were grown for a total of 144 h
and were imaged using the inverted brightfield microscope. The spheroid size was
measured in the brightfield images as described in Figure 2-14. On day seven, spheroids
were collected for analysis of the cellular organisation within the spheroids according to the

3D immunostaining protocol (2.10.2).

Figure 2-14 Spheroid size measurement. Representative brightfield image for spheroids.
Here: Seeded with a total of 3000 cells (MB-231:CAF, 1:2) and grown for a total of 144 h
in 0.05 mg/ml collagen type |. Spheroid size was quantified by determining the spheroid
area in brightfield images using the open-source software Fiji. The outline of the spheroid
(yellow line) is determined by manually picking positions (white squares). Scale bar:
200 um.

2113 3D co-culture formation

To emulate the TNBC microenvironment, optimal conditions were selected (2.10) to
generate spheroids comprising MB-231 and CAFs. On day one, 50 pl cell suspension was
seeded on a cell repellent U-bottom 96-well plate. The cell suspension contained MB-231
at a density of 2 x 10* cells/ml and CAFs at a density of 4 x 10* cells/ml. On day two, another
50 ul co-culture medium containing the final collagen concentration was applied. On day
four, spheroids were treated according to the method section of the cell viability testing
(2.7.3), immunofluorescence studies (2.12.3) and growth studies (2.12.2). On day seven,

after 72 h treatment, spheroids were analysed regarding their method.
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2.12TYLO-1 characterization in the 3D TNBC model

For mimicking the cellular organisation of TNBC tumours, monoculture spheroids were
generated starting with a total of 3000 MB-231 cells, that were grown in an ECM
supplemented with matrigel® (2.12.1). To include characteristic stromal cells from the
TNBC TME, a co-culture was established that additionally comprises primary murine CAFs
at a ratio of 1:2 (MB-231:CAF) (0, 2.11.3). Co-culture spheroids were grown in an ECM
supplemented with type | collagen. The treatment course of monoculture or co-culture
studies is depicted in Scheme 1. Spheroids were allowed to form for 72 h. Solid and round
shaped spheroids were chosen for compound treatment for another 72 h and were
subsequently analysed for growth (2.12.1, 2.12.2), cell viability (2.7.3) or cellular

organisation of the cell types within the co-culture spheroids (2.12.3).
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Scheme 1 Treatment course for the 3D TNBC spheroid studies. Components of the 3D

TNBC spheroids are shown per well of a cell repellent U-bottom 96-well plate. Cells
including ECM components were seeded on day one. After 72 h spheroid formation, the
compound was conducted for another 72 h. On day seven, the spheroids were used for
analysis. (a) Monoculture spheroids of MB-231 (MDA) were formed in a matrigel®-based
matrix and (b) co-culture spheroids composed of MB-231 or MB-468-UnaG tumour cells

(MDA) and primary murine CAFs (CAF) were formed in collagen-based matrix.
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2121 3D monoculture growth in matrigel®

To study TNBS spheroid growth in an extracellular matrix (ECM)-like environment,
spheroids of MB-231 were generated in the presence of matrigel® [181]. On an ultra-low-
attachment 96-well plate, 50 ul were seeded with a density of 6 x 10* cells/ml in 0.25%
matrigel®. For cell aggregation, cells were centrifuged for 10 min at 136 x g at constant 4°C
before grown for 72 h at 37°C. On day four, 50 yl of double-concentrated substance was
added to obtain following concentration of TYLO-1: 12.5 nM, 25 nM, 50 nM or 100 nM.
Culture medium served as negative control and 10 uM of the MEK1/2 inhibitor, namely
U0126, served as an anti-proliferative agent. Spheroid growth was allowed for another 72 h
and at least two spheroids per treatment group were recorded pre-treatment (72 h after
seeding) and post-treatment (144 h after seeding) using the inverted brightfield microscope.

The spheroid size was measured in the brightfield images as described (Figure 2-14).

212.2 3D co-culture growth in collagen type |

After co-culture spheroid formation for 72 h, 5 to 6 spheroids for each treatment group were
chosen. 11 pl of the ten-fold higher concentrated compound were applied to obtain 100 nM
TYLO-1 or 100 nM paclitaxel. Co-culture medium served as the untreated control.
Spheroids incubated for another 72 h. At least three spheroids were recorded per treatment
group before and after treatment, on day four and day 7, using the inverted brightfield
microscope Axio Vert.A1 at 100x magnification. The spheroid size was determined as
described (Figure 2-14). In each independent experiment, spheroid size was normalized to

the smallest area (which was set to 0%) and to the highest area (which was set to 100%).

2123 3D co-culture cell type distribution

After co-culture spheroid formation for 72 h, 5 to 6 spheroids per treatment group were
chosen. 11 pl of the ten-fold higher concentrated compound were applied to obtain 100 nM
TYLO-1 or 100 nM paclitaxel. The spheroids were grown for another 72 h, before they were

collected for 3D immunostaining (2.10.2).

2.13Hypoxia studies

To investigate compounds under hypoxic conditions, we utilized the UnaG-reporter cell line
MB-468-UnaG. To investigate HIF-1a activity in 2D monolayer cells, HIF-regulated UnaG
expression was measured 24 h post-treatment under CoCl,-simulated hypoxia (2.13.1). To
further evaluate hypoxia in a 3D TNBC model, we established 3D co-culture spheroids

comprising MB-468-UnaG and primary murine CAFs (2.13.2).
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2131 Hypoxia Inducible Factor (HIF)-1a-inhibition
On day one, 100 pl containing MB-468-UnaG cells at a density of 1.5 x 10° cells/ml was

seeded on a black 96-well plate. On day two, the medium was replaced with 100 pl culture
medium containing TYLO-1s or BAY 11-7085 at the final concentration. Culture medium
served as control. The cells were pre-treated for 1 h before grown for another 24 h in the
absence (normoxia) or presence of the hypoxia-mimetic CoCl, (hypoxia). For hypoxia
studies, 11 pul of the ten-fold higher concentrated CoCl, were applied to obtain final 100 yM
CoCl. HIF-regulated UnaG expression was recorded in z-stacked images using the high-
content imager CQ1 at 100x magnification. UnaG fluorescence intensity was determined in
UnaG-expressing cell clones using the integrated CellPathfinder software as described in
Figure 2-15.

(a) (b)

Figure 2-15 Quantification of UnaG expression in MDA-MB-468-UnaG (MB-468-UnaG)
cells. Fluorescence images were recorded using the high-content imager CQ1 at 100x
magnification. Cells, recorded using brightfield, were recognised by a machine learning
algorithm (yellow outlines). (a) HIF-1a-dependent UnaG expression (green area) was
recorded in the 488 nm channel. Despite cell clone selection of HIF-mediated UnaG
expressing cells, UnaG is not expressed in all cells. Thus, (b) UnaG expressing cells are
recognised within a particular cell size (yellow area). Fluorescence intensity of UnaG was

measured within the UnaG expressing cells. Scale bar: 100 um.

2.13.2 3D TNBC co-culture to study hypoxia

To emulate the hypoxic TNBC microenvironment for drug screening, spheroids were
composed of the hypoxia sensor TNBC cell line MB-468-UnaG and primary murine CAFs
in a collagen-based matrix. Co-culture medium is composed of a cell culture media mixture
of DMEM:RPMI (1:1) supplemented with 10% FCS, 1% Pen-Strep and collagen type . First,
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different conditions regarding the cell seeding number, ratio of cell type and collagen
concentration were tested (2.13.2.1). Using optimal co-culture conditions to generate round
shaped spheroids, we analysed cell type distribution and growth under CoCl,-simulated
hypoxia (2.13.2.2).

2.13.2.1 Establishment of co-culture spheroids

To establish the seeding cell number, co-culture spheroid with a total of 1500 cells or 3000
cells were seeded with a ratio MB-468-UnaG:CAFs ratio at 1:1, 1:2 and 1:4. Each cell
mixture was grown in either 0.05 mg/ml or 1 mg/ml collagen type |. On day one, 50 pl of the
cell mixture containing collagen was seeded on a cell repellent U-bottom 96-well plate. Cell-
collagen mixture was pre-cooled on ice prior to seeding. On day two, 50 pul co-culture
medium containing the final collagen concentration was added. On day four and day 7,
spheroids were recorded using the inverted brightfield microscope Axio Vert.A1 at 100x
maghnification. The spheroid shape was evaluated based on microscopic images and the
spheroid size was determined using Fiji as described in Figure 2-14. Optimal co-culture

conditions were defined based on the spheroid shape and growth behaviour.

2.13.2.2 Analysing the TNBC co-culture spheroids under hypoxia

With evaluating different seeding conditions, the co-culture spheroid generation was similar
to the 3D TNBC co-culture studies using MB-231 (2.11.3). Spheroids were generated
starting with a total of 3000 cells and with MB-468:CAF at a ratio of 1:2 dissolved in co-
culture medium that was supplemented with 0.05 mg/ml collagen type I. On day one, 50 pl
cell suspension were seeded on a cell repellent U-bottom 96-well plate. The cell suspension
contained MB-468-UnaG at a density of 2 x 10* cells/ml and CAFs at a density of 4 x 10*
cells/ml in co-culture medium. On day two, another 50 pl co-culture medium were applied.
On day four, at least five spheroids were treated with co-culture medium (untreated control)
and to induce hypoxia with 100 uyM or 200 uM CoCI2. On day four and day seven, spheroids
were recorded using the inverted brightfield microscope Axio Vert.A1 at 50x magnification
and spheroid size was measured using Fiji as described in Figure 2-14. On day seven, five
spheroids per treatment group were collected for analysing the cellular organisation within
the spheroids as described in the method “3D immunostaining” (2.10.2). Because both, MB-
468-UnaG and CAF express a fluorescence protein that is excited at 488 nm, we stained
for cells using DAPI and for CAFs using an antibody against aSMA (origin mouse) and a
species-specific antibody (goat-anti-mouse) that is conjugated with AF647. Z-stacked
images of the spheroids were captured using the high-content imager CQ1 with exMemA at
405 nm/447 nm/BP60, 488 nm/525 nm/BP50 and 640 nm/685 nm/BP40. For evaluation of

HIF-1a mediated UnaG expression, fluorescence intensity of UnaG was analysed in UnaG
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expressing cells within the z-stacked images of the spheroids using the CellPathfinder

software as described in Figure 2-15.

2.14Western blot

Modulation of NFKB activity by TYLO-1s was evaluated based on the quantification of the
protein level of the NFkB inhibitor, namely IkBa. For method establishment, the IkBa protein
level was analysed in MB-231 (compare 2.14.1) after exposure to BAY 11-7085 at a final
concentration of 10 uM or 20 uM and exposure to TNFa at a final concentration of 10 ng/ml
or 20 ng/ml. Based on immunoblotting, total IkBa protein was quantified in MB-231 (2.14.1)
and in MB-468-UnaG under normoxic (2.14.2.1) as well as under CoClz-simulated hypoxic
(2.14.2.2) conditions.

2141 IkBa protein level in MB-231

On a flat-bottom 6-well plate 2.5 x10° MB-231 cells were seeded in a total of 2 ml and cells
were allowed to attach for 24 h. For treatment on the next day, medium was replaced with
fresh culture medium containing the compounds at the final concentration in a total of 2 ml.
Culture medium served as untreated control. Cells were pre-treated for 1 h at 37°C before
stimulation with 5 ng/ml TNFa for 30 min to induce NFkB signalling and thus IkBa
degradation. After treatment, IkBa protein was analysed with SDS polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting (2.14.3).

214.2 IkBa protein level in MB-468

2.14.2.1 TYLO-1s treatment under normoxic conditions

On a flat-bottom 6-well plate 3.5 x10° MB-468-UnaG cells were seeded in a total of 2 ml
and the cells were allowed to attach for 48 h, which is equal to a treatment under hypoxic
conditions (compare 2.14.2.2). For treatment, the medium was replaced with fresh culture
medium containing TYLO-1s at the final concentration in a total of 2 ml. The culture medium
served as untreated control. The cells were pre-treated for 1 h at 37°C before applying
10 ng/ml TNFa for 30 min to induce NFkB signalling and thus IkBa degradation. After the
treatment, IkBa protein was analysed with SDS-PAGE and immunoblotting (2.14.3).

2.14.2.2 TYLO-1s treatment under CoCl2-induced hypoxic conditions

On day one, 3.5 x10° MB-468-UnaG cells were seeded on a flat-bottom 6-well plate in a
total of 2 ml and were allowed to attach for 24 h. On day two, to induce hypoxia, the medium
was replaced with 100 yM CoClz in a total of 2 ml culture medium and the cells were

incubated for further 24 h. On day three, the medium was replaced with fresh culture
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medium containing TYLO-1s at the final concentration in a total of 2 ml with 100 uM CoCl..
The culture medium with and without CoCl, served as untreated control. Cells were pre-
treated for 1 h at 37°C before application of 10 ng/ml TNFa for 30 min to induce NFkB
signalling and thus IkBa degradation. After treatment, IkBa protein was analysed with SDS-
PAGE and immunoblotting (2.14.3).

2143 SDS-PAGE and immunoblotting

All solutions that were manually prepared are listed in Table 2-23. After treatment, cells
were pre-cooled on ice for harvesting and washed twice in ice-cold PBS before 30 min
incubation in 100 pl RIPA lysis buffer at 4 °C. Cells were detached by scratching using a
commercial cell scraper or a manually bended 100 pl pipette tip. Detached cells were
collected and mixed vigorously by vortexing. To isolate proteins from cell debris, cells were
centrifuged for 15 min at 14,000 x g using the pre-cooled (4 °C) micro centrifuge micro
centrifuge himac CT15RE. The supernatant containing the proteins could be stored at -
20°C. To enable loading of the same protein amount, the protein concentration was
determined in duplicated using the Bradford-Reagent according to the manufacturer's
instruction. BSA was used as a standard protein control in a concentration range with
increasing by 0.2 mg/ml: 0.2, 0.4, 0.6, 0.8 and 1.0 mg/ml. Prior to measurement, cell lysates
were diluted ten-fold in sterile ddH20. Using a (white) flat bottom 96-well plate, 5 pl of the
protein or BSA samples were transferred per well. After injection of 250 ul Bradford reagent,
the cells incubated for 10 — 30 min at RT before the absorbance was measured at 590 nm
using the multimode microplate reader OPTIMA. The final protein concentration in the cell
lysates was automatically calculated with the integrated software. For protein denaturation,
25 pl containing 20 ug protein was dissolved in 1x SDS sample buffer or 1x laemmli buffer.
The protein samples were boiled for 10 min at 95 °C, and, to remove cell debris, samples
were centrifuged for 10 min at 14,8000 rpm using the micro centrifuge himac CT15RE. To
ensure equal protein transfer, 24.5 ul were loaded to a precast 12% polyacrylamide-gel.
Proteins and a standard protein ladder were separated with performing an SDS-PAGE at a
constant voltage of 120 V in 1x running buffer. Nitrocellulose membrane, gel and two blot
filter papers were soaked for 15 min in blotting buffer. For protein transfer from the gel to
the nitrocellulose membrane, semi-dry blotting was performed for 40 min at constant 20 V.
All of the following incubation steps were performed on a rocking platform. The protein
containing membrane was washed for 5 min in TBST buffer, blocked for at least 30 min in
5% BSA dissolved in TBST (BSA/TBST) and washed in TBST again. The membrane was
probed overnight at 4 °C with the antibody against IkBa (1:1000 diluted in 1% BSA/TBST)
or against the housekeeping protein (HKP) vinculin (1:1000 diluted in 1% BSA/TBST). To

remove residual antibodies, the membrane was washed four-times a 5 min in TBST, probed
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with species-specific HRP-conjugated secondary antibodies (1:5000 diluted in 1%
BSA/TBST) for at least 1 h at RT and washed four-times a 5 min in TBST. According to the
manufacturer’s instruction, the membrane incubated for 5 min at RT with the
chemiluminescent-substrate. Chemiluminescence was recorded using the imager Fusion
Pulse™. The protein level was quantified based on the protein volume within the protein
lane using the provided software EvolutionCapt: the background was subtracted for each
protein lane separately. The normalization of the target protein (IkBa) was done according
to the “Housekeeping Protein Normalization Protocol” provided by Licor [196]. However, the
calculation is summarized in Equation 2. In brief, lane normalization factor of the HKP was
determined by dividing the chemiluminescence signal of the HKP lane by the signal of the
HKP lane with the highest signal, here the untreated control. To normalize the target protein
signal, the signal of the protein lane was divided by the lane normalization factor calculated

for this lane.

Equation 2 Calculation of the relative IkBa protein level in western blot studies.

lane x within the HKP
lane with the highest signal

HKP normalization: = lane normalization factor (LNF)

lane x within the target protein

Target protein normalization: = normalized protein

LNF calculated for lane x

normalized protein for lane x
normalized protein for TNFa treated cells

Relative target protein: = relative protein

“Lane x” is defined as the lane of choice and describes the protein level that was
recorded as the luminescence signal in the protein lane x.

Table 2-23 List of manually prepared solutions for western blot studies

Solutions Chemical agents
TBST; tris buffered
saline with Tween® 20 50 mM Tris-HCI; 150 mM NaCl (pH 7.4); 0.1% Tween® 20

(stored at 4 °C)

50 mM Tris/HCI (pH 7.5); 1% Triton® X-100; 0,5% sodium-deoxycholate;
RIPA lysis buffer 0.1% SDS; 150 mM NaCl; 1 mM EDTA, one pill protease-inhibitor Pierce
(stored at -20°C) ® per ml; 1mM PMFS (PMFS is diluted in ethanol and stored at -20°C,
and due to instability, it is added directly when used)

BSA dissolved in double distilled water (ddH20) to a concentration in the
BSA standard
range of 0.2 - 1 mg/ml

15 ml (20%) SDS; 25 ml glycerol; 12.5 mg bromphenol blue; dissolved in

5x SDS sample buffer
750 mM tris-HCI (pH 7.5)

10% Glycerol; 62.5 mM tris-HCI; 1% LDS; 0.005% bromphenol blue;

355 mM 2-mercaptoethanol

4x Laemmli buffer
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10x Running buffer for (10%) 0.25 M Tris; 1.92 M glycine; 1% SDS in ddH20

SDS-gel
. (1%) 25 mM Tris, 192 mM glycine, 1% SDS in ddH20
electrophoresis
2x Blotting buffer 20% Methanol; 192 mM glycine; 25 mM ftris.

2.15Protein knockdown studies
In HMEC, or MCF10A, MB-231 or NFkB-MB-231-Firefly cells protein translation of p65 and

YAP was blocked based on siRNA interference induced by Lipofectamine™ -based siRNA
transfection (2.15.1). Time scheme for siRNA transfection, compound treatment and
analysis is depicted in Scheme 2 .To assess modulation of the targeted protein after siRNA
transfection in 2D monolayer cells, mMRNA level of p65 and YAP was quantified with RT-
gPCR (2.15.2.1, 2.15.3.1). To investigate activities of TYLO-1, cell viability was determined
after p65 (2.15.2.2) as well as YAP knockdown (2.15.3.3), NFkB-inhibition was determined
after YAP knockdown (2.15.3.2) and YAP inhibition was quantified in non-cancerous as well

as cancerous cell lines (2.15.3.4).

SiRNA transfec!ien
{ ‘i’__ansf_F"f‘.\. )
S ﬂ
Q0 } 24 h iy
RO ©0) e
Day 1 Day 2 Day 3
=
<
o™
Analysis Compound treatment
z \ 24 h
Day 5 Day 4

Scheme 2 Treatment course for knockdown studies. Representative treatment course
for knockdown studies is depicted for YAP for one well. Cells were seeded on day one, and
on day two, siRNA transfection was conducted using siRNA-containing liposomes (dotted
circles). The medium was exchanged on day three to remove the residual transfection
agent Lipofectamine™. Knockdown based on siRNA interference was allowed for a total of
48 h before compound treatment was conducted on day four. Cell analysis was conducted

24 h post-treatment on day five.
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2.15.1 Lipofectamine™-based siRNA transfection

On day one, cells were seeded with at a total volume of 100 ul (black 96-well plate), 500 pl
(transparent 24-well plate) or 2 ml (transparent 6-well plate). Cell seeding density for all cell
lines is listed in Table 2-24. On day two, siRNA interference was induced according to the
manufacturer’s instruction of the “Lipofectamine™ 3000” kit. For this, cells were transfected
with a scrambled siRNA (NCsiRNA) or siRNA consisting of a complementary gene
sequence to the mRNA of YAP (siYAP) or p65 (sip65). OPTI-MEM mixture with
Lipofectamine™ served as vehicle control, transfection with NCsiRNA served as untreated
control. Combination of transfection agents are summarized in Table 2-25, whereas 100ng
siRNA (30 nM sip65 or 80 nM siYAP) were transfected. OPTI-MEM-Lipofectamine™
solution was mixed 1:1 with the OPTI-MEM-siRNA solution. For stabilization of the lipid-
siRNA-complex, solution was incubated for at least 15 min at RT and was not mixed
afterwards to avoid destroying the lipid complex. Lipofectamine™-siRNA mixture was
applied to the cells while gently shaking the plate for optimal distribution of the lipid-siRNA
complex. On day three, medium was replaced with fresh culture medium. On day four, cells
were treated according to the experimental protocol to assess cell viability (2.7.2), NFkB-
inhibition (2.5.2), as well as target gene expression (2.15.3.1, 2.15.2.1) or target gene
activity (2.15.3.4). On day five, after 24 h compound incubation, treatment groups were

analysed according to the specific experimental protocol.

Table 2-24 Cell seeding density for knockdown studies

Experiment Plate Cell line Seeding cell number
6-well, MB-231 3 x 105 cells/well
Quantification of mMRNA level
transparent NFkB-MB-231-Firefly 3 x 105 cells/well
24-well, HMEC 2 x 105 cells/well
Quantification of nuclear YAP
transparent MB-231 1 x 105 cells/well
MCF10A 3 x 1083 cells/well
Quantification of nuclear YAP 96-well,
MB-231 4 x 108 cells/well
after knockdown/treatment black
NFkB-MB-231-Firefly 4 x 108 cells/well
Cell viability after 96-well,
MB-231 6 x 10% cells/well
knockdown/treatment black
NFkB-inhibition after 96-well,
NFkB-MB-231-Firefly 1 x 10* cells/well
knockdown/treatment black

Table 2-25 SiRNA mixture transfection agents and combination

Total volume of the Final siRNA Lipofectamine™ P3000

Lipofectamine™-siRNA concentration ' per well per well

Plate
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mixture in OPTI-MEM
[m1]

30 nM sip65

6-well 250 ul 7.5 ul 5l
80 nM siYAP

24 well 50 pl 80 nM siYAP 1.5 ul 1l
30 nM sip65

96-well? 10 0.3 ul 0.2 ul
80 nM siYAP

In total 100 ng siRNA were transfected.

2.15.2 P65 knockdown

2.15.2.1 P65 expression after p65 knockdown

P65 expression in MB-231 was evaluated by assessing the p65 mRNA level. On day one,
cells were seeded in a total of 2 ml on a 6-well plate. Cell density is listed in Table 2-24.
P65 knockdown was induced with siRNA transfection as described (2.15.1) using NCsiRNA
or sip65. On day four, 48 h after transfection, cells were treated for 24 h with 100 nM TYLO-
1 in serum-reduced culture medium (1% FCS). Culture medium served as untreated control.
On day five, 72 h after transfection, cells were harvested and p65 mRNA level was
determined according to the RT-qPCR protocol (2.6.2.2).

2.15.2.2 Cell viability after p65 knockdown

To examine whether reduced cell viability by TYLO-1 depends on NFkB/p65, we measured
cell viability with prior p65 knockdown. On day one, a total of 100 yl MB-231 cells were
seeded on a black 96-well plate. Cell density is listed in in Table 2-24. On day two, p65
knockdown was induced with siRNA transfection as described (2.15.1) using NCsiRNA or
sip65. On day three, medium was exchanged. The following procedure was performed
according to the 2D PrestoBlue (2.7.2). On day four, 48 h after transfection, serial dilution
of compounds was prepared in culture medium as described (2.2.6.2). For treatment in
triplicates, 11 ul of the 10x concentrated compound was applied and cells incubated for 24
h. Final compound concentration for TYLO-1 is listed in Table 2-15. Culture medium (0.01%
DMSO) and 20 pM cytotoxic staurosporine served control. On day five, cell viability-

dependent fluorescence was measured according to the 2D PrestoBlue assay (2.7.2).

2.15.3 YAP Knockdown

2.15.3.1 YAP expression after YAP knockdown

YAP expression in MB-231 and NFkB-MB-231-Frefly was evaluated by assessing YAP
mRNA level. On day one, cells were seeded in a total of 2 ml on a 6-well plate. Cell density
is listed in in Table 2-24. YAP knockdown was induced with siRNA transfection as described

(2.15.1) using NCsiRNA or siYAP. On day four, 48 h after transfection, cells were treated
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for 24 h with 100 nM TYLO-1 in cell culture medium. Culture medium served as untreated
control. On day five, 72 h after transfection, cells were harvested and YAP mRNA level was
determined according to the RT-qPCR protocol (2.6.2.2).

2.15.3.2 NFkB-inhibition after YAP knockdown

To examine if YAP plays a role in the anti-inflammatory effect of TYLO-1, NFkB activity was
measured after YAP knockdown. On day one, NFkB-MB-231-Firefly were seeded in a total
of 100 pl on a black 96-well plate. Cell density is listed in Table 2-24. On day two, YAP
knockdown was induced with siRNA transfection as described (2.15.1) using NCsiRNA or
siYAP. On day three, medium was exchanged. The following procedure was performed as
described for NFkB-inhibition studies (2.5.2). On day four, 48 h after transfection, serial
dilution of TYLO-1 was prepared in culture medium as described (2.2.6.2). For treatment in
triplicates, 11 pl of the 10x concentrated compound was applied and cells incubated for
24 h. Final compound concentration for TYLO-1 is listed in Table 2-15. On day five, NFkB-

dependent luminescence was measured according to the NFkB-inhibition assay (2.5.2).

2.15.3.3 Cell viability after YAP knockdown

To examine if reduced cell viability by TYLO-1 depends on YAP, we measured cell viability
with prior YAP knockdown. On day one, a total of 100 ul MB-231 cells were seeded on a
black 96-well plate. Cell density is listed in in Table 2-24. On day two, YAP knockdown was
induced with siRNA transfection as described (2.15.1) using NCsiRNA or siYAP. On day
three, medium was exchanged. The following procedure was performed according to the
2D PrestoBlue (2.7.2). On day four, 48 h after transfection, serial dilution of compounds was
prepared in culture medium as described (2.2.6.2). For treatment in triplicates, 11 ul of the
10x concentrated compound was applied and cells incubated for 24 h. Final compound
concentration for TYLO-1 is listed in Table 2-15. Culture medium (0.01% DMSO) and 20
MM cytotoxic staurosporine served control. On day five, cell viability-dependent

fluorescence was measured according to the 2D PrestoBlue assay (2.7.2).

2.15.3.4 YAP-inhibition

Transcriptional activity of YAP is determined by the nuclear YAP protein level that was
measured upon immunostaining. YAP activity was analysed in HMEC und MB-231 with no
prior stimulation (2.15.3.4.1) and in MB-231 and NFkB- MB-231-Firefly after TYLO-1
treatment (2.15.3.4.2). To assess investigate effects of TYLO-1 on YAP, YAP was
knockdown and investigated in MB-231 in comparison to NFkB-MB-231-Firefly or in
MCF10A in comparison to MB-231 (2.15.3.5.1).
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2.15.3.4.1 YAP activity in non-cancerous cell lines

MB-231 and HMEC were seeded in a total of 500 ul on a 24-well plate. Cell density is listed
in Table 2-24. The next day, staining for YAP and the nucleic DNA as well as fluorescence

imaging was performed according to the 2D immunostaining (2.10.1).
2.15.3.4.2 YAP activity after TYLO-1 treatment
On day one, MB-231 and NFkB- MB-231-Firefly cells were seeded in a total of 100 yl on a

black 96-well plate Cell density is listed in Table 2-24. On day two, cells were treated for
24 h with 100 nM TYLO-1. Culture medium served as untreated control. On day three,
staining for YAP and the nucleic DNA as well as fluorescence imaging was performed

according to the 2D immunostaining (2.10.1).

2.15.3.5 YAP activity after YAP knockdown and TYLO-1 treatment

On day one, MCF10A, MB-231 and NFkB-MB-231-Firefly cells were seeded in a total of
100 ul on a black 96-well plate Cell density is listed in Table 2-24. On day two, YAP
knockdown was induced with siRNA transfection as described (2.15.1) using NCsiRNA or
siYAP. On day three, medium was exchanged. On day four, 48 h after transfection, cells
were treated for 24 h with 100 nM TYLO-1. Culture medium served as untreated control.
On day five, staining for YAP and the nucleic DNA as well as fluorescence imaging was

performed according to the 2D immunostaining (2.10.1).
2.15.3.5.1 Quantification of YAP activity

The nuclear YAP protein level in 2D monolayer cells was measured in at least two
fluorescence images per treatment group using the open-source software Fiji as described
(Figure 2-16) by performing batch analysis (6.4.1). For that, the nucleus area was
determined based on the DAPI stained area. To determine nuclear YAP protein level, YAP
was measured within the nucleus by quantification of the integrated density (IntDens) of
fluorescence. The IntDens value is calculated by multiplication of the mean grey value and
area (Figure 2-16h). For automatically saving colour or greyscale images of each recorded

area (nucleus or YAP), batch processing was performed using Fiji (6.4.2).
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color

greyscale

nucleus area

(h) IntDens (YAP) = mean grey value (YAP) X area (combined ROIs for YAP)

Figure 2-16 Quantification of the nuclear yes-associated protein (YAP) in monolayer
cells. MB-231 cells were grown for a total of 96 h and stained for the nucleus (DAPI) and
YAP according to the “2D immunostaining” protocol. Fluorescence images were analysed
using Fiji with the following procedure: (a, b) Recorded fluorescence signal for the DAPI
channel (cyan blue) and the YAP channel (blue) that were depicted as a coloured image
were transformed to the (c, d) 8-bit image type (greyscale). (e) The area of the nucleus
was determined in the DAPI channel by applying the colour auto threshold ‘Mean’. This
nucleus area was transformed as a binary mask (the black area indicates the nucleus area).
(f) The area of each nucleus was defined as the region of interest (ROI) for YAP (yellow
outlines). (g) All ROIs were applied to the greyscale YAP channel and YAP fluorescence
intensity was measured within all ROls by assessing the integrated density (IntDens). (h)
Equation to calculate the IntDens of the YAP protein within all ROIs (combined ROIs) and
thus in all nuclei. The IntDens calculation was performed by Fiji as followed: The mean
grey value for YAP is multiplied by the nucleus area that was determined in the greyscale
YAP-channel.
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2.16 Statistical analysis

The numeric results are depicted as mean * standard deviation (SD) or mean + standard
error of the mean (SEM) derived from at least three independent biological replicates (n =
3). GraphPad Prism was utilized (1) for statistical analysis of data, (ll) to calculate the half-
maximal inhibitory concentration (ICso) in drug dose—response studies and to illustrate (ll1)
non-linear regression curves for drug dose—-response studies, (IV) drug dose-response over
time and (V) bars as well as stacked bars.

Statistical difference between two treatment groups was calculated with a two-tailed f-test.
Statistical difference between more than two treatment groups was calculated with the one-
way analysis of variance (ANOVA) or two-way-ANOVA with post analysis using Dunett’s
multiple comparison test for comparison of all groups with one another, or Tukey’s multiple
comparison test to compare all groups versus one control group. Statistical difference in 3D
monoculture growth studies was calculated within all groups or vs. a control group using
Sidaks multiple comparison test. Statistical significance is stated with a p value < 0.05: ns =
not significant, * p < 0.05; ** p < 0.01, *** p < 0.001).
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3 Results

3.1 Anti-tumour characterization of phenanthroindolizidine
alkaloids (P-alkaloids) isolated from the plant Tylophora ovata
in TNBC

3.1.1 Pharmacological mode of action of P-alkaloids

3.1.1.1 P-alkaloids block NFkB-mediated gene transcription through
stabilization of the NFkB inhibitor IkBa

To study anti-inflammatory potential of P-alkaloids (TYLO-1 to TYLO-6) in the TNBC, we
utilized NFkB-dependent luciferase reporter cell lines and performed a western blot to
assess modulation of the NFkB/p65 inhibitor IkBa. Additionally, we investigated a sample
of the synthetically prepared O-methyltylophorinidine (TYLO-1s), the chemotherapeutic
drug paclitaxel and the NFkB-inhibitor BAY 11-7085. To investigate suppression of tumour
initiation, we evaluated TYLO-1 and paclitaxel in a colony formation assay.

Reduced NFkB-transcriptional activity is observed for TYLO-1to TYLO-4 in a time- and
dose-dependent manner. Among all compounds, TYLO-1 exhibits efficacious NFkB
suppression within 2 h with an ICsy value of 17.1 £ 2 nM and within 24 h with a 5-fold
decreased ICso of 3.7 £ 1 nM (Table 3-1, Figure 3-1). Likewise, TYLO-2, TYLO-3 and
TYLO-4 suppressed NFkB within 2 h with an ICso of 211.8 £ 69.9 nM, 284.9 + 60.4 nM, and
83.0 £ 14.7 nM, respectively. After 24 h, TYLO-2, TYLO-3 and TYLO-4 inhibited NFkB with
a 5.5-fold (IC50=38.2 + 14.2 nM), 2.5-fold (ICs0=114.5 + 17.9 nM) and 3-fold (IC50=28.3
5.6 nM) decreased ICsg, respectively, indicating enhanced efficacy for P-alkaloids over time.
NFkB-blockade after short time exposure to compounds indicates a modulation of NFkB,
that is not dependent on NFkB transcription. To exclude cytotoxic effects as a cause of
NFkB pathway suppression, we evaluated cell viability 24 h post-treatment (Table 3-1,
Figure 3-2, Table S 5). Compared to NFkB blockade after 24 h, reduction of cell viability
for TYLO-1 and TYLO-4 was observed at an around 4-fold higher concentration
(ICs0=13.6 £ 0.4 nM and ICso= 127 £ 21.4 nM, respectively) and for TYLO-2 at a 2-fold
higher concentration (ICso=117.9 £ 35 nM). In contrast, TYLO-3 had a lower ICso when
comparing the ICso for reduction in cell viability to NFkB-inhibition. Regarding cell viability
that was analysed using another ass-ay, namely 2D CellTiterGlo, effects of TYLO-3 were
inconclusive, because this derivative was non-cytotoxic (ICso> 1000 nM), while the active
compounds (TYLO-1, TYLO-2, TYLO-4) maintained reduction of cell viability at a
comparable concentration (Table S 5). Notably, compound TYLO-5 and TYLO-6 neither

impaired NFkB activity (ICso> 1000 nM), nor reduced cell viability (ICso> 1000 nM). When
77



investigating the synthetic compound TYLO-1s we observed comparable effects to the
plant-derived TYLO-1: NFkB blockade within 2 h at an ICsp of 3.3 £ 0.2 nM and reduction of
cell viability within 24 h at an ICsp 0f 4.2 £ 1 nM.

To investigate molecular targets upstream from NFkB signalling, we evaluated the protein
level of the NFkB inhibitor IkBa. At first, we optimized experimental conditions to investigate
IkBa stabilization upon NFkB-blockade using BAY 11-7085 (Figure S 2). Initial testing of
TYLO-1s revealed NFkB-inhibition via stabilization of its inhibitor IkBa (Figure S 3).

Time- and dose-dependent suppression of NFkB-mediated gene transcription was also
observed for BAY 11-7085 with an 1Cso 0f 5,500 + 2,000 nM after 2 h treatment and an ICso
of 12,623 £ 1,542 nM after 24 h treatment. Anti-inflammatory potential within 24 h correlates
with reduction of cell viability at an ICsg 0f 12,765 + 1,435 nM (Table S 6), indicating a strong
dependency on NFkB-blockade for its cytotoxic effects. P-alkaloids display a high anti-
tumour potential with displaying NFkB-inhibition and cytotoxicity at a low nhanomolar range,
however, strong cytotoxicity was also observed for TYLO-1s in another TNBC cell line (MB-
468-UnaG) with an ICsg of around 4 nM and for TYLO-1 with an ICso of around 10 nM in
non-cancerous cells, including primary murine CAFs, primary human PBMCs, and human
breast epithelial cell line MCF10A (Table S 7, Table S 8).

Cytotoxicity of paclitaxel was observed at an ICsy of 38.1 + 9.3 nM. Notably, the
commercially available paclitaxel is an anti-mitotic agent and therefore it is not surprising
that we could not detect blockade of NFkB within 2 h (ICso> 1000 nM), or after 24 h
(ICs0> 1000 nM) (Table 3-1). Interestingly, reduction of cell viability by TYLO-1 was stable
over time with an ICsp of around 10 nM after 24 h, 48h as well as 72 h, whereas paclitaxel
showed time-dependent cytotoxicity with an ICso of around 40 nM within 24 h but an 1Cs of
around 20 nM within 48 h, and an ICso of around 3 nM within 72 h (Table 3-1, Table S 8).
Indicating, that paclitaxel efficacy depends on proliferation, while P-alkaloids exhibit another
mode of action. Interestingly, cytotoxicity of P-alkaloids is comparable in MB-231 and
MCF10A, whereas anti-mitotic paclitaxel has a slightly higher ICso of 56.6 + 18.41 nM in
MCF10A. However, TYLO-3 and TYLO-4 did not affect cell viability of MCF10A, although
they were cytotoxic to cancer cells (Table S 8).

When evaluating modulation of tumour initiation, we found a dose-dependent blockade with
a strong reduction of colonies at a concentration of 10 nM for both compounds, TYLO-1
and paclitaxel (Figure S 4). We decreased the concentration range for TYLO-1
(2.5-12.5nM) and found efficacious blockade of colony formation at concentrations
<10 nM. Blockade of colony formation correlates with the ICso measured for NFkB
inhibition. Noteworthy, colony formation may rely on blocking NFkB signalling rather than

reducing cell viability.
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In conclusion, P-alkaloids block TNFa- and LPS-induced transcriptional activity of NFkB in
TNBC in a time- and dose-dependent manner. While the derivatives TYLO-1 and TYLO-1s
exhibit superior NFkB blockade, compound TYLO-3 may act through another mechanism.
NFkB blockade is mediated through stabilization of its inhibitor IkBa. NFkB may play a

substantial role in the anti-tumour effects of P-alkaloids by regulating cell viability as well as
tumour initiation potential.

Table 3-1 ICso-values determined for P-alkaloids in NFkB-inhibition and reduction of cell
viability in TNBC

NFkB-inhibition Reduction of cell viability
Compound 2ht 24h? 24 h34
ICs0 [NM] IC50 [nM] IC50 [NM]
TYLO-1 17112 3.7+1 13.6+0.43
TYLO-2 211.8+69.9 38.2+14.2 1179+ 353
TYLO-3 284.9+604 114.5+17.9 55.3+13.23
TYLO-4 83+14.7 28.3+5.6 127£21.48
TYLO-5 >1000 >1000 >1,000 3
TYLO-6 >1000 >1000 >1,000 3
Paclitaxel >1000 >1000 38.1+9.33
TYLO-1s 33024 n.ts 4214

Compounds were tested in ' NFkB-MB-231-NanoLuc, 2 MB-231-Firefly using the
NFkB-inhibition assay or in MB-231 using the 2D PrestoBlue assay at a 3 high or
4low seeding density. Mean + SD (n=3). 5 Not tested (n.t.)
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Figure 3-1 P-alkaloids blocked NFkB-mediated gene transcription in TNBC in a dose-
dependent manner. The NFkB-dependent luminescence [RLU] was determined after (a)
2h or (b) 24 h treatment according to the NFkB-inhibition assay. Concentration of
compounds ranged in a four-fold serial dilution starting at 1000 nM. After 20 min pre-
treatment with the compounds, cells were stimulated for further (a) 2 h using 1 pg/ml LPS
or (b) 24 h using 20 ng/ml TNFa. In each independent experiment, luminescence was
normalized to the RLU value of the lowest concentration applied (0.06 nM; 100%). Each

data point represents the mean (n=3).
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Figure 3-2 Time- and dose-dependent NFkB blockade by P-alkaloids in TNBC.
Concentration of compounds ranged in a four-fold serial dilution from 1000 nM to 0.06 nM.
(blue, red) NFkB-dependent Iuminescence [RLU] was determined post-treatment
according to the NFkB-inhibition assay. After 20 min pre-incubation with the compounds,
cells were stimulated for 2 h using 1 pg/ml LPS (blue) or for 24 h using 20 ng/ml TNFa
(red). In each independent experiment, RLU values were normalized to the RLU value at
the lowest concentration applied (0.06 nM; which was set to 100%; normalized unit). MB-
231 cell viability-dependent fluorescence [RFU] was determined 24 h post-treatment
according to the 2D PrestoBlue assay (TOX; black). Untreated cells and cytotoxic
staurosporine at 20 uM served as control. In each independent experiment, RFU values
were normalized to the highest RFU value (which was set to 100%) and to the lowest RFU
value (which was set to 0%) (normalized unit). Each data point represents the mean of at

least three independent experiments. lllustration from Reimche et al. (2022) [187].
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3.1.1.2 Structure activity relationship (SAR) based on NFkB-inhibition
Evaluating differences in the chemical structures of P-alkaloids (TYLO-1 to TYLO-6), we
identified critical functional groups that hint to a SAR. Chemical structure and distinct
characteristics for a compound structure that promotes anti-inflammatory potential are
summarized in Figure 3-3.

Differences in chemical structures of P-alkaloids are depicted in (Figure 2-4) and
summarized in the following description: The core structure of all molecules is based on the
scaffold of TYLO-1, which comprises a tricyclic phenanthrene ring fused to the bicyclic
indolizidine ring. An a-hydroxyl group at the indolizidine ring is found in TYLO-1, TYLO-2,
and TYLO-3. In comparison to TYLO-1, demethylation of one of the methoxyl groups at the
phenanthrene ring is found in TYLO-2, TYLO-3, and TYLO-6. Unlike the other compounds,
the nitrogen at the indolizidine ring in TYLO-5 and TYLO-6 is positively charged.

When comparing compounds to TYLO-1 regarding reduction of cell viability, loss of the
methyl group at C-3 in compound TYLO-3 hints to an anti-tumour effect, which is NFkB-
independent and needs further clarification.

When comparing compounds to TYLO-1 regarding NFkB blockade within 2 h, it is evident
that loss of the methyl group at the phenanthrene ring decreased activity by a factor of 12
and 17 for TYLO-2 and TYLO-3, respectively. Presumably, activity is diminished through
increased polarity resulting from methyl group loss in the methoxyl residuals at position C-
3 (ring A) in compound TYLO-3 and at C-6 (ring C) in compound TYLO-2. Lacking the
hydroxyl group at C-14 in the indolizidine ring, as found in compound TYLO-4, diminished
NFkB suppression in comparison to compound TYLO-1 by a factor of 5. The compounds
TYLO-5 and TYLO-6 posse a dehydrated nitrogen at ring D which results in a rigid and
planar structure that significantly decreases activity when compared to TYLO-1 and
TYLO-4,respectively. Thus, a positively charged nitrogen represents the most critical
alteration regarding its anti-tumour and anti-inflammatory potential in TNBC.

In conclusion, initial SAR reveals that anti-tumour potential of P-alkaloids is enhanced in
TNBC when possessing a hydroxyl group at position C-14 in the indolizidine ring and
methoxyl groups at the phenanthrene ring at position C-3 and C-6. The planar structure and
positively charged nitrogen at the indolizidine ring are dominant alterations that result in

functional loss, as observed for compound TYLO-5 and TYLO-6.
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OMe

Figure 3-3 Initial structure-activity relationship (SAR) for P-alkaloids in TNBC. The
scaffold of TYLO-1 to TYLO-6 is depicted with emphasis to the chemical groups that show
maijor influence on blocking NFkB signalling (green). lllustration was drawn with ChemDraw
and is adapted from Reimche et al. (2022) [187].

3.1.1.3 TYLO-1 suppresses NFkB target gene expression to block paracrine
signalling in a 2D co-culture of MB-231:PBMCs
To elucidate the bidirectional communication via cytokines in the TME, we assessed
cytokine expression upon treatment with the anti-inflammatory TYLO-1.
Expression of IL-6 and IL-8 were quantified in a 2D co-culture of MB-231 and PBMCs (1:1)
using RT-gPCR (Figure 3-4). Remarkably, cytokine expression was significantly enhanced
in the co-culture compared to the cell types alone. We could not detect cytokine expression
in MB-231, whereas expression in solely naive PBMCs varied by up to 32%. When exposing
MB-231 to 100 nM TYLO-1 prior to co-culture, cytokine expression is significantly
decreased by average 51% when compared to the untreated co-culture group.
Our results are inconclusive regarding the attribution of the individual cell type on cytokine
expression and also in which cell type cytokine expression is mainly blocked in the co-
culture. Thus, we aimed to investigate modulation of cytokine expression in MB-231 alone
using a multiplex ELISA and RT-qPCR. First, we evaluated LPS-induced secretion of IL-8
in MB-231 and observed suppression at 10 nM, 100 nM and significant reduction in at
1000 nM TYLO-1 (Figure 3-5). Our data indicate dose-dependent suppression of IL-8
secretion, although, our data do not demonstrate statistical significance at non-cytotoxic
concentrations. To examine modulation of cytokine expression we assessed the mRNA
level after exposure to 7 nM TYLO-1 and observed a moderate reduction of expression for
IL-6, but not for IL-8 (Figure S 5).
In conclusion, the 2D co-culture of PBMCs and MB-231 reconstituted the paracrine
signalling with upregulation of the pro-inflammatory cytokines, IL-6 and IL-8. TYLO-1 was

efficaciously blocking paracrine signalling through diminishing cytokine expression.
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Figure 3-4 TYLO-1 significantly inhibited cytokine expression in a 2D co-culture of
MB-231 and PBMCs. MB-231 were pre-incubated for 20 min without or with 100 nM
TYLO-1, before PBMCs were applied at a ratio of 1:1 (co-culture). After 24 h incubation
expression of (a) IL-6 or (b) IL-8 was quantified with RT-qPCR. Based on the 2-66CT
method, fold change in cytokine expression was calculated by initial normalization to the
housekeeping gene GAPDH and following normalization to the untreated co-culture group
(which was set to 1). Bars represents the mean £ SD of (a) (n=4) or (b) (n=3). Statistical

difference vs. co-culture was calculated with one-way-ANOVA (* p <0.05, ** p <0.01,

*** < 0.001).
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Figure 3-5 TYLO-1 decreased interleukin (IL)-8 secretion from MB-231. IL-8 secretion
was determined 24 h post-treatment according to the multiplex ELISA assay. Cells were
pre-incubated for 20 min with 10 nM, 100 nM or 1000 nM TYLO-1 before stimulation with
50 ng/m LPS. Untreated (CTRL) or LPS stimulated cells served as control. IL-8 protein
level was normalized to the lowest value (which was set to 0%) and highest value (which
was set to 100%). Statistical difference was calculated vs. LPS using one-way-ANOVA

(ns = not significant, * p < 0.05, *** p < 0.001). Bars represent the mean + SD (n=3).

3.1.1.4 RelA/p65 is dispensable for TYLO-1-induced cytotoxicity

To evaluate relevance of NFkB (RelA/p65) expression for cytotoxicity of TYLO-1, p65
translation was blocked in MB-231 based on siRNA interference. Knockdown reduced p65
expression by up to 51% (Figure 3-6).

Reduction of MB-231 viability in the non-targeted group with an ICso of 12.6 nM was
comparable to the p65 targeted group with an I1Cso value of 13.1 nM, respectively. However,
the basic level of cell viability in the untreated non-targeted or p65-targeted group is also
comparable. Indicating, that expression of p65 is irrelevant for the cell viability or that
knockdown could be improved, due to a low reduction of p65 expression (Figure 3-7).
Summarized, these data suggest no relevance of p65 expression in compound activity,
although TYLO-1 blocks NFkB activity, presumably through post-translational modulation,
such as inhibition of upstream regulators. Moreover, the lack of dependence on p65
indicates, that compound activity could rely on targeting multiple sites. Notably, knockdown

studies could be improved, because our studies show low efficacy in protein diminution.
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Figure 3-6 RelA/p65 knockdown in MB-231. P65 knockdown was induced in MB-231
with transfection of non-targeting siRNA (NCsiRNA) or p65-targeting siRNA (sip65). 72 h
post-transfection, p65 mRNA level was quantified in duplicates with RT-qgPCR . Based on
the 29CT method, the p65 mMRNA level was normalized to GAPDH, followed by
normalization of the sip65 group against the NCsiRNA group. Bars indicate the mean of

one individual experiment.
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Figure 3-7 TYLO-1 mediated reduction in cell viability is p65-independent. P65
knockdown was induced in MB-231 with transfection of non-targeting siRNA (NCsiRNA) or
p65-targeting siRNA (sip65). 48 h post-transfection, cells were treated for 24 h with
TYLO-1. Compound concentration was applied in triplicates and ranged in a four-fold serial
dilution from 1000 nM to 0.06 nM. Culture medium (CTRL) and 20 yM of cytotoxic
staurosporine (Stauro). Cell viability-dependent fluorescence [RFU] was determined
according to the 2D PrestoBlue assay. Data points represent the mean + SD of one

independent experiment.
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3.1.1.5 TYLO-1s delays cell cycle phase transition with arrest at the G0/G1
phase
In our previous work, we report, that TYLO-1 blocks MB-231 proliferation in a time- and
dose-dependent manner at an ICso of 18 nM within 24 h [187]. Based on these findings, we
aimed to explore modulation of the cell cycle transition under normoxic and hypoxic
conditions by using the chemically prepared compound TYLO-1s.
After treating MB-231 with TYLO-1s under normoxic conditions, we did not detect a shift in
cell cycle populations within 24 h (Figure S 6). To investigate, whether cell cycle is
modulated in a time-dependent manner, we extended compound exposure to 48 h and
72 h. Within 48 h, there was no significant increase in the S- or G2/M phase population
although the G0/G1 population was significantly decreased at 20 nM, 500 nM, and 1000 nM
TYLO-1s (Figure 3-8). After 72 h treatment, cell populations significantly decreased in the
GO0/G1-state at a concentration = 5 nM TYLO-1s and increased in the S-state at 20 nM,
50 nM, 100 nM, and 500 nM TYLO-1s (Figure 3-9). Of note, DMSO had no effect on the
cell cycle state (Figure S 7).
To further investigate cell cycle progression under normoxic as well as hypoxic conditions
we utilized MB-468-UnaG cells and compared TYLO-1s to paclitaxel. Under normoxia, we
observed a time-and dose-dependent cell cycle modulation when exposed to TYLO-1s and
a dose-dependent cell cycle modulation when exposed to paclitaxel. With TYLO-1s we
confirmed a cell cycle regulation in MB-468-UnaG with a significant increase in the G2/M-
state at 10 nM, 20 nM and 50 nM TYLO-1s after 48 h (Figure 3-10, Figure 3-11).
Concomitant with already published data paclitaxel significantly induced a G2/M arrest in
MB-231 and MB-468-UnaG within 24 h (Figure 3-12, Figure 3-13) [197]. To evaluate anti-
proliferative effects under hypoxic conditions, hypoxia was mimicked in MB-468-UnaG cells
by inducing HIF-signalling with exposure to 100 uM CoCl. (Figure 3-27). Hypoxia was
reported to enhance G2/M arrest in MB-231 [198] and we validated increase in G2/M
population under CoCl,-simulated hypoxia in MB-468-UnaG cells (Figure 3-14). Within
72 h, cell cycle progression was not modulated under hypoxic conditions, although 20 nM
TYLO-1s moderately increased GO/G1 population, supporting our observation, that cell
cycle population is arrested at the GO/G1 state (Figure 3-14). Nevertheless, both, TYLO-1s
and paclitaxel, reduce cell viability within 24 h under hypoxia (Figure 3-15). Interestingly,
hypoxia strongly decreased cytotoxic effects of paclitaxel by a factor of 2 100, whereas
hypoxia barely affected cytotoxic potential of TYLO-1s. Of note, under normoxia, paclitaxel
and TYLO-1s increased cell population at the sub-GO/G1-state, indicating DNA
fragmentation (Figure S 8), initiated through apoptosis [197].
In conclusion, TYLO-1s blocks TNBC proliferation by arresting the cell cycle at GO/G1 state

in a dose- and time-dependent manner, resulting in a delayed progression towards the S
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and G2/M phase. Compound characterization under hypoxia, revealed, that in contrast to
paclitaxel anti-tumour efficacy of TYLO-1s is not significantly reduced under hypoxic

conditions. Furthermore, our data indicate apoptosis induction by TYLO-1, which remains
to be confirmed with future studies.
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Figure 3-8 TYLO-1s modulated cell cycle populations in MB-231 within 48 h. Cells
were left untreated (CTRL) or treated for 48 h with TYLO-1s at the indicated concentration.
Cell cycle phase population (G0/G1; S; G2/M) was determined based on the signal of the
PI-DNA complex using CytExpert. (a) Stacked bars represent the mean (n=3). Statistical
difference vs. CTRL was calculated with two-way-ANOVA (* p <0.05, *** p <0.001).

(b) Histograms depicting the cell count within the Pl-signal were illustrated with CytExpert.
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Figure 3-9 TYLO-1s modulated cell cycle populations in MB-231 within 72 h. Cells
were left untreated (CTRL) or treated for 72 h with TYLO-1s at the indicated concentration.
Cell cycle phase population (G0/G1; S; G2/M) was determined based on the signal of the
PI-DNA complex using CytExpert. (a) Stacked bars represent the mean (n=3). Statistical
difference vs. CTRL was calculated with two-way-ANOVA (* p <0.05, ** p<0.01,

p <0.001). (b) Histograms depicting the cell count within the Pl-signal were illustrated
with CytExpert.
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Figure 3-10 TYLO-1s modulated cell cycle populations in MB-468-UnaG within 48 h.
Cells were left untreated (CTRL) or treated for 48 h with TYLO-1s at the indicated
concentration. Cell cycle phase population (G0/G1; S; G2/M) was determined based on the
signal of the PI-DNA complex using CytExpert. (a) Stacked bars represent the mean (n=3).
Statistical difference vs. CTRL was calculated with two-way-ANOVA (* p <0.05,
**p <0.01, ** p <0.001). (b) Histograms depicting the cell count within the Pl-signal were
illustrated with CytExpert.
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Figure 3-11 TYLO-1s modulated cell cycle populations in MB-468-UnaG within 72 h.
Cells were left untreated (CTRL) or treated for 72 h with TYLO-1s at the indicated
concentration. Cell cycle phase population (G0/G1; S; G2/M) was determined based on the
signal of the PI-DNA complex using CytExpert. (a) Stacked bars represent the mean (n=3).
Statistical difference vs. CTRL was calculated with two-way-ANOVA (*** p < 0.001). (b)

Histograms depicting the cell count within the Pl-signal were illustrated with CytExpert.
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Figure 3-12 Paclitaxel arrested cell cycle progression at the G2/M-state in MB-231.
Cells were left untreated (CTRL) or were treated for (a,b) 24h, (c,d) 48 h and (e,f) 72 h with
paclitaxel at the indicated concentration. Cell cycle phase population (G0/G1; S; G2/M) was
determined based on the signal of the PI-DNA complex using CytExpert. (a,c,e) Stacked
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bars represent (a) (24 h) one independent experiment or (c,e) (48 h, 72 h) three
independent experiments. Statistical difference vs. CTRL was calculated with two-way-
ANOVA (* p<0.05, ** p < 0.01, *** p < 0.001). (b,d,f) Histograms depicting the cell count
within the Pl-signal were illustrated with CytExpert.
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Figure 3-13 Anti-mitotic paclitaxel arrested cell cycle transition at the G2/M-state in
MB-468-UnaG. Cells were left untreated (CTRL) or treated for (a,b) 48 h or (¢,d) 72 h with
paclitaxel at the indicated concentration. Cell cycle phase population (G0/G1; S; G2/M) was
determined based on the signal of the PI-DNA complex using CytExpert. (a,c) Stacked bars

represent the mean (n=3). Statistical difference vs. CTRL was calculated with two-way-
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ANOVA (* p<0.05, ** p<0.01, *** p <0.001). (b,d) Histograms depicting the cell count
within the Pl-signal were illustrated with CytExpert.
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Figure 3-14 CoCl;-simulated hypoxia arrested cell cycle progression at the G2/M
phase. For hypoxia simulation, MB-468-UnaG cells were pre-treated with 100 uM CoCl2
for 24h. Cells were left untreated (CTRL) or treated for 24 h with 100 nM paclitaxel or 20 nM
TYLO-1s. Cell cycle phase population (G0/G1; S; G2/M) was determined based on the
signal of the PI-DNA complex using CytExpert. Stacked bars represent the mean (n=3).
Statistical difference vs. CoCl2 was calculated using two-way-ANOVA (* p < 0.05,
**p <0.01, ™ p<0.001). llustration with minor modifications from Reimche et al. (2022)
[187].
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Figure 3-15 CoCl;-simulated hypoxia affects cytotoxicity of paclitaxel but not TYLO-
1s in MB-468-UnaG. For HIF1a-stabilization, cells were grown for 24 h in the presence of
100 M CoClI2 (hypoxia) or left unstimulated (normoxia). Compound treatment was done
(a) for TYLO-1s in a three-fold serial dilution starting at 100 nM and (b) for paclitaxel at a
three-fold serial dilution starting at 1,000 nM. Untreated (CTRL) and 10 pM staurosporine
(Stauro) treated groups served as control. Cell viability was determined as relative
fluorescence unit and was normalized in each independent experiment to the lowest (0%)
and highest (100%) value (normalized cell viability). Data points represent one independent

experiment. lllustration with minor modifications from Reimche et al. (2022) [187].

3.1.2 3D TNBC monoculture studies

3.1.2.1 TYLO-1s suppresses TNBC monoculture spheroid invasion in a dose-
dependent manner

To investigate anti-migratory effects of P-alkaloids, we tested the natural product TYLO-1
with its chemically synthesized equivalent TYLO-1s regarding inflammatory driven
migration of 2D monolayer cells and invasion of 3D monoculture spheroids, respectively.
To investigate the role of inflammation in TNBC migration, a 2D wound healing assay was
established. MB-231 migration was observed within 8 h and TNFa enhanced migratory
behaviour by an average of 20%. TNFa-induced migration was decreased by an average
of 15% with 10 nM TYLO-1 and by an average of 5% with 5.5 uM BAY 11-7085 (Figure S
9). For studying the role of tumour-promoting CAFs, we applied conditioned medium from
CAFs (CAF-CM), which, in contrast to our expectations, decreased migratory behaviour
(Figure S 10).

99



To mimic the multicellular organisation of a tumour, TNBC monoculture spheroids
composed of MB-231 were generated in a matrigel®-based matrix. Matrigel® is a
commercially available mixture derived from a mouse sarcoma and comprises ECM
components, such as growth factors and collagen IV, which is reported to drive motility in
TNBC [199] and is also upregulated upon paclitaxel-based chemotherapy [200]. In our
model, untreated control cells invaded into the surrounding matrigel® in a time frame of
72 h (Figure 3-16). The spheroid area post-treatment (invaded area) was normalized to the
spheroid area pre-treatment (0 h). Within 72 h, invasion of untreated spheroids was 5-fold
increased when comparing to the spheroid size pre-treatment. Invasion was suppressed by
TYLO-1s in a dose-dependent manner (Figure 3-16). Compared to the untreated group,
invasion was reduced at 5 nM and significantly blocked at 10 nM TYLO-1s. Compared to
the untreated group, 10 nM TYLO-1s decreased invasion by around 70% within 48 h as well
as within 72 h. Of note, a low-cytotoxic concentration of TYLO-1s was applied to study anti-
migratory effects, whereas invasion was reduced at concentrations similar to the 1Cso of
NFkB-inhibition in MB-231 (Table 3-1), but not at lower concentrations, including
2 nM TYLO-1s (Figure S 11).

In conclusion, O-methyltylophorinidine (TYLO-1/TYLO-1s) is a potent inhibitor of migration
and invasion presumably by targeting the TNFa/NFkB axis in a dose-dependent manner.
Moreover, TYLO-1 exhibits superior anti-migratory effects compared to the commercially
available NFkB inhibitor BAY 11-7085.

CTRL,;*"' 

5nM _
TYLO-1s

10nM
TYLO-1s _’

100



Monoculture spheroid invasion

vs. CTRL

€ CTRL
ns & 5nMTYLO-1s

ns

- - 10 nM TYLO-1s

ns *

O—\NCP-PU'IO"

0 24 48 72
Time [h]

(b)

Figure 3-16 TYLO-1s blocked TNBC monoculture spheroid invasion into a matrigel®-

Normalized invaded area
[fold-change]

based extracellular matrix (ECM). Monoculture spheroids composed of MB-231 were
generated for 72 h before matrigel® was applied for ECM formation. Spheroids were grown
for another 72 h without (CTRL) or with 5 nM and 10 nM TYLO-1s. (a) Representative
brightfield images. Scale bar: 500 um. (b) To calculate invaded area, the spheroid area
post-treatment is normalized to the spheroid area pre-treatment (0 h; which was set to 1;
fold-change). Statistical difference within all groups was calculated with two-way-ANOVA
(ns = not significant, * p < 0.05). Data points represent the mean (n=3). lllustration with

minor modifications from Reimche et al. (2022) [187].

3.1.2.2 TYLO-1 blocks TNBC monoculture spheroid growth in a dose-
dependent manner

To investigate anti-proliferative effects of P-alkaloids in a 3D model, we tested TYLO-1
regarding TNBC monoculture spheroid growth in a matrigel®-based environment.

Growth behaviour was explored after treatment with TYLO-1 or the MEK1/2 inhibitor,
U0126, (Figure 3-17). TYLO-1 blocked spheroid growth in a dose-dependent manner.
Compared to the untreated control, spheroid size was significantly reduced by 28.9 + 16.6%
at 25 nM, by 46.3 £ 7.0% at 50 nM and by 47.0 = 9.5% at 100 nM. Growth blockade at
50 nM and 100 nM TYLO-1 was comparable to the anti-proliferative agent U0126 with
reduction of spheroid size by 41 + 5% when compared to the untreated group. Spheroid
size and growth was significantly blocked at 25 nM with reducing growth by approximately
50%, indicating the half maximal growth inhibition (Glso) to be around 25 nM (Figure 3-17,
Figure S 12).
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In conclusion, dose-dependent anti-proliferative effects of TYLO-1 was validated in a TNBC
monoculture spheroid model. Based on significant growth blockade by TYLO-1, we
estimated a Glsp of around 25 nM. TYLO-1 exhibits superior growth inhibition potential than
the commercially available MEK1/2 inhibitor U0126 and thus implies targets that are
different to or additional to the MAPK pathway.
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Figure 3-17 TYLO-1 blocked TNBC monoculture spheroid growth in a dose-

dependent manner. Monoculture spheroids composed of MB-231 cells were formed for
72 h in 2.5% matrigel®. For another 72 h, spheroids were grown without (CTRL), with 10
UM U0126 or with TYLO-1 at 12.5 nM, 25 nM, 50 nM and 100 nM. (a) Representative
brightfield images. Scale bar: 300 ym. (b) 72 h post-treatment, the spheroid size was
determined based on the spheroid area that was measured in the brightfield images. In
each independent experiment, the spheroid size was normalized to the CTRL (which was
set to 100%). Bars represent the mean of at least three independent experiments £ SD.
Statistical difference vs. CTRL was calculated with one-way ANOVA analysis using Sidaks

multiple comparison test (ns = not significant, *** p < 0.001).
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3.1.3 3D TNBC co-culture spheroid model establishment

To mimic the physiological TNBC microenvironment in a simplified model, we aimed to
generated co-culture spheroids encompassing MB-231 and primary murine CAFs in the
presence of collagen type |. Various cell seeding conditions were primarily tested with
alteration of the total cell number (1500 cells or 3000 cells), the cell type ratio of MB-
231:CAF (2:1, 1:1, 1:2, 1:4), the collagen type | concentration (0.05 mg/ml, 0.1 mg/ml, 0.3
mg/ml) and without or with centrifugation (136 x g). First, it was determined an optimal cell
seeding condition to create solid and round spheroids (3.1.3.1). Secondly, spheroids were
generated under optimized conditions and were characterized regarding the cell type
distribution within the co-culture spheroids (3.1.3.2). Finally, we evaluated the spheroid
growth behaviour to determine the time point of treatment and to investigate dependency
on collagen for growth (3.1.3.2). Spheroids were grown for a total of 144 h, which is

equivalent for the endpoint of treatment.

3.1.3.1 Optimizing cell seeding conditions to form round shaped spheroids
We tested various co-culture seeding conditions by altering the total cell number (1500 or
3000 cells), cell type ratios (MB-231:CAF at 2:1, 1:1, 1:2, 1:4) and collagen type |
concentrations (0.05 mg/ml, 0.1 mg/ml or 0.3 mg/ml) without or with centrifugation (136 x g)
(Figure 3-18). To determine the optimal seeding condition, spheroids were favored when
displaying a densely packed and round shape.

First of all, we observed, that centrifugation was not mandatory for spheroid generation and,
moreover, was not physiologic. Interestingly, collagen was a predicting factor for the size
and cell compactness. After 72 h formation, spheroids grown in the highest collagen
concentration, 0.3 mg/ml, displayed a diameter of up to 2 mm with forming the least solid
spheroids with loosely connected cells (Figure 3-18e). Spheroids grown in a low collagen
concentration, 0.05 and 0.1 mg/ml, gained a size of 0.5 mm to 1 mm with displaying
compact and round shapes. Regarding the cell number, a low total cell number (1500 cells)
exhibited irregularly shaped and loosely packed spheroids, whereas a high total cell number
(3000 cells) exhibited round shaped and more densely packed spheroids; especially when
comparing the spheroids formed for 72 h. Within a total cell number of 3000 cells, round
and compact spheroids were observed at a cell type ratio of 1:2 (MB-231:CAF) in
0.05 mg/ml collagen, but also at a cell ratio of 1:1 (MB-231:CAF) in 0.1 mg/ml collagen.
Solid spheroids formed at the cell type ratio of 1:1 and 1:2 exhibited a diameter of around
500 um already after 72 h formation. Interestingly, spheroids at a ratio of 1:4 barely reached
the size of 500 um after 144 h formation. This observation indicates, that CAFs build an
encapsulating barrier to restrict spheroid growth. In contrast to that barrier, spheroids that

contained higher or equal amount of MB-231 compared to CAF (2:1 and 1:1) showed
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detachment of cells after 144 h formation. Cell detachment was not further characterized,
but might indicate general cell aggregation, migration or induction of apoptosis.

Summarized, co-culture spheroid formation starting with 3000 cells generated reproducible
spheroids without requiring mechanical forces for formation. Nevertheless, optimal cell type
ratios and collagen concentrations needed to be determined. Thus, we chose the following
conditions for further examinations: MB-231:CAF at the cell type ratio of 1:1 and 1:2 that

were grown in a low collagen concentration of 0.05 mg/ml and 0.1 mg/ml.
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Figure 3-18 3D TNBC co-culture spheroid formation at various seeding conditions.

Co-culture spheroids of a total of (a,b) 1500 cells or (c,d) 3000 cells are composed of MB-
231 (MDA) and CAFs at different cell type ratios (MB-231:CAF = 2:1, 1:1, 1:2 and 1:4).
Spheroids were grown in total for 144 h in culture media supplemented with various type |
collagen concentrations. After seeding, (a,c,e) plates were either directly incubated or
(b,d,e) plates were centrifuged at 136 x g for 10 min prior to spheroid growth.
(a-e) Representative brightfield images for spheroids grown in 0.05 mg/ml or 0.1 mg/ml.
Magnification: 100x%. (e) Representative brightfield images for spheroids grown in 0.3 mg/mi
type | collagen. Spheroids are composed of 3000 cells with a MB-231:CAF ratio of 1:2.
Magnification: 50% and 100x. (a-e) Scale bar: 500 um.

3.1.3.2 Characterization of the co-culture spheroids

After selecting cell seeding conditions to form reproducible co-culture spheroids, cellular
distribution within the spheroids was determined for each cell type at the following seeding
conditions: A total of 3000 cells with a MB-231:CAF ratio of 1:1 or 1:2 was grown in either
0.05 mg/ml or 0.1 mg/ml collagen type I. Cell type distribution was evaluated in addition to
the spheroid shape and growth behaviour. To determine the optimal time point of treatment,
we evaluated the spheroid size after 72 h as well as 96 h, which would be equivalent to the
start point of treatment, and after 144 h, which would be equivalent to the endpoint of
treatment.

As observed in the previous spheroid formation (Figure 3-18), a more irregular shape
correlates with the collagen concentration and mainly spheroids grown in 0.05 mg/ml
collagen type | showed reproducible round and compact spheroids (Figure 3-19). Of note,
the spheroids also displayed a slightly irregular shape with spreading cells from the tumour

edge. However, the irregular shape diminished during spheroid formation within 144 h. In
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this experiment, we additionally changed the seeding volume from 50 ul to 90 pl. We
assumed, that spheroid formation was influenced by the initial amount of collagen, which
was increased to 90 pl for cell seeding. Thus, for further experiments, a seeding volume of
50 ul was maintained with a final collagen concentration of 0.05 mg/ml.

With immunologically staining for the cell types, we localized MB-231 cells in the core of the
spheroids that was coated with a cell layer of CAFs regardless of the cell type ratio, which
was 1:1 or 1:2 (Figure 3-20, Figure S 13, Figure S 14). The irregular cell branches
surrounding the spheroids may be mainly composed of the CAFs (Figure S 14). To reflect
the TME, which is characterized by a high proportion of CAFs, a cell type ratio of 1:2 / MB-
231:CAF) was favoured and maintained for the following studies.

To evaluate spheroid growth, we compared the spheroid size after 72 h or 96 h formation
to the endpoint of treatment (144 h). The spheroid size was approximately doubled
regardless of the duration of spheroid formation, collagen concentration or cell type ratio
(Figure 3-21). The spheroid formation for 72 h was sufficient to generate round shaped
spheroids, that are coated by CAFs and exhibit spheroid growth. Thus, to examine anti-
proliferative potential in the following experiments, compound application was conducted
after 72 h spheroid formation.

To investigate collagen dependency concerning the spheroid growth behaviour, we formed
co-culture spheroids in the absence or presence of collagen. We compared spheroid size
after 72 h or 144 h formation. When spheroids were formed in 0.05 mg/ml collagen,
spheroid size was increased by 30-50%, but when spheroids were formed in the absence
of collagen, there was no growth detected. (Figure 3-22). Remarkably, spheroids grown
without collagen showed detached cells at the outer cell layer. This event was previously
observed in spheroids grown in a cell type ratio of 2:1 or 1:1 (3.1.3.1), thus implying, that
these spheroids are rather aggregates or that cells migrate or enter apoptosis. However,
collagen supplementation was maintained in the following 3D growth studies.

All in all, we determined optimal cell seeding conditions to generate 3D TNBC co-culture
spheroids with the tumour core (MB-231) which is encapsulated by CAFs. Round shaped
and compact spheroids were reproduced at a cell type ratio of MB-231:CAF at 1:2 in a total
number of 3000 cells and grown in a low collagen type | concentration (0.05 mg/ml).
Regarding growth studies, collagen is indispensable for spheroid formation. For compound
testing, we determined the time point of compound treatment, which is after 72 h spheroid

formation.
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Figure 3-19 Co-culture spheroids showed best reproducibility in a low collagen
concentration. Co-culture spheroids with a total of 3000 cells are composed of MB-
231:CAFs at a ratio of 1:1 or 1:2. Spheroids were grown for 144 h in culture media
supplemented with 0.05 mg/ml or 0.1 mg/ml type | collagen. Representative brightfield

images. Scale bar: 500 ym.

0.05 mg/ml 0.1 mg/ml
72h 96 h 144 h 72h 96 h 144 h

Figure 3-20 CAFs encapsulate MB-231 cells within the co-culture spheroids.
Co-culture spheroids were formed with seeding 3000 cells at a MB-231:CAF cell ratio of
1:1 or 1:2. Spheroids were grown in total for 144 h in 0.05 mg/ml or 0.1 mg/ml type |
collagen. Fluorescence was recorded after immunologically staining the spheroids for Ki67
(red, MB-231) and aSMA (blue, CAFs). Representative digital cross section of the
spheroids. Magnification: 200x.
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Figure 3-21 Co-culture spheroid growth is comparable after 72 h and 96 h formation.
Co-culture spheroids were formed with seeding 3000 cells (MB-231:CAF at 1:1 or 1:2).
Spheroids were grown in total for 144 h in either 0.05 mg/ml or 0.1 mg/ml collagen type |.
The spheroid size was measured by determining the spheroid area in the brightfield
images. Fold-change of the spheroid size was calculated by normalizing the spheroid size
after 144 h formation to the spheroids formed for (a) 72 h or (b) 96 h. Bars represent the
mean * SD of one independent experiment including two imaged spheroids per seeding
condition. Statistical difference within all groups was calculated with two-way-ANOVA using

Sidaks multiple comparison test (ns = not significant).
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Figure 3-22 Co-culture spheroid growth depends on the collagen-based matrix. Co-
culture spheroids (3000 cells; MB-231:CAF at 1:2) were grown for 144 h without (w/0) or in
the presence of 0.05 mg/ml collagen type | (COL). (a) The spheroid size was measured by
determining the spheroid area in the brightfield images. Average spheroid size at 144 h
was normalized to the average spheroid size at 72 h (which was set to 100%). Bars

represent the mean + SD of one independent experiment including three imaged spheroids
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per each seeding condition. Statistical significance vs. 72 h was calculated using two-way-
ANOVA (ns = not significant, ** p < 0.01). (b) Representative brightfield images. Scale bar:
200 um.

3.1.4 3D co-culture studies

3.1.4.1 P-alkaloids decrease cell viability in the 3D TNBC co-culture

To study drug response under physiological conditions, the TNBC TME was emulated with
generating co-culture spheroids composed of MB-231 and primary murine CAFs, that were
grown in a collagen-based matrix.

To investigate anti-tumour potential of compounds in the simplified TNBC TME model, we
evaluated the cell viability after exposure to P-alkaloids and paclitaxel (Table 3-2, Figure
3-23). Reduction in cell viability was observed for TYLO-1s and TYLO-1 to TYLO-4 , with
TYLO-1 and TYLO-1s displaying the most potent compound with an ICs value of
22.7+25nM and 11.2 = 2.13 nM, respectively. When compared to TYLO-1, the
compounds TYLO-2, TYLO-3, and TYLO-4 were active with an at least 20-fold higher
concentration resulting in an ICsp of 4415 + 70.8 nM, 476.7 + 1604 nM, and
517.7 £ 76.8 nM, respectively. Within the concentration tested, neither TYLO-5 nor TYLO-6
were effective. Activity of the compounds in 3D co-culture spheroids is comparable with
their activities in 2D cultures of MB-231 (Table 3-1, Figure S 15). Regarding the effect on
each cell type of the co-culture separately, bioactivity of TYLO-1 to TYLO-4 was slightly
stronger on CAFs (Table 3-3) but still comparable with their activities in MB-231 (Table 3-
1). In CAFs, TYLO-1 exhibited an ICso0f 2.7 £ 0.9 nM and TYLO-2 to TYLO-4 exhibited an
ICs0 < 50 nM. Noticeably, effects on CAFs were cell-density dependent with showing no
activity when CAFs were grown at a cell density that was similar to 2D cultures of MB-231
(Table 3-3).

Paclitaxel reduced the cell viability in the co-culture model with an ICso of 43 + 14.3 nM
(Table 3-2), which was comparable to its activity in cell monolayer of MB-231 (Table 3-1).
However, cytotoxic potential stagnated at a concentration of 1 uM regarding the co-culture
spheroids, because at a concentration starting from 1 yM up to 100 yM, no additional
decrease in cell viability was observed (Table S 10Table S 10). Furthermore, comparing
cytotoxicity of TYLO-1 to paclitaxel in both, cell monolayer and co-culture, we detected a
cell population that is not affected by the treatment with paclitaxel (Figure 3-24). Paclitaxel
was ineffective against CAFs regardless of the cell-density, which highlights the differences
between targeting CAFs and MB-231 and further indicates a different mode of action when
comparing anti-mitotic paclitaxel to P-alkaloids.

In conclusion, the dose-drug response of P-alkaloids in a simplified TNBC TME model was

comparable to its efficacy in 2D cell monolayer studies. In the 3D co-culture, TYLO-1 was
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the most potent compound whereas TYLO-2, TYLO-3 and TYLO-4 showed major loss of
efficacy. Within co-culture spheroids, MB-231 cells present the main target for paclitaxel,
while P-alkaloids additionally target CAFs in a cell-density dependent manner. However,
TYLO-1 shows superior efficacy in targeting the 3D co-culture, whereas the standard-of-

care agent paclitaxel exhibits limited effects.
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Figure 3-23 P-alkaloids reduce cell viability of 3D co-culture spheroids. Co-culture
spheroids were formed for 72 h with seeding 3000 cells at a MB-231:CAF ratio of 1:2 in a
total of 0.05 mg/ml collagen type |. Spheroids were exposed for additional 72 h to 100 nM
TYLO-1, 100 nM paclitaxel (PTX). Co-culture medium served as a negative control (CTRL)
and 20 yM staurosporine served as a positive control (Stauro). The cell viability was
determined 72 h post-treatment according to the 3D CellTiterGlo assay. In each
independent experiment, cell viability-dependent luminescence [RLU] was normalized to
the smallest value (which was set to 0%) and to the highest value (which was set to 100%).

Each data point represents the mean of at least three independent experiments.

Table 3-2 ICso-values determined for reduction of cell viability in co-culture spheroids

3D co-culture !

Compound ICs0 [NM] 2
TYLO-1s 11.2+2.1138
TYLO-1 21.7+254

TYLO-2 4415+70.84
TYLO-3 476.7 + 160 4 4
TYLO-4 517.7+76.84

TYLO-5 >1000 4
TYLO-6 >1000 4
Paclitaxel 43 +£14.34

" Spheroids were treated for 72 h. 2 Tested in 3D TNBC co-culture spheroids
according to the 3D CellTiterGlo assay. 3 Mean + SD (n=2). 3 Mean + SD (n=3).
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Table 3-3 ICso-values determined for reduction of cell viability in primary murine cancer-
associated fibroblasts (CAFs)

CAFs CAFs
Compound ICs0 [NM] ICso [NM]
Low seeding density High seeding density
TYLO-1 27+0.9%2 >1000 3
TYLO-2 19.7+3.72 >1000 3
TYLO-3 26.7+3.12 >1000 2
TYLO-4 33.5+12.72 >1000 2
TYLO-5 >1000 2 >1000 #
TYLO-6 >1000 2 >1000 4

" Determined in CAFs 24 h post-treatment according to the 2D PrestoBlue assay.
Mean =+ SD of 2 (n=3), 3 (n=2).or * (n=1).
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Figure 3-24 Representative dose-response inhibition in MB-231 monolayer cells and
3D co-culture spheroids for TYLO-1 and paclitaxel. (a,b) TYLO-1 was applied in a four-
fold serial dilution in the concentration ranging from 1000 nM to 0.06 nM and paclitaxel was
applied in a three-fold serial dilution in the concentration ranging from 1000 nM to 0.5 nM.
Untreated cells and spheroids (CTRL) or treatment with 20 yM of cytotoxic staurosporine
(Stauro) served as control. Data points and ICso represent one independent experiment.
(a) MB-231 were treated for 24 h in the presence of TYLO-1 or paclitaxel. Cell viability-
dependent fluorescence [RFU] was determined post-treatment according to the 2D
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PrestoBlue assay. (b) The co-culture spheroids were formed for 72 h before treated for
another 72 h with TYLO-1 or paclitaxel. Cell viability-dependent luminescence [RLU] was

determined post-treatment according to the 3D cell viability assay.

3.1.4.2 TYLO-1 blocks co-culture spheroid growth

To investigate the modulation of 3D co-culture spheroid growth upon TYLO-1 and paclitaxel,
we applied 100 nM of each compound and found superior potential for TYLO-1 when
compared to paclitaxel. TYLO-1 significantly suppressed spheroid growth by an average of
40% compared to the untreated spheroids, while paclitaxel did not significantly reduce
growth by an average of 25% (Figure 3-25). We also tested TYLO-1 and paclitaxel at a
low-toxic concentration (10 nM) and found no significant decrease in spheroid size for both
compounds (Figure S 16). Regarding the cellular organisation within the spheroids,
encapsulation of CAFs was maintained during treatment, even though the spheroid shape
was irregularly disrupted when compared to the untreated control (Figure 3-26). Modulation
of the spheroid shape may result from targeting both, MB-231 and CAFs (compare Table
3-1, Table 3-3).

In conclusion, the plant-derived TYLO-1 has superior anti-growth effects in TNBC co-culture
spheroids compared to paclitaxel. Thus, P-alkaloids may serve as novel drug candidates
for treating TNBC.

Spheroid Growth (72 h)

9 vs. CTRL
m e
N % 100- .

| * ok I 4
Jo T
= e,
‘q-; "; 50' . : akil
S 3 < S

T’ T T T ‘\\&, .:'”)‘

2 CTRL TYLO-1 PTX A

100 nM
(a) (b)

100 nM TYLO-1 | 100 nM PTX

113



Figure 3-25 3D co-culture spheroid growth is significantly blocked with TYLO-1 but
not paclitaxel. Co-culture spheroids were formed for 72 h with seeding 3000 cells at a MB-
231:CAF ratio of 1:1 with a total of 0.05 mg/ml collagen type |. Subsequently, spheroids
were exposed for another 72 h to 100 nM TYLO-1, 100 nM paclitaxel (PTX) or left untreated
(CTRL). The spheroid size post-treatment was measured by determining the spheroid area
in the brightfield images. In each independent experiment, average spheroid size per
treatment group was normalized to the average spheroid size of CTRL. Bars represent the
mean + SD (n=3). Statistical difference vs. CTRL was calculated using one-way-ANOVA
(ns = not significant, ** p < 0.01). lllustration with minor modifications from Reimche et al.
(2022) [187].
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TYLO-1
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Figure 3-26 CAF encapsulation in co-culture spheroids is maintained post-treatment
with TYLO-1 and paclitaxel. Co-culture spheroids were formed for 72 h with seeding 3000
cells at a MB-231:CAF cell ratio of 1:1 with a total of 0.05 mg/ml collagen type I.
Subsequently, spheroids were exposed for another 72 h to 100 nM TYLO-1, 100 nM
paclitaxel (PTX) or left untreated (CTRL). Fluorescence was recorded after
immunologically staining the spheroids for Ki67 (red, MB-231) and aSMA (blue, CAFs).

Representative digital cross section of the spheroids. Scale bar: 100 pm.
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3.1.5 Pathway crosstalk: HIF and NFkB

3.1.5.1 TYLO-1s suppresses hypoxia-inducible factor (HIF)-mediated
transcription in a dose-dependent manner
To explore effects of P-alkaloids under hypoxia, anti-inflammatory potential as well as
hypoxia-associated HIF-activity was evaluated in 2D cultures. To study tumour growth
under hypoxia, we aimed to create a 3D co-culture model.
HIF-1a-mediated transcription was evaluated using a second TNBC cell line, MB-468-
UnaG, expressing the fluorescence protein UnaG under the control of a synthetic hypoxia
responsive promotor [82]. To simulate hypoxia, 100 uM CoCl, was applied. CoCl; is
described to inhibit HIF-1a hydroxylation and degradation under normoxic conditions,
thereby stabilizing HIF-1a driven gene expression [198,201,202]. In MB-468-UnaG we
confirmed hypoxia induction with 100 uM CoCl, by increasing HIF-regulated UnaG
expression (Figure 3-27). To investigate the interplay between the NFkB and the HIF
pathway under normoxic as well as hypoxic conditions, we tested TYLO-1s and the NFkB
inhibitor BAY 11-7085. Reduction of cell viability by both compounds in MB-468-UnaG
(Figure 3-28b,c, Table S 6) was comparable to MB-231 (Table 3-1). Under normoxia,
TYLO-1s significantly decreased HIF-1a-mediated UnaG expression by 11 + 3% at 10 nM
and by 13 + 4% at 20 nM, while BAY 11-7085 had no significant effects (Figure 3-29a,b).
When cells were pre-treated with compounds before inducing CoClz-simulated hypoxia, the
increase in HIF-1a activity was blocked in the presence of 6 yM BAY 11-7085 as well as by
2 nM, 5nM, 10 nM and 20 nM of TYLO-1s. Solely TYLO-1s significantly reduced HIF-1a
activity by 14 £ 4% at 20 nM (Figure 3-29c,d).
To investigate the role of hypoxia in tumour growth and to characterize P-alkaloids under
hypoxic conditions, a simplified 3D co-culture model was established comprising the
hypoxia-sensor cell clone MB-468-UnaG and the primary murine CAFs. We tested different
cell proportions and collagen type | concentration, similar to the co-culture establishment of
spheroids comprising MB-231 (Figure S 17). In general, increase in collagen resulted in a
more irregular spheroid shape, and increased CAF proportion correlated with a more
densely packed spheroid. Within all conditions, round shaped and densely packed
spheroids that exhibited spheroid growth were generated with a cell seeding number of
3000 cells at a MB-468:CAF ratio of 1:2 and with a total of 0.05 mg/ml collagen type |
(Figure S 18). To induce hypoxia, co-culture spheroids were exposed to 100 uM and
200 uM CoCl, for 72 h. Concerning the cell type distribution within spheroids, tumour cells
were encapsulated with CAFs under normoxic as well as hypoxia simulated conditions
(Figure S 19a). The growth of spheroids was rather decreased upon CoClz-induced hypoxia
(Figure S 19b,c).
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All'in all, blockade of CoCl>-induced HIF signalling by TYLO-1s and BAY 11-7985 indicates
a key role of the NFkB-pathway in CoCl>-mediated hypoxia. Different to NFkB-targeting
compounds, decreased HIF-1a activity was solely found for TYLO-1s under normoxic as
well as hypoxic conditions. Thus, P-alkaloids present a class of compounds with multiple
target sites. However, our 3D co-culture model was not suitable to investigate drug

response on tumour growth within a hypoxic TME.
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Figure 3-27 CoCl; simulated hypoxia by enhancing hypoxia inducible factor (HIF)
transcriptional activity. MB-468-UnaG cells were left untreated (CTRL) or exposed to
100 pM CoCl: for 24 h. (a) Fluorescence intensity of HIF-mediated UnaG expression was
determined in UnaG-expressing cell clones. Statistical difference was calculated with a
paired two-tailed t-test (*p<0.05). Bars represent the mean + SEM (n=3).
(b) Representative images for UnaG fluorescence (white area) recorded at 100x

magnification. lllustration from Reimche et al. (2022) [187].

116



TYLO-1s

=)
4
CoCl, B 610
E 6%104- vs. CTRL 3 4x104
£ =
o = @ 2x104
g 4X104- Rk E
2 S
@ 2x10% L 10 -9 8 -7 -6
’c;; logo (concentration) [M]
Tl

CTRL 100 200 [uM]

|C50 =44 nM

(a) (b)

BAY 11-7085 Paclitaxel
D 6x104 D 6x104
x «
8 ax10¢ & ax104 ‘\—._._H
c c
3 3
@ 2x104 g 2x104-
g e
= 0 . : *—e = 0 ; ; . .
L -7 6 -5 -4 L 10 9 -8 7 6
log4o (concentration) [M] logqy (concentration) [M]
ICs50 =5 pM IC50=3.7 nM

(c) (d)

Figure 3-28 Dose-response inhibition in MB-468-UnaG for CoCl;, TYLO-1s, BAY
11-7085 and paclitaxel. Cell viability was determined 24 h post-treatment according to the
2D PrestoBlue assay. Cells were untreated (CTRL) or exposed to (a) CoClz, (b) TYLO-1s.
(c) paclitaxel or (d) BAY 11-7085. Final compound concentration was applied in triplicates
in a three-fold serial dilution starting at 100 nM for TYLO-1s, at 1000 nM for paclitaxel and
at 50 yM for BAY 11-7085. (a) Bars represent the mean of one independent experiment +
SEM. (b-d) Data points represent the mean of one independent experiment. (a) Statistical
difference vs. CTRL was calculated with two-way-ANOVA (** p <0.01, *** p < 0.001).

lllustration with minor modifications from Reimche et al. (2022) [187].
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Figure 3-29 TYLO-1s decreased HIF-mediated transcription in MB-468-UnaG. Cells
were left untreated (CTRL) or pre-treated for 1 h with TYLO-1s or BAY 11-7085 (BAY) at
the indicated concentration. For further 24 h, cells were (a,b) left unstimulated (normoxia)
or (c,d) exposed to 100 uM CoCl: (hypoxia). (a,c) Representative fluorescence images
depicting UnaG expression under normoxia and hypoxia. Scale bar: 200 uym. (b,d) Total
fluorescence intensity of HIF-dependent UnaG is depicted relative to the CTRL group
(which was set to 1; fold-change). Bars represent the mean + SEM (n=3). Statistical
difference was calculated with one-way-ANOVA (b) vs. CTRL (normoxia) (* p < 0.05). (d)
vs. CTRL (hypoxia) (*** p < 0.001); vs. CoCl2z (## p < 0.01, ### p < 0.001). lllustration with

minor modifications from Reimche et al. (2022) [187].

3.1.5.2 TYLO-1s suppresses NFkB under hypoxic conditions via IkBa
stabilization

We aimed to investigate NFKB modulation under normoxic as well hypoxic conditions. For
that, the protein level of the NFkB inhibitor IkBa was assessed in the hypoxia sensor cell
line MB-468-UnaG (Figure 3-30).

Under normoxia, TNFa stimulation reduced the IkBa protein level to 31 £ 6% when
compared to the untreated control. After pre-stimulation with TYLO-1s, TNFa-mediated
IkBa degradation was reverted. Compared to the untreated group, TYLO-1s significantly
stabilized IkBa at 10 nM and 20 nM to a protein level of 69 + 20% and 74 = 15%,
respectively. Furthermore, to investigate compound effects under hypoxia, hypoxia was
induced with a pre-treatment using 100 uM CoCl.. Interestingly, CoCl, downregulated IkBa,
which suggests additional induction of the NFkB pathway (Figure S 20). Under
CoCl.simulated hypoxia, TNFa reduced IkBa to a protein level of 55 + 22%, and again,
IkBa degradation was reverted by TYLO-1s. IkBa was significantly stabilized at 20 nM
TYLO-1s to a IkBa protein level of 123 + 22%, i.e., enhancing the IkBa level by average
20% when compared to the untreated control. Nevertheless, the dose-dependent reversion
of IkBa degradation was limited at short time exposure, presumably due to cytotoxic effects
at high concentrations (50 nM).

In conclusion, under both conditions, normoxia as well as hypoxia, IkBa was stabilized with
TYLO-1s, thus, indicating enhanced sequestration of NFkB in the cytoplasm. As we
investigated short time exposure, we postulate, that NFkB-inhibition is not mediated on the

transcriptional level but post-translation by targeting upstream regulators.
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Figure 3-30 TYLO-1s stabilizes the inhibitor kB a protein (IkBa) under normoxic and
hypoxic conditions. MB-468-UnaG cells were (a,b) left unstimulated or (c,d) exposed to
100 uM CoClI2 for 24 h prior to treatment. (a-d) Cells were left untreated (CTRL), stimulated
with solely 10 ng/ml TNFa for 30 min (TNFa) or pre-incubated with TYLO-1s at the indicated
concentration for 1 h before stimulation with TNFa for 30 min. (a,c) Normalized IkBa protein

level is displayed relative to the CTRL group. Statistical difference vs. TNFa was calculated

with one-way-ANOVA (ns = not significant, * p < 0.05, *** p < 0.001). Bars represent the
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mean + SEM of (a) (n=3) or (b) (n=2). (b, d) Representative western blot with protein
lysates that are immunologically stained for IkBa (39 kDa) and the housekeeper protein
vinculin (124 kDa).

3.1.6 Pathway crosstalk: YAP and NFkB

3.1.6.1 TYLO-1 modulates YAP in a contradictory manner in MB-231

To explore YAP as a target for P-alkaloids, we determined transcriptional activity of YAP by
analysing the nuclear YAP protein level. For YAP knockdown studies, YAP protein
translation was blocked based on siRNA interference. Of note, non-targeted siRNA
transfection neither affected YAP activity (Figure S 21) nor YAP expression (Figure S 22).
Compared to the non-cancerous epithelial cell line HMEC, YAP activity was increased in
the cancerous cell line MB-231 (Figure S 23). Further, YAP modulation was analysed after
exposure to 100 nM TYLO-1 and activity was significantly decreased by 10% in NFkB-MB-
231-Firefly and by 35% in MB-231 when compared to the untreated control (Figure S 24).
To investigate modulation of YAP, YAP knockdown was performed, resulting in a decrease
of YAP activity by 41£9% in NFkB-MB-231-Firefly and by 73% in MB-231. TYLO-1 reduced
YAP activity in the non-targeted group by 57£19% in NFkB-MB-231-Firefly and by 65% in
MB-231, but TYLO-1 had no additional effects to the YAP-targeted group. YAP modulation
after solely YAP knockdown and solely TYLO-1 treatment was comparable with a reduction
by 40-50% in NFkB-MB-231-Firefly and by 60-70% in MB-231, indicating a similar
mechanism, i.e., reduced YAP expression, which needs further clarification (Figure S 25).
We questioned whether modulation of YAP is cancer specific and investigated TYLO-1 in
MB-231 compared to the non-cancerous cell line MCF10A. Upon siYAP transfection, YAP
was significantly reduced by at least 68% in both cell lines (Figure S 26). Additionally, we
evaluated TYLO-1 in YAP knockdown cells. In the non-targeted group, TYLO-1 reduced
YAP activity by 60% in MB-231, but did not significantly decrease YAP activity in MCF10A.
In the YAP targeted group, TYLO-1 did not additionally modulate YAP activity in MB-231
nor MCF10A (Figure S 27).

To address whether TYLO-1 modulates YAP activity on the transcriptional level, YAP
expression was quantified in NFkB-MB-231-Firefly and MB-231. YAP knockdown resulted
in decreased YAP expression by at least 65% in both cell lines (Figure 3-31). Interestingly,
TYLO-1 increased YAP expression in both cell lines in the non-targeted group as well as
YAP targeted group by at least doubling expression.

In summary, our data reveal YAP as a novel target for TYLO-1, which is specific to
cancerous cell lines. However, YAP is modulated in a contradictory manner on the
transcriptional and post-translational level with enhancing expression, while reducing

activity. Further investigations are required to unravel the mode of action involving YAP .
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Figure 3-31 TYLO-1 enhances YAP expression in TNBC. YAP knockdown was
performed in (a) NFkB-MB-231-Firefly and (b) MB-231 with transfection of non-targeting
siRNA (NCsiRNA) or YAP-targeting siRNA (siYAP). 48 h-post transfection, cells were
treated for 24 h with 100 nM TYLO-1. YAP expression was quantified with RT-qPCR.
Based on the 2-35¢T method, the YAP mRNA level was normalized to GAPDH, followed by
normalization of all groups to the untreated NCsiRNA group. Bars represent the mean %
SD (n=3). Statistical difference within all groups was calculated with one-way-ANOVA
(ns = not significant, * p < 0.05, *** p < 0.001).

3.1.6.2 YAP is dispensable for anti-tumour effects by TYLO-1

After we observed altered YAP activity upon TYLO-1 stimulation, we questioned whether
YAP is relevant for the anti-inflammatory and cytotoxic effects of TYLO-1.

TYLO-1 blocks TNFa induced NFkB activity with a comparable ICsy value in the non-
targeted and YAP-targeted group with 4.9 nM and 4.1 nM, respectively (Figure 3-32).
Regarding cell viability after TYLO-1 treatment, ICso value was also comparable in the non-
targeted and YAP-targeted group with 7.9 nM and 8.2 nM, respectively (Figure 3-33). YAP
knockdown in the untreated group was neither affecting potential for NFkB inhibition nor
reduction in cell viability in MB-231 (Figure 3-32, Figure 3-33).

To sum it up, our results exclude a key role of YAP for the anti-tumour and anti-inflammatory
potential of TYLO-1.
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Figure 3-32 TYLO-1 induced NFkB-inhibition is YAP-independent. YAP knockdown
was performed in NFkB-MB-231-Firefly using non-targeting siRNA (NCsiRNA) or YAP-
targeting siRNA (siYAP). 48 h-post transfection, cells were pre-treated for 20 min with
TYLO-1 in a four-fold serial dilution starting at a concentration of 1 yM. For stimulating
NFkB, it was applied 20 ng/ml TNFa for another 24 h. Untreated cells served as negative
control (CTRL), TNFa treated cells served as positive control (TNFa). NFkB activity was
assessed according to the NFkB-inhibition assay. NFkB-dependent luminescence was
normalized to the average luminescence of the CTRL group (which was set to 100%) and

of the TNFa (which was set to 0%). Data points represent the mean + SD (n=3).
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Figure 3-33 TYLO-1 mediated reduction in cell viability is YAP-independent. YAP
knockdown was induced in MB-231 with transfection of non-targeting siRNA (NCsiRNA) or
YAP-targeting siRNA (siYAP). 48 h post-transfection, cells were treated with TYLO-1 for
24 h. TYLO-1 concentration was applied in triplicates ranged in a four-fold serial dilution
from 1000 nM to 0.06 nM. Culture medium (CTRL) and 20 yM of cytotoxic staurosporine
(Stauro). Cell viability-dependent fluorescence [RFU] was determined according to the 2D
PrestoBlue assay. Data points represent the mean = SD of one independent experiment.
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3.2 Anti-tumour characterization of fungus-derived metabolites in
TNBC

To characterize anti-tumour potential of fungus-derived substances, bioactivity was
explored regarding inflammation (3.2.1., 3.2.3) and migration (3.2.2). Fungal compounds
were isolated from A. falconensis (3.2.1., 3.2.2) and Didymella sp. IEA-3B.1 (3.2.3).

3.2.1 Azaphilones isolated from the fungus A. falconensis suppress

NFkB-mediated gene transcription in TNBC

Azaphilones were extracted from the marine-derived fungus Aspergillus falconensis and
anti-tumour potential against TNBC was published in our previous work [171].

To investigate anti-inflammatory potential TNFa-induced transcriptional activity of NFkB
was assessed for nine isolated compounds: Falconensin O, A, M, N, H, Q, R; S and |. NFkB
blockade was found for all compounds with an ICsg at a two-digit micromolar concentration
in the range of 15-72 uM (Table 3-4, Figure 3-34). Falconensin O, Q and R showed
strongest NFkB-inhibition with an ICsp of 15.7 £ 0.7 uM, 11.9 £ 2.1 uyM and 14.6 = 1.7 uM,
respectively. To exclude cytotoxicity as a cause of decreased NFkB transcription, we
evaluated cell viability of MB-231. Falconensin O, M, N, H, Q, S and | did not affect cell
viability in the concentration range tested (ICso > 200 yM). Falconensin A and R reduced
cell viability with an 1Csp of 89.7 + 9.1 yM and 126.8 + 5.4 uM, respectively. Falconensin A
and R displayed a distinct NFkB-inhibiting potential at a 9-times and 2-times lower
concentration compared to reduction of cell viability.

In conclusion, fungal-derived azaphilones exhibit anti-inflammatory potential in TNBC
through suppressing TNFa-induced transcriptional activity of NFkB at a two-digit micromolar

concentration, with falconensin Q as one of the most potent metabolites.
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Table 3-4 ICso-values for azaphilones in NFkB-inhibition and reduction of cell viability

Reduction of
NFkB-inhibition'

Compound cell viability 2
ICs0 [uM] 3 ICs0 [uM] 3
Falconensin A 53.2+214 89.7 £ 9.1
Falconensin H 72 +28.1 > 400
Falconensin | 19.5+25 > 400
Falconensin M 56.5+ 8.3 > 200
Falconensin N 7173 > 200
Falconensin O 15.7+£ 0.7 > 200
Falconensin Q 119121 > 200
Falconensin R 146+1.7 126.8+£5.4
Falconensin S 201 +£5.6 > 200

Compounds were tested in ' NFkB-MB-231-Firefly according to the NFkB-inhibition
assay or in 2MB-231 according to the 2D CellTiter Glo (384-well format). 3Average
ICs0+ SD (n=3) tested in the concentration range of 400 uM to 0.78 uM (falconensin
A, H, 1) and 200 uM to 0.78 uM (falconensin M, N, O, Q, R, S) in a two-fold serial
dilution. Adapted from El-Kashef et al. (2020) [171].
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Figure 3-34 Azaphilones suppressed NFkB-mediated gene transcription in a dose-
dependent manner. The NFkB-dependent luciferase activity was recorded 24 h post-
stimulation in NFkB-MB-231-Firefly. Cells were left untreated (CTRL), treated for 24 h with solely
20 ng/ml TNFa (TNFa) or pre-treated for 20 min with compounds before stimulation for 24 h
with 20 ng/ml TNFa. Final compound concentration in a two-fold serial dilution starting ranged
from 100 uM to 0.78 uM (falconensin H, A, O, S, |, Q, R) or from 200 uM to 0.78 uM (falconensin
N, M). In each independent experiment, the NFkB-dependent luminescence [RLU] was
normalized to the RLU value of the lowest concentration applied (0.78 uM; which was set to

100%). Each data point represents the mean of at least three independent experiments.
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3.2.2 Polyketides isolated from the fungus A. falconensis suppress
TNBC migration

Polyketides were derived from the marine-derived fungus Aspergillus falconensis and anti-
tumour potential against TNBC was published in our previous work. Studies revealed
inhibition of MMP-13 [141].

Based on these findings anti-migratory potential of polyketides was examined in a 2D
wound healing assay (Figure 3-35). MB-231 cell migration was significantly blocked by
57.9+11.8% at 70 pM sulochrin and moderate, non-significant reduction in migration was
observed at 70puM  monochlorsulochrin.  Both  compounds, sulochrin and
monochlorsulochrin were non-toxic to MB-231 (Figure 3-36).

In conclusion, sulochrin serves as a potent anti-migratory compound to block TNBC

migration at a two-digit micromolar concentration.
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Figure 3-35 Sulochrin suppressed migration of MB-231 cells. Migration was evaluated
according to the 2D wound healing assay. Monolayer cells were left untreated (CTRL) or
incubated for 24 h with 70 uM sulochrin (SL) or monochlorsulochrin (CI-SL).
(a) Representative brightfield images of the migration gap were recorded pre-treatment
(0 h) and post-treatment (24 h) using the high-content imager CQ1. Magnification: 100x.
The cell area and cell free area were identified based on a machine learning recognition
using the software CellPathfinder. The border between the cell area and cell free area is
depicted as a colourful outline (blue, red, or violet). (b) The area of migrated cells was
quantified based on the reduction of the cell free area within the migration gap. The cell
free area was determined in brightfield images using the software CellPathfinder and
normalized to the CTRL group post-treatment (which was set to 100%). Bars represents
the mean £ SD (n=3). Statistical difference vs. CTRL was calculated with one-way-ANOVA

(ns = not significant, ** p < 0.01).
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Figure 3-36 Representative dose-response inhibition of cell viability for sulochrin
and monochlorsulochrin in MB-231. Cells were treated for 24 h in triplicates of sulochrin
and monochlorsulochrin at a two-fold serial dilution ranging from 100 uM to 0.78 pM.
Untreated cells (CTRL) or treatment with 20 yM of cytotoxic staurosporine (Stauro) served

as control. Cell viability-dependent fluorescence [RFU] was recorded according to the 2D

129



PrestoBlue assay. Data points represent one independent experiment. ICso is

representative for reduction of cell viability within 24 h as well as 48 h (n=3).

3.2.3 Decahydrofluorenes isolated from the fungus Didymella sp. IEA-
3B.1 inhibit NFkB-mediated gene expression in TNBC

Decahydrofluorenes were derived from the fungus Didymella sp. IEA-3B.1 and anti-tumour
potential against TNBC was published in our previous work for one of the tested
compounds, namely didymellanosine [168].

To investigate anti-inflammatory potential, we assessed LPS-induced transcriptional activity
of NFkB for three isolated metabolites: Didymellanosine, phomapyrrolidone A and
ascomylactam C. To exclude cytotoxicity as a cause of decreased NFkB signalling, we
additionally evaluated cell viability of MB-231 (Figure 3-37, Table 3-5). Didymellanosine
and phomapyrrolidone A showed a strong NFkB-inhibition with an ICsy of 15.5 £ 1.1 uM,
54.1 £ 5.4 yM and reduction of cell viability with a at least two-fold higher concentration
showing an ICsp of 45.4 £ 8.1 uM and > 100 uM, respectively. Ascomylactam C reduced
cell viability with an I1Cso of 47.5+ 8.5 uM, that is comparable to NFkB-inhibition at
45.0 + 11.6 yM, indicating a strong dependence on NFkB-blockade for its anti-tumour
effects.

In conclusion, decahydrofluorenes exhibit anti-inflammatory potential in TNBC through
suppressing LPS-induced transcriptional activity of NFkB at a two-digit micromolar

concentration, with didymellanosine as the most potent metabolite.
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Figure 3-37 Dose-response inhibition of NFkB-activity and cell viability for
decahydrofluorenes. (a) NFkB-MB-231-NanoLuc were left untreated (CTRL), treated for
2 h with solely 1 ug/ml LPS (LPS) or pre-treated for 20 min with compounds before
stimulation for 2 h with 1 ug/ml LPS. NFkB-dependent luminescence [RLU] was recorded
according to the NFkB-inhibition assay. (b) MB-231 were left untreated (CTRL) or treated
for 24 h with compounds. Cell viability-dependent luminescence [RLU] was recorded
according to the 2D CellTiterGlo (384-well format). (a,b) Final compound concentration
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ranged in a two-fold serial dilution from 100 uM to 0.78 uM. In each independent
experiment, RLU values were normalized to the RLU value of the lowest concentration
applied (0.78 puM; which was set to 100%; normalized luminescence). Each data point

represents the mean of at least four independent experiments.

Table 3-5 ICso-values for decahydrofluorenes in NFkB-inhibition and reduction of cell

viability
NFkB-inhibition ' Reduction of cell viability 2
Compound 2h3 24 h3
ICs0 [uM] * ICs0 [pM] *
Didymellanosine 155+ 11 454 + 8.1
Phomapyrrolidone A 541154 > 100
Ascomylactam C 45+ 11.6 475+ 8.5

Compounds were tested in ' NFkB-MB-231-NanoLuc using the NanoGlo assay or
in 2MB-231 using the 2D CellTiterGlo assay (384-well format). 3 Duration of
treatment. 4 Average ICso of at least four independent experiments + SD tested in
the concentration range from 100 uM to 0.78 uM in a two-fold serial dilution.

3.3 Anti-tumour characterization of engineered and chemically

prepared histone deacetylase inhibitors (HDACIs) in TNBC

To explore anti-tumour potential against TNBC, cell viability of MB-231 was assessed after
treatment with the synthetically prepared HDACIs, namely, LAK41, LAK107, LAK110,
LAK121, LAK-ZnFD, KSK64, KSK75 and MPK26. Reduction in cell viability was observed
for LAK41, KSK64 and MPK265 with an ICs value of 4.5 + 1.7 uyM, 10.2 + 4.9 uM and
38.7 £ 1.8 uM, respectively (Figure 3-38, Table 3-6). These three synthetic compounds
were proven to simultaneously target HDAC1 and HDACG6 at a nanomolar concentration
(compare Table 2-14). Other HDACIs, which solely impact HDAC1 (LAK110, LAK121) or
HDACG6 (LAK-ZnFD, KSK75) did not affect cell viability (ICso> 100 uM). Cell viability was
also not affected by additionally targeting HDAC2 (LAK110) or HDACS8 (KSK75) or targeting
HDACS3 alone (LAK107). Compound KSK75 was proven to solely target HDACG6 but showed
no selectivity to HDAC1. However, the compounds that with proven selectivity to solely
HDAC1 (LAK110, LAK121) or solely HDAC6 (Lak-ZnFD) were not yet examined whether
they additionally target HDAC6 or HDACH1, respectively.

In conclusion, HDACIs have anti-tumour potential against TNBC at a low micromolar
concentration. Effects in TNBC was only found for HDACIs that simultaneously targeted
HDAC1 and HDACSG. Further studies are suggested to investigate simultaneous targeting
both, HDAC1 and HDACG6, for compounds that were proven to solely target HDAC1
(LAK110, LAK121) or HDACG6 (Lak-ZnFD).
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Figure 3-38 HDACIs display dose-response reduction of MB-231 cell viability. Cell
viability was determined in MB-231 24 h post-treatment using a 2D CellTiterGlo on a 384-
well format. Applied concentration in triplicates ranged in a three-fold serial dilution starting
at 100 uM. Untreated cells served as negative control, (CTRL), 20 uM staurosporine served
as positive control (Stauro). In each independent experiment, the Relative Light Unit (RLU)
was normalized to the smallest value (which was et to 0%) and to the highest value (which
was set to 100%) (cell viability). Each data point represents (b,c,e,f,g) (n=1) one

independent experiment or (a,d,h) (n=3) the mean of three independent experiments.
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Table 3-6 ICso-values of HDACIs for reduction of cell viability in MB-231

Reduction of cell viability

HDACI
ICs0 [uM] *
LAK41 45+1.7
LAK107 > 100
LAK110 > 100
LAK121 > 100
LAK-ZnFD > 100
KSK64 10.2+£4.9
KSK75 > 100
MPK265 38.7+1.8

T Average ICso of at least three independent experiments + SD. The cell viability
was determined 24 h post-treatment of MB-231 according to the 2D CellTiterGlo
(384-well format). Compound concentration ranged from 100 yM to 0.78 uM in a
two-fold serial dilution.
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4 Discussion

4.1 Characterization of P-alkaloids in TNBC

4.1.1 Anti-tumour mechanism of P-alkaloids against TNBC

P-alkaloids exhibit growth blockade [203] and cytotoxicity against MB-231 or MB-468 [203—
205], with no mechanism elucidated yet. To characterize the anti-cancer potential of P-
alkaloids isolated from T. ovata in TNBC, we evaluated cell viability, apoptosis, and potential
for tumour initiation. Our data reveal a different mode of action for P-alkaloids compared to
paclitaxel, presumably due to targeting multiple sites to suppress TNBC progression
(Figure 4-1).

In this study, TYLO-1 reduced cell viability in cancerous as well as non-cancerous cells at
a similar concentration with an 1Cso around 10 nM. Nevertheless, performed assays can’t
distinguish whether compound activity relies on anti-proliferative or pro-apoptotic effects,
because cell viability measurement depended on the proportion of viable cells. To address
this ambiguity, we interpreted drug response over time (48 h) regarding cell viability and
found, that TYLO-1 maintained its ICso of around 10 nM, while paclitaxel, which is an anti-
mitotic compound, showed increased efficacy over time. These results suggest, that
TYLO-1 acts differently, because its efficacy was not time-dependent and thus not solely
depending on proliferation. Additionally, we concluded from our cell cycle studies, that
TYLO-1s induces apoptosis in TNBC through arrest at the G1-state during cell cycle
progression. Concomitant with our findings, pro-apoptotic features were ascribed to the
tylophorine derivative, NKOO7, by involving the p38/MAPK signalling and arresting cells at
the G1/S-state in ovarian cancer [149]. Moreover, cell death induction was found to rely on
downregulation of Bcl-2 [206]. However, no pro-apoptotic features were attributed to
antofine, a derivative of tylophorine, in colon cancer [153] or the synthetic tylophorine
analogue, DCB-3503 in hepatocellular carcinoma [179]. Thus, hypothesizing, that the
compound mechanism might strictly rely on the distinct SAR, and on the distinct molecular
features of cancer entities. In TNBC, cytotoxicity through TYLO-1/TYLO-1s might depend
on anti-inflammatory features, because NFkB-blockade strongly correlated with the
reduction of cell viability. Distinct from P-alkaloids, paclitaxel showed no inhibitory effects
on NFkB signalling, neither at short- nor long-time exposure. This further strengthens our
observation, that P-alkaloids act in a different way than paclitaxel.

To further characterize anti-proliferative potential in TNBC, we studied tumour initiation
upon TYLO-1 or paclitaxel treatment in a simplified colony formation assay. Both
compounds suppressed cell growth, which correlated with their specific ICso value for

reduced cell viability, 10.6 nM and 3.2 nM, respectively. Recently, we reported proliferation
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blockade at an average ICsp of 18 nM in MB-231, which is slightly higher compared to the
ICso for the reduction in cell viability [187]. Thus, we hypothesize, that suppressed colony
formation does not solely rely on proliferation blockade. When testing TYLO-1 at lower
concentrations to evaluate tumour initiation, suppressed cell growth was observed at a
concentration, which is comparable to the average ICs, for NFkB-inhibition, 4 nM within
24 h. Of note, experiments had different time windows with evaluating colony formation after
ten days and NFkB-inhibition after one day treatment. Anti-inflammatory effects of P-
alkaloids were time-dependent, thus we cannot exclude, that the definite average ICso might
even fall short of the determined ICso value within 24 h. Concerning other studies including
P-alkaloids, colony formation blockade at a low-toxic and low two-digit nanomolar
concentration were also described for the natural tylophorine derivative, NKOO7, which was
sufficient to block tumour initiation in ovarian carcinoma and even in paclitaxel-resistant
cells [149]. Interestingly, basal-like BC and ovarian carcinoma share molecular features,
including loss of activity for p53, Rb, BRCA1 and high activation of the HIF-1a [23], MAPK
and AKT signalling [207]. Hence, we hypothesize, that P-alkaloids are likewise potent to
reverse chemotherapy resistance, which was already reported [154], but needs further
validation in TNBC. Tumour initiation is an attributed feature of CSC [32]. In this study,
paclitaxel-induced pathways, which are linked to CSC features, namely NFkB, HIF [31] as
well as YAP [48], are blocked by TYLO-1/TYLO-1s. Concluding from these results, we
hypothesize, that P-alkaloids might overcome drug resistance by targeting CSC.

In vivo, P-alkaloids suppress tumour growth [150] and inflammatory response [208]. Ani-
inflammatory features might depend on intervention with cellular signalling, because
tylophorine administration exhibited in vivo effects shortly after administration [208]. In line
with these findings, our data revealed anti-inflammatory effects after short-time exposure to
TYLO-1s, caused by decreased upstream signalling of NFkB. Furthermore indicating, that
pathways are modulated by post-translational modifications rather than a reduced
expression of the transcription factors.

In conclusion, P-alkaloids prevent proliferation and tumour initiation by a different
mechanism than currently applied drugs in TNBC therapy. Anti-inflammatory features are
more relevant than blockade of proliferation, while bioactivity relies on modulation of post-
translation protein modifications to reduce cell signalling. Further investigations are required
to validate pro-apoptotic effects of P-alkaloids, whereas the mechanism is still not well
understood. Although P-alkaloids reverse drug resistance, general cytotoxicity to non-
cancerous cells is disadvantageous for clinical application. Nevertheless, we recommend
combinational treatment of P-alkaloids with chemotherapeutics to evaluate their potential to
increase drug sensitivity in TNBC. The generation of chemotherapeutic agent-resistant cell

lines and assessment of CSC markers could help to address this issue.
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Figure 4-1 P-alkaloids are novel drug candidates to treat inflammation and hypoxia
driven cancer, including TNBC. Chemical structure of P-alkaloids is depicted with
highlighting distinct functional groups of each compound (grey dotted circle), that was
isolated from the plant T. ovata. Concerning the mechanism of action, which was studied
in 2D cultures, we observed decreased cell viability, proliferation and transcriptional activity
of the molecular targets, including NFkB, HIF and YAP. Furthermore, P-alkaloids were
sufficient to block tumor progression, which was studies in 3D TNBC spheroids. Results in

3D studies are depicted compared to an untreated control (CTRL).

4.1.2 SAR of P-alkaloids concerning in vitro and in vivo activities

P-alkaloids (TYLO-1 to TYLO-6) were explored regarding anti-inflammatory effects in TNBC
and a distinct compound activity was found that hints to a SAR. Investigating TNFa- or LPS-
induced NFkB gene transcription in TNBC, we observed a dose- and time-dependent
inhibition for compounds TYLO-1 to TYLO-4. NFkB activity was strikingly blocked within 2 h
by compound TYLO-1 at an ICso value of 17.1 + 2.0 nM. Furthermore, although with lower
potency, NFkB was blocked by TYLO-2 and TYLO-4. Although we validated the anti-tumour
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potential of TYLO-3, which was already reported in nasopharyngeal, lung and colorectal
cancer cells [164] as well as in BC cells regarding HIF signalling [157], our data indicate,
that the activity of TYLO-3 does not depend on NFkB-blockade. Compound activity
corresponds to the chemical structure [150,209] and for the synthetic compound TYLO- 1s
we report similar NFkB blockade (ICso = 3.3 £ 0.2 nM) and reduction of cell viability (ICso =
4.2 + 1 nM) compared to the natural equivalent TYLO-1. Initial SAR of compound TYLO-1
to TYLO-6 reveals that bioactivity in TNBC is enhanced due to the following characteristics
in their chemical structure: (I) A hydroxyl moiety in the indolizidine ring at position C-14,
(I1) a methoxyl moiety in the phenanthrene ring at position C-3 and C-6 and
(1) an uncharged nitrogen in the indolizidine ring, with (lll) being the most crucial feature
that determines anti-tumour potential against TNBC.

Our findings come in agreement with various reported studies [150,157,162,164,204], and
next, the relevance of functional groups within the compounds will be discussed regarding
in vitro anti-cancer mechanisms and in vivo activity.

Concerning the indolizidine ring, unshared electrons of the nitrogen might be crucial for its
anti-cancer activity [162] through interaction with proteins [158]. For example, Rao and
colleagues hypothesize, that the indolizidine moiety participates in the alignment to the
active site of the enzyme thymidylate synthase [210], which was reported as a target for
TYLO-2 [166], causing reduced nucleic acid synthesis. A low pH level was described to
decrease anti-tumour potential of P-alkaloids, presumably due to protonation. It is
suggested, that the unprotonated nitrogen, mainly associated with non-planar compounds,
is important for transportation into the cell and for interaction with receptors [208]. Studies
from Yang et al. postulate, that anti-inflammatory potential, which was investigated in
murine macrophages (RAW264.7) is increased in non-planar compounds, compared to rigid
and planar molecules [211]. Concomitant with these findings, our data revealed reduced
anti-cancer as well as anti-inflammatory potential for the planar compounds, such as those
found in TYLO-5 and TYLO-6, and thereby validating, that the positively charged nitrogen
is the most critical alteration in the chemical structure resulting in activity loss. Other studies
confirmed our observation and state, that TYLO-5 had no effects against tumours, including
the luminal BC (T47D) [157,162]. Interestingly, a distinct mode of action was reported for
TYLO-5 and TYLO-6 through blocking telomerase activity by promoting telomeric DNA
folding into G-quadruplex at a two-digit micromolar concentration [165]. It was reported, that
planar molecules with a positively charged nitrogen possess enhanced binding affinity to
DNA, and binding affinity was increased with a methoxyl group at C-2, C-3 as well as C-6
in the phenanthrene ring [165]. However, DNA binding was also reported as a mechanism
to reduce NFkB binding to the DNA for the non-planar tylophorine analogue, DCB-3503

[151], as well as phenanthrene-based compounds (PTBs) [212]. For the non-covalent DNA

137



binding of the sterecisomer of TYO-4, namely (+)-(13aS)-deoxytylophorinine, hydrophobic
methoxy substitutes at the phenanthrene ring are important for intercalation into double-
stranded DNA, while the hydrophilic nitrogen atom sticks out into the DNA groove to interact
and block proteins that are involved in DNA replication and gene transcription [158].
Regarding the phenanthrene ring, some studies conclude, that the position of the hydroxyl
and methoxyl groups at the phenanthrene ring is crucial for its activity [150], while other
studies conclude, that there is no marked difference given by the particular position or that
the number of these functional groups is more relevant than the position [213]. Amongst
diverse SAR studies, a hydroxyl group at the C-7 position in the phenanthrene ring was
increasing compound activity [213]. This is an interesting finding for the compounds tested
in this study, because the most potent compound TYLO-1/TYLO-1s possesses a methoxyl
group at C-7. Hence, it would be interesting to investigate if replacement with a hydroxyl
group could further TYLO-1 compound efficacy.

P-alkaloid derivatives that are solely generated based on the phenanthrene ring [214] or the
indolizidine ring [215] exhibit anti-cancer features, although there were controversial
findings regarding their mode of action. Concerning PTBs, Lin and colleagues found NFkB-
blockade, which is caused by suppressed upstream AKT/IKKa signalling, thus, resulting in
accumulation of IkBa which sequesters NFkB. They report, that PTBs activate an alternative
NFkB pathway (IKKa/RelB) to suppress the canonical p65/p50 signalling [216]. Effects of
P-alkaloids were not yet investigated towards the alternative NFkB signalling and could be
considered in future studies. All in all, compounds, that are based on solely one moiety, the
phenanthrene or indolizidine ring might act differently, presumably based on the different
functions of each moiety, by either interacting with DNA or proteins [158].

Diverse SAR studies involving P-alkaloids report functional groups that may or may not
improve compound activity. It was also found, that compound efficacy corresponds to the
stereochemistry of e.g. the hydrogen at C-13 [213]. Apart from this, the stereochemistry of
functional groups is relevant, because it may determine and alter the impact of the residual
functional groups for compound activities [208].

Despite the efficacious anti-tumour effects of P-alkaloids, including the anti-inflammatory
potential [217], severe toxicity in vivo is a major obstacle regarding utilization for clinical
purposes [212]. There are controversial findings regarding SAR in vivo. Gao and
colleagues, observed, that compounds carrying a hydroxylation at C-14 exhibited greater
anti-tumour effects in vivo. The conclusion was based on increased activity in vitro as well
as in vivo of TYLO-2 compared to (R)-(+)-deoxytylophorinidine, the isomer of TYLO-4 [150].
In contrast to that, the synthetically prepared YPC-10157, which is similar to the molecule
structure of TYLO-3, lacks a hydroxyl group at the C-14 and displays mild toxicity in vivo

with greater growth suppression compared to the hydroxylated analogues [203]. Additional
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SAR studies confirmed the observation, that compound efficacy and tolerability in vivo
increases, when derivatives lack hydroxylation at C-14 [164,203]. However, in vivo SAR
might also depend on the compound scaffold used for engineering of synthetic analogues,
thus SAR should be interpreted with caution. Regarding toxic side effects in vivo, polar
analogues, i.e. hydroxylated molecules, are hypothesized to clear the blood-brain-barrier
(BBB) to a lesser extent [208] and thereby showing decreased neurotoxicity [218]. This
hypothesis might explain, why TYLO-3 was more tolerable in vivo in addition to a stronger
growth inhibition compared to tylophorinine, the stereoisomer of TYLO-1 [163]. Notably,
methoxyl groups at the phenanthrene ring might influence metabolic stability, while there
are controversial findings whether the impact is positive or negative [203].

All in all, P-alkaloids isolated from the plant T. ovata display a SAR regarding their anti-
inflammatory and anti-cancer potential against TNBC. Functional groups at the
phenanthrene ring might be relevant for non-covalent binding to DNA; while functional
groups at the indolizidine ring might important for interactions with proteins. Concerning
future perspectives, additional SAR studies are inevitable to optimize bioactivity while

simultaneously increasing safety for clinical utilization e.g., in cancer therapy.

4.1.3 The anti-inflammatory potential of P-alkaloids is maintained under

hypoxic conditions

The tumour niche of TNBC is characterized by increased inflammation and reduced oxygen
levels [62]. Hitherto, transcription blockade was reported for P-alkaloids regarding
inflammation-associated NFkB-pathway in HepG2 [150] and hypoxia-associated HIF-1a
pathway in T47D [157], but none of the studies included TNBC.

In this study, examination of upstream regulation of NFkB revealed that TYLO-1s stabilizes
IkBa in TNBC under normoxia as well as CoCl;-simulated hypoxia. Additional blockade of
HIF-regulated transcription presents P-alkaloids as multi-targeting compounds in TNBC.
Regarding NFkB-mediated transcription, studies from Gao et al. report inhibition in HepG2
cells for TYLO-2 and the epimer of TYLO-1, namely tylophorinine [150]. However, the mode
of action for transcriptional blockade in TNBC remains elusive. We evaluated
compound TYLO-1s regarding the upstream regulation of NFkB and found dose-dependent
stabilization of the NFkB inhibitor IkBa. Because both, IkBa and NFkB are substrates of
IKK, we hypothesize that P-alkaloids affect NFkB through blocking activating
phosphorylation by IKK. Findings from Shiah et al. support our hypothesis regarding NFkB-
inhibition in pancreatic ductal adenocarcinoma cancer cell line, PANC-1, using the synthetic
tylophorine analogue DCB-3503. They report decreased NFkB activity through suppression
of phosphorylation by IKKa/IKKB. As a consequence, reduced phosphorylation events of

IkBa and NFkB result in stabilization of IkBa and enhanced sequestration of NFkB in the
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cytoplasm to block its transcriptional activity [151]. Concluded from our results, P-alkaloids
inhibit NFKB through sequestration by IkBa in the cytoplasm rather than by decreasing
RelA/p65 transcription or blockade of DNA binding after translocation to the nucleus.
Reduced NFkB binding affinity to DNA was also excluded by studies from Shiah and
colleagues, where they suggested, that phosphorylated p65/NFkB is at least partially
eliminated through proteasome-mediated degradation [151].

NFkB activity induces drug resistance and is triggered during paclitaxel therapy [61] but
also by hypoxia [92]. Inhibition of NFKB in HepG2 [150] and inhibition of HIF-1a in T47D
[157] were reported separately for P-alkaloids, e.g. TYLO-2. In addition, we questioned
whether the anti-inflammatory potential of compound TYLO-1s is maintained under hypoxic
conditions. Our findings reveal a significant NFkB suppression at 20 nM via stabilization of
IkBa under normoxia as well as under CoClz>-simulated hypoxia. Indeed, we found
modulation of HIF-mediated transcription by TYLO-1s and investigated the role of NFkB-
inhibition on HIF-activity. Under normoxic as well as hypoxic conditions HIF was significantly
blocked at a low nanomolar concentration (20 nM). Accordingly, data from Chen et al.
support our findings, reporting blockade of HIF induction under low oxygen levels in the
luminal BC cell line T47D for tylophorinine, TYLO-1, TYLO-2 as well as for TYLO-3 but not
for TYLO-5 [157]. These results match with the SAR identified for our NFkB inhibition
studies. NFkB blockade with the NFkB inhibitor BAY 11-7085 or TYLO-1s was sufficient to
block CoCl,-simulated hypoxia, whereas blockade of NFkB alone using Bay 11-7085 was
not sufficient to suppress HIF, indicating that NFkB is involved in inducing CoClz-induced
HIF-activity, which has already been reported [219], and that P-alkaloids act distinct from
the commercially available NFkB inhibitors by impacting multiple targets, e.g. NFkB and HIF
in TNBC.

Both, NFkB as well as the HIF pathway, are triggered upon paclitaxel-based chemotherapy
and are involved in mediating chemoresistance [59,61,62,220], which is a major feature of
CSCs [31]. Targeting key pathways in CSC may be a promising approach to combat TNBC,
which is enriched in CSC [34]. Findings from Chen et al. describe HIF-blockade at a low
nanomolar concentration [157], which matches our results with NFkB inhibition and HIF-
inhibition by TYLO-1s at a low nanomolar concentration, hence, indicating that a common
upstream regulator of both pathways may be modulated by P-alkaloids. The effects of P-
alkaloids on upstream signalling of both NFkB and HIF as well as effects on the crosstalk
between both pathways has not been elucidated yet. NFkB is involved in the transcriptional
regulation of HIF-1a [89] and HIF-1a triggers NFkB activity by inducing nuclear translocation
[92] through enhancing IKK/NFkB signalling [62]. But it remains unclear if (I) NFkB blockade
by P-alkaloids affects HIF expression, (II) NFkB is involved in modulation of HIF-inhibition
by P-alkaloids, (lll) HIF-blockade would affect NFkB-inhibition by P-alkaloids. Knockdown
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studies could help to address these hypotheses. However, both pathways share triggers for
activation, TNFa and CoCl,[92], as well as target genes including cyclin D1 [219]. AKT is a
common upstream regulator of NFKB and HIF [221] and was reported as a target for P-
alkaloids by blocking kinase activity [222]. It is poorly understood, how P-alkaloids regulate
phosphorylation events [151] and whether P-alkaloids act as allosteric kinase inhibitors
[152,179,223]. Nevertheless, approaches with in silico docking studies postulate kinase
inhibition through binding to the ATP-binding site as a pharmacological mode-of-action for
P-alkaloids. Studies from Liu et al. report blockade of AKT for the epimer of TYLO-1, namely
HTBP1 [222], and Mostafa et al. showed blockade of Aurora A and B kinases for
tylophorinine and TYLO-2 [224]. Moreover, tylophorine was found to bind to the ATP-
binding site of the vascular endothelial growth factor receptor (VEGFR) in endothelial cells,
thus suppressing downstream signalling pathways including AKT and Erk [152]. Indicating,
that AKT might not be the only molecular target to orchestrate inhibition of NFkB and HIF
signalling, which needs further clarification.

In conclusion, P-alkaloids are multi-targeting compounds in TNBC with the most efficacious
compounds, TYLO-1 and TYLO-1s, exhibiting NFkB-inhibition by a significant blockade of
IkB degradation that was maintained under hypoxia. Our SAR studies regarding NFkB-
inhibition might predict the anti-tumour potential for a variety of different types of cancer.
Like many other natural product families, P-alkaloids represent a compound class targeting
key cell signalling pathways in drug resistance e.g., NFkB and HIF, which is distinct from
their previously reported cytotoxicity. Finally, further studies are needed to identify the
distinct pharmacological target(s) in the molecular interplay of both NFkB and HIF in TNBC,

also regarding CSC features.

4.1.4 P-alkaloids block proliferation in TNBC through arrest at the
G0/G1-state, thereby, delaying cell cycle progression

Proliferation is a multi-step process comprising the interphase (G1, S, G2) and mitosis (M)
while non-proliferative cells are resting at a GO state. Cell cycle phase transition is regulated
by the balance of cyclins as well as cyclin-dependent kinases and checkpoint proteins
controlling DNA damage and chromosomal segregation as well as modulating the cell fate
towards progression or apoptosis [225]. Although the anti-proliferative effects of P-alkaloids
were reported for BC cell lines, including MB-231 [148], regulation of the cell cycle remains
unclear in TNBC. For P-alkaloids, affecting the cell cycle arrest at the G1 or S-phase is
reported for various cancer entities [149,154,179,226]. Cell cycle arrest resulting from the
downregulation of cell cycle-related cyclins [227] and downregulation of cell cycle regulatory
proteins by P-alkaloids [203] was reported for the following targets: cyclin D1 (G1-
progression) by e.g. TYLO-2 [150], cyclin E1 (G1/S-transition) by the tylophorine analogue
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DCB-3503 [223] or cyclin A2 (G1/S; S/G2-transition) by tylophorine [226]. In our recent
publication, we report anti-proliferative effects of TYLO-1 in TNBC [187]. To investigate
modulation of the cell cycle state in TNBC, we tested the chemically prepared TYLO-1s and
found a time- and dose-dependent accumulation of S- and G2-phase cell populations
presumably through retardation in G1/S transition. The delay in G1-progression [227] might
rely on downregulation of cyclin D1 by targeting NFkB [150], which is described as a key
player in the G1/S phase transition by regulating cyclin D1 and CDK4/6 expression [228].
NFkB blockade was also reported for a tylophorine analogue in pancreatic [151] and
hepatocellular [150] cancer cell lines, thus we assume a common mode of action regarding
proliferation blockade in diverse cancer entities. Concomitant with our findings, there was
no shift detected in the cell cycle population within 24 h when exposing T47D cells to
tylophorine [154]. Indicating, that within 24 h cells might arrest at the G1-state, resulting in
retardation of cell cycle progression. In contrast, studies from Gao et al. claimed a cell cycle
arrest to be cancer type dependent [179].

Overall, the mechanism of P-alkaloids in cell cycle modulation differs significantly from the
M-phase inhibitor paclitaxel, known to arrest progression at the G2/M state by preventing
depolymerization of mitotic spindles during cell division [229]. In contrast, proliferation
blockade by P-alkaloids might rely on inhibiting checkpoint proteins in the cell cycle or
inhibiting DNA replication [150,158,159]. Recently, Aurora A and B kinases were found as
novel targets for the stereoisomer of TYLO-1, namely tylophorinine, and for TYLO-2 at low
micromolar concentration in MCF7 [224]. As a direct substrate of Aurora kinases, p53 is
phosphorylated and subsequently degraded [230]. Downregulation of p53 and its target
genes coding for p21 was also reported for tylophorine and its analogue DCB-3503
[179,223], while studies from Gao et al. assume that cell cycle arrest is independent of p53
activity and thus independent of DNA damage [179]. Additional studies are needed to clarify
the role of p53 and DNA damage concerning the anti-proliferative P-alkaloids in TNBC.
Furthermore, blockade of DNA replication was reported for (+)-(13aS)-deoxytylophorinine,
the stereoisomer of TYLO-4, through intercalation into nucleic acid [158,159] and for
tylophorinine and TYLO-2 through blockade of the nucleic acid synthesis [166,231].
Preferably, (+)-(13aS)-deoxytylophorinine intercalates at AT-rich sequences, which is
mainly found upstream of the transcription start site [158,159]. Hydrophobic methoxyl
substitutes at the phenanthrene ring are suggested to be important for binding to nucleic
acid [158] and might explain the general blockade of protein synthesis [203]. On the
contrary, findings from Wang et al. assume that reduced DNA replication is a side effect of
downregulating proteins involved in DNA synthesis [232].

Studies with tylophorine revealed a G1 arrest which was sufficient to abrogate the G2/M

arrest of doxorubicin, thereby inducing cell death [154]. In this study, each compound was
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tested separately, hence, for future studies, combinational treatment of paclitaxel with O-
methyltylophorinidine (TYLO-1/TYLO1s) is proposed to evaluate the impact on drug
sensitivity in TNBC, considering their different mechanism of action in the cell cycle.
Hypoxia was reported to induce G1-arrest by downregulation of cyclin A, resulting in
paclitaxel resistance [220]. In our artificial hypoxia model, simulation with CoCl. at a low-
toxic concentration resulted in a different modulation by inducing a G2/M arrest. However,
we cannot exclude that a low-toxic concentration of CoCl, conducted cytotoxic effects at
long-time exposure or that CoCl, activates pathways, that are differently regulated under
oxygen shortage.

In conclusion, cell cycle modulation by P-alkaloids is distinct from the standard-of-care
agent paclitaxel, presumably by blocking DNA replication and blocking or downregulating
proteins involved in cell cycle transition with all events resulting in GO/G1-arrest to delay

cell cycle progression.

4.1.5 P-alkaloids have multiple target sites in TNBC, including YAP
P-alkaloids were reported to block de novo RNA synthesis [208] and inhibit protein

synthesis [203], by blocking protein translation [223]. However, transcription, as the initial
step of gene expression, is regulated by transcription factors, and for TNBC we reported
suppression of NFkB as well as HIF activity in our recent work [187]. To our knowledge, this
study was the first to identify the transcriptional coactivator YAP as a novel target for P-
alkaloids. In the following, we will discuss potential upstream regulators of the targeted
pathways by P-alkaloids, including mechanisms involved in protein degradation.

In line with our initial observation, YAP is highly activated in cancer cells compared to non-
cancerous cells [233]. In addition to that, YAP has ascribed a fundamental role in the TME,
because the increased transcriptional activity of the heterodimeric YAP/TAZ complex was
found in stromal cells, [134], including tumour infiltrated cells [51], which is linked to tumour-
promoting features [122]. In stiff matrices, YAP functions as a mechanotransducer to
promote proliferation and metastasis in TNBC cells (MB-231), whilst YAP shows no tumour-
promoting role in non-TNBC cells (MCF7) [234]. In our studies, we observed contradictory
modulation of YAP signalling. On the one hand, TYLO-1 enhanced YAP expression in MB-
231, but on the other hand, TYLO-1 decreased YAP activity. However, we cannot exclude
adverse cytotoxic effects, because we applied a concentration of TYLO-1, which was found
to reduce cell viability in 2D cultures (100 nM). Concomitant with our findings, other studies
confirm the controversial role in TNBC: YAP ablation was either reducing paclitaxel
sensitivity in TNBC (MB-231) [235] or sensitizing TNBC cells for radiotherapy [236] and
chemotherapy, including paclitaxel as well as doxorubicin [63]. Differences in prognosis

could be explained by the complex regulation of YAP, including the physical properties in
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the ECM [53,237] and transactivation by diverse cellular pathways, which are involved in
tumour progression [48]. Of note, within the interaction of mechanical and chemical cues,
soluble factors may partially have a greater impact on cellular signalling [131].
Mechanotransduction via YAP also transactivates key pathways in cancer, e.g. NFkB [238]
and HIF-1a [132]. Within the inflammatory TME in BC, TNFa/IKK signalling not triggers
YAP as well as NFkB activation, resulting in a YAP/TEAD/p65 triplet complex to modulate
glucose metabolism, which benefits cell migration. Remarkably, YAP has a special role by
partially regulating the expression of NFkB-regulated genes [48]. To investigate the role of
YAP as well as the role of p65 in the effects of P-alkaloids, we performed knockdown studies
to downregulate p65 or YAP based on siRNA interference. YAP was dispensable for the
anti-inflammatory activity of TYLO-1 and we found, that the anti-tumour features of TYLO-1
is maintained irrespective of p65 or YAP expression. Indicating, that the anti-tumour
potential does not solely rely on the modulation of these proteins, which furthermore
highlights the relevance of multiple target sites of P-alkaloids in TNBC. Our hypothesis is
supported by studies from Bhattacharjee and colleagues, where they demonstrate that
various proteins can be affected at a different degree of inhibition [239], suggesting, that
the interplay is important for compound activity. Nonetheless, the interplay between
targeted pathways in TNBC, including NFkB, HIF as well as YAP, remains unclear in the
pharmacological mechanism of P-alkaloids and needs further examinations.

Regarding upstream factors of NFkB, HIF, as well as YAP, the impact on kinase activities
by P-alkaloids is not well understood in BC. AKT was earlier introduced as a potential target
of P-alkaloids [222] and a common upstream regulator of NFkB, HIF [221], and in addition
to that also YAP [240]. However, to date, there is no molecular target identified for P-
alkaloids, which explains a decrease in nuclear translocation of YAP. Aurora kinases were
identified as potential targets of P-alkaloids [224]. These kinases negatively regulate YAP
signalling by phosphorylation [241]. While targeting Aurora A should suppress YAP
phosphorylation, hence should increase nuclear YAP levels, our study shows decreased
YAP activity upon TYLO-1 treatment. Concluding from our results, Aurora A is not the main
target to affect downstream YAP activity. Concerning YAP, our results exclude decreased
gene expression in response to TYLO-1, thus, suggesting post-transcriptional regulation as
a mechanism to interfere with YAP activity. Indicating, that YAP is blocked through either
enhanced inactivating phosphorylation, enhanced proteasomal degradation or decreased
protein translation. Non-coding RNAs also play a role in suppressing protein translation [54],
but their relevance is not understood in the mechanism of P-alkaloids.

Regarding the reduced activity of NFkB, HIF and YAP, we questioned how the proteasome
is involved to decrease transcriptional activity by P-alkaloids. Concerning NFkB blockade,

our data show stabilization of its inhibitor IkBa after short time exposure to TYLO-1s,
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indicating decreased IkBa phosphorylation and further a decrease in proteasomal
degradation. In line with our findings, Shiah and colleagues postulate, that increased IkBa
stability is caused by reduced phosphorylation rather than involving the proteasome. In
contrast to that, NFkB is degraded by the proteasome [151]. Concerning CoCl,-simulated
hypoxia, our study revealed decreased HIF signalling in response to TYLO-1s, which could
either result from lowered HIF expression or enhanced proteasomal degradation. Regarding
YAP, we observed increased expression but decreased activity. Indicating, that either
protein translation is blocked or that proteasomal degradation is increased as a result of
enhanced YAP phosphorylation. Hence, the role of the proteasome in lowered HIF and YAP
activity needs further clarification. The proteasomal machinery is differently involved in the
targeted pathways of P-alkaloids, suggesting, that the proteasome is no specific molecular
target. Studies from Wang et al. support our findings and report, that anti-tumour features
do not rely on enhanced protein degradation by the proteasomal machinery [232].

In conclusion, we identified YAP as a novel target for P-alkaloids. Noteworthy, the role of
the pathway crosstalk between YAP, NFkB and HIF is still poorly understood regarding the
compound activity and the main molecular targets. There are further studies required to
conduct a better understanding of upstream regulators, that might orchestrate simultaneous
pathway inhibition. Nevertheless, we did not address cellular processes that are involved in
suppression of protein activities by lowering the protein level, such as mMRNA degradation,

but we exclude a key role for the proteasomal machinery.

4.1.6 TYLO-1 interferes with the tumour-stroma crosstalk by mitigating

cytokines production
The inflammatory TME in TNBC [100] is linked to malignant features and poor clinical
outcomes [110,242—-244]. Paracrine signalling leads to the attraction of TAMS which interact
with TNBC cells via the secretion of second messengers such as IL-8 or IL-6 [245].
Previously, studies from Sperlich and Teusch described the elevated expression of
cytokines IL-6 and IL-8 in a 2D co-culture of MB-231 and PBMCs at a cell type ratio of 1:1.
The crosstalk based on cytokines could be suppressed by NFkB blockade [79]. Based on
these findings, we aimed to examine the most efficacious P-alkaloid, TYLO-1, regarding its
impact on the TME crosstalk via cytokines. Reconstituting this 2D co-culture model, our
data reproduced enhanced IL-6 and IL-8 levels in the co-culture, which was diminished in
the presence of TYLO-1, presumably by blocking NFkB, and thus, cytokines induced
forward feedback loop via NFkB signalling. Notably, our studies involved cytotoxic
concentration of TYLO-1 for MB-231 as well as PBMCs, thus we cannot exclude cytotoxic
effects on cytokines level. However, when applying TYLO-1 at low-toxic concentrations, our

data show diminished IL-6 and IL-8 levels in the tumour cells. Nevertheless, our results may
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not distinguish the targeted cell type involved in cytokine upregulation or downregulation.
Concomitant with our findings, other studies examined co-cultures of MB-231 as well as
macrophages and present tumour cells are the main source for cytokines, which were
upregulated in the crosstalk in an NFkB/p65 dependent manner [115]. Although, NFkB
presents the main target to block the tumour-stroma crosstalk, we suggest knockdown
studies to confirm the relevance of NFkB for blocking the paracrine signalling by TYLO-1.
Not to be neglected, the PBMC is a heterogeneous mixture of monocytes and lymphocytes
with no determined proportion of each cell type. Additionally, neither the activation status of
the immune cells nor the markers that define tumour-associated character were determined.
The crosstalk with TNBC and macrophages is rather complex by displaying two
differentiation states of macrophages: Tumour-suppressive M1-like that releases pro-
inflammatory cytokines and chemokines including TNFa, IL-18 and IL-6, and the tumour-
promoting M2-like that releases anti-inflammatory cytokines including IL-10 to mediate
tissue remodelling, angiogenesis and immunosuppression [246]. Moreover M2-types
correlate with increased proliferation, EMT, migration and invasion and poor prognosis in
TNBC [247]. There are unclear findings about the TAM polarization, because co-culture
with MB-231 was reported to polarize macrophages towards the M2-type [247], while other
studies discovered, that TAMs possess a mixed status of M1-like and M2-like which drive
TNBC growth and aggressiveness [246]. To date, regulation of tumour-promoting features
of stromal cells is unclear for P-alkaloids. Elucidation of the TAM polarization upon
treatment could address if the tumour-associated status can be reverted. Moreover, further
studies are required to validate, that intervention with the tumour-stroma crosstalk is
sufficient to reduce tumour aggressiveness, and in particular, chemotherapy resistance.

In summary, targeting NFkB disturbs the bidirectional crosstalk of tumour and stromal cells
via reducing the level of inflammatory cytokines. Thereby, presenting anti-inflammatory

P-alkaloids as a potent candidate to disturb the inflammatory TME.

4.1.7 3D cultures as preclinical drug screening models for TNBC

To evaluate the drug efficacy of O-methyltylophorinidine (TYLO-1/TYLO-1s) regarding
TNBC growth and invasion, we utilized 3D spheroids. In the following, the utilization of 2D
cultures will be discussed, in addition to the 3D monoculture and co-culture model that were
generated in an ECM-like matrix, including our approach to generate a 3D model to study
tumour growth under hypoxia. Also, some recent advances in preclinical 3D studies are
introduced.

The 2D cultures may display an artificial drug response, hence, providing a low predictability
for the clinical potential of drugs. In our studies, a cell density-dependent drug-dose

response of P-alkaloids was observed on CAFs. In addition to that, comparing drug-dose
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response of paclitaxel in 2D monoculture vs. 3D co-culture, we detected a limited
cytotoxicity, presumably due to the heterogenic nature of the cell line population, including
a proportion of drug resistant cells. Concomitant with that finding, Niepel et al. postulate a
distinguished drug response at the single-cell level, thereby recommending consideration
of unique molecular features of single cells to increase higher accuracy in HTS [248].
Based on the unique limitations of current preclinical models in cancer research, spheroids
represent a predictive HTS model for solid tumours by mimicking physiological conditions
within the TME that drive drug resistance [83]. TNBC sensitivity to chemotherapeutics and
targeted therapy agents, e.g. EGFR inhibitor or HDACI, differs in 2D and 3D models
[27,249]. Drug resistance in 3D [27] might be explained by an altered gene expression
profile in comparison to monolayer cells [207] in addition to a lowered drug uptake in 3D
[250]. In general, drug uptake is negatively affected by the hypoxic and acidic TME [251],
including the desmoplastic tissue [33].

Studies of Badea et al. characterized MB-231 spheroids, grown in a matrigel-based matrix,
because monoculture spheroids of MB-231, grown without any scaffolds, rather form
aggregates than spheroids due to a low E-cadherin level, hence, due to low intercellular
connections. Badea et al. confirmed the similarity of the 3D physiology with microtumours
in vivo: Within the organisation of multi-cell layers, proliferative cells are located at the edge
of the spheroids and a necrotic and hypoxic core is observed at a spheroid size of 2 400 ym
[181]. Distinguished cell zones within the spheroid might also explain a lower growth rate
compared to 2D cultures [180], presumably by a decreased overall expression of cell cycle-
related genes, including CDKs and Aurora kinases [252]. In our studies, the 3D monoculture
spheroids, grown in matrigel, as well as the 3D co-culture spheroids, grown in a collagen-
based-matrix, exhibited a similar size with a diameter of at least 400 um. Badea et al.
concluded, that these microtumours resembled in vivo conditions with reproducing
gradients in nutrients and oxygen supply, which causes a necrotic core and affects drug
response in 3D studies [181]. Indeed, drug penetration anti-proportionally decreases with
the tumour size [207], and drug diffusion within the tumour is another limiting factor for drug
efficacy [253].

To increase predictability for drug response we established 3D TNBC co-cultures to mimic
the TME by incorporating MB-231 cells and the predominant stromal cell type, CAFs, as
well as the predominant structural protein within the ECM, collagen type I. Tumour-
promoting CAFs were recently classified in murine [104] and human BC [104]. Classification
from Bartoschek et al. describes four subtypes of CAFs which were isolated from the murine
MMTV-PyMT BC model. Amongst two aSMA+ types, matrix CAFs are associated with
increased expression of ECM-related proteins, such as collagens as well as lysyl oxidases,

and vascular CAFs correlate with increased expression of transcription factors and proteins
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involved in angiogenesis. The matrix CAFs, which make up to 89% of the mammary gland
fibroblasts, were mainly located at the invasive front, whereas vascular CAFs, which make
up to 40% of the CAF pool, were predominantly infiltrated into the tumour [104]. Regarding
the proposed categories, the murine aSMA+ CAFs used in our 3D model may be ascribed
to the matrix CAF subtype, which presumably arose from the resident fibroblasts [104]. In
previous studies by Jungwirth et al. the murine CAFs we used in our studies, i.e. matrix
CAFs, promote spheroid growth of murine TNBC (4T1) and drive metastasis [191].
Noteworthy, in this study, the matrix CAFs did not impact TNBC migration, which was
investigated by implementation of an indirect 2D co-culture in a wound healing assay. In the
course of 3D co-culture model establishment, our data showed, that CAFs were needed for
a compact cellular organisation by encompassing the tumour cell core. However, ECM
deposition by the matrix CAFs was not sufficient to drive growth of 3D co-culture spheroids,
which was rather dependent on collagen type I, hence, highlighting the important role of the
ECM within the TME.

The ECM, in particular collagen, is relevant for BC spheroid organisation in 3D models and
influencing drug efficacy [207]. However, the amount of ECM components, such as
collagen, is distinct between tumour patients, and the composition, as well as architecture
of the ECM, might be relevant for drug response, because some studies including
predominant ECM components, such as collagen | and IV, did not recapitulate drug
resistance in a 3D TNBC [254]. We observed, that the growth of our co-culture spheroids
depended on collagen type |, and indeed, collagen concentration correlates with the tumour
size [255]. Future 3D studies should consider ECM mixtures with the incorporation of e.g.
hyaluronic acid, due to their contribution to tumour metastasis and drug resistance [181],
mainly by maintaining CSC features [124]. Noteworthy, the arrangement of the ECM should
be considered with caution, because the degree of stiffness determines the impact on
tumour progression, which is either inhibiting or promoting [256].

Tumour growth is restricted to a size of 2-3 mm [90] and hypoxia-induced HIF-signalling a
compensatory mechanism to sustain oxygen and nutrient supply [89,257] by initiating e.g.
angiogenesis as well as tumour cell migration towards blood vessels [90]. In the hypoxic
TME, HIF is a key player and correlates with tumour aggressiveness [81], including growth
[89]. To evaluate drug efficacy in a hypoxic environment, we aimed to establish a 3D TNBC
co-culture model under CoCl,-simulated hypoxia. We adjusted our co-culture by replacing
the TNBC cell line using the HIF-sensor cell clone MB-468-UnaG. However, our approach
did not apply to studying drug response in hypoxia-driven spheroid growth, because, in
contrast to our expectations, growth of the co-culture spheroid was diminished when
exposed to CoCl.. While some studies postulate that reduced oxygen levels do not affect

cell viability [258], CoCl is an artificial system that performs dose-dependent cytotoxicity
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with minor toxic effects at the concentration applied in our study (100 uM and 200uM) [198].
Nevertheless, there are also controversial findings about the role of HIF. Diverse studies
describe hypoxia as a tumour-promoting condition [259], whilst HIF-inhibition could
suppress TNBC growth [93,260] as well as migration [261]. On the other hand, some studies
report that HIF-silencing resulted in the upregulation of collagen fibres, which are linked to
increased metastasis [260]. A context-dependent role of HIF may be partially explained by
the severity of oxygen reduction. This may be due to the different roles of HIF isomers,
knowing, that in the course of angiogenesis HIF-2a is required for effective vessel
remodelling and induction of a mature, functional vascular network [257]. HIF-2a is
upregulated under intermediate hypoxia (5% O.) expression, whereas HIF-1a is
upregulated at severe hypoxia (< 1%) [257]. Thus, it is not surprising, that the vascular
system is abnormal with functional deficiencies in cancer [89,257]. To date, tylophorine was
reported to inhibit angiogenesis in vitro and in vivo by blocking migration and proliferation
of human or murine vascular cells, presumably by inhibition of VEGFR signalling [152,262].
However, the role of VEGFR and downstream signalling was not yet addressed in cancer,
hence highlighting, that the molecular mechanism of P-alkaloids is not fully understood.
Hypoxia (HIF) is a critical mediator of chemotherapy-induced resistance [60], thus,
preclinical studies should consider the role of hypoxia to study drug response. Regarding a
simplified HTS model, Badea and colleagues suggest that TNBC spheroids grown in
matrigel are a suitable model to study hypoxia due to the maintenance of hypoxia markers
[181]. Another hypoxia model is presented by Grist and colleagues. They generated a
microfluidic system to mimic cycled hypoxia as well as reoxygenation and cycled drug
application [263].

Inventing novel technologies, that consider relevant factors in clinical administration are
milestones for optimizing drug response predictability in preclinical studies. Nevertheless,
cycles of drug administration, as performed in cancer therapy, may immensely impact on
drug response, especially when observed over long periods of time. There are approaches
to mimicking dynamic drug administration by altering the culture condition such as
exemplified in a tumour-on-a-chip [182]. Not to be neglected, a crucial step in drug discovery
is the assessment of the toxicity profile before utilization in clinical trials. To examine clinical
safety in early preclinical models, Wang et al. introduced a 3D neural model to evaluate
drug neurotoxicity [264]. These advances in preclinical studies head towards an animal-free
drug screening, that may further save costs and time for discovering novel drug candidates.
Moreover, these progresses accelerate the “war on cancer” [265].

In conclusion, 3D models are beneficial in drug discovery, in particular by providing
predictive drug response in vitro and by partially replacing or avoiding unnecessary animal

models. Thus, accelerating the identification of potent drug candidates for a therapeutic use
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by saving time and costs. However, animal models are still indispensable to guarantee
clinical safety regarding adverse side effects in the clinical use. With respect to precision
medicine, incorporation of patient-derived tissue in 3D models may further enhance
prediction of a drug response, and thereby improving customized therapy options to

improve patients’ outcomes and overall survival.

4.1.8 P-alkaloids maintain anti-tumour potential in a 3D TNBC co-
culture model and block growth as well as invasion of 3D TNBC

spheroids

As drug efficacy differs in monolayer cells compared to the respective 3D biology [83,176],
we characterized TYLO-1/TYLO-1s in a 3D TNBC spheroid model that incorporates
predominant TME components that drive drug resistance [83]. During spheroid formation,
NFkB activity is enhanced [266] and promotes chemotherapy resistance, tumour growth
and metastasis [267]. In our study, the examination of anti-inflammatory P-alkaloids showed
diminished tumour progression by blocking migration of 2D cultures and growth as well as
invasion of 3D spheroids. Potentially, p65 knockdown studies could address to the
involvement of NFkB in TNBC progression in more molecular detail.

Our 3D studies suggest, that P-alkaloids are promising drug candidates to block growth of
highly proliferative TNBC. The dose-dependent effects of TYLO-1 were maintained in the
3D TNBC monoculture spheroids with an estimated Glso of 25 nM. Growth blockade was
superior to the MEK1/2 inhibitor, presumably by targeting NFkB, which is downstream the
MAPK pathway as well as downstream of other RTK-induced pathways that drive malignant
tumour features [44]. Migration as an early step of metastasis is induced by NFkB-mediated
downregulation of E-cadherin or upregulation of ECM-proteolytic enzymes such as matrix
metalloprotease (MMP)-9 and EMT-associated markers, e.g. vimentin and snail1 [268]. In
MB-231 cells, NFkB drives migratory behaviour [61] and findings from Sperlich and Teusch
showed suppression of 3D TNBC invasion by blocking NFkB signalling [79], hence
supposably downregulation of EMT-related factors [269]. Based on these findings, we
questioned whether the anti-inflammatory TYLO-1s is sufficient to suppress TNBC invasion.
So far, anti-migrative behaviour in cancer cells was reported for tylophorine [206], the
tylophorine analogue, NKOO7 [149] and also for the chemically prepared phenanthrene-
based molecules YS206 and YS306 [270]. Hitherto, migration or invasion studies of
P-alkaloids were conducted in vitro using 2D cell monolayers, thus, neglecting the ECM
composition and stiffness. In this study, initial examination of TYLO-1 in a wound healing
assay revealed a blockade of TNFa-induced TNBC migration, presumed by targeting the
TNFa/NFkB axis. Further, TYLO-1s was examined regarding invasion of TNBC
monoculture spheroids into a matrigel®-based matrix and showed a significant invasion
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blockade at 10 nM, presumably by blocking NFkB. Indeed, P-alkaloids reduce migratory
behaviour by downregulation of the NFkB target gene MMP-9 [206]. Interestingly, newly
identified targets of P-alkaloids, Aurora kinases, are also involved in mediating EMT via
activation of NFkB [230,271]. But to date, no in vitro studies included the role of P-alkaloids
in the crosstalk of Aurora A/B and NFkB. However, as drug resistance is a major cause for
therapy failure, targeting NFkB-regulated EMT, which is a key process for maintaining
cancer stemness and drug resistance [31], is promising in TNBC therapy for recurrent
cancer.

Our 3D TNBC monoculture model may not fully reflect physiological conditions, thus we
aimed to investigate the anti-cancer features of TYLO-1 by mimicking the TNBC TME by
the inclusion of tumour-specific stromal cells and ECM-matrix components [272]. Spheroids
were grown with additional type | collagen, the main component in the stroma of TNBC
patients [273], mainly secreted by CAFs [109] and elevated in BC [274]. Regarding
cytotoxicity, the anti-tumour potential of P-alkaloids in the 3D co-culture spheroids was
predictable based on the SAR studies for NFkB-inhibition with TYLO-1 and TYLO-1s
showing a striking reduction of cell viability at an ICso of 21.7 +£ 2.5 nM and 11.2 £ 2.1 nM,
respectively. Regarding the SAR in 3D co-culture models, compared to the TYLO-1
scaffold, compounds with a hydroxyl group in the phenanthrene ring (TYLO-2 and TYLO-3)
or lacking the hydroxyl moiety in the indolizidine ring (TYLO-4) lost efficacy in the 3D model
by a factor of 4 for TYLO-2 and TYLO-4 and by a factor of 8 for TYLO-3, resulting in an |Cso
of around 450 nM for all three compounds.

The hypoxic and immunosuppressive TME is linked to enhanced inflammation
[65,81,92,112], and NFkB as well as HIF, which are both highly activated in spheroids
[252,266], and are crucial to maintain tumour-promoting features of CAFs. In this work,
CAFs are not targeted by paclitaxel whereas bioactive P-alkaloids TYLO-1 to TYLO-4
maintain dose-dependent anti-proliferative effects presumably by blocking NFkB and HIF
signalling, thus reverting CAF activation. Because aSMA+ CAFs have been widely
described as tumour-promoting and correlating with worse prognosis [125,275], we assume
that mainly paracrine signalling enhances inflammation [98], i.e., NFkB, which might lead to
increased vulnerability of co-culture spheroids to a treatment with NFkB-inhibiting agents.
Allin all, we generated a simplified 3D model to evaluate the efficacy of P-alkaloids and the
main potent compound O-methyltylophorinidine (TYLO-1/TYLO-1s) was maintaining its
potential. Regarding the decreased TNBC growth by P-alkaloids, we hypothesize, that
suppression of tumour progression may partially rely on a reversed activation status of

CAFs, which needs further validation.
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41.9 TYLO-1/TYLO-1s exhibits superior anti-tumour potential

compared to the chemotherapeutic agent paclitaxel
TYLO-1/TYLO-1s exhibits superior anti-tumour potential in TNBC compared to paclitaxel
regarding cytotoxicity in 2D monolayer cells as well as in 3D-co-culture spheroids.
Furthermore, TYLO-1s is more efficacious under hypoxia.
TYLO-1/TYLO-1s displays superiority compared to paclitaxel by targeting NFkB and HIF
which are both involved in paclitaxel resistance [20]. Under hypoxia, the bioactivity of
TYLO-1 was merely affected and maintains NFkB blockade via stabilization of the IkBa
inhibitor presumably by additionally targeting HIF. In contrast, paclitaxel loses cytotoxic
potential under hypoxia, presumably due to HIF-related resistance [276]. For paclitaxel a
reduced induction of apoptosis was reported by diminishing the arrest at the G2/M cell cycle
state under hypoxia [220]. Under hypoxia as well as under normoxia paclitaxel induces
autophagy [277], potentially mediating paclitaxel resistance [278]. On the other hand,
blockade of the HIF-pathway, a driving force for drug resistance, was reported to sensitize
tumour cells to paclitaxel [59]. Hypoxia is also involved in enhancing NFkB activity and
blocking both pathways might be sufficient to suppress tumour progression [62] and to
reverse drug resistance [59,61,62].
Although our data indicate that the pharmacological mode of action for NFkB blockade by
P-alkaloids might be different from the underlying mode of action resulting in proliferation
inhibition, further research needs to be done to develop novel analogues with reduced
cytotoxicity while maintaining the NFkB blocking potential. A major obstacle for P-alkaloids
in clinical application is based on the neurotoxicity of these compounds. To date, in vivo
activity in BC was so far described for cryptopleurine, but a clinical trial at phase | was
discontinued due to central nervous system toxicity [212]. General cytotoxicity of P-alkaloids
was excluded on an epithelial BC cell line MCF10A in vitro for the compound 3-O-
demethyltylophorinidine [279]. On the contrary, we observed reduced cell viability in non-
cancerous cell lines after exposure to TYLO-1 at a similar concentration compared to
cancerous-cells, however, additional studies are needed to distinguish proliferation
blockade from cell death. Furthermore, severe neurotoxicity and contradictory findings
emphasize the relevance of extended SAR studies to optimize drug specificity and drug
safety in vivo.
In summary, the TYLO-1 exhibits superior anti-tumour potential compared to paclitaxel and
maintains efficacy under hypoxia. Superiority is attributed to the distinguished mode of
action that relies on multiple target sites in P-alkaloids. Further studies might include
combinational treatments of P-alkaloids specifically addressing the resistance development
of paclitaxel. Nevertheless, SAR studies and drug design are inevitable to optimize drug
efficacy for clinical application.
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4.2 Fungus-derived metabolites possess anti-inflammatory and

anti-migratory potential, suggesting a SAR in TNBC

Despite the numerous species of the kingdom fungi, hitherto, there are no metabolites
approved as anti-cancer agents [280]. To screen for drug candidates in TNBC therapy, we
evaluated the isolated metabolites from A. falconensis (azaphilones and polyketides) and
Didymella sp. (decahydrofluorenes), which were isolated upon changing the culture
conditions, hence, affording novel molecules. All natural products showed anti-tumour
effects in TNBC with a hint towards a SAR. In general, anti-tumour effects of fungal
compounds were detected at a two-digit micromolar concentration, while cytotoxicity was
conducted at an at least two-fold higher concentration.

The compound classes, azaphilones or decahydrofluorenes, blocked TNFa- or LPS-
induced NFkB-mediated gene transcription in a dose-dependent manner. Regarding
decahydrofluorenes, the strongest NFkB-blockade was found for didymellanosine due to its
polar and aromatic tail, which was different compared to the other two molecules. An altered
stereochemistry and incorporation of one hydroxyl group, as found in ascomylactam C,
increased cytotoxicity with no affection on NFkB-inhibitory capacity, when compared to
phomapyrrolidone A. Meanwhile, ascomylactam C displayed a strong anti-inflammatory
dependency for reduced cell viability with a comparable ICs in both assays.

Having a closer look into the structural differences of azaphilones, reduced cell viability
within 200 uM, though distinct from NFkB-blockade, is solely observed for metabolites
possessing two methoxyl groups, as found in falconensin A and R. On the other hand, no
cytotoxicity was observed, when compounds have solely one methoxyl group in addition to
either two hydroxyl groups, as found in falconensin | and N, or one hydroxyl group as well
as acetoxy group, as found in falconensin O and S, regardless of chlorine residues. In
addition, compounds bearing only one methoxyl group in addition to one hydroxyl group, as
found for falconensin H, M and Q, showed no cytotoxicity. However, the anti-inflammatory
potential diminished by a factor of five, when chlorine was bound, as found in compound M
and H. When comparing falconensin M and H with Q, it is evident, that brominated
derivatives, as found in compound Q, exhibit best NFkB-inhibitory features. This
observation is confirmed by comparison of the similar structure from falconensin A and R,
revealing, that bromide, as found in compound R, improved NFkB-inhibition by a factor of 2.
Moreover, when comparing falconensin | with N, it was also observed that anti-inflammatory
potential of falconensin N decreased by a factor of 3, although this metabolite neither
possesses bromide nor chlorine residuals. Noteworthy to mention that when metabolites
bear an acetoxy group, NFkB inhibition was unaffected by chlorine, as found in falconensin
O, or lack of halogenated residues, as found in falconensin S. Hence, to sum it up, halogens

are dispensable for anti-inflammatory features of azaphilones, however, brominated
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metabolites displayed superior effects compared to chlorinated metabolites. Interestingly,
an acetoxy group immensely increase efficacy, regardless of chlorine residuals. Based on
that, it is unclear if acetoxy groups could additionally increase potential of brominated
compounds. Finally, bromination or acetoxylation, in particular in chlorinated compounds,
is the marked characteristic for anti-inflammatory features against TNBC.

Polyketides were tested against TNBC migration and showed efficacious blockade for
sulochrin, indicating that an additional chlorine, as found in monochlorsulochrin, diminishes
anti-cancer capacity. Both derivatives were found to be selective inhibitors of MMP-13,
which was determined in silico by performing molecular docking studies [141]. In BC,
MMP-13 correlates with metastasis and a poor clinical outcome [281]. NFkB is a main
regulator of metastasis via upregulation of MMPs, including MMP-9 [282] and MMP-13
[283]. It is an open question whether polyketides might block other MMPs that are involved
in TNBC aggressiveness. However, efficacy of polyketides is cancer type dependent,
because sulochrin exhibited strong cytotoxicity against mouse lymphoma cells (L5178Y)
with an 1Cso value of 5.1 uM [141], while our data do not detect cytotoxicity in TNBC within
100 pM.

Concluded from our studies, fungus-derived secondary metabolites are potent anti-
inflammatory and anti-migratory agents in TNBC with hint to a SAR. Remarkably, their drug
dose is not comparable to currently applied standard therapeutics in TNBC, because
activities are observed at a micromolar concentration, which is a huge disadvantage
regarding drug isolation or synthetic preparation. We suggest further SAR studies, including

generation of novel compound analogues, to improve anti-cancer efficacy.

4.3 SAR studies of synthetically engineered HDACIs

Pan-HDACIs, including vorinostat (SAHA), were first approved by the Food and Drug
Administration (FDA) in 2006 [284]. Vorinostat

stops TNBC proliferation and leads to cell death [26], but still, no HDACI were yet approved
for TNBC treatment. However, pan-HDACI application is challenging due to unpredictable
side effects and a pleiotropic role in cells, including the regulating of non-cancer related
processes, that lead to an increasing relevance for SAR studies towards HDAC-selective
isoforms. HDACIs are designed according to the targeted enzyme structure, hence, they
have an aromatic tail, referred to as the cap group, a central lipophilic linker, and a zinc
binding group (ZBG), which mainly determines their selectivity: carboxylic acid, thiols,

benzamides or hydroxamic acids (Figure 4-2a) [26].
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Figure 4-2 Pharmacophoric compartments of HDACIs. (a) lllustration from
Maccallini et al. (2022) [26]. (b) KSK64 (1i) is exemplary shown for novel synthetic
HDACI. The structure comprises an aromatic tail (cap group, red), an alkoxyurea
connecting unit (blue), a lipophilic linker (green) and an hydroxamic acid zinc binding

group (ZBG, black). lllustration with minor modifications from Stenzel et al. (2017) [189].

In this study, eight novel synthetically engineered HDACIs were examined in TNBC, namely
LAK41, LAK107, LAK110, LAK121, LAK-ZnFD, KSK64, KSK75 and MPK265. According to
their molecular targets, they are ascribed to HDACIs with specificity to class | HDACs,
including HDAC1, HDAC2, HDACS3, HDACS, or specificity to class Ilb HDACs, including
HDACG6 as well as HDAC10. So far, investigations in other cancer types revealed anti-
tumour potential for LAK41 by cell killing [188] and for LAK41 as well as KSK64 by
enhancing sensitivity towards cisplatin treatment [188,189]. Concerning TNBC, our data
suggest a key role for HDAC1 and HDACG6, because only dual targeting reduced cell
viability, which was observed for LAK41, KSK64 and MPK265. These HDACIs display an
amid (LAK41), alkoxyurea (KSK64) or alkoxyamide (MPK265) group as a connecting unit
between the CAP and linker region (Figure 4-2b). The most distinct structural feature for
all three active molecules is a hydroxamic acid as the ZBG. Characteristics of inactive
agents in TNBC include chlorine residues (KSK75), a ketone group (LAK-ZnFD) or sulfones
(LAK107, LAK110, LAK121).

Regarding HDACI selectivity, other studies report growth and metastasis blockade in TNBC,
in vitro as well as in vivo, when solely targeting HDAC1 or targeting class |lb HDACs,

including HDAC6 and HDAC10 [26]. Moreover, class | HDACs are overexpressed in BC
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[285] and selective inhibition by e.g. entinostat reverses the ER- state by upregulation of
ER in TNBC, which would enable endocrine therapy using e.g. letrozole [26]. HDACIs also
reverse the CSC state and enhance sensitivity towards paclitaxel [27]. Furthermore,
HDACIs are also suggested in combinational treatment with immunotherapy, due to their
immunomodulatory activity [286]. Thus, presenting HDACIs as potent chemosensitizer.

In conclusion, our data reveal a key role for HDAC1 and HDACG6 in TNBC. Additional studies
are required to explore if active HDACIs against TNBC, namely LAK41, KSK64 and
MPK265, are sufficient to prevent tumour aggressiveness or induce cell death. In general,
pan-HDACIs present an unpredictable treatment approach, thus, drug design aims to
strengthen HDAC selectivity. HDACIs could be a promising therapy option to improve
clinical outcome for TNBC patients by overcoming drug resistance and providing a new

treatment route with endocrine therapy.

4.4 Chemical synthesis of natural products, including derivatives
and novel analogues, to improve drug efficacy for clinical

purposes

Natural products are promising drug candidates for diverse medicinal applications due to
their various activities [287,288]. The fact, that still new species and compounds are
discovered [140,168], sheds light on the potential of natural sources for therapeutic
purposes. However, utilization of natural products is challenging due to their toxicity profile
and a low availability, i.e. tedious isolation procedures [287].

Early research involving natural products was restricted to the methodology to isolate
secondary metabolites, thereby, bioactivity was entirely determined by nature. Natural
sources provide molecules with a highly complex molecule structure, while additional
compound derivatives present a huge structural diversity [287]. Exemplary for plants,
compound isolation is an elaborating procedure, in which a high amount of plant material is
needed in order to obtain solely a small amount of isolated products [289]. On the other
hand, chemical synthesis enables molecule production at lower costs and shorter time, and
in addition to that, is declared to be more sustainable, while exhibiting a high yield in
compound product [187,287]. Regarding P-alkaloids, to increase overall yield of natural
products [290], various chemical synthesis techniques were reported [290-292], including
the anti-tumour substances TYLO-3 [163] and TYLO-1/TYLO-1s, which was examined in
our recent work [187]. In addition to that, chemical synthesis provides a possible route to
generate novel compound analogues [150,270]. However, in vitro generation of natural
products may be challenging due to a complex molecule structure, as found for the
chemotherapeutics paclitaxel and vincristine. To overcome this limitation, semi-synthetic

preparation is performed with using natural compound intermediates, which are much
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easier to isolate from natural sources and additionally offer the opportunity to synthesize
novel molecule analogues [287]. Also biological systems e.g. yeast are used and modified
for synthesis of complex molecule structures [289]. Furthermore, advances in synthesis
protocols are shortening the time required to prepare novel synthetic molecules [293].
Creating novel derivatives based on a natural equivalents may either enhance or reduce a
compound’s activity [150], while generation of novel synthetic analogues often correlates
with unknown adverse side effects and low therapeutic efficacy [287]. Hence, accentuating
the relevance of SAR studies.

Moreover, synthetically engineered molecules can be tailored in order to increase in vivo
efficacy through mitigating undesired toxic side effects [294], and simultaneously increasing
the half-life of molecules, and thereby, compound bioavailability [295]. Regarding
P-alkaloids, neurotoxicity in clinical studies is a major challenge for a clinical application
[212] and some researchers suggest, that drug design of P-alkaloids should consider
generation of compounds possessing a higher polarity to prevent penetration through the
BBB [208]. Meanwhile, passing the BBB is mandatory for brain diseases, such as
glioblastoma. Being aware of this limitation, the group of Wang et al. tailored a derivative of
TYLO-4 to form nano emulsion droplets, and as a consequence, decreasing toxicity in vivo,
while increasing the compound’s bioavailability, which was determined by an enhanced
compound level in the blood plasma and at the tumour site [294]. Noteworthy, chemically
engineered nano vectors of chemical and biological nature enhance drug efficacy and
safety after systemic administration, thus offering improved strategies for therapeutic
purposes [296]. Generally, nano vectors, including organic and inorganic systems, were
reported to improve the delivery of natural products in BC in regard to enhance poor stability,
aqueous solubility and bioavailability, factors that might limit clinical efficacy [297]. While
some researcher aim to alter already known secondary metabolites [150], other studies aim
to design drugs based on the targeted protein, also referred to as structure-based rational
drug design [298]. Irrespective of the original source, compounds are classified according
to their functional groups and numerous natural as well as synthetic compounds are
currently evaluated for BC therapy [288,299]. Natural products and novel analogues raise
hope for treating resistant TNBC, thus, improving clinical outcome.

In conclusion, synthetic molecule preparation is beneficial compared to compound isolation
from natural sources in regard to (I) compound yield, (II) costs, (lll) time consumption and
(IV) generation of novel analogues. Nevertheless, protocols for molecule synthesis are
limited considering the complex chemical structures of natural products and there are still
novel techniques discovered to facilitate compound production, especially by taking
advantage of biological systems. All in all, sophisticated drug design and SAR studies are

inevitable to improve safety and bioavailability in vivo.
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4.5 Current and future perspectives for TNBC therapy

Besides surgery and radiation, chemotherapy is the main option for TNBC treatment [300].
Although, targeted inhibitors are perceived as a promising solution in regard to precision
medicine, the failure rate in preclinical studies is immense with only 2.3% of all drugs tested
were approved for the clinical use [27]. Novel agents were mainly approved for metastatic
diseases (76%), including for TNBC, but predominantly for HR+/HER2- BC [13]. In the last
decades, TNBC therapy recorded a substantial success by finally presenting novel
treatment regimens, although these achievements are limited to patients with a metastatic
disease or tumour recurrence [300]. In 2013, FDA approved the first targeted therapy option
for TNBC, which is an antibody-drug conjugate sacituzumab govitecan (Trodelvy®)
targeting TROP-2, but only permitted for patients that already experienced prior treatment
of two or more lines of systemic therapy [301]. In 2019, FDA further approved two novel
regimens: PARP-inhibitors olaparib (Lynparza®) as well as talazoparib (Talzenna®), which
are limited for patients carrying germline BRCA mutations [13], and the PD-L1 targeting
antibody atezolizumab (Tecentrig®) for immunotherapy in combination with nab-paclitaxel
(Abraxane®) [302]. Although, novel agents seem promising, there are some limitations
given by the intrinsic cancer heterogeneity. Only a small number of TNBC patients bear
BRCA mutations (30%), thus, are predisposed for PARP-inhibitor based therapy [23,300].
In general, immune cells are enriched in BC [303] and T-cell lymphocytes infiltration is
associated with good prognosis in TNBC [304]. However, TNBC is characterized by a low
level of infiltrated lymphocytes, referred to as immunologically “cold”, hence,
immunotherapy is impeded [302]. Besides that, targeted therapy causes a high incidence
of adverse events, including nausea, hair loss as well as reduction of blood cells.
Immunotherapy could even result in autoimmune reactions [300]. Although, novel therapy
strategies prolong TNBC patient’s survival, there is still an unmet need for a cure in TNBC.
Current clinical trials for TNBC investigate novel targeted strategies concerning cell cycle
progression (CDK4/6 inhibitor palbociclib), angiogenesis (anti-VEGF antibody
bevacizumab) and highly activated signalling pathways (anti-EGFR antibody cetuximab;
AKT inhibitor ipatasertib; hedgehog/SMO-inhibitor sonidegib; androgen receptor inhibitor
enzalutamide). Research of epigenetic modifications is far behind with currently performing
preclinical studies involving inhibitors for DNA-methyl transferases as well as HDACIs
[288,305]. According to the heterogeneous nature of TNBC, each targeted strategy is

limited to a specific cancer subtype (Figure 4-3).
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kinase inhibitor. lllustration from Li et al. (2022) [306].

Currently, inter- and intratumoural heterogeneity is a major obstacle in therapy success [7],
hence, new insights into molecular TNBC subtypes is the basis for the route of novel therapy
options. Poor results in clinical trials involving tyrosine kinase inhibitors and monoclonal
antibodies in BC treatment, in addition to conventional chemotherapeutic agents, is
ascribed to activation of compensation mechanisms, i.e. alternative downstream pathways
[32]. Concerning this resistance mechanism, crosstalk between Ras/Raf/MAPK and
PIBK/AKT/mTOR pathway plays a major role. Notably, the inflammatory, hypoxic and
desmoplastic TME, including NFkB and HIF [44] and YAP [307] activity, are involved in
mediating RTK inhibitor (RTKI) resistance. Based on these findings, a combinational

treatment with RTKls and the before mentioned factors, that mediate resistance, is
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recommended for improved TNBC eradication [44,308]. To improve efficacy of RTKIs or
chemotherapeutics, some approaches aim to inactivate anti-apoptotic factors [309] or
target CSC [32]. In particular, resistance to RTKIs is ascribed to NFkB, which is considered
as the main node of resistance (Figure 4-4), because compensated pathways converge in
NFkB signalling [44]. Acquired resistance via NFkB is also triggered by chemotherapeutics,
e.g. paclitaxel [61]. Hence, presenting NFkB as one of the most critical factors in TNBC. In
the last decades, natural compounds are considered as potential novel drug candidates in
cancer given by their broad activities in combination with a low adverse side effect profile

as well as the potency to reduce chemotherapy resistance [288].
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In this study, we presented anti-tumour potential for fungal-derived metabolites by inhibiting
NFkB activity and migration, which is a crucial step of metastasis. Compared to currently
applied drugs, efficiency of fungal substances is low due to the high drug concentrations
needed for distinguished effects, whereas the mechanism of action in TNBC is not fully
elucidated yet. Nevertheless, single targeting of NFkB is discouraged due to the broad
range of upstream regulators and target genes, that are also involved in non-pathological
processes [64]. In this context, our study presents P-alkaloids as advantageous anti-cancer
agents by targeting multiple sites, including NFkB, HIF and YAP. Moreover, activities of
these plant-derived molecules at a low nanomolar concentration are comparable to
currently used drugs in the clinic, and for TYLO-1 we demonstrated superiority to paclitaxel.
Another reason for therapy failure includes off-target effects on stromal cells in the TME,
resulting in tumour-promotion rather than tumour eradication [122]. A paradigm shift in
cancer therapy reveals the TME as a potential target to suppress tumour progression. There
are diverse approaches for reversing the CAF phenotype in order to disrupt the stromal-
tumoural interaction, including targeting e.g. CAF metabolism [52] or the CAF’s secretome,
e.g. TGF-B [310]. However, targeting stromal cells should be considered with caution due
their ambiguity with negatively or positively regulating tumour progression by presenting
both, anti-tumour or pro-tumourigenic features [120]. Hypoxia, inflammation [86] and
stromal cells, CAFs [113] as well as TAMs [114], generate an immunosuppressive
environment. Other possible routes to target the TME include reactivation of the immune
system by utilization of dendritic cell-based vaccines [311] and chimeric antigen receptor T-
cells [312].

In conclusion, current advances in targeted therapies record prolonged survival, however,
due to a high rate of tumour recurrence, there is an immense need for novel drug candidates
to specifically eradicate TNBC. In future therapy, a clear understanding of the inter- and
intratumoural heterogeneous TNBC disease, including CSC, and heterogeneity of the TME
helps in the context of precision medicine. In our studies, we identified P-alkaloids isolated
from T. ovata as potential novel drug candidates given by the fact, that these derivatives
inhibit multiple cellular processes including transcriptional activity of key factors in CSC
maintenance, namely NFkB, HIF and YAP. Lacking targetable therapy options,
chemosensitisation plays a major role to suppress tumour recurrence. In this context,
combinational treatment with chemotherapeutics is superior in eliminating tumour cells by

targeting both drug resistant cells, i.e., CSC, as well as the proliferative tumour bulk.
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4.6 Conclusions

P-alkaloids show a broad range of bioactivities in a variety of cancers. In TNBC we validated
dose-dependent anti-inflammatory, anti-hypoxic, anti-migratory and anti-proliferative
activities with an initial SAR for the anti-inflammatory activity displaying TYLO-1/TYLO-1s,
namely O-methyltylophorinidine, as the most efficacious compound. This study determines
P-alkaloids as a multi-targeting class of natural products with efficacious inhibition of NFkB
and HIF, thus, modulating chemoresistance driving pathways. Although it is already known,
that P-alkaloids are able to address NFkB in various disease settings, this study
demonstrates, that NFkB blockade in TNBC is maintained under hypoxic conditions,
presumably by targeting HIF. Limiting factors for drug sensitivity include the inflammatory
and hypoxic TME, as well as YAP signalling, which this study revealed as a novel target.
Inhibition of pathways by P-alkaloids, which are involved in drug resistance, might enhance
chemotherapy sensitivity in TNBC. P-alkaloids serve as capable modulators of the tumour-
promoting TME through blocking the bidirectional communication of tumour and stroma
cells by suppressing NFkB-regulated cytokine expression. Furthermore, P-alkaloids
maintain blockade of tumour growth and invasion in a 3D model while their mode of action
may differ from the mode of action of paclitaxel. Further studies need to focus on
combinational treatment approaches and more in-depth SAR studies are inevitable for drug
design to prevent neurotoxicity and optimize drug application.

Fungus-derived compounds display broad anti-tumour activities. Within TNBC we found
anti-migratory features for polyketides as well as dose-dependent anti-inflammatory effects
for azaphilones and decahydrofluorenes, which indicates a SAR within each compound
class. Nevertheless, drug efficacy at micromolar concentrations is not comparable to
currently applied chemotherapeutics, hence, recommending further SAR studies and drug
design to improve compound activity.

Hitherto, preclinical cancer research aims to identify novel strategies for targeted therapies,
including HDACIs to regulate epigenetic modifications. HDACIs are potent chemosensitizer
in TNBC therapy and drug design is indispensable to improve selectivity. In this study,
synthetically engineered HDACIs with target selectivity were examined and hint to a SAR.
Our data reveal a substantial role for a simultaneous inhibition of HDAC1 and HDACS,
however further studies are required to characterize their effects on tumour progression.

Nevertheless, HDACIs are potent chemosensitizer in TNBC therapy.
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6 Appendix

6.1 Supplementary figures
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Figure S 1 BC staging. Tumours (red) are depicted in the breast tissue, as well as
metastasis within the torso or to the brain. lllustration from Johns Hopkins University

(medicine and pathology) [313].
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Figure S 2 Optimizing the balance of the NFkB-agonist and antagonist in MB-231. On
a 6-well plate, 2.5 x105 MB-231 cells were seeded and allowed to attach for 48 h. (a-c)
Western blot with protein lysates that are immunologically stained for IkBa (39 kDa) and
the housekeeper protein vinculin (124 kDa). (a) Cells were left untreated (CTRL) and pre-
incubated for 1 h with 10 nM TYLO-1s, 10 nM TYLO-1 or 10 uM Bay 11-7985 (BAY) before
incubation with 50 ng/ml TNFa for 30 min. Anti-inflammatory compounds not impact IkBa
degradation. (b) Concentration of the NFkB agonist, TNFa, was decreased. Cells were left
untreated or treated with 10 uM Bay 11-7985 (BAY) for 1 h before incubated for 30 min
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with 10 or 20 ng/ml TNFa. (c,d) Concentration of the NFkB antagonist, BAY, was increased.
Cells were left untreated (CTRL), stimulated with solely 10 ng/ml TNFa for 30 min (TNFa)
or pre-treated for 1 h with 20 yM BAY before stimulation with 10 ng/ml TNFa for 30 min.
(d) Normalized IkBa protein level is displayed relative to CTRL. Bars represent one

independent experiment.
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Figure S 3 TYLO-1s moderately stabilized IkBa in MB-231. Cells were left untreated
(CTRL), stimulated with solely 5 ng/ml TNFa for 30 min (TNFa) or pre-incubated with
TYLO-1s at the indicated concentration for 1 h before stimulation with 5 ng/ml TNFa for

30 min. (a) Normalized IkBa protein level is displayed relative to CTRL. Bars represent one
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independent experiment. (b) Representative western blot with protein lysates that are

immunologically stained for IkBa (39 kDa) and the housekeeper protein vinculin (124 kDa).
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Figure S 4 TYLO-1 and paclitaxel suppressed colony formation of murine D2A1 cells.
Cells were treated for 10 days with (a, ¢) TYLO-1 or (b) paclitaxel at the indicated
concentration. The area of cells was visualized by crystal violet staining according to the

colony formation assay.
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Figure S 5 TYLO-1 reduced TNFa-induced expression of IL-6 but not IL-8. Per well,
3 x 105 MB-231 cells were seeded. Before treatment, cells were allowed to attach for 72 h,
which is equivalent to the treatment course of knockdown studies. Cells were pre-incubated
for 20 min with 7 nM TYLO-1 before stimulated with 20 ng/ml TNFa. Untreated (CTRL) or
TNFa stimulated cells (TNFa) served as control. Expression of IL-6 or IL-8 was quantified
24 h post-stimulation with RT-gPCR. Based on the 2-66CT method, fold-change in cytokine
expression was calculated by initial normalization to the housekeeping gene GAPDH and
following normalization to CTRL (which was set to 1).
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Figure S 6 TYLO-1s did not modulate the cell cycle state in MB-231 within 24 h. Cells
were left untreated (CTRL) or treated for 24 h with TYLO-1s at the indicated concentration.
Cell cycle phase population (G0/G1; S; G2/M) was determined based on the signal of the
PI-DNA complex using CytExpert. (a) Stacked bars represent one independent

experiment. (b) Histograms depicting the cell count within the Pl-signal were illustrated with
CytExpert.

| 48 h

CTRL |

DMSO

A N
<2n, G0/G1 8 G2IM >4n <2n GO/G1 S G2/M >4n
K e e—————————(>

Cell count
Cell count

PI-DNA PI-DNA

200



72h

\ CTRL | | DMSO |
A A
& |, cuar s G2/M >4n = | 20, cuet s G2/M >4n
S S S e et L4 s e /4%
=] [=]
Q [E]
© ©
(& o
>
PI-DNA PI-DNA

(b)

Figure S 7 DMSO did not modulate the cell cycle state. MB-231 cells were left untreated
(CTRL) or treated for a maximum of 72 h with the highest DMSO applied in compound
treatment (which is 0.01% DMSO). Cell cycle phase population (G0/G1; S; G2/M) was
determined based on the signal of the PI-DNA complex using CytExpert. Histograms

depicting the cell count within the Pl-signal were illustrated with CytExpert.
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Figure S 8 Paclitaxel and TYLO-1s increased DNA fragmentation in MB-468-UnaG.
Cells were left untreated (CTRL) or treated for (a,c) 48 h or (b) 72 h with paclitaxel or TYLO-
1s at the indicated concentration. Cell cycle phase population (sub-G0/G1; GO/G1; S;
G2/M, hyperploid cells) was determined in recorded single cells events based on the signal

of the PI-DNA complex using CytExpert. (a, b) Stacked bars represent the mean (n=3).
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Statistical difference vs. CTRL was calculated with two-way-ANOVA (* p <0.05,
**p <0.01, ™ p<0.001). (c) Representative histograms depicting the cell count within the
PI-DNA signal were illustrated with CytExpert. lllustration from Reimche et al. 2022 [187].

CTRL TNFa 10 nM TYLO-1 5.5 pM BAY

+ 50 ng/ml TNFa
(a)
8 h

Migrated area relative

CTRL TNFa TYLO-1 BAY

50 ng/ml TNFa

(b)

Figure S 9 TYLO-1 blocked TNFa-induced migration of MB-231. Two monolayer cells
were generated by physical exclusion. Cells were pre-treated for 20 min in serum-reduced
medium (1% FCS) containing 10 nM TYLO-1 or 5.5 puM BAY 11-7085 (BAY).
Subsequently, cells were stimulated with 50 ng/ml TNFa for 8 h. Untreated (CTRL) or TNFa
stimulated cells (TNFa) served as control. (a) Brightfield images of the migration gap before
and post-treatment. Magnification: 100x. (b) The area of migrated cells was quantified
based on the reduction of the cell free area within the migration gap. The cell free area was
determined in microscopic images using CellPathfinder and normalized to the CTRL group
post-treatment (CTRL; which was set to 100%). Bars represents the mean of one

independent experiments.
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Figure S 10 CAF-conditioned medium decreases TNBC migration. CAF-CM was
collected from CAFs grown for 24 h in serum-reduced RPMI medium (1% FCS). Two MB-
231 monolayer cells were incubated with (CAF-CM) or without (CTRL) CAF-CM. (a) The
migration gap was imaged before and post-stimulation. Magnification: 100x%. (b) The area
of migrated cells was quantified based on the reduction of the cell free area within the
migration gap. The cell free area was determined in microscopic images using
CellPathfinder and normalized to the untreated group post-treatment (CTRL, 100%). Each

column represents the mean of one independent experiment.
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Figure S 11 Low concentration of TYLO-1s did not impact TNBC monoculture
spheroid invasion. Monoculture spheroids of MB-231 were formed for 72 h before
matrigel® was applied for ECM formation. Spheroids were treated for further 72 h without
(CTRL) or with 2 nM TYLO-1s. Representative brightfield images. Scale bar: 500 pm.
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Figure S 12 Dose-dependent monoculture spheroid growth blockade by TYLO-1.
Monoculture spheroids composed of MB-231 cells were formed for 72 h in 2.5% matrigel®.
Spheroids were left untreated (CTRL), treated for 72 h with 10 yM U0126 or TYLO-1 at
12.5 nM, 25 nM, 50 nM and 100 nM. Spheroid size was determined pre-treatment (0 h) and
post-treatment (72 h) based on the spheroid area that was measured in the brightfield
images. In each independent experiment, the spheroid size was normalized to the spheroid
area at 0 h (which was set to 100%). Bars represent the mean of at least three independent
experiments + SD. Statistical difference vs. 0 h was calculated with one-way ANOVA using

Sidaks multiple comparison test (ns = not significant, *** p < 0.001).
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Figure S 13 Cell type identification in TNBC co-culture spheroids. Co-culture
spheroids were formed for 144 h with seeding 3000 cells (MB-231:CAF, 1:2) in a total of
0.05 mg/mil collagen type I. Fluorescence was recorded after immunologically staining for
Ki67 (red, MB-231), p53 (green, MB-231) and aSMA (blue, CAFs). Representative digital

cross section of the spheroids. Magnification: 200x.
1:2

Figure S 14 CAFs encompass the core of tumour cells within the spheroids. Co-
culture spheroids were formed for 144 h with seeding 3000 cells (MB-231:CAF, 1:1 or 1:2)
in a total of 0.05 mg/ml or 0.1 mg/ml collagen type I. Fluorescence was recorded after
immunologically staining for Ki67 (red, MB-231) and aSMA (blue, CAFs). Representative

digital cross section of the spheroids. Magnification: 200x%.

1:1

0.1 mg/ml

0.05 mg/ml
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Figure S 15 Decreased cell viability of co-culture spheroids by TYLO-1 treatment
correlates with bioactivity in MB-231. MB-231 cells were seeded at a high cell density
and cell viability-dependent fluorescence [RFU] was determined 24 h post-treatment
according to the 2D PrestoBlue (grey data points). Co-culture spheroids were formed for
72 h and treated for 72 h. Cell viability-dependent luminescence [RLU] was determined and
72 h post-treatment according to the 3D CellTiterGlo (black data points). P-alkaloids were
applied at a four-fold serial dilution in the concentration from 1000 nM to 0.06 nM. Untreated
cells and spheroids or treatment with 20 uM of cytotoxic staurosporine served as control.
In each independent experiment, fluorescence or luminescence was normalized to the
smallest value (which was set to 0%) and to the highest value (which was set to 100%)
(normalized cell viability). Data points represent the mean (n=3). Data points for TYLO-5

and TYLO-6 in MB-231 monolayer represent one individual experiment.
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Figure S 16 Dose-dependent co-culture spheroid growth blockade by TYLO-1. Co-
culture spheroids of a total of 3000 cells (MB-231:CAFs, 1:2) were formed for 72 h in 0.05
mg/ml collagen type |. Spheroids were treated for further 72 h TYLO-1 or paclitaxel (PTX)
at a concentration of 10 nM and 100 nM. Co-culture medium served as untreated control
(CTRL). (a) Spheroid size was determined 72 h-post-treatment based on the spheroid area
that was measured in the brightfield images of at least three spheroids per treatment group.
In each independent experiment, average spheroid size of the treatment group was
compared to the average spheroid size of the CTRL group (which was set to 100%). Bars
represent the mean of at least one independent experiment £ SD. Statistical difference vs.
CTRL was calculated with one-way-ANOVA (ns = not significant, ** p <0.01).
(b) Representative brightfield images 72 h post-treatment. Scale bar: 200 um.
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Figure S 17 Co-culture spheroids (MB-468-UnaG:CAF) at various culture conditions.
Co-culture spheroids were composed at different cell type ratios of MB-468-UnaG:CAFs
(1:1, 1:2 and 1:4) with a seeding cell number of a total of (a) 1500 or (b) 3000 cells.
Spheroids were formed for 144 h in (a,b) 0.05 mg/ml or (¢) 0.1 mg/ml collagen type I.
Representative brightfield images. Scale bar: 200 um.
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Figure S 18 Co-culture spheroid growth (MB-468-UnaG:CAF) in 0.05 mg/ml collagen
type I. Co-culture spheroids were composed at different cell type ratios of MB-468-
UnaG:CAFs (1:1, 1:2 and 1:4) with a seeding cell number of a total of 1500 or 3000 cells.
Spheroids were formed for a total of 144 h in 0.05 mg/ml collagen type I. The spheroid size,
equivalent to the start-point of treatment (72 h post-seeding) and equivalent to the end-
point of treatment (144 h post-seeding), was determined by the spheroid area that was
measured in brightfield images. In each seeding condition, average spheroid size at 144 h
was normalized to the average spheroid size at 72 h (which was set to 1; fold-change).
Bars represent the mean + SD of one independent experiment with analysing three

spheroids per seeding condition.
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Figure S 19 Co-culture spheroid growth (MB-468-UnaG:CAF) was attenuated under
CoClz-simulated hypoxia. Co-culture spheroids (MB-468:CAF, 1:2) were formed for 72 h
in 0.05 mg/ml collagen type I. After formation, spheroids were stimulated for further 72 h
with 100 uM or 200 uM CoCl: to induce hypoxia. Co-culture medium served as control
(CTRL). (a) Spheroids were immunologically stained for aSMA (CAF, magenta). MB-468-
UnaG express UnaG (green) under regulation of a hypoxia responsive promotor. Scale
bar: 100 um. (b) Representative brightfield images. Scale bar: 200 ym. (¢) Spheroid size
pre-treatment (0 h) and post-treatment (72 h) was determined by the spheroid area that
was measured in brightfield images. In each treatment group, average spheroid size post-

treatment was normalized to the average spheroid size pre-treatment (which was set to 1;
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fold-change). Statistical difference vs. CTRL was calculated with one-way ANOVA
(* p < 0.05). Bars represent the mean + SD of one independent experiment with analysing

five spheroids per treatment group.
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Figure S 20 CoCl; induced NFkB via degradation of IkBa. For hypoxia induction, MB-
468-UnaG cells were exposed to 100 uM CoClz for 24 h. Culture medium served as control
(CTRL). Representative western blot with protein lysates that are immunologically stained
for IkBa (39 kDa) and the housekeeper protein vinculin (124 kDa). IkBa protein level was

normalized to the CoClz stimulated cells (which was set to 100%).
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Figure S 21 Lipofectamine™-based siRNA transfection does not affect YAP activity.
Transfection to (a) NFkB-MB-231-Firefly and (b) MB-231 was performed using the vehicle
control (VehCtrl), non-targeting siRNA (NCsiRNA) or YAP-targeting siRNA (siYAP). Cells
were stained for the nucleus (DAPI) and for YAP, 72 h-post transfection. Nuclear YAP
protein level was determined as integrated density (IntDens) of the fluorescence intensity.
Bars represent the mean + SD (n=3). Statistical difference vs. NCsiRNA was calculated

with one-way-ANOVA (ns = not significant, * p < 0.05).
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Figure S 22 Lipofectamine™-based siRNA transfection does not affect YAP
expression. Transfection to (a) NFkB-MB-231-Firefly and (b) MB-231 was performed
using the vehicle control (VehCtrl) and non-targeting siRNA (NCsiRNA). YAP expression
was quantified 72 h post-transfection according to the RT-qPCR. Based on the 2-3CT
method, the YAP mRNA level was normalized to GAPDH, followed by normalization of all
groups to the untreated NCsiRNA group. Bars represent the mean + SEM (n=3). Statistical

difference was calculated with the unpaired two-tailed t-test (ns = not significant).
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Figure S 23 Nuclear YAP is upregulated in tumour cells. Non-cancerous HMEC and
cancerous MB-231 cells were stained for the nucleus (DAPI) and for YAP. (a)
Representative fluorescence images for DAPI (turquoise) and YAP (blue). Scale bar: 50
pum. (b) Nuclear YAP protein level was determined as integrated density (IntDens) of the
fluorescence intensity. Bars represent the mean + SD of one independent experiment
with at least three different images analysed per cell type. Statistical difference was

calculated with an unpaired two-tailed t-test (* p < 0.05).
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Figure S 24 TYLO-1 decreases YAP activity in TNBC. (a,c) NFkB-MB-231-Firefly
(NFkB-MB-231) and (b,c) MB-231 were left untreated (CTRL) or treated with 100 nM
TYLO-1 for 24 h. Cells were stained for the nucleus (DAPI) and for YAP. (a) Representative
fluorescence images for DAPI (turquoise) and YAP (blue). Scale bar: 50 um. (b) Nuclear
YAP protein level was determined as integrated density (IntDens) of the fluorescence
intensity. Bars represent the mean + SD of one independent experiment with at least three
different images analysed per treatment group. Statistical difference within all groups was
calculated with two-way-ANOVA (* p < 0.05).
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Figure S 25 TYLO-1 does not reduce YAP activity additionally to YAP knockdown.
Transfection to (a,c) NFkB-MB-231-Firefly and (b,d) MB-231 was performed using the non-
targeting siRNA (NCsiRNA) or YAP-targeting siRNA (siYAP). (a-d) 48 h post-transfection,
cells were left untreated (CTRL) or treated for 24 h with 100 nM TYLO-1. After treatment,
cells were stained for the nucleus (DAPI) and for YAP. (a,b) Nuclear YAP protein level was
determined as integrated density (IntDens) of the fluorescence intensity. Bars represent
the mean + SD (n=3). Statistical difference within all groups was calculated with two-way-
ANOVA (ns = not significant, * p < 0.05). (b) Bars represent the mean + SD of one

independent experiment with at least two images analysed per treatment group. (d,e)
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Representative fluorescence images for DAPI (turquoise) and YAP (blue). Scale bar:
50 uym.
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Figure S 26 YAP knockdown reduces YAP activity in MB-231 and MCF10A.
Transfection to (a) MCF10A (b) MB-231 was performed using the non-targeting siRNA
(NCsiRNA) or YAP-targeting siRNA (siYAP). (a,b) Cells were stained for the nucleus
(DAPI) and YAP, 72 h-post transfection. Nuclear YAP protein level was determined as
integrated density (IntDens) of the fluorescence intensity. (a) Bars represent the mean +
SD (n=2). Statistical difference was calculated with the unpaired two-tailed t-test
(** p < 0.01). (b) Bars represent the mean of one independent experiment with at least two

images analysed per treatment group.
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Figure S 27 TYLO-1 decreases YAP activity in MB-231 but not in MCF10A.
Transfection to (a) MB-231 and (b) MCF 10A was performed using the non-targeting siRNA
(NCsiRNA) or YAP-targeting siRNA (siYAP). 48 h post-transfection, cells were left
untreated (CTRL) or treated for 24 h with 100 nM TYLO-1. After treatment, cells were
stained for the nucleus (DAPI) and for YAP. (a,b) Representative fluorescence images for
DAPI (turquoise) and YAP (blue). Scale bar: 50 pym. (c,d) Nuclear YAP protein level was
determined as integrated density (IntDens) of the fluorescence intensity. YAP protein level
was normalized to untreated NCsiRNA group. (¢) Bars represent the mean of one
independent experiment with at least two images analysed per treatment group. Statistical
difference within all groups was calculated with two-way-ANOVA (ns = not significant,

* p < 0.05). (d) Bars represent the mean of one independent experiment (n=1).
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6.2 Supplementary tables

Table S 1 Molecular subtypes of TNBC

Authors TNBC Molecular characteristics
subtype '
BL Increased CK5/6, EGFR expression
LAR Increased AR expression
Ma et al. CD44+/CD24- immunophenotype
,Claudin- low”
Decreased claudin 3, 4, 7 expression
BL1 Increased Ki-67 expression
BL2 Increased CD10, p63 expression
Increased AR expression
LAR Aberrant FOXA1, KRT18, XBP1 gene activation
Lehmann ef al. M Aberrant regulation of Wnt, ALK, TGF-3
Aberrant regulation of Rho, ALK, TGF-3, Wnt/3-catenin,
MSL ERK1/2,
EGFR, PDGF, PI3K
IM Aberrant regulation of NFKB, TNF, JAK/STAT
Increased AR, MUC1 expression
LAR .
Aberrant PIK3CA, AKT1, CDH1 gene activation
M Increased PDGF-A, c-Kit expression
Burstein et al. Aberrant regulation of SOTAT
BLIA Presence of B /T/NK immune cells
BLIS Aberrant regulation of VTCN1
BL Immune cells —, TAM - like cells
Increased AR expression
LAR
Jézéquel et al. Aberrant FOXA1, KRT18, XBP1 gene activation
“BL-enriched” Immune cells +, TAM — like cells
BL Aberrant ATR, BRCA1/2, etc. gene activation
PIK3CA gene mutation, PTEN gene inactivation
M Aberrant regulation of PI3K / AKT
Aberrant regulation of NFKB, TNF, JAK/STAT, VTCN1,
presence
M
Ahn et al.
of B/T/NK immune cells
Increased AR expression
LAR

Aberrant FOXA1, KRT18, XBP1 gene activation
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Authors TNBC Molecular characteristics

subtype ’
BL Increased CK5/6, EGFR expression
Zeng et al. NBL Absence of CK5/6, EGFR expression

Table was adapted with minor modifications from Koleckova, Vomackova and Kolar
(2021) [17]. ' BL = basal-like; BL1/2; LAR = luminal androgen receptor; M =
mesenchymal; MSL = mesenchymal stem — like; IM = immunomodulatory; BLIA =
BL immune-activated; BLIS = BL immune-suppressed; NBL = normal breast — like.

Table S 2 Natural sources of P-alkaloids

Kingdom  Plant family * Latin name of the species '

Cynchananchum komarovii
Cynchananchum vincetoxicum
Pergularia Pallida [231]
Tylophora atrafolliculata [150]
Tylophora hirsute [315]
Tylophora indica [316]

Apocynaceae  Tylophora liu® [140]

[314] 1 Tylophora ovata [161]

Plants Tylophora tanakae [213]

Vincetoxicum pumilum [317]

Ficus fistulosa ca. tengerensis
Ficus fistulosa
Ficus hispida [204]

Moraceae ' Ficus septica [206,318]

Cryptocarya chinensis
Cryptocarya densiflora

Lauraceae ' Cryptocarya laevigata
. Nymphalidae Ideopsis similis [320], a Tylophora tanakae feeding butterfly [142].
Animals ! g ; )
[319] Alkaloids may be found in its pupae and imagines.
1 Adapted from [142] and [314]. 2 Plants were also reported in the subfamily
Asclepiadaceae [142]. 3 New species dicovered in Taiwan in 2011 [140].
Table S 3 Bioactivities of P-alkaloids and their analogues
Bioactivity Compound and targeted cell type
e Anti-feedant: Tylophorine, septicine and O-methyltylophorinidine
reduced leaf consumption of the insect Spodoptera litura [321].
e Anti-parasitic: Crude methanolic extract of tylophora hirsute reduced
Agrochemicals growth of Leishmania major [315].

e Insecticidal: Crude methanolic extract of tylophora hirsute increased
mortality in e.g. the bug Stiphilus oryzae [315]. (R)-Tylophorine and

(R)-antofine are cytotoxic against e.g. the moth Spodoptera litura [322].

e Antofine suppresses pre-adipocyte cell (3T3-L1) proliferation and

Anti-adipogenic
differentiation [323].

e Tylophorine stimulates R-receptor activity in peripheral leukocytes from
asthmatic children [324].

Anti-asthmatic

. . e Tylophorine and O-methytltylophorinidine ! inhibit growth of bacteria,
Anti-bacterial
including Staphylococcus aureus but not Escherichia coli [321].
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Pergularinine (Tylophorinine) and tylophorinidine block thymidylate
synthase [210] and dihydrofolate reductase in Lactobacillus leichmannii
[231].

Anti-fungal

Tylophorine and O-methyltylophorinidine inhibit growth of the fungus
e.g. Aspergillus niger [321].
Hydrochloride salts of tylophorinine and tylophorinidine inhibit growth of

diverse fungi including Aspergillus spp. and Candida spp. [325]

Anti-malarial

Tylophoridicine D reduces cell viability in plasmodium falciparum (3D7)
[318].

Tylophorine suppresses viral RNA replication in a corona virus [326].

Tylophorine intermediates, 5-Oxo-1-[(2,3,6,7-tetramethoxy-9-

Anti-viral
phenanthrenyl) methyl]-L-proline blocked hepatitis C virus attachment
[327].
Oviposition Phenanthroindolizidine alkaloids, including 7-demethyltylophorine,

stimulation in

insects

enhance the number of eggs laid by /deopsis similis [328], that is a

Tylophora spp. feeding butterfly.

Table S 4 Mode of action of P-alkaloids and their analogues in silico, in vitro and in vivo

Mode of action

Compound and targeted cell type (cell line)

Anti-

inflammatory

Tylophorine suppressed LPS-induced expression of pro-inflammatory
cytokines (e.g. COX1, iNOS and TNFa) in murine macrophages
(RAW264.7) [329].

Tylophorine blocks upstream regulator of NFkB and AP-1 (MEKK1) in
murine macrophages (RAW264.7) [329]

Tylophorine analogue, e.g. DCB-3503, tylophorinine, tylophorinidine
and the isomer of 2-demethoxytylophorine, namely (R+)-
demethoxytylophorinidine, block NFkB-mediated transcription in in
hepatocellular cancer (HepG2) [150].

Tylophorine analogue, DCB-3503 blocks phosphorylation of NFKB/p65 in
pancreatic cancer (PANC-1) [151].

Anti-angiogenic

Tylophorine inhibited in vitro and in vivo vessel formation of human
umbilical vascular endothelial cells through blocking VEGF signalling
[152].

Tylophorine blocked proliferation of human umbilical vascular endothelial
cells by downregulation of cell cycle related factors. Anti-angiogenic
effects were species independent, as proliferation blockade was
observed in vascular smooth muscle cells derived from rats and human
umbilical vascular endothelial cells [262].

Antofine blocks tube formation of human umbilical vascular endothelial
cells [330].
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Anti-hypoxic

Targeting the key regulator of angiogenesis, the hypoxia-induced HIF
pathway, in T47D by tylophorinine, O-methyltylophorinidine,
tylophorinidine, deoxytylophorinine but not tylophoridicine D [157].

Anti-migration

Antofine inhibits VEGF-induced migration of human umbilical vascular
endothelial cell [330].

Synthetic, phenanthrene-based YS206 blocks colon cancer (HCT-116)
migration and YS306 blocks hepatocellular cancer migration (HepG2)
[270]

Sulfonamide analogue of (R)-cryptopleurine blocks migration of renal
cancer (Cak1) [295].

Tylophorine blocks migration of human umbilical vascular endothelial
cells [152] and vascular smooth muscle cells [262].

Tylophorine analogue, NKOO7, blocks migration of (paclitaxel resistant)
ovarian cancer (A2780) [149].

Ethanolic extract of Ficus septica, presumably tylophorine, blocks
migration of murine TNBC (4T1) [206].

Anti-proliferative

In vitro,

human cell lines:

In vitro,

Tylphorine blocks proliferation of vascular smooth muscle cells [262].

human cancer cell lines:

In vitro,

Tylophorine inhibits proliferation in MCF-7, T47D, MDA-MB-
231[148,155,156].

The synthetic analogue YPC-10157 inhibits proliferation in colon cancer
(HCT-116), leukaemia (HL-60) and breast cancer (MCF-7, MDA-MB-
231, MDA-MB-468) [203].

Antofine inhibits proliferation in MDA-MB-231 [153].

Tylophorine inhibits proliferation in MCF-7 and MDA-MB-231 [204].
Tylophorine analogue, NKOO7, inhibits proliferation of (paclitaxel
resistant) ovarian cancer (A2780) [149].

Tylophorinidine prevents DNA synthesis in leukaemia (primary
leukocytes) through inhibition of the thymidylate synthase [166].

3D tumour spheroids:

In vivo:

O-Methyltylophorinidine suppresses growth of microtumours that
comprise pancreatic carcinoma cells (Capan-2 and PANC-1) and primary
hepatic or pancreatic stellate cells. Spheroids were formed in a collagen-
based matrix [161].

Tumour growth blockade of hepatocellular carcinoma (HepG2, xenograft
model) by DCB-3503 [331], tylophorinidine and the isomer of (R)-(+)-
deoxytylophorinidine [150].
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Tumour growth blockade of murine sarcoma (Meth A) by tylophorinine
and tylophoridicine E [163].

Tumour growth blockade of colon cancer (HCT-116) [153] by antofine.
Tumour growth blockade of colon cancer (HCT-116) by the dehydrated
derivative of tylophoridicine E [164].

Tumour growth blockade of Murine Ehrlich Ascites tumour by tylophorine
[152]

Modulation of
cell cycle

transition

G0/G1 arrest:

GO0/G1 arrest by antofine in colon cancer (HCT-116) [153].
G1-arrest by tylophorine in breast cancer (T47D) [154].

G1/S arrest by NKOO7 in (paclitaxel resistant) ovarian cancer [149].

S-phase arrest:

S-phase arrest by tylophorine analogues, DCB-3503 and DCB-3500, in

nasopharyngeal carcinoma (KB) [331].

Decreased expression of proteins involved in cell cycle transition:

Cyclin D1 decreased by tylophorine in vascular smooth muscle cells
[262], antofine in colon cancer (HCT-116) [153], by DCB-3503 in HepG2
[223].

Cyclin E decreased by antofine in colon cancer (HCT-116) [153].

CDK4 decreased by antofine in colon cancer (HCT-116) [153].

Cyclin A2 decreased by tylophorine in hepatocellular carcinoma (HepG2),
HONE-1 and NUGC-3 [226].

p21 and p27 decreased by tylophorine [262].

Rb-phosphorylation decreased by tylophorine [262].

Cell cytotoxicity

Hispiloscine (tylophorinine acetate) in breast cancer MCF, MDA-MB-231
(ICs0 is about 1 uM) [204].

Tengerensine in breast cancer (MCF7, MDA-MB-231 and MDA-MB-468
at a nanomolar concentration [205].

Tylophorine analogue, DCB-3503, in hepatocellular (HepG2) and
pancreatic cancer (PANC-1) [150].

Tylophorinine in nasopharyngeal carcinoma (KB), lung cancer (A549),
colorectal cancer (HT-29) [163] and rectum adenocarcinoma (HCT-8)
[162].

O-Methyltylophorinidine in prostate cancer [160], in hepatocellular
cancer (HepG2) [150] and pancreatic cancer (PANC-1) [150,161].
Tylophorinidine in hepatocellular cancer (HepG2) and pancreatic cancer
(PANC-1) [150], nasopharyngeal carcinoma (KB) and rectum
adenocarcinoma (HCT-8) [162].

Hydrochloride salt derivative of tylophorinidine, namely 3-O-demethyl

tylophorinidine, in e.g. pancreatic (PANC-1) [279]
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(Synthetically prepared) tylophoridicine E in rectal (HCT-8) [162],
nasopharyngeal (KB), lung (A549), colorectal (HT-29) [163], colon (HCT-
116) [164], but not hepatocellular (HepG2) nor pancreatic (PANC-1) [150]
carcinoma.

(Synthetically prepared) 2-demethoxytylophorine in colon cancer
(HCT-116) [164], in nasopharyngeal carcinoma (KB) and rectum
adenocarcinoma (HCT-8) [162].

Tylophoridicine D was tested, but showed no cytotoxicity in
nasopharyngeal carcinoma (KB) and rectum adenocarcinoma (HCT-8)
[162].

Pro-apoptotic

Synthetic YPC-10157 enhances caspase 3 and 7 activity in leukaemia
(HL-60) [203].

Tylophorine enhances caspase 3 and 9 activity in breast cancer (T47D)
[154].

Antofine enhances caspase 8 activity and PARP-cleavage in colon
cancer (HCT-116) [153].

Ethanolic extract of Ficus septica, presumably tylophorine, reduces

expression of anti-apoptotic Bcl-2 in breast cancer (MCF7) [206].

In vitro:

Tylophorine analogue, DCB-3503, decreases IkBa and NFkB
phosphorylation via blocking IKK-mediated phosphorylation in pancreatic
cancer (PANC-1) [151].

Phosphorylation [n silico, molecular docking studies:
blockade e Isomer of O-methyltylophorinidine with the short name HTBP1 binds to
the ATP-binding site in AKT [222].
e Tylophorinine, tylophorinidine and tylophorinidine-N-oxide bind to the
ATP-binding site in Aurora A and Aurora B receptors [224].
e Tylophorine binds to the ATP-binding site of VEGFR [152].
e Antofine in colon cancer (HCT-116) [153].
e Thymidylate synthase blockade in leukaemia (primary human leukocytes)
by pergularinine and tylophorinidine reduces DNA synthesis [166].
DNA and RNA Y pers yiop y [16]
. e Tylocrebrine reversibly blocks de novo RNA synthesis [208].
synthesis
e Tylocrebrine irreversibly blocks DNA synthesis [208].
blockade
e The stereoisomer of 2-demethoxytylophorine, namely (+)-(13aS)-
deoxytylophorinine, intercalates at AT-rich sequences, which is mainly
found upstream of the transcription start site [158].
Protei e Tylophorine, tylocrebrine, cryptopleurine block protein synthesis [208].
rotein
Blockade of transcription:
synthesis
e Allosteric regulation of HSC70 in hepatocellular carcinoma (HepG2):
blockade

DCB-3503 binds to HSC70 and stimulates ATP hydrolysis when bound to
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its target genes at the specific RNA motifs “AUUUA” in the 3’'UTR of e.g.
cyclin D1 [223].
Blockade of translation:

e Protein translation blockade by the synthetic analogue YPC-10157 in a
cell-free translation assay [203].

e Tylocrebrine irreversibly inhibits peptide-chain elongation by targeting
40S ribosome [208].

e Tylophorine binds to caprin-1, thereby recruiting and sequestering mRNA
of e.g., c-Myc and cyclin D2. Formation of the ribonucleoprotein complex
results in blockade of protein translation [332].

e Tylocrebrine inhibits translocation of the peptidyl tRNA in ribosomes

[332].
Reverse drug- e Tylophorine enhanced sensitivity to doxorubicin in breast cancer (T47D)
resistance [154].
e Tylophoridicine D and anhydrodehydrotylophorinidine block the
Telomerase
L telomerase activity by forming a G-quadruplex at guanine-rich telomeric
inhibition

DNA [165].

' Studies including P-alkaloids, that were investigated in this study, or studies that
included BC cells were highlighted in bold font.

Table S 5 ICso-values determined for P-alkaloids in reduction of cell viability in MB-231

2D CellTiterGlo ' 2D PrestoBlue 2
Compound MB-231 MB-231
24 h 24 h
ICs0 [nM] ICs0 [nM] *
TYLO-1 10.2+3 n.t.
TYLO-2 88.5+24 30.8+29
TYLO-3 50.2+10.3 21.5+3.6
TYLO-4 2271 +614 59.1 £ 9.1
TYLO-5 >1000 15400°
TYLO-6 >1000 n.t.
Paclitaxel >1000 374 +8.6

"Tested in MB-231 using the 2D CellTiterGlo (384-well format). 2 Tested in MB-
231 using the 2D PrestoBlue assay with a low cell seeding density. 3 Tested in 3D
TNBC co-culture spheroids comprising MB-231 and CAFs (1:2) using the 3D
CellTiterGlo assay. Mean + SD (n=3). * Mean + SD (n=2). ® (n=1). Not tested (n.t.).
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Table S 6 Dose-response inhibition for BAY-117085 in MB-231

NFkB Inhibition Reduction of Cell Viability
Compound 2 h' 24 h? 24 h? 24 h*
|C50 [nM] |C50 [nM] |C50 [nM] |C50 [nM]
BAY 11-7085 | 5,500 + 2,000 4 12,623 + 1,542 4 | 2,800+ 1,208+ 12,765+ 1,435°

NFkB-inhibition was tested after ' 2 h or 2 24 h treatment with the NFkB-inhibition
assay. 3 Reduction of cell viability was determined 24 h post-treatment with the 3 2D
PrestoBlue or 42D CellTiterGlo. Compound was applied in triplicates in a two-fold
or three-fold serial dilution starting at -3 100 uM or 2 50 uM. # Mean + SD (n = 3). ®
Mean + SD (n = 2). ® Mean + SD (n = 1).

Table S 7 Dose-response of TYLO-1 and paclitaxel in CAFs
CAFs
Compound 24 h
ICs0 [NnM]
TYLO-1 12.3+89"

Paclitaxel 35.1+542

Cell viability was measured in CAFs at a low seeding density (2.5 x 104 cells/ml)
using the 2D CellTiterGlo assay (96-well format). Compound concentration was
applied in triplicates in a four-fold serial dilution starting at 1000 nM for TYLO-1 and
in a three-fold serial dilution starting at 100 uM for paclitaxel. Mean + SD of ' (n=3),
2(n=2).

Table S 8 Dose-respone in different cell lines for different treatment duration

PBMC ' MCF10A ' MB-231 1 D2A1 (n=1) '
Compound 24 h? 24 h?2 48 h?2 72h?2
ICs0 [NM] ICs0 [NM] ICs0[nM] ICs0[NM]
9.0+24nM47
TYLO-1 12.6 + 0.1 nM 38 3 10.8 £ 1.8 nM 57 10.6 nM 6.9
n=
Paclitaxel n.t. 56.6 + 18.4 48 18.3+9.8 nM 58 3.2 nM 69

" Cell type. 2 Duration of treatment. 3Cell viability was measured in 3 PBMC
monolayer cells at density of 3.5 x 10 5 cells/ml using the 2D CellTiterGlo assay
(96-well format). Mean + SD (n=2). Cell viability was measured in * MCF10A at a
density of 1 x 105 cells/ml ® MB-231 at a density of 6 x 10* cells/ml using the 2D
PrestoBlue assay. Cell viability was measured in © D2A1 monolayer cells at density
of 1 x 10* cells/ml using the 2D CellTiterGlo assay (96-well format). ” Mean + SD
(n=3). 8Mean + SD (n=2). °Mean (n=1). Not tested (n.t.).
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Table S 9 Drug-dose response in MB-468-UnaG

MB-468-UnaG
Compound 24 b
ICso [NnM]
TYLO-1 4.4
BAY 11-7085 4200 + 800
Paclitaxel 3.7

Cell viability was measured in MB-468-UnaG at a density of ' 1.0 x 10° cells/ml or
21.5 x 10%using the 2D PrestoBlue assay.® Cells were treated for 24 h in
triplicates with a compound concentration in a two-fold or three-fold serial dilution
starting at 50 uM for Bay 11-7085 (n=2) and in a three-fold serial dilution starting
at 100 nM for TYLO-1s (n=1) and at 1 uM for paclitaxel (n=1). ' Duration of
treatment.

Table S 10 Drug-dose reduction in reduction of cell viability of 3D co-culture spheroids

Compound 3D Co-culture
(concentration; serial dilution) ICs0 [NM]
TYLO-1 (1 uM; 1:4) 9.9+2.1nM
Paclitaxel (1 pM; 1:3) > 1,000
Paclitaxel (100 uM; 1:3) > 100,000

Reduction of cell viability was determined 72 h post-treatment in a 3D TNBC co-
culture according to the 3D CellTiterGlo assay.

Table S 11 Drug-dose response for TYLO-1 and paclitaxel in 3D co-culture spheroids

MB-468-UnaG  MB-468-UnaG

Compound Normoxia Hypoxia'
ICs0 [nM] ICs0 [nM]

TYLO-1s2 6.5 6.7

Paclitaxel? 6.7 > 1000

Cell viability was measured in MB-468-UnaG at a density of 1.5 x 10° cells/ml using
the 2D PrestoBlue assay. ' To induce hypoxia, cells were pre-treated for 24 h using
100 uM CoClz. 2 Cells were treated for 24 h. Compound concentration was applied
in triplicates in a three- -fold serial dilution starting at 100 nM for TYLO-1s and at
1 uM with paclitaxel. ICso represents one independent experiment.
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6.3 Plasmid sequences for reporter gene assays

Stable cell lines were created with a vector that contains an artificial promotor construct to
regulate NFkB-dependent luciferase expression (6.3.1. 6.3.2) or HIF-dependent UnaG

expression (6.3.3).

6.3.1 MDA-MB-231-NanoLuc

The MB-231-NanoLuc cell line contains a plasmid with a NFkB-response element to study
inflammation-associated NFkB signalling. Stable cell line generation is described [116]. The
compartments of the plasmid vector “pNL3.2.NF-kB-RE[NIucP/NF-kB-RE/Hygro]’ is

provided by Promega are shown in Figure S 28.

Synthetic poly(A) signal/ R
transcriptional pause site NF-xB-RE
(for background reduction) Minimal
inimal promoter

Amp SV40 late

poly(A) signal
pNL3.2.NF-xB-RE BamHI 1091
[MJucP/NF-xB-RE/Hygro]
Vector [ SV40 early
(4912bp) ./ enhancer/

[/ promoter
v

10332MA

Sall 2696

Figure S 28 Plasmid compartments for NFkB NanoLuc-luciferase reporter. The
plasmid DNA sequence contains the following compartments (with depicting its specific
position in the direction from the 5’-phosphate to the 3’-hydroxyl group): NFkB response
elements (33-84), minimal promoter (117-147), nlucP (NanoLuc®-PEST) reporter gene
(180-818), SV40 late poly(A) signal (858-1079); SV40 early enhancer/promoter (1127—-
1545), synthetic hygromycin (Hyg coding region (1570-2607), synthetic poly(A) signal
(2631-2679), Reporter Vector primer 4 (RVprimer4) binding region (2746-2765), Col E1-
derived plasmid replication origin (3003), synthetic B-lactamase coding region for
resistance to ampicillin (Ampr) (3794—4654), synthetic poly(A) signal/transcriptional pause
site (4759-4912), Reporter Vector primer 3 (RVprimer3) binding region (4861-4880).

lllustration was extracted from the vector product information sheet (Promega, #N1111).
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6.3.2 MDA-MB-231-Firefly

The MB-231-Firefly cell line contains a plasmid with a NFkB-response element to study
inflammation-associated NFkB signalling. The stable cell line was provided by Promega and
regulation of the firefly luciferase reporter gene is depicted in Figure S 29. Plasmid vector

of the stable cell line (pTA-NFkB-luciferase reporter vector) was not provided.

Signaling
Pathway Light

@/

Cis Element Repeats / Promoter 5° UTR

Figure S 29 Plasmid composition for NFKB Firefly-luciferase reporter. Abstract of the
reporter gene mechanism for the transcription factor (TF) NFkB was extracted from the cell
line product information sheet (Signosis, #SL-0043-FP). The plasmid DNA sequence
contains four cis-element repeats of the NFkB binding site and a minimal promoter
upstream of the firefly luciferase coding region. along with hygromycin expression vector
followed by hygromycin selection. The hygromycin coding region is not depicted. CF: co-

factor.

6.3.3 MDA-MB-468-UnaG

The MB-468-UnaG cell line contains a plasmid with a hypoxia response element (HRE) to
study hypoxia-associated HIF-1a signalling. To overcome limitations of GFP or RFP due to
oxygen-dependent maturation, it was incorporated the fluorescent protein UnaG that is
naturally found in an Japanese freshwater eel [82]. The plasmid and its compartments are
depicted in (Figure S 30). The DNA sequence within the plasmid is shown below in the
direction from the 5’-phosphate to the 3’-hydroxyl group. Gene sequences are shown in
colour for the five HRE in tandem with the CMV minimal promotor (mCMV; red), UnaG
(green), PEST (orange), gene for resistance against neomycin and kanamycin
(NeoR/KanR; blue), gene for resistance against ampicillin (AmpR; violet) or non-functional

sequences (grey).
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Figure S 30 Plasmid compartments for HIF-reporter gene studies. The plasmid pHRE-
dUnaG contains five repeats of the HIF binding site (HRE) in tandem with the mCMV
promoter (red), sequence encoding for UnaG (green), PEST (yellow) and resistance
against neomycin and kanamycin (blue), as well as against ampicillin (violet). Plasmid was

constructed with SnapGene.

5.
gtaccgagcttttctcgagccacagtgcatacgtgggctccaacaggtcctcttgtcgagccacagtgcatacgtgggctcca
acaggtcctcttgtcgagccacagtgcatacgtgggctccaacaggtcctcttgtcgagccacagtgcatacgtgggctccaa
caggtcctcttgtcgagccacagtgcatacgtgggctccaacaggtcectcttgtcgagatctggtaggcegtgtacggtgggag
gtctatataagcagagctcgtttagtgaaccgtcagatcactagaagcttggcattccggtactgttggtaaagccaccatggtc
gagaaatttgttggcacctggaagatcgcagacagccataattttggtgaatacctgaaagctatcggagccccaaaggaat
taagcgatggtggggatgccacgacgccgacattgtacatctcccagaaggacggagacaaaatgacagtgaaaataga
gaatggacctcctacgticctigacactcaagtaaagttcaaattaggggaggagttcgacgaatttcctictgatcgaagaaa
aggcgtaaaatctgtcgtgaacttggtgggagagaagctggtgtacgtacaaaagtgggacggcaaggagacgacgtatg
tccgagagataaaggacggtaaactggtcgtgacacttacgatgggagacgtcgtggctgtgcgcagctaccggagggceg
acggaaaccggt

gtcgacccgcggggatccac
gcgtgcggccgcagaacaaaaactcatctcagaagaggatctgaatggggccgcatagtctagaagctcgcetgatcagec
tcgactgtgccttctagttgccagcecatctgttgtitgcccctcceccegtgecttecttgaccctggaaggtgecacteccactgtee
tttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaa
gggggaggattgggaagacaatagcaggcatgctggggatggcccgggctctatggctictgaggcggaaagaaccagce
tggggctctagggggtatccccacgcegecctgtagecggegceattaagecgeggegggtgtggtggttacgegcagegtgace
gctacacttgccagcgccctagcgceccgctectttcgctttcttcecttecttictcgccacgttcgecggctttccecegtcaagcetct
aaatcggggcatccctttagggttccgatttagtgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgt
agtgggccatcgccctgatagacggtttttcgecctttgacgttggagtccacgttctttaatagtggactctigticcaaactgga
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acaacactcaaccctatctcggtctattcttttgatttataagggattttggggatticggcctattggttaaaaaatgagctgattta
acaaaaatttaacgcgaattaattctgtggaatgtgtgtcagttagggtgtggaaagtccccaggctccccaggcaggcaga
agtatgcaaagcatgcatctcaattagtcagcaaccaggtgtggaaagtccccaggctccccagcaggcagaagtatgea
aagcatgcatctcaattagtcagcaaccatagtcccgcccctaactccgeccatccecgeccctaactccgeccagttcecgecce
attctccgeccctaggcetgactaattttttttatttatgcagaggccgaggccgcctctgectctgagctaticcagaagtagtgag
gaggcttttttggaggcctaggcttitgcaaaaagctcccgggaggtccacaatgattgaacaagatggattgcacgcaggtic
tccggcecgcettgggtggagaggctattcggctatgactgggcacaacagacaatcggcetgctctgatgeccgecgtgtticegge
tgtcagcgcaggggcegceccggttctttttgtcaagaccgacctgtccggtgccctgaatgaactccaggacgaggcagcegceg
gctatcgtggetggccacgacgggcgttecttgcgcagcetgtgctcgacgtigtcactgaagcgggaagggactggcetgctatt
gggcgaagtgccggggcaggatctcctgtcatctcaccttgctcctgccgagaaagtatccatcatggetgatgcaatgegge
ggctgcatacgcttgatccggctacctgcccattcgaccaccaagcgaaacatcgcatcgagcgagcacgtactcggatgg
aagccggtcttgtcgatcaggatgatctggacgaagagcatcaggggctcgecgccagecgaactgttcgccaggcetcaagg
cgcgtatgcccgacggcgaggatcetcgtcgtgactcatggegatgectgcttgeccgaatatcatggtggaaaatggcecgcttit
ctggattcatcgactgtggccggcetgggtgtggcggaccgctatcaggacatagegttggctaccegtgatattgctgaagag
cttggcggegaatgggctgaccgcttectegtgctitacggtatcgecgetceccgatticgcagegceategecttctatcgecttctt
gacgagttcttctgagcgggactctggggttcgaaatgaccgaccaagcgacgcccaacctgccatcacgagatttcgattc
caccgccgccttctatgaaaggttgggcttcggaatcgttitccgggacgecggcetggatgatcctccagecgecggggatctcat
gctggagttcttcgcccaccccaacttgtttatigcagcttataatggttacaaataaagcaatagcatcacaaatttcacaaata
aagcatttttttcactgcattctagttgtggttigtccaaactcatcaatgtatcttatcatgtctgtataccggatctttccgcttcctege
tcactgactcgctgcgctcggtegttcggetgecggecgagceggtatcagcetcactcaaaggcggtaatacggttatccacagaa
tcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcegttgct
ggcgtitttccataggctccgeccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacag
gactataaagataccaggcgtttccccctggaagcetccctcgtgegctcetectgticcgaccctgecgcttaccggatacctgtc
cgcctttctcecttcgggaagcegtggcegcttictcaatgetcacgcetgtaggtatctcagtticggtgtaggtegttcgetccaaget
gggctgtgtgcacgaaccccccgttcagcccgaccgcetgegcecttatccggtaactategtcttgagtccaacccggtaagac
acgacttatcgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaa
gtggtggcctaactacggctacactagaaggacagtatttggtatctgcgcetctgctgaagccagttaccttcggaaaaagagt
tggtagctcttgatccggcaaacaaaccaccgcetggtageggtggttititigtttgcaagcagcagattacgcgcagaaaaaa
aggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatg
agattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttgg
tctgacagttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatticgttcatccatagtigectgactcceegteg
tgtagataactacgatacgggagggcttaccatctggccccagtgctgcaatgataccgcgagacccacgctcaccggcetce
agatttatcagcaataaaccagccagccggaagggcecgagcgcagaagtggtectgcaactttatccgectccatccagtcet
attaattgttgccgggaagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggt
gtcacgctcgtcgtttggtatggcttcaticagctccggttcccaacgatcaaggcgagttacatgatcccecatgttgtgcaaaa
aagcggttagctccttcggtcctccgatecgtigtcagaagtaagtiggccgceagtgttatcactcatggttatggcagceactgcat
aattctcttactgtcatgccatccgtaagatgctttictgtgactggtgagtactcaaccaagtcatictgagaatagtgtatgcggce
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gaccgagttgctcttgcccggcegtcaatacgggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaa
acgttcttcggggcgaaaactctcaaggatcttaccgcetgttgagatccagttcgatgtaacccactcgtgcacccaactgatct
tcagcatcttttactttcaccagcgtttictgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcg
acacggaaatgttgaatactcatactcttcctttticaatattattgaagcatttatcagggttattgtctcatgagcggatacatattt

gaatgtatttagaaaaataaacaaataggggttccgcgcacatticcccgaaaagtgccacctgacgtcagatcgacggatc

gggagatcgn-3’

6.4 Macro script for batch processing using Fiji

For nuclear YAP quantification, it was performed YAP measurement within the nucleus
(6.4.1) For automatically saving images of each recorded channel (DAPI or YAP) in colour
or greyscale, images were saved in a PNG format (6.4.26.4.2). Automated batch analysis
of recorded fluorescence images was performed using the open-source software Fiji. It was
used images with two (6.4.1.1, 6.4.2.1) or three (6.4.1.2, 6.4.2.2) different fluorescent dyes
recorded at with the cLSM FluoView3000.

Batch analysis was set by selecting “process®, "batch” and “macro” in Fiji. Following, it was
selected the input folder containing all the images for processing and the output folder for
saving the result. For each analysis, it was loaded the macro script of choice. For each
batch analysis, there were new folder created within the output folder to save processed

data.

6.4.1 Quantification of nuclear YAP in images with

For YAP quantification, the fluorescence signal for YAP was transformed to a grey value (8-
bit) and fluorescence intensity of YAP was measured within the area of the nucleus (DAPI
stained area). The background fluorescence signal (value of 2000) was subtracted from all

data. The nuclear YAP protein level was determined as integrated density (IntDens).

6.4.1.1 YAP quantification in images with two separate fluorescence dyes
The macro script applied for batch analysis is shown below in grey letters. The protocol was
created to analyse the recorded fluorescence signal for DAPI (channel 1) and YAP (channel
2).

//Get Image title

imageTitle=getTitle();//returns a string with the image title

//Get path for saving results in the same file folder
//Open image will be used as variable "image"

path = getDirectory("image");

/Iprocess original image (imageTitle)
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selectWindow(imageTitle);

run("8-bit");

run("Split Channels"); //concatenate "C1-" or whichever channel you want ("C1-
","C2-"etc)

/[Duplicate and rename duplicated window (channel 2 = YAP)
/[Saving steps comparing to duplicate the whole image ahead
/Isaved steps are: splitting, converting
selectWindow("C2-"+imageTitle);
run("Duplicate...", "title=duplicate-"+"C2-"+imageTitle);
imageTitleDc2=getTitle(); //D = duplicated, c2 = channel 2

/lprint (imageTitleDc2); //If it is necessary to check the name of the duplicated image

//IConvert all channels to 8 bit
selectWindow(imageTitleDc2);
run("8-bit");
selectWindow("C2-"+imageTitle);
run("8-bit");
selectWindow("C1-"+imageTitle);
run("8-bit");

//Measure YAP in nucleus

//Determine nucleus area by DAPI staining

// run Threshold

selectWindow("C1-"+imageTitle);

setAutoThreshold("Mean dark");

setOption("BlackBackground", false);

run("Convert to Mask");

run("Analyze Particles...", "size=3-Infinity display add in_situ");

//Automatisch wird fur jedes ROI die Intensitat fur DAPI als Result ausgegeben
/[Hierbei sind Mean, Mn und Max jeweils "255"

/I measure mean intensity in channel 2 = YAP staining
selectWindow("C2-"+imageTitle);
run("Select All");

roiManager("Combine");
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run("Measure");

/Imeasure beackground fluorescence signal

makeRectangle(808, 416, 120, 112);

run("Measure");

/[String.copyResults();//can be left out. Results will be directly saved as an csv file
/[check if name already exists ?

/Isave results before deleting the list

Result_name_DAPI = path+"/Results_ DAPI"+imageTitle+".csv";
run("Input/Output...");

saveAs("Results", Result_name_DAPI);

/[delete results
resultnr = getValue("results.count");

Table.deleteRows(0, resultnr-1);

/[Delete saved ROI to make space for new ROls
run("Select All");
roiManager("Deselect");

roiManager("Delete");

//Measure YAP in the whole cell body

//[Determine cell area by YAP staining
// run Threshold
selectWindow(imageTitleDc2);
setAutoThreshold("Mean dark");
setOption("BlackBackground”, false);
run("Convert to Mask");

run("Analyze Particles...", "size=3-Infinity display add in_situ");

/I measure mean intensity in channel 2 = YAP staining
selectWindow("C2-"+imageTitle);

run("Select All");

roiManager("Combine");

run("Measure");
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//measure beackground fluorescence signal
makeRectangle(808, 416, 120, 112);

run("Measure");

/[String.copyResults();//can be left out. Results will be directly saved as an csv file
/[save results before deleting the list

Result_name_cell = path+"/Results_cell"+imageTitle+".csv";
run("Input/Output...");

saveAs("Results", Result_name_cell);

/ldelete results
resultnr = getValue("results.count");

Table.deleteRows(0, resultnr-1);

/[Delete saved ROI for separate ROls in each image
run("Select All");
roiManager("Deselect");

roiManager("Delete");

/lclose all windows
close("C1-"+imageTitle);
close("C2-"+imageTitle);

close(imageTitleDc2);

6.4.1.2 YAP quantification in images with three separate fluorescence dyes
The macro script applied for batch analysis is shown below in grey letters. The protocol was
created to analyze the recorded fluorescence signal for DAPI (channel 1) and YAP (channel
3).

//Get Image title

imageTitle=getTitle();//returns a string with the image title

//Get path for saving results in the same file folder
//Open image will be used as variable "image"

path = getDirectory("image");

/lprocess original image (imageTitle)
selectWindow(imageTitle);
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run("8-bit");
run("Split Channels"); //concatenate "C1-" or whichever channel you want ("C1-
Il,llCz_lletC)

/[Duplicate and rename duplicated window (channel 3 = YAP ~cell body)
selectWindow("C3-"+imageTitle);
run("Duplicate...", "title=duplicate-"+"C3-"+imageTitle);

imageTitleDc3=getTitle(); //D = duplicated, c3 = channel 3

/[Convert all channels to 8 bit
selectWindow(imageTitleDc3);
run("8-bit");
selectWindow("C3-"+imageTitle);
run("8-bit");
selectWindow("C2-"+imageTitle);
run("8-bit");
selectWindow("C1-"+imageTitle);
run("8-bit");

/IMeasure fluorescence intensity in the nucleus (determined by DAPI=DNA staining)

//[Determine nucleus area by DAPI staining

/l run Threshold

selectWindow("C1-"+imageTitle);

setAutoThreshold("Mean dark");

setOption("BlackBackground", false);

run("Convert to Mask");

run("Analyze Particles...", "size=3-Infinity display add in_situ");

//Automatisch wird fur jedes ROI die Intensitat fur DAPI als Result ausgegeben
/[Hierbei sind Mean, Mn und Max jeweils "255"

/I measure mean intensity in channel 2 = p65 staining
selectWindow("C2-"+imageTitle);

run("Select All");

roiManager("Combine");

run("Measure");
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/Imeasure beackground fluorescence signal

makeRectangle(808, 416, 120, 112);

run("Measure");

/[String.copyResults();//can be left out. Results will be directly saved as an csv file
/[check if name already exists ?

/Isave results before deleting the list

Result_name_DAPI_p65 = path+"/Results_p65nuc_"+imageTitle+".csv";
run("Input/Output...");

saveAs("Results", Result_name_DAPI_p65);

/[delete results
resultnr = getValue("results.count");

Table.deleteRows(0, resultnr-1);

/l measure mean intensity in channel 3 = yap staining
selectWindow("C3-"+imageTitle);

run("Select All");

roiManager("Combine");

run("Measure");

//Imeasure beackground fluorescence signal

makeRectangle(808, 416, 120, 112);

run("Measure");

/[String.copyResults();//can be left out. Results will be directly saved as an csv file
/lcheck if name already exists ?

/[save results before deleting the list

Result_name_DAPI_YAP = path+"/Results_ YAPnuc_"+imageTitle+".csv";
run("Input/Output...");

saveAs("Results", Result_name_DAPI_YAP);

/[delete results
resultnr = getValue("results.count");

Table.deleteRows(0, resultnr-1);

//Delete saved ROI to make space for new ROIs
run("Select All");
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roiManager("Deselect");

roiManager("Delete");

/IMeasure fluorescence intensity in the whole cell body (determined by YAP expression)

/[Determine cell area by YAP staining
/l run Threshold
selectWindow(imageTitleDc3);
setAutoThreshold("Mean dark");
setOption("BlackBackground", false);
run("Convert to Mask");

run("Analyze Particles...", "size=3-Infinity display add in_situ");

/ measure mean intensity in channel 2 = phospho p65 staining
selectWindow("C2-"+imageTitle);

run("Select All");

roiManager("Combine");

run("Measure");

/Imeasure beackground fluorescence signal
makeRectangle(808, 416, 120, 112);

run("Measure");

//String.copyResults();//can be left out. Results will be directly saved as an csv file
/[save results before deleting the list

Result_name_cell_p65 = path+"/Results_p65cell _"+imageTitle+".csv";
run("Input/Output...");

saveAs("Results", Result_name_cell_p65);

/[delete results
resultnr = getValue("results.count");

Table.deleteRows(0, resultnr-1);

/I measure mean intensity in channel 3 = YAP staining
selectWindow("C3-"+imageTitle);
run("Select All");
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roiManager("Combine");

run("Measure");

/Imeasure beackground fluorescence signal
makeRectangle(808, 416, 120, 112);

run("Measure");

/[String.copyResults();//can be left out. Results will be directly saved as an csv file
/[save results before deleting the list

Result_name_cell YAP = path+"/Results_YAPcell_"+imageTitle+".csv";
run("Input/Output...");

saveAs("Results", Result_name_cell_YAP);

/ldelete results
resultnr = getValue("results.count");

Table.deleteRows(0, resultnr-1);

/[Delete saved ROI for separate ROls in each image
run("Select All");
roiManager("Deselect");

roiManager("Delete");

/lclose all windows

close("C1-"+imageTitle);

close("C2-"+imageTitle);

close("C3-"+imageTitle);
(

close(imageTitleDc3);

6.4.2 Image saving of separate recorded channels
The macro script applied for batch analysis is shown below in grey letters. The protocol was

created to process and save images with the recorded fluorescence signal for DAPI
(channel 1) and YAP (channel 2).

6.4.2.1 Automatic image saving for two recorded fluorescence dyes
The macro script applied for batch analysis is shown below in grey letters. The protocol was
created to process and save images with the recorded fluorescence signal for DAPI
(channel 1) and YAP (channel 2).
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/[create a new directory = output folder for processed images
path = getDirectory("image");
newDir= path + "/output/";

File.makeDirectory(newDir);

//get the image Title and set a scale bar
imageTitle=getTitle();//returns a string with the image title
run("Scale Bar...", "width=50 height=16 font=200 colour=White background=Black

location=[Lower Right] bold hide overlay");

run("Channels Tool...");

/Isaving coloured image, all channels
Stack.setDisplayMode("composite");
saveAs("PNG", newDir+imageTitle+"DAPI+YAP");

/[saving coloured image, seperate channels
Stack.setActiveChannels("10");
saveAs("PNG", newDirtimageTitle+"DAPI-c");
Stack.setActiveChannels("01");
saveAs("PNG", newDir+imageTitle+"YAP-c");

/[saving grey scale
Stack.setDisplayMode("grayscale");
Stack.setChannel(1);

saveAs("PNG", newDir+imageTitle+"DAPI-g");
Stack.setChannel(2);

saveAs("PNG", newDir+imageTitle+"YAP-g");

6.4.2.2 Automatic image saving for three recorded fluorescence dyes
The macro script applied for batch analysis is shown below in grey letters. The protocol was
created to process and save images with the recorded fluorescence signal for DAPI
(channel 1) and YAP (channel 3).
/lcreate a new directory = output folder for processed images
path = getDirectory("image");
newDir= path + "/output/";
File.makeDirectory(newDir);
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/lget the image Title, set a scale bar and open tool for chossing separate channels
imageTitle=getTitle();//returns a string with the image title

run("Scale Bar...", "width=50 height=16 font=200 colour=White background=Black
location=[Lower Right] bold hide overlay");

run("Channels Tool...");

Stack.setChannel(2);

run("Magenta");

/Isaving coloured image, all channels
Stack.setDisplayMode("composite");
Stack.setActiveChannels("110");

saveAs("PNG", newDir+imageTitle+"DAPI+phospho-p65");
Stack.setActiveChannels("101");

saveAs("PNG", newDir+imageTitle+"DAPI+YAP");

/[saving coloured image, seperate channels
Stack.setDisplayMode("colour");
Stack.setChannel(1);

saveAs("PNG", newDirtimageTitle+"DAPI-c");
Stack.setChannel(2);

saveAs("PNG", newDir+imageTitle+"p-p65-c");
Stack.setChannel(3);

saveAs("PNG", newDir+imageTitle+"YAP-c");

/Isaving grey scale
Stack.setDisplayMode("grayscale");
Stack.setChannel(1);

saveAs("PNG", newDir+imageTitle+"DAPI-g");
Stack.setChannel(2);

saveAs("PNG", newDirtimageTitle+"p-p65-g");
Stack.setChannel(3);

saveAs("PNG", newDir+imageTitle+"YAP-g");
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