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Abstract

Abstract

Cancer is one of the leading causes of death worldwide, while the disease is driven by
abnormal growth of cells from particular parts of the body that may invade or spread to
heathy tissue. On molecular level, deregulations of various signaling pathways are involved
in the process of carcinogenesis particularly including signaling mediated by the
transcription factors nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-«xB)
and MYC. On cellular level, especially a small subpopulation of self-renewing cancer cells,
known as cancer stem cells (CSCs), plays a crucial role in carcinogenesis and was reported
to mediate tumor growth, treatment resistance, metastasis, immune evasion as well as cancer
relapse. Thus, CSCs are of enormous clinical interest and their propagation in vitro is a
highly promising tool for investigating the molecular biology and evolving novel cancer
therapeutics to overcome CSC-mediated treatment failures.

Considering the high relevance of CSCs, this thesis shows the successful establishment of
12 novel primary CSC-like populations derived from colorectal, pulmonary and endometrial
carcinogenic tissue. CSC-like populations were successfully isolated from one pulmonary
(BKZ-1) and one rectal (BKZ-2) neuroendocrine neoplasm as well as from one colorectal
adenocarcinoma (BKZ-3). In addition, CSC-like populations were generated from three
pulmonary squamous cell carcinomas (BKZ-4, BKZ-5 and BKZ-6), three pulmonary
adenocarcinomas (BKZ-7, BKZ-8 and BKZ-9) and three endometrial carcinomas (BKZ-10,
BKZ-11 and BKZ-12). The CSC-phenotype of these 12 BKZ-populations was confirmed by
their capacity to form spheres and by the expression of several well-established stemness
marker proteins including Prominin-1 (CD133), CD44-antigen (CD44) and Nestin. In
addition, nuclear Synaptophysin expression was observable in every CSC-like BKZ-
population even independent to a neuroendocrine origin of the tumor, indicating nuclear
Synaptophysin as a novel CSC-marker. On mechanistic level, the NF-kB subunit Rel A was
found to be localized in the cytosol in every BKZ-population, suggesting a crucial function
of NF-«B in primary human CSCs. Accordingly, inhibition of NF-kB-signaling resulted in
significant reductions in cell survival for pulmonary squamous cell carcinoma- (BKZ-4,
BKZ-5 and BKZ-6) and adenocarcinoma-derived (BKZ-7, BKZ-8 and BKZ-9) CSC-like
populations. Next to NF-kB, MY C family proteins were shown to be ubiquitously present in
all BKZ-populations, with MYC protein being localized within the nucleus and NMYC in
the cytosol. Notably, a significant decrease in cell survival was observable in all BKZ-
populations after application of the MYC/NMYC inhibitor KJ-Pyr-9. Inhibition of MYC
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Abstract

was further found to be more effectively impairing survival of lung CSC-like populations
(BKZ-4 — BKZ-9) in comparison to the application of NF-«B inhibitors, strongly suggesting
MY C as promising therapeutic target. Global gene expression profiling of six of the 12 BKZ-
populations using RNA-sequencing supported this eminent role of MYC and NF-«B in the
here identified CSC-like cells. In particular, almost all investigated BKZ-populations (BKZ-
7 — BKZ-12) showed MYC gene expression next to an enrichment of the gene ontology-
term “NF-xB binding”. Further, ribosome- and mitochondria-associated genes were
observed to be expressed in the six BKZ-populations, suggesting a MYC-dependent
regulation of mitochondrial and ribosomal biogenesis in CSCs. Accordingly, inhibition of
MYC/NMYC using KJ-Pyr-9 reduced the mRNA expression levels of ribosomal protein
L28 and ribosomal protein lateral stalk subunit P1 in BKZ-8. Impairment of the
mitochondrial function using metformin further significantly decreased survival of
endometrial CSC-like populations (BKZ-10 — BKZ-12), emphasizing a role of increased
mitochondrial biogenesis in CSC-like populations.

In summary, this thesis shows the successful isolation of 12 novel primary CSC-like
populations derived from colorectal, pulmonary and endometrial carcinogenic tissue and
their application for studying CSC biology in vitro. On mechanistic level, this work provides
evidence for NF-xB and especially MY C being promising targets to impair survival of CSCs
from colorectal, pulmonary and endometrial origin, which may build the basis to overcome

CSC-driven therapeutic failures.
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Zusammenfassung

Zusammenfassung

Krebs ist eine der haufigsten Todesursachen weltweit, wobei sich die Krankheit durch die
unkontrollierte Vermehrung von Zellen auszeichnet, die in gesundes Gewebe eindringen und
sich dort ausbreiten konnen. An diesem Prozess sind auf molekularer Ebene Veranderungen
verschiedenster Signalwege beteiligt, darunter die Familien der Transkriptionsfaktoren
nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-«B) und MYC. Auf
zellul&rer Ebene spielt vor allem eine Subpopulation selbsterneuernder Krebszellen, die als
Krebsstammzellen (CSCs) bezeichnet werden, eine entscheidende Rolle in der
Karzinogenes. Studien zeigten, dass CSCs hochst wahrscheinlich fir Tumorwachstum,
Therapieresistenz, Metastasierung, Immunevasion sowie Rezidive verantwortlich sind.
Ferner sind CSCs von enormem klinischen Interesse und ihre Etablierung in vitro ist
essentiell fur die Untersuchung der molekularen Biologie sowie fir die Entwicklung von
CSC-spezifischer Krebstherapien.

In Anbetracht der enormen Relevanz von CSCs wird in dieser Doktorarbeit die erfolgreiche
Etablierung von 12 neuartigen priméren CSC-ahnliche Populationen aus kolorektalem,
pulmonalem und endometrialem karzinogenem Gewebe vorgestellt. CSC-ahnliche
Populationen wurden erfolgreich aus einem pulmonalen (BKZ-1) und einem rektalen (BKZ-
2) neuroendokrinen Tumor, sowie aus einem kolorektalen Adenokarzinom (BKZ-3) isoliert.
Dartiber  hinaus wurden CSC-dhnliche Populationen aus drei pulmonalen
Plattenepithelkarzinomen (BKZ-4, BKZ-5 und BKZ-6), drei pulmonalen Adenokarzinomen
(BKZ-7, BKZ-8 und BKZ-9) und drei Endometriumkarzinomen (BKZ-10, BKZ-11 und
BKZ-12) generiert. Der CSC-Phanotyp der 12 etablierten BKZ-Populationen wurde durch
ihre Fahigkeit zur Sphérenbildung und durch die Expression mehrerer etablierter
Stammzellmarkerproteine wie Prominin-1 (CD133), CD44-Antigen (CD44) und Nestin
bestatigt. Zusatzlich konnte Synaptophysin als Protein in den Zellkernen aller CSC-
ahnlichen BKZ-Population unabhéngig von einem neuroendokrinen Ursprung des Tumors
nachgewiesen werden. Somit scheint die nukleére Expression von Synaptophysin potenziell
als neuer CSC-Marker genutzt werden zu kénnen. Auf mechanistischer Ebene wurde die
NF-kB-Untereinheit RelA im Zytosol aller BKZ-Populationen nachgewiesen, was auf eine
entscheidende Funktion von NF-xB in primdren humanen CSCs hindeutet.
Dementsprechend fihrte die Inhibierung des NF-kB-Signalweges zu einer signifikanten
Reduktion des Zelluberlebens fir CSC-&hnliche Population isoliert aus pulmonale
Plattenepithelkarzinomen (BKZ-4, BKZ-5 und BKZ-6) und Adenokarzinomen (BKZ-7,
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Zusammenfassung

BKZ-8 und BKZ-9). Neben NF-kB wurde gezeigt, dass Proteine der MY C-Familie ubiquitér
in allen BKZ-Populationen vorhanden sind, wobei MYC im Zellkern und NMY C im Zytosol
lokalisiert war. Entsprechend hat die Anwendung des MY C/NMY C-Inhibitors KJ-Pyr-9 in
allen BKZ-Populationen zu einer signifikanten Reduktion der Uberlebensrate gefiihrt.
Weiterhin wurde festgestellt, dass die Inhibierung von MYC im Vergleich zur Inhibierung
von NF-kB das Uberleben der pulmonalen CSC-dhnlichen Populationen (BKZ-4 - BKZ-9)
starker beeintréchtigt. Ferner scheinen NF-kB aber vor allem MYC vielversprechende
therapeutische Ziele zu sein. Die globale Genexpressionsanalyse von sechs der 12 BKZ-
Populationen (BKZ-7 - BKZ-12) mittels RNA-Sequenzierung bestétigte eine wichtige Rolle
von MYC und NF-«kB in den hier identifizierten CSC-&hnlichen Zellen. Hier wurde in fast
allen untersuchten BKZ-Populationen eine MY C-Genexpression, sowie eine Anreicherung
von Genen im Zusammenhang mit dem gene ontology term "NF-«xB binding " festgestellt.
Weiterhin wurde in den sechs BKZ-Populationen ein Anstieg von Ribosomen- und
Mitochondrien-assoziierten Genen detektiert, was auf eine MY C-abhé&ngige Regulation der
mitochondrialen und ribosomalen Biogenese in CSCs hinweist. Dementsprechend reduzierte
die Inhibierung des MYC/NMYC Signalweges mittels KJ-Pyr-9 die mRNA-Level der
ribosomalen Proteine ribosomal protein L28 und ribosomal protein lateral stalk subunit P1
in BKZ-8. Zusétzlich fihrte die Inhibierung der mitochondrialen Funktion mittels
Metformin zu einer signifikanten Reduktion des Uberlebens der endometrialen CSC-
ahnlichen Populationen (BKZ-10 - BKZ-12), was auf eine wichtige Rolle der erhéhten
mitochondrialen Biogenese in CSC-ahnlichen Populationen schliel3en I&sst.

Zusammenfassend présentiert die vorliegende Arbeit die erfolgreiche Isolierung von 12
neuartigen priméaren CSC-ahnlichen Populationen aus kolorektalem, pulmonalem und
endometrialem karzinogenem Gewebe sowie deren Anwendung in Studien zur
Untersuchungen der CSC-Biologie in vitro. Auf mechanistischer Ebene liefert diese Arbeit
Beweise dafiir, dass NF-kB und insbesondere MY C vielversprechende therapeutische Ziele
sind, um CSC-Populationen aus kolorektalem, pulmonalem und endometrialem
karzinogenem Gewebe zu dezimieren und somit CSC-bedingte therapeutische Misserfolge

ZU minimieren.
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Aim and Obijectives

1 Aim and Objectives

CSCs are self-renewing cells that are highly relevant in cancer research as they drive
carcinogenesis as well as therapeutic failures. Thus, extensive research regarding their
molecular biology and specific characteristics is inevitable for the improvement of current

cancer therapeutics as well as for the development of novel targeted therapies.
Aim:

This thesis aims the establishment of primary CSC-like cells derived from colorectal,
pulmonary and endometrial carcinogenic tissue as novel in vitro models for the investigation

of molecular regulators of CSC-like cell survival.

Objectives:

e Cell culture protocols will be adapted for the establishment of primary human CSC-
like populations originating from colorectal, pulmonary and endometrial
carcinogenic tissue.

e Generated cell populations will be investigated for their marker profile using
immunocytochemistry and other molecular assays including quantitative polymerase
chain reactions and flow cytometry.

e Analysis of CSC-related signal transduction including NF-kB, MYC and other

relevant pathways will be performed.
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Introduction

2 Introduction

2.1. The architecture of cancer

2.1.1. Advances in the Fight against Cancer

Cancer is one of the leading causes of death worldwide, with incidence increasing steadily
in recent decades (Bray et al. 2018; Ferlay et al. 2021). For 2020, 19.3 million new cancer
cases and 10.0 million cancer deaths worldwide were reported (Ferlay et al. 2021), with lung
cancer being the leading cause of cancer-related deaths (Ferlay et al. 2021; Bray et al. 2018).
In several states of the United States of America (USA), the age standardized cancer
mortality even exceeded that for heart diseases, which was the leading cause of death since
1910 in the USA (Harding et al. 2018). Nevertheless, increased research in the field of cancer
biology led to clinical advances in the last decades, too. In the very beginning of cancer
treatment, first surgery, then also radiation and chemotherapy represented the basis of
therapies for patients who suffered from cancer (Sigerist 1932). However, systemic
chemotherapy often reveals severe side effects as these drugs not only target the diseased
area, but also healthy tissue. Nowadays these fundamental approaches are still first-line
therapies for several cancer types, but are often combined with therapies using targeted drugs
that revolutionized the field of cancer treatment (Markham et al. 2020; West et al. 2019;
Zhang et al. 2017). These therapies are based on the identification of appropriate targets
involved in cancer progression (reviewed in (Sawyers 2004), making the understanding of
molecular biology of carcinogenesis essential for their development.

Tumorigenesis is a multistep process in which genetic alterations of oncogenes and tumor-
suppressor genes drive the progressive transformation of normal human cells into highly
malignant derivates (Vogelstein et al. 2013). Nevertheless, Hanahan and Weinberg
elucidated in their updated comprehensive review “Hallmarks of Cancer: The Next
Generation” that tumor biology is far more complex than initially assumed. Years of
investigation depicted that carcinogenesis and tumor invasion are regulated by a multitude
of intrinsic characteristics as well as by the tumor-microenvironment (Hanahan and
Weinberg 2000; Hanahan and Weinberg 2011). Hallmarks like sustaining proliferative
signaling, evading growth suppressors, avoiding immune destruction, resting cell death and
deregulating cellular energetics are only extracts of the mosaic of several capabilities

acquired by cancer cells (Hanahan and Weinberg 2011). Even though the ongoing increase
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Introduction

in the knowledge of cancer biology led to improvements in clinical diagnosis and cancer
treatments, effectiveness of therapeutic drugs is still not satisfactory. Treatments frequently
only lead to short-term success with subsequent tumor relapse and/or metastasis most likely
based on intratumoral heterogeneity (Gerlinger et al. 2012). These genetic variations of
distinct regions of the same tumor are drivers of aggressive disease progression as exposure
to extrinsic factors, including the microenvironment, therapeutic drugs and the immune
system results in the selection of the most resistant subpopulation of cancer cells (reviewed
in (Vitale et al. 2021)). By now there is growing evidence that cancer stem cells (CSCs), a
small subpopulation of self-renewing cancer cells, play a crucial role in driving intratumoral
heterogeneity and therapeutic failures, emphasizing CSCs as highly promising target for the

development of novel cancer therapeutics.

2.1.2. Cancer stem-like cells and their cellular hallmarks

CSCs are highly plastic self-renewing cells at the top of hierarchically organized tumors
sustaining the long-term maintenance and heterogeneity of neoplasms (reviewed in (Reya et
al. 2001; van Neerven et al. 2016)). While the existence of CSCs was already discussed in
1877 based on the embryonic character of a population of cancer cells (reviewed in (Cooper
2009)), strong experimental evidences were firstly published in the 1990s by identifying a
self-renewing subpopulation of acute myeloid leukemia cells owning tumor-initiating
abilities (Bonnet and Dick 1997; Lapidot et al. 1994). Few years later the first identification
of CSCs in solid tumors by Michael Clarks group in breast cancer followed (Al-Hajj et al.
2003). Nowadays, the plastic CSC model partly considers both of the main discussed
theories for intratumoral heterogeneity, which are the clonal evolution model and the classic
hierarchical CSC model. The clonal evolution model posits the transformation of single cells
leading to unlimited proliferation capability causing uncontrolled tumor growth resulting in
accumulation of diverse mutations and intratumoral heterogeneity. In this model it is
believed that over a tumors lifespan every cancer cell is able to initiate a tumor, become
resistant or cause recurrence (Nowell 1976). The classic CSC model postulates the existence
of single mutated cells with unlimited proliferative potential, too. However, those cells with
stem cell characteristics are thought to exclusively drive tumor growth, recurrence and
resistance, while heterogeneity of the tumor is assumed to be based on symmetric or
asymmetric division of CSCs giving rise to more differentiated cancer cells not owning

tumor initiating features (Reya et al. 2001; Pardal et al. 2003). The current plastic CSC theory
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comprises both models as it assumed that CSCs behave dynamically by giving rise to
different subclones of cancer cells with mature progeny. Nevertheless, those differentiated
cancer cells harbor the capacity to dedifferentiate back into stem-like cells, making
subclones with sustained or regained stemness features to highly promising targets in cancer
therapy (reviewed in (Kreso and Dick 2014; van Neerven et al. 2016)). Despite their
plasticity, the initial origin of CSCs is widely discussed in the field. While the origin of CSCs
has been suggested by some researchers to be in mutant stem cells or progenitor cells, others
have speculated that CSCs derive from fully differentiated cells through reprogramming.
Today both theories have been proven, as for instance CSCs of the intestine were shown to
derive from intestinal stem cells (Barker et al. 2009) as well as tumor formation has been
reported to be induced by dedifferentiation of mature cells (Schwitalla et al. 2013).

Hence, based on the current knowledge, CSCs are defined as drivers of intratumoral
heterogeneity, tumor growth and recurrence resting on their plastic stem-like properties
including self-renewal, asymmetric division and multi-lineage differentiation (Batlle and
Clevers 2017; Clevers 2011). Moreover, CSCs and metastasis have been found to be tightly
connected as CSCs were shown to harbor the ability to reinitiate tumor growth in different
tissues, probably by remodeling the process of epithelial to mesenchymal transition (EMT)
(Mani et al. 2008). Another reported feature of CSCs is the ability to remain hidden from the
immune system until their reactivation leads to tumor relapse or metastasis (reviewed in
(Sultan et al. 2017)). Beside their properties for immune evasion, stemness of cancer cells
was reported to be associated with chemoresistance, as quiescent CSC-populations were
shown to sustain tumor growth after chemotherapy (Martins-Neves et al. 2016). Further, it
was depicted that chemotherapy induces the upregulation of CSC-markers highlighting the
plasticity of CSCs (Chen et al. 2012; Lu et al. 2017). This decreased sensitivity to
conventional therapies is thought to rely on several mechanisms like increased drug efflux
pump activity (Loebinger et al. 2008), increased levels of detoxification enzymes such as
aldehyde dehydrogenases (Sladek et al. 2002), enriched activation of deoxyribonucleic acid
(DNA) damage response (Bao et al. 2006) and quiescence (Liu et al. 2009). Further,
deregulations of the cell metabolism as well as metabolic plasticity were associated with
CSCs providing survival advantages and leading to cancer progression (reviewed in (Vander
Heiden and DeBerardinis 2017; Ito and Suda 2014)). Lastly, not only genetic aberrations but
also epigenetic events including the loss of DNA methylation or loose chromatin structures
were indicated to regulate several CSC characteristics such as stemness, dedifferentiation,

genetic reprogramming or chemoresistance (reviewed in (Feinberg et al. 2016)).
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Collectively, CSCs were proven to harbor an enormous variety of mechanisms responsible
for their maintenance and therapeutic failures. Thus, increasing research is being conducted
to target CSCs by impairing factors or signaling pathways necessary for their sustainment.
Nevertheless, the heterogeneity of these dynamic cell populations, as well as similarities
with non-pathogenic (stem) cells complicate the development of novel therapeutics. Facing
this challenge this thesis presents the establishment of novel primary CSC-like populations
as in vitro models for the identification of CSC-specific signaling pathways and markers as

basis for the design of novel cancer therapies to minimize CSC-mediated relapse rates.

2.2. Cancer stem-like cells as cellular models for the optimization of cancer
therapies

2.2.1. Isolation of two novel primary human colorectal carcinoma-derived cancer stem-
like cell populations

Colorectal cancer (CRC) is the third most common cancer worldwide and second most
common cause of cancer-related mortality, with 1.9 million new cases and approximately
935000 deaths estimated in 2020 as reported by the Global Cancer Observatory (Sung et al.
2021). CRC comprises the development of malignancies in the colon (72%) and the rectum
(28%), with 90% of all CRCs being an adenocarcinoma (AC) originated from epithelial
mucosa cells (Fleming et al. 2012). Contrary, neuroendocrine carcinomas are a relatively
rare and poorly understood subtype of CRC, comprised of poorly-differentiated neoplasms
derived from endocrine or epithelial cells of the nervous system (Kim et al. 2018; Lee and
Sung 2021). Next to their rarity of less than 1% of all CRCs (Shafqgat et al. 2015; Bernick et
al. 2004), neuroendocrine carcinomas are more aggressive in comparison to typical CRCs
(Sorbye et al. 2014) with almost all patients having metastasis at the time of diagnosis (Fields
et al. 2019). Most preclinical models for the investigation of CRCs are based on stable cell
lines, but are mainly derived from metastases and scarce especially for colorectal
neuroendocrine carcinomas (Takahashi et al. 2000; Pfragner et al. 2009; Krieg et al. 2014;
Dizdar et al. 2018; Yanagihara et al. 2018). Even though some of these in vitro models
originated from primary native tumor tissue (Takahashi et al. 2000; Pfragner et al. 2009;
Gock et al. 2018), they still lack cancer stem cell characteristics. Importantly, CSC profiles
were identified as independent prognostic markers correlating with low survival and
metastasis in CRC patients (Sousa E Melo et al. 2011; Todaro et al. 2014; Horst et al. 2008),
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underpinning the importance of CSCs in colorectal tumorigenesis. In line with other solid
tumors, CSCs were also identified in colorectal carcinomas revealing the capacity to induce
tumors in mice that resembled the original malignancy (Ricci-Vitiani et al. 2007; O'Brien et
al. 2007). Moreover, colorectal CSCs (CCSC) were shown to be enriched by chemotherapy
in xenotransplanted mice (Dylla et al. 2008). Next to the role of CCSC in therapy resistance,
stemness in CRC cells was further linked to colonization, invasion and metastasis (Ma et al.
2019). However, metastases comprising cells positive for the CCSC-marker leucine-rich
repeat-containing G protein-coupled receptor 5 (LGR5) could be even formed by LGR5-
negative cells, highlighting their enormous plasticity (Fumagalli et al. 2020). Therefore,
cellular models of CCSCs are highly important for further exploration of CSC biology and
for the development of novel therapeutics to overcome CSC-driven carcinogenesis.

As basis for further research on CSC-driven carcinogenesis in CRC, this thesis presents two
novel in vitro models of CCSCs established from primary human CRC tissue. The first cell
population, named BKZ-2, was obtained from a rare rectal neuroendocrine carcinoma, and
the second, termed BKZ-3, was isolated from a typical colorectal AC. Both populations were
established by mechanical and enzymatic disintegration of the obtained tissue sample with
subsequent cultivation within CSC-medium composed of Dulbecco’s Modified Eagle’s
Medium/Ham’s-F12 supplemented with epidermal growth factor (EGF), fibroblast growth
factor 2 (FGF-2) and B27 (Figure 1) accordingly to previously described protocols
(Cammareri et al. 2008; Ricci-Vitiani et al. 2007).

Cultivation in Adherently
Pulmonary, colorectal CSC medium growing
and endometrial tumor supplemented CSC-like
tissue samples with FCS . cells
— > ; csili  —p 7
~a
Mechanical and Cultivation in
enzymatic ;
disintegration CSC medium
supplemented Spheres
with heparin

Figure 1: Schematic overview of the isolation procedure of primary human cancer stem cell (CSC)-like cells.
CSC-like cell populations were isolated by mechanical and enzymatic disintegration of respective tumor tissue
samples using collagenase type Il (CLSII). Tumor material was then cultured either in CSC-medium
supplemented with fetal calf serum (FCS) for adherent CSC-like cells, or with heparin for spherically grown
CSC-like cells.

Cultivation in CSC-medium with additional 10% fetal calf serum (FCS) led to an adherently
growing cell culture for both populations (Figure 2 A, E) (Schulte am Esch et al. 2020),
while enrichment of CSCs was achieved via serial trypsin treatment as described by Morata-
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Tarifa and coworkers (Morata-Tarifa et al. 2016) and the group around Walia (Walia and
Elble 2010). Further, addition of 4 pg/ml heparin to the CSC-medium in the absence of FCS
led to the formation of spheres (Figure 2 B, F) (Schulte am Esch et al. 2020). This is probably
based on the capacity of heparin to stabilize, phosphorylate and activate the FGF receptor,
leading to higher proliferation rates of various (stem) cell types (Spivak-Kroizman et al.
1994, Furue et al. 2008; Caldwell et al. 2004). Sphere formation capacity initially confirmed
the successful isolation of CCSCs, as the in vitro propagation of spheres was demonstrated
to be strongly associated with stemness in colorectal carcinoma derived cells (Ishiguro et al.
2017; Ohata et al. 2012). Furthermore, sphere formation was shown to be biologically
reliable as the in vitro assay demonstrated uniformly results corresponding with murine in
vivo xenograft models (Krieg et al. 2014; Wang et al. 2019). Notably, BKZ-2 and BKZ-3
revealed a higher number of formed spheres in comparison to established colon carcinoma
cell lines HT-29 and HCT-116, further underlining the enrichment of a stem-like phenotype
(Schulte am Esch et al. 2020).

Figure 2: Successful isolation of one rectal neuroendocrine carcinoma-, and one colorectal adenocarcinoma-
derived CSC-like population. Both, neuroendocrine-derived BKZ-2 and adenocarcinoma-derived BKZ-3
populations grew as (A/E) adherent culture as well as (B/F) sphere culture under serum free conditions and the
supplementation with heparin. Immunocytochemical staining of CSC-markers CD133, CD44 and Nestin
revealed expression in (C/D) BKZ-2 and (G/H) BKZ-3. Modified from (Schulte am Esch et al. 2020)

Next to the sphere formation capacity, the expression of several markers was shown to be
characteristic for CSCs. Particularly, CCSCs were firstly isolated based on the expression of
the cell surface glycoprotein Prominin-1 (CD133) (Ricci-Vitiani et al. 2007). In later studies,
the pool of marker proteins defining CCSCs was extended to include LGR5, CD44-antigen
(CD44), Aldehyde dehydrogenase 1 (ALDH1), Epithelial cell adhesion molecule (EPCAM)
and Nestin, among others (Leng et al. 2018; Ricci-Vitiani et al. 2007; Dalerba et al. 2007;
Dylla et al. 2008; Huang et al. 2009; Neradil and Veselska 2015), all involved in the
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maintenance of CSC characteristics. Nevertheless, co-expression of multiple markers was
shown to be more reliable for the identification of CCSCs compared to the use of only one
marker protein, as it correlated more significantly with tumorigenicity and disease-free
survival of CRC patients (Leng et al. 2018; Galizia et al. 2012; Haraguchi et al. 2008)
(reviewed in (Abbasian et al. 2019)). Accordingly, immunocytochemical analysis of BKZ-
2 and BKZ-3 revealed the co-expression of CSC-markers CD133 and CD44 as well as the
expression of Nestin in the present work (Figure 2 C-D, G-H) (Schulte am Esch et al. 2020).
CD133 and CD44 expression was further observed to be significantly elevated in BKZ-2
and BKZ-3 in comparison to established colon carcinoma cell lines HT-29 and HCT-116
(Schulte am Esch et al. 2020), substantiating their stem-like phenotype. Likewise,
quantification of the messenger ribonucleic acid (MRNA) levels of several CSC-markers
including CD133, CD44, and EPCAM depicted higher expression in BKZ-2 and BKZ-3 in
comparison to human dermal fibroblasts (Schulte am Esch et al. 2020). Both cellular models
further revealed subpopulations with high activity of the CSC-marker ALDH (Huang et al.
2009), making the two novel CSC-like populations promising cellular models to investigate
CCSC biology (Schulte am Esch et al. 2020).

2.2.2. Establishment of human primary lung cancer stem-like cell populations

Similar to colorectal cancer stem cells, lung cancer-derived CSCs are of enormous clinical
interest and human in vitro models are extremely important to gather more insights into the
biology of these important drivers of lung cancer. Lung cancer in general is the leading cause
of cancer-related deaths worldwide and can be classified into small cell lung cancer and non-
small cell lung cancer (NSCLC) (Ferlay et al. 2021; Sung et al. 2021; Bray et al. 2018). With
80-85% of all lung cancer cases NSCLC represents the most common type and can be
divided into adenocarcinomas (40%), squamous cell carcinomas (SCC, 25-30%), and large
cell carcinomas (5-10%) (Ruiz-Ceja and Chirino 2017). In accordance with reports referring
to other cancer types, there is growing evidence for CSCs being responsible for tumor
growth, therapy resistance, recurrence as well as metastasis in lung cancer (Eramo et al.
2008; Tan et al. 2014; Bertolini et al. 2009)(reviewed in (Prabavathy et al. 2018)).

As model systems for lung CSCs (LCSC), this thesis presents seven novel primary human
LCSC-like populations derived from three different lung cancer entities. The first one,
named BKZ-1, was successfully isolated from a typical carcinoid of the lung, which

represents a low-grade variant of neuroendocrine lung tumors (Windmoller et al. 2019).
20



Introduction

These are comparatively rare with only 5% of all newly diagnosed pulmonary malignancies
(Travis 2015) and treatment options are relatively unprogressive (reviewed in (lyoda et al.
2020)), making this model even more important for potential future improvements of
therapeutic strategies. Additional LCSC-like populations were derived from NSCLC
specimens, including three ACs and three SCCs. SCC-derived LCSC-like populations were
named BKZ-4, BKZ-5 and BKZ-6, while AC-derived populations were termed as BKZ-7,
BKZ-8 and BKZ-9 (Windmoller et al. 2021a). All LCSC-like populations were isolated by
mechanical and enzymatic disintegration of the tumor tissue and enriched for CSCs by using
chemically defined media and serial trypsinization as described for the CCSC-like
populations BKZ-2 and BKZ-3 (see chapter 2.2.1) (Figure 1). Established LCSC-like
populations all grew as adherent cell culture and were able to form spheres as exemplarily
shown for BKZ-1, BKZ-4 and BKZ-7 (Figure 3 A-B, E-F, I-J) (Windmodller et al. 2021a;
Windmoller et al. 2019).

Figure 3: Establishment of seven pulmonary cancer stem cell (CSC)-like cell populations. In particular, one
(A/B) pulmonary neuroendocrine carcinoma-, three (E/F) squamous cell carcinoma- and three (1/J)
adenocarcinoma-derived CSC-like population were successfully isolated. All seven CSC-like populations
expressed CSC-markers CD133, CD44 and Nestin, as shown for (C/D) BKZ-1, for (G/H) BKZ-4 and (KI/L)
BKZ-7, which served as representative populations for their respective group. Modified from (Windmdller et
al. 2021a; Windmodller et al. 2019)

Next to the formation of spheres (Sun et al. 2015), the expression of several markers such as
CD133 (Tirino et al. 2009; Eramo et al. 2008), CD44 (Leung et al. 2010), and Nestin (Liu et

al. 2017; Narita et al. 2014) was reported to define LCSCs. Especially the expression of
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CD133 and CD44 was linked to higher abilities for self-renewal, tumor initiation and
resistance to chemotherapy in lung cancer cells (Chen et al. 2008; Huang et al. 2017; Leung
et al. 2010; Satar et al. 2018; Liu et al. 2013). Accordingly, immunocytochemical analysis
of the established LCSC-like populations revealed the expression of CD133, CD44 and
Nestin on protein level, representatively shown for BKZ-1, BKZ-4 and BKZ-7 as exemplary
populations of each parental lung tumor type (Figure 3 C-D, G-H, K-L) (Windmdller et al.
2019; Windmoller et al. 2021a). In contrast, the well-established lung adenocarcinoma cell
line LXF-289 displayed no expression of CD133 and Nestin and lower expression of CD44
compared to NSCLC-derived LCSC-like cells, confirming the CSC-phenotype of the novel
populations identified in this thesis (Windmoller et al. 2021a). Hence, the here presented

LCSC-like cell populations can be used as excellent models to study LCSCs.

2.2.3. Isolation of three novel primary human endometrial cancer stem-like cells

Next to the establishment of several colorectal and pulmonary CSC-like populations, this
thesis additionally demonstrates the successful isolation of three CSC-like populations
derived from endometrial carcinomas (EC), which represent the most common type of
gynecological malignancies and account for about 3% of worldwide mortality among
women (Bray et al. 2018). High expression of CSC-markers like CD133 was shown to be
correlated with worse overall survival in endometrial cancer as well as higher
tumorigenicity, invasiveness and chemoresistance in EC-derived cells (Nakamura et al.
2010; Nakamura et al. 2014; Ding et al. 2017). Accordingly, enhanced tumorigenicity of
CD133-positive endometrial CSCs (ECSC) was demonstrated by Rutella and coworkers,
who additionally depicted an upregulation of the CSC-marker CD44 in these cells (Rutella
et al. 2009). The ECSC-like populations described within this thesis were isolated from type
I endometrial cancer, which accounts for 70-80% of all ECs and is typically less aggressive
and estrogen-related in comparison to type Il EC (Di Cristofano and Ellenson 2007). ECSC-
like populations, named BKZ-10, BKZ-11 and BKZ-12 ((Windmdller et al. 2021b), under
review), were established as described for CCSC-like (Schulte am Esch et al. 2020) and
LCSC-like populations (Windmoller et al. 2019; Windmoller et al. 2021a) (see chapter 2.2.1,
Figure 1). This cultivation procedure led to adherently as well as spherically growing
cultures for all three populations, as representatively depicted for BKZ-10 (Figure 4 A-B).
The ability of ECSCs to form spheres was shown to correlate with increased self-renewal
and chemoresistance as well as tumorigenicity in xenograft studies (Kong et al. 2017; Rutella
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et al. 2009), affirming a CSC-phenotype of the isolated ECSC-like cells. CD44 expression
was associated with stemness in isolated ECSC-like populations (Kong et al. 2017; Kiyohara
et al. 2017) as well as with infiltrating patterns and proliferation in EC (Park et al. 2019).
Further, knockdown of the CSC-marker Nestin decreased invasiveness, cell growth, and
colony formation of EC cell lines (Bokhari et al. 2016), which stands in line with the fact
that expression of Nestin was demonstrated in highly tumorigenic CD133-positive ECSCs
(Sun etal. 2017). Thus, the expression of the well-established ECSC-markers CD133, CD44
and Nestin confirmed a CSC-phenotype of BKZ-10, BKZ-11 and BKZ-12, as exemplarily
shown in immunocytochemical stainings for BKZ-10 (Figure 4 C-D) ((Windmdller et al.
2021b), under review).

Figure 4: Successful propagation of three endometrial carcinoma-derived cancer stem cell (CSC)-like cell
populations. All endometrial carcinoma-derived CSC-like populations, could be gown as (A) adherent cell
culture and (B) sphere culture as well as every populations expressed CSC-markers (C) CD133, CD44 and (D)
Nestin on protein level, as exemplarily shown for BKZ-10. Modified from ((Windmoller et al. 2021b) ,under
review)

Notably, additional flow cytometric analysis of CD44 expression revealed over 99% positive
cells for all three ECSC-like populations and up to 11% ALDH-high expressing cells
((Windmoller et al. 2021b), under review). This is consistent with observations by Liu and
coworkers, who indicated plasticity of breast CSCs balancing between CD24/CD44"-
mesenchymal-like and ALDH-high epithelial-like stem cell populations (Liu et al. 2014).
Thus, the here established primary ECSC-like populations appear to have a more
mesenchymal-like-stem cell-phenotype. Conclusively, BKZ-10, BKZ-11 and BKZ-12 are

highly promising in vitro models for the investigation of ECSC-driven carcinogenesis.

2.2.4. Synaptophysin as a new cancer stem-like cell marker

To verify the neuroendocrine origin of the firstly isolated CSC-like population BKZ-1 (see
chapter 2.2.2), the expression of the well-established and prominent neuroendocrine marker
Synaptophysin was investigated (Wiedenmann et al. 1986). Synaptophysin itself is an
integral membrane protein of synaptic vesicles and ubiquitously expressed in presynaptic

structures of neurons of the whole nervous system (Wiedenmann and Franke 1985; Navone
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et al. 1986). There it plays an important role in sustaining presynaptic performance by
maintaining vesicular proteins, like Synaptobrevin-11 (Kokotos et al. 2019). As expected, the
pulmonary neuroendocrine carcinoma-derived CSC-like cell population BKZ-1 expressed
high amounts of Synaptophysin protein, but with predominantly nuclear instead of the
common cytoplasmic localization (Figure 5 A) (Windmoller et al. 2019). Assuming nuclear
localization of Synaptophysin as a general stem cell characteristic, non-pathogenic human
stem cell populations revealed nuclear Synaptophysin as well. Nevertheless, nuclear
Synaptophysin expression was significantly elevated in LCSC-like population BKZ-1 in
comparison to human neural crest stem cells and mesenchymal stem cells, suggesting

Synaptophysin as novel CSC-marker (Windmoller et al. 2019).
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Figure 5: Synaptophysin as a putative cancer stem cell (CSC) marker. Isolated CSC-like populations all
express nuclear Synaptophysin independent of their tissue origin. Immunocytochemistry of (A) pulmonary
neuroendocrine carcinoma-derived BKZ-1, (B) rectal neuroendocrine carcinoma-derived BKZ-2, (C)
colorectal adenocarcinoma-derived BKZ-3 and representative (D) pulmonary squamous cell carcinoma-
derived BKZ-4, (E) pulmonary adenocarcinoma-derived BKZ-7 and (F) endometrial carcinoma-derived BKZ-
10 depicted predominantly nuclear Synaptophysin expression. A modified from (Windméller et al. 2019), B-
C modified from (Schulte am Esch et al. 2020), D modified from (Flottmann 2020; Windmdller et al. 2021a),
unpublished data, E (Windmédller et al. 2021a), unpublished data, F modified from ((Windméller et al. 2021b),
under review)

Accordingly, Synaptophysin was described as an unfavorable factor for patients suffering
from squamous cell carcinomas and adenocarcinomas of the lung, as carcinomas with
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presence of Synaptophysin had higher frequency of recurrence and lower survival rates
(Gonzalez-Aragoneses et al. 2007). Consistently, patients suffering from colorectal
carcinomas with low levels of Synaptophysin depicted a better overall survival compared to
those with high-level Synaptophysin (Tudorascu et al. 2017). Similar findings were reported
for prostate cancer, where metastatic tumor samples of castration-resistant prostate cancer
depicted significantly more Synaptophysin expression than specimens received from
prostatectomies (Sainio et al. 2018). Accordingly, carcinosarcomas of the female genital
tract with Synaptophysin expression were shown to have a tendency for worse prognosis
(George et al. 1991). Synaptophysin expression was further shown to be enriched in
endometriosis (Wang et al. 2010), which was reported to be associated with ovarian cancer
and assumed to be connected to endometrial, cervical and breast cancer (Kalaitzopoulos et
al. 2020). Similarly to BKZ-1, the colorectal neuroendocrine carcinoma-derived CSC-like
population BKZ-2 expressed nuclear Synaptophysin as expected for a cell population with
neuroendocrine origin (Figure 5 B) (Windmoller et al. 2019; Schulte am Esch et al. 2020).
Notably, the non-neuroendocrine colorectal adenocarcinoma-derived BKZ-3 population also
revealed nuclear Synaptophysin protein expression but in lower amount in comparison to
BKZ-2, substantiating the possible role of nuclear Synaptophysin as CSC-marker (Figure 5
C) (Schulte am Esch et al. 2020). In this line, all further isolated CSC-like populations
identified within this thesis showed nuclear Synaptophysin protein despite their
neuroendocrine or non-neuroendocrine origin as well as regardless of tumor type (Figure 5
D-F) (Flottmann 2020) ((Windmoller et al. 2021b), under review) ((Windmoller et al.
2021a), unpublished data). Thus, the present observation strongly suggest Synaptophysin as
novel CSC-marker for populations derived from colorectal, pulmonary and endometrial
carcinogenic tissue. Despite the role of Synaptophysin in neuroendocrine differentiation and
the association of this process with worse prognosis in different cancer types, the functional
cause for the nuclear expression of this protein in cancer cells and particularly CSCs remains
unclear. From a developmental prospective, Synaptophysin was correlated with
synaptogenesis during the formation of the central nervous system, which was shown to be
regulated by epigenetic modulations. These included a transition from a hypermethylation
to a hypomethylation state of CpG sites within the Synaptophysin gene, leading to an
increase in hippocampal expression of Synaptophysin in postnatal mice (Aizawa and
Yamamuro 2020). There are many examples for epigenetic deregulations in CSCs too,
promoting tumorigenesis and metastasis by alterations of key transcriptomic programs and

signaling pathways (reviewed in (Feinberg et al. 2016; Toh et al. 2017)). Hence,
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Synaptophysin expression in CSCs probably may be modulated on epigenetic level.
Nevertheless, the exact mechanism and the role of Synaptophysin expression in CSCs still

remains elusive and needs to be clarified in future studies.

2.3. MYC- and NF-xB-signaling in maintaining the survival of cancer stem-
like cells

2.3.1. The role of MYC in cancer stem-like cells

The MY C family of basic helix-loop-helix transcription factors, consisting of MYC, NMYC
and LMYC, is known to be crucial for the control of transcriptional networks regulating cell
growth, cell cycle, cell division, cell metabolism, differentiation and apoptosis (reviewed in
(Eilers and Eisenman 2008; Meyer and Penn 2008)). All three MY C proteins comprise a N-
terminal region containing the transactivation domain, a central region involved in nuclear
localization and stability as well as a C-terminal region participating in DNA binding and
the interaction with the MY C-associated factor X (MAX) (reviewed in (Conacci-Sorrell et
al. 2014)). This dimerization with MAX is obligated for MYC (Blackwood and Eisenman
1991) to regulate gene transcription and chromatin remodeling of more than hundred target
genes (Zeller et al. 2006; Fernandez et al. 2003) (reviewed in (Conacci-Sorrell et al. 2014)).
During developmental processes the expression of MYC family genes is tightly regulated
ensuring high expression in proliferative stem and progenitor cells but low expression in
maturated cells (reviewed in (DePinho et al. 1991)). However, based on the important role
in modulating cell proliferation and growth, MY C proto-oncogenes are frequently subjects
to genetic alterations in various cancer types (Schaub et al. 2018) facilitating tumorigenesis
by uncoupling MYC expression from its regulatory factors leading to high MYC protein
levels (reviewed in (Dang 2012)). Such a deregulation of MYC was not only shown to be
associated with tumor growth and progression of several cancer types, but was also linked
to the maintenance of CSCs (Kim et al. 2010; Galardi et al. 2016).

Particularly, MY C was reported to be consistently overexpressed in CCSCs, contributing to
self-renewal and pluripotency as well as chemoresistance (reviewed in (Elbadawy et al.
2019)) (Gao et al. 2020; Sun et al. 2020; Zhang et al. 2019). Zhang and coworkers reported
a high level of MYC protein in CD133-positive CSCs isolated from the well-established
colorectal carcinoma cell line HT-29. In line with this, knockdown of MYC led to reduced

tumor sphere formation, invasion and tumorigenicity of this subpopulation, emphasizing a
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role of MYC in CCSC maintenance (Zhang et al. 2019). This co-expression of CSC-marker
CD133 and MYC protein was also shown in the CCSC-like populations BKZ-2 and BKZ-3
identified in the present work, with MYC probably being transcriptionally active, as it was
localized in the nucleus (Figure 6 C-D; Figure 2 C, G). Moreover, BKZ-2 and BKZ-3
revealed cytosolic NMYC protein expression and NMYC copy number gain, while MYC

copy number was unaltered (Figure 6 A-B, E-F) (Schulte am Esch et al. 2020).
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Figure 6: Rectal neuroendocrine carcinoma-derived BKZ-2 and colorectal adenocarcinoma-derived BKZ-3
highly express proto-oncogene NMYC and MYC. Immunocytochemical staining revealed high level of
cytosolic (A-B) NMYC as well as nuclear expression for (C-D) MYC in BKZ-2 and BKZ-3. Further analysis
of the haploid copy number of both proto-oncogenes depicted a two-fold increase of the haploid copy number
of (E) NMYC, but a normal haploid copy number for (F) MYC for both cell populations, respectively.
Modified from (Schulte am Esch et al. 2020)

Such a change in the copy number of MY C family members was shown to be an independent
factor for poor prognosis in CRC patients (Lee et al. 2015). Likewise, NMYC
overexpression was linked to highly proliferative, invasive prostate cancer with
neuroendocrine features (Dardenne et al. 2016). Accordingly, high level of NMYC
expression of BKZ-2 may be correlated with its neuroendocrine origin. Regarding ACs,
NMYC was shown to drive the transformation of human prostate epithelial cells to prostate

AC and ultimately neuroendocrine prostate cancer (Lee et al. 2016; Berger et al. 2019).
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Hence, BKZ-3 may present a lineage plastic AC-derived CCSC-like population that
probably harbors the potential to gain neuroendocrine features.

Consistent with the role of MYC in colorectal cancer, MY C family members were shown to
be amplified in up to 33% of all lung ACs (Schaub et al. 2018), representing a poor
prognostic marker (lwakawa et al. 2011). Accordingly, MYC gain determined by
fluorescence in situ hybridization was reported as a poor prognostic marker for the survival
of lung AC patients (Seo et al. 2014). Moreover, MY C was shown to regulate the cell cycle
transition and growth in NSCLC cells (Liu et al. 2021). Immunocytochemical analysis of
the expression of MYC family members in the here identified NSCLC-derived CSC-like
populations depicted expression of MY C protein localized in the nucleus as well as NMYC
in the cytosol for each population, as exemplarily shown for BKZ-4 as SCC-derived LCSC-
like cells and BKZ-7 as AC-derived LCSC-like cells (Figure 7 A-D) (Windmoller et al.
2021a). Regarding LCSCs, MYC expression was described to be associated with CSC
characteristics, as suppression led to reduced viability, self-renewal, and invasiveness of
LCSC-like cells derived from various lung cancer lines including A549, H460 and H292
(Tao et al. 2020; Bhummaphan et al. 2019). Thus, expression of MYC in the six primary
NSCLC-derived CSC-like populations substantiates their CSC-phenotype and emphasizes a
role of MYC in stemness of primary CSCs. This assumption could be further affirmed by
elevated expression levels of MYC and NMYC protein in nearly all NSCLC-derived LCSC-
like populations (except for BKZ-4 for MYC) in comparison to the well-established lung
adenocarcinoma cell line LXF-289 (Figure 7 E-F) (Windmoller et al. 2021a). Western blot
analysis of BKZ-populations also depicted an additional signal within the NMYC blot
(Figure 7 E), suggesting the existence of further NMYC isoforms in LCSC-like cells in
comparison to LXF-289 (Windmdller et al. 2021a). However, the presence and functional
role of this potential new isoform needs to be clarified in future studies.

Similar to colorectal and lung cancer, MYC family members were also shown to play a role
in the prognosis of endometrial cancer, while not only the presence or absence of MYC was
reported as a prognostic factor but also its cellular location, as nuclear expression was
correlated with worse survival of endometrial cancer patients (Geisler et al. 2004).
Accordingly, nuclear MY C expression was also detected in the three ECSC-like populations
BKZ-10, BKZ-11 and BKZ-12 (Figure 8 A-C) ((Windmoller et al. 2021b), under review),
suggesting that ECSC-like cells revealing nuclear MYC expression play a role in EC

progression.
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Figure 7: Non-small cell lung cancer (NSCLC)-derived cancer stem cell (CSC)-like cell populations show
higher level of MYC and NMYC proto-oncogenes in comparison to adenocarcinoma-derived cell line LXF-
289. Immunocytochemistry revealed nuclear MY C expression in all three squamous cell carcinoma-derived
CSC-like cells, as exemplarily shown for (A) BKZ-4 and in all three adenocarcinoma-derived CSC-like cells,
as representative demonstrated for (C) BKZ-7. Proto-oncogene NMY C was predominantly cytosolic expressed
in all six NSCLC-derived CSC-like populations, as here exemplarily presented for (B) BKZ-4 and (D) BKZ-
7. (E) Western blot analysis of NMYC and MYC protein verified expression within all six NSCLC-derived
CSC-like populations. (F) Quantification depicted higher NMYC and MY C levels in all NSCLC-derived CSC-
like populations in comparison to the well-established adenocarcinoma cell line LXF-289, except for BKZ-4
for MYC. Modified from (Windméller et al. 2021a)
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A study by Liu and colleagues further demonstrated the modulation of EMT-mediated
invasiveness as well as drug resistance of EC cell lines via the regulation of MYC by the
pluripotency-associated transcription factor SALL4 (Liu et al. 2015; Yang et al. 2010).
Consistently, increased expression of MY C was reported in a CD133-positive subpopulation
isolated from an endometrioid adenocarcinoma (Ding et al. 2017) and was associated with
tumor growth in EC (Qiu et al. 2016). Thus, the protein expression of the proto-oncogenes
MYC and NMYC in the here established ECSC-like populations strongly substantiates the
CSC-phenotype of these novel in vitro models as MYC is strongly associated with CSC-
characteristics. Nevertheless, especially MYC seems to be transcriptionally active as it was
solely localized within the nucleus. Contrary, NMYC was predominantly cytosolically
localized, suggesting a more dominant role of MYC in ECSC biology (Figure 8 A-F)
((Windmoller et al. 2021b), under review).
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Figure 8: Endometrial carcinoma-derived cancer stem cell (CSC)-like cells express proto-oncogenes MYC
and NMYC. (A) BKZ-10, (B) BKZ-11 and (C) BKZ-12 all revealed nuclear MY C expression. (D-F) Further,
all three CSC-like populations depicted high cytosolic NMY C expression, with BKZ-11 even revealing nuclear
NMYC. Modified from ((Windmoller et al. 2021b), under review)

Conclusively, the present work demonstrates the presence of MYC and NMYC proteins in
all BKZ-populations, independent of their carcinogenic origin. Particularly, the expression

of MYC may be of importance for sustaining the CSC-phenotype as it was contained in the
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nucleus, suggesting transcriptional activity. The consistent expression of MYC and NMYC
in the 12 BKZ-populations, including colorectal-, pulmonary- and endometrial-derived
CSC-like cells and its tremendous role in carcinogenesis strongly suggests the MYC family

as a highly promising target in the development of novel CSC-targeting therapies.

2.3.2. Targeting MYC significantly reduces cancer stem-like cell survival

In relation to the fundamental role of MYC in cancer formation, maintenance and
progression as well as its tight correlation to CSC characteristics, MY C has been studied as
a potential target in cancer therapies for decades. However, the development of MYC-
affecting drugs is challenging due to the lack of catalytic activity or a hydrophobic pocket,
making the use of enzyme inhibitors or low molecular weight compounds unfeasible. In
addition, its nuclear localization as a transcription factor prohibits the use of big molecules
like monoclonal antibodies. With regard to these challenges, no clinical approved therapy
based on targeting MY C has been established so far, although eminent research focusing on
different strategies such as targeting MYC transcription, translation, DNA binding or
dimerization with its partner MAX has been conducted (reviewed in (Whitfield et al. 2017;
Wolf and Eilers 2020)). One small molecule inhibiting the protein-protein interaction of
MYC with its obligate partner MAX is KJ-Pyr-9, which was identified by screening a
Kroéhnke pyridine library and depicted effective blocking of MY C-dependent human cancer
cell xenografts in vivo (Hart et al. 2014; Fujimori et al. 2003). Furthermore, only cytostatic
and no cytocidal effects were demonstrated with doses of even 10mg/kg in vivo and KJ-Pyr-
9 was shown to strongly inhibit not only the oncogenic activity of MY C but also of NMYC
(Hart et al. 2014). Of note, recent efforts in drug development led to new derivates with
similar activity but higher solubility and better stability (Jacob et al. 2018).

In the present work, MYC family members MYC and NMYC were shown to be highly
expressed in all here established CSC-like populations, suggesting a role in maintaining
CSCs characteristics and survival (see chapter 2.3.1) (Schulte am Esch et al. 2020;
Windmoller et al. 2021a) ((Windmdéller et al. 2021b) ,under review). Accordingly, the
application of KJ-Pyr-9 on CCSC-like populations BKZ-2 and BKZ-3 led to a significant
decrease of cellular survival with increasing concentrations of KJ-Pyr-9 over 20 uM
respectively (Figure 9 A) (Schulte am Esch et al. 2020).
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Figure 9: Inhibition of the protein-protein interaction of MYC and NMYC with the Myc-associated factor X
significantly impairs survival of colorectal, pulmonary and endometrial-derived cancer stem cell (CSC)-like
cells. Quantification of the normalized survival rates of the (A) rectal neuroendocrine carcinoma- and the
colorectal adenocarcinoma-derived CSC-like populations BKZ-2 and BKZ-3 depicted significantly decreased
survival rates after exposure to values greater than 20 uM of the MYC/NMYC inhibitor KJ-Pyr-9 in
comparison to the control. Further comparisons between the two cell lines revealed a significant higher
impairment of survival of BKZ-2 in comparison to BKZ-3 for all inhibitor concentrations. (B) Evaluation of
the influence of KJ-Pyr-9 on the three pulmonary squamous cell carcinoma-derived CSC-like cell populations
showed a significantly reduced survival after treatment with KJ-Pyr-9, with values higher than 5 uM. (C)
Quantification of the impact of KJ-Pyr-9 on pulmonary adenocarcinoma-derived CSC-like cell populations
revealed a significantly reduced survival upon KJ-Pyr-9 values higher than 10 uM. (D) Lastly, inhibition of
MY C/NMY C-signaling using values greater than 20 uM KJ-Pyr-9 led to a significant reduction in cell survival
of endometrial carcinoma-derived CSC-like cells. Non-parametric Mann-Whitney-test (A-B, D, p <0.05). n =
3. Unpaired t-test (C, p<0.05).n=3,*p <0.05, ** p <0.01, *** p < 0.001. Mean + SEM (standard error of
the mean). A modified from (Schulte am Esch et al. 2020), B-C modified from (Windmdller et al. 2021a), D
modified from ((Windméller et al. 2021b), under review)

In line with their CSC-phenotype, BKZ-2 and BKZ-3 revealed a significantly higher survival
rate in comparison to the two colon carcinoma cell lines HT-29 and HCT-116 after KJ-Pyr-
O-treatment with 40 puM and 60 pM (Schulte am Esch et al. 2020). Nevertheless,

32



Introduction

discrepancies in survival rates between both cell populations were detected too, as BKZ-3
was less sensitive when compared to BKZ-2, suggesting a more MY C-independent growth
of BKZ-3 (Figure 9 A). Moreover, KJ-Pyr-9-mediated survival decrease was shown to
correlate with induced apoptosis as demonstrated by rising levels of cleaved caspase 3-
positive cells by the application of KJ-Pyr-9 (Schulte am Esch et al. 2020). Thus, MYC
probably plays a role in sustaining CCSC-like cell survival by preventing apoptosis, which
stands in line with studies by Zhang (Zhang et al. 2019) and Vadde (Vadde et al. 2015)
reporting MY C to be involved in CCSC proliferation as well as in the inhibition of apoptosis.
The role of MYC-mediated stemness in proliferation was also detected in cancer cells
derived from the lung (Tao et al. 2020) and the endometrium (Liu et al. 2015). In accordance
with these studies and the high expression of MYC and NMYC observed in this work,
application of KJ-Pyr-9 significantly decreased survival of the here identified CSC-like
populations isolated from NSCLC specimens as well as from EC tissues (Figure 9 B-D)
(Windmoller et al. 2021a) ((Windmoller et al. 2021b), under review). Even though all
populations depicted significant reductions in cell survival after the application of KJ-Pyr-9
concentrations greater than 20 uM, sensitivity for lower doses differed between the CSC-
like populations. Particularly, the rectal neuroendocrine-derived population BKZ-2 and the
groups of SCC- and AC-derived LCSC-like cell populations were more sensitive to KJ-Pyr-
9-mediated MYC inhibition. Application of 10 uM KJ-Pyr-9 only reduced cell survival of
these BKZ-populations, but did not affected survival rates of BKZ-3 and ECSC-like
populations (Figure 9). Nevertheless, doses of 20 uM KJ-Pyr-9 significantly reduced
survival of all CSC-like populations to rates ranging between 3.79% for AC-derived LCSC-
like populations and 16.89% for the colorectal carcinoma-derived BKZ-3 population (Figure
9) (Schulte am Esch et al. 2020; Windmadéller et al. 2021a) ((Windmdller et al. 2021b), under
review). Additional calculations of the half maximal inhibitory concentrations (ICso) for the
NSCLC-derived populations revealed 1Cso values between 10.33 and 11.57 pM KJ-Pyr-9
for the here-established LCSC-like cells (Windmdoller et al. 2021a). Accordingly,
recombinant MYC-MAX-DNA interaction was described to be inhibited with an 1Cso of
approximately 10 and 30 uM (Hart et al. 2014; Choi et al. 2017). However, KJ-Pyr-9 was
reported to have no effect on the interaction of MYC with MAX in an SPR assay up to
10 uM, with no explanation for this inconsistency provided by the authors (Castell et al.
2018).

To gain further insights into the molecular mechanism of KJ-Pyr-9-mediated MYC

inhibition, mMRNA levels of several MY C target genes were analyzed in two representative
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LCSC-like populations. Here, application of 20 uM KJ-Pyr-9 for 24 h led to a significant
decrease of cyclin D1 (CCND1) as exemplarily shown for SCC- and AC-derived LCSC-like
cells BKZ-6 and BKZ-8 (Figure 10) (Windmoller et al. 2021a). Notably, this regulatory
mechanisms was only observable in the CSC-like populations and not in the well-established
lung adenocarcinoma cell line LXF-289 (Figure 10) (Windmoller et al. 2021a). In
accordance with that, Zhou and coworkers and Chen and colleagues also reported a link
between MY C-dependent cell cycle regulation and growth as well as apoptosis in NSCLC
cell lines (Chen et al. 2019; Zhou et al. 2017). Further, downregulation of MYC and CCND1
was associated with the inhibition of prostate cancer stem cell growth as well as
downregulation of CSC-markers (Zhu et al. 2020), suggesting a role of CCNDL1 in the KJ-
Pyr-9-mediated survival decrease of the here presented CSC-like populations. Moreover, our
department recently published high expression of ribosomal biosynthesis-related genes in
several MY C expressing CSC-like populations, including the here presented ECSC-like and
pulmonary AC-derived LCSC-like populations (Witte et al. 2021) (see also chapter 2.4.1).
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Figure 10: MYC-regulated target genes in pulmonary carcinoma-derived cancer stem cell (CSC)-like cells.
Quantitative polymerase chain reaction of the MY C target genes cyclin D1 (CCND1), ribosomal protein lateral
stalk subunit P1 (RPLP1) and ribosomal protein L28 (RPL28) showed significantly reduced CCND1 after the
application of 20 uM KJ-Pyr-9 for BKZ-6 and BKZ-8. These served as representative populations for the three
squamous cell carcinoma- and three adenocarcinoma-derived CSC-like cells. In addition, BKZ-8 exhibited
significant reductions of RPLP1 and RPL28 expression, while in BKZ-6 both mRNA levels remained
unchanged. Expression levels of CCND1, RPLP1 and RPL28 of the well-established lung adenocarcinoma cell
line LXF-289 were not influenced by KJ-Pyr-9-mediated MYC inhibition. Non-parametric Mann-Whitney-
test (0 <0.05). n=3, * p<0.05. Mean + SEM (standard error of the mean). Modified from (Windmdller et al.
2021a)

Accordingly, there is growing evidence that MYC plays a crucial role in the regulation of
ribosomal biogenesis (reviewed in (Destefanis et al. 2020)). This could also be shown in this
work for the AC-derived LCSC-like population BKZ-8, depicting significant reductions in
the expression of ribosomal protein lateral stalk subunit P1 (RPLP1) and ribosomal protein
L28 (RPL28), both involved in ribosomal biosynthesis. However, SCC-derived BKZ-6 and
cell line LXF-289 did not reveal a significant downregulation of these genes, suggesting cell
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population or tumor type specific differences (Figure 10) (Windmoller et al. 2021a). Besides
the influence of KJ-Pyr-9-mediated MY C inhibition on cell cycle and ribosomal biogenesis
of CSC-like cells, targeting MYC was reported to enhance chemotherapeutic efficacy of
cisplatin in NSCLC cells (Li et al. 2017). Moreover, an interplay between MYC and NMYC
was associated with radioresistance and CSC-like properties in neuroblastoma cells (Le
Grand et al. 2020). Equivalently, Rihawi and colleagues reported restoring of sensitivity to
ALK-inhibitors in NSCLC cell lines by the inhibition of MYC. Further, the authors showed
increased expression of the immune checkpoint inhibitory molecule programmed death-
ligand 1 (PD-L1) upon MY C overexpression (Rihawi et al. 2019). These findings suggest a
role of MYC in the mediation of the immune system evasion, which is one major hallmark
of CSCs (reviewed in (Marinkovic and Marinkovic 2021)). In this line, over 93% of MY C-
expressing ECSC-like cells were positive for PD-L1 and PD-L2 (Figure 8) ((Windmdller et
al. 2021b), under review). Thus, inhibition of MY C via KJ-Pyr-9 not only impairs cell cycle
and partly ribosomal biogenesis while inducing apoptosis, but may also re-sensitizes CSC-
like cells for chemotherapeutics and patients immune response. Still, results of this thesis
suggests a complex mechanism involved in the regulation of MY C-signaling as variations
in target gene expressions between different CSC-like populations were observable. These
findings highlight the need for large-scale target gene analysis to fully understand the whole
pathway for each specific CSC-like population. Conclusively, the present thesis
demonstrates inhibition of MY C using KJ-Pyr-9 as a promising approach for targeting CSC-
like cells from various origins. However, the underlying molecular mechanisms need to be
further clarified and eminent in vivo studies will be necessary to enable the use of MYC

inhibitors in clinical settings.

2.3.3. NF-«B-signaling in cancer stem-like cells

Similar to MYC, the transcription factor nuclear factor kappa-light-chain-enhancer of
activated B-cells (NF-kB) plays an essential role in controlling a large number of biological
processes including inflammation, apoptosis, differentiation, immune responses and
proliferation (reviewed in (Perkins 2007)). Generally, the NF-kB family comprises the five
subunits p50, p52, RelA (p65), c-Rel and RelB, which all contain a conserved REL
homology domain involved in the formation of homo- and heterodimers and DNA binding.
Subunits RelA, RelB and c-Rel additionally harbor a C-terminal transactivation domain,
which enables them to activate target gene expression (reviewed in (Oeckinghaus and Ghosh
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2009)). In its inactive form, NF-xB dimers are constrained in the cytoplasm by interacting
with inhibitor of nuclear factor kappa B (IkB) proteins that mask the nuclear translocation
signal (Kearns et al. 2006). Activation of the canonical NF-xB-pathway through signals
including cytokines like Tumor Necrosis Factor a (TNF-a), lipopolysaccharides or growth
factors (reviewed in (Hayden and Ghosh 2014, 2012)) facilitates the phosphorylation of the
IxB kinase (IKK) complex, leading to the phosphorylation, ubiquitination and subsequent
degradation of IkB. This in turn enables the translocation of NF-kB p50/RelA into the
nucleus (reviewed in (Oeckinghaus and Ghosh 2009)). The non-canonical NF-kB-pathway
relies on proteasomal processing of p100 to p52, mediated by the activation of IKK via NF-
kB-inducing kinase, allowing the translocation of p52/RelB dimers into the nucleus
(Senftleben et al. 2001). There arrived, dimers are binding to selective kB sites enabling the
activation of more than 150 specific target genes, while p50/RelA is the most abundant
heterodimer (May and Ghosh 1998).

Based on its diversity of regulatory functions, deregulations of the NF-xB-pathway were
shown to be tightly associated with various aspects of carcinogenesis and the progression of
cancer (reviewed in (Xia et al. 2018; Taniguchi and Karin 2018)). Furthermore, NF-xB-
signaling was shown to be involved in the regulation of CSCs of various tumorigenic origins,
participating in maintenance, proliferation, metastasis, avoidance of apoptosis, angiogenesis
and stemness (reviewed in (Vazquez-Santillan et al. 2015; Kaltschmidt et al. 2019)). Even
though there are a lot of reports for constitutive NF-kB-activation in various cancers
(reviewed in (Dolcet et al. 2005)), the here established CSC-like populations did not reveal
nuclear expression of NF-«B subunits. Nevertheless, all BKZ-populations including
pulmonary and rectal neuroendocrine-derived (Figure 11 A-B) (Windmodller et al. 2019;
Hanewinkel 2019)((Schulte am Esch et al. 2020), unpublished data), pulmonary and
colorectal AC-derived (Figure 11 C, E) (Windmoller et al. 2021a; Hanewinkel 2019)
((Schulte am Esch et al. 2020), unpublished data), pulmonary SCC-derived (Figure 11 D)
(Windmoller et al. 2021a) and EC-derived CSC-like populations (data not shown) depicted
cytosolic RelA expression. Accordingly, Zakaria and coworkers revealed an involvement of
the NF-xB-pathway in the regulation of LCSCs from NSCLC (Zakaria et al. 2015). High
NF-kB expression was further reported to be associated with shorter overall survival of
NSCLC patients (Gu et al. 2018). This correlation of NF-kB-signaling with stemness and
tumorigenesis was also shown for colorectal cancer cells (Zhao et al. 2020) and
gynecological cancer cells (Chefetz et al. 2013), suggesting a role of NF-kB RelA in the

maintenance of CSC characteristics of the 12 novel BKZ-populations.
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Figure 11: Established colorectal and pulmonary-derived cancer stem cell (CSC)-like cells all express NF-xB
RelA. Immunocytochemistry of the different CSC-like cell populations revealed RelA protein expression for
all, as depicted for (A) pulmonary neuroendocrine carcinoma-derived BKZ-1, (B) rectal neuroendocrine
carcinoma-derived BKZ-2, (C) colorectal adenocarcinoma-derived BKZ-3, representative pulmonary (D)
squamous cell carcinoma-derived BKZ-4 and (E) adenocarcinoma-derived BKZ-7. A modified from
(Windmoller et al. 2019), D-E modified from (Windmdller et al. 2021a), B-C modified from (Hanewinkel
2019), ((Schulte am Esch et al. 2020), unpublished data).

Even though NF-xB RelA was only located in the cytosol, stimulation with the NF-xB
activating cytokine TNF-a. (Werner et al. 2008) led to nuclear translocation and thus to the
activation of RelA in a time dependent manner. This result was observable in the colorectal
AC-derived CSC-like population BKZ-3 (Figure 12 A-B, G) (Hanewinkel 2019) ((Schulte
am Esch et al. 2020), unpublished data), the SCC- and AC-derived LCSC-like populations
(Figure 12 C-F, H-I) (Windmoller et al. 2021a) as well as in the ECSC-like populations (data
not shown). The pro-inflammatory cytokine TNF-a was already reported to be expressed in
various tumors, elevating NF-kB activity and thus favoring tumorigenesis (reviewed in
(Taniguchi and Karin 2018; Sethi et al. 2008)). For instance, TNF-a-mediated NF-xB-
signaling was described to protect NSCLC cells from cell death (Gong et al. 2018) and
promote CSC maintenance of breast cancer and leukemia (Kagoya et al. 2014; Liu et al.
2020). Contrary to the concept of pro-tumor inflammation in cancer (Taniguchi and Karin

2018) and the reported reduction of lung cancer mortality by anti-inflammatory therapies
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(Ridker et al. 2017), analysis of the influence of TNF-a-mediated NF-kB-signaling in the six
NSCLC-derived LCSC-like cell populations revealed no elevated cell survival (Figure 14
A-B) (Windmoller et al. 2021a). TNF-o expression was also shown to be involved in
necroptosis of NSCLC cells (Yu et al. 2019) and in chemo sensitization of colon cancer cells
(Walther et al. 2015).
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Figure 12: Tumor necrosis factor a (TNF-a) stimulation of colorectal and pulmonary-derived cancer stem cell
(CSC)-like cells activates NF-«xB subunit RelA. Exemplary pictures of immunocytochemical staining for RelA
of untreated (A) colorectal adenocarcinoma (AC)-derived BKZ-3, (C) pulmonary squamous cell carcinoma
(SCC)-derived BKZ-5 and (E) pulmonary AC-derived BKZ-7. TNF-a stimulation for 60 min led to nuclear
translocation of RelA, as exemplarily shown for (B) BKZ-3 (D) BKZ-5 and (F) BKZ-7. (G) Quantification of
fold change of nuclear fluorescence intensity of Rel A demonstrated a significant increase after 60 min of TNF-
a application for colorectal AC-derived BKZ-3 cells. (H) Evaluation of merged immunocytochemical assays
for SCC-derived CSC-like populations BKZ-4, BKZ-5, and BKZ-6 depicted a statistically significant increase
of the fold change of nuclear fluorescence intensity after stimulation with TNF-a. for all three time points in
comparison to the control. (1) Further, TNF-a treatment induced RelA translocation within pulmonary AC-
derived CSC-like cells BKZ-7, BKZ-8, and BKZ-9 with statistical significance. Non-parametric Mann—
Whitney-test (G, p <0.05). n = 3. Unpaired t-test (H-1, p <0.05). n =3, * p<0.05, ** p <0.01, *** p<0.001.
Mean + SEM (standard error of the mean). C-F, H-1 modified from (Windmdller et al. 2021a), A-B, G
modified from (Hanewinkel 2019), ((Schulte am Esch et al. 2020), unpublished data).

Accordingly, SCC-derived LCSC-like cells exhibited a significant reduction in cell survival,

while AC-derived LCSC-like cell survival remain unchanged upon TNF-a treatment (Figure
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14 A-B), suggesting different roles for TNF-a/NF-kB-mediated signaling in SCC- and AC-
derived LCSC-like cells (Windmoller et al. 2021a). Still, all six LCSC-like cells expressed
cytosolic RelA, suggesting an important role in the established BKZ-populations. Likewise,
a meta-analysis conducted by Wu and coworkers revealed an association of NF-xB
expression with worse survival in most solid tumors irrespective of its localization (Wu et
al. 2015). Moreover, a recent study conducted by our department revealed an enrichment of
the gene ontology (GO)-term “NF-«xB binding” for the here established ECSC-like and AC-
derived LCSC-like populations as well as for six CSC-like populations derived from
glioblastoma multiforme and ACs of the prostate (Witte et al. 2021) (see also chapter 2.4.1).
Thus, the expression of NF-kB RelA probably plays an essential role in sustaining CSC
biology of the here established primary CSC-like populations. Notably, there is evidence for
NF-xB playing a crucial role in mediating EMT-driven metastasis, which is one of the major

hallmarks of CSCs and will be discussed in the following section.

2.3.4. Association of NF-xB with the process of epithelial to mesenchymal transition in
cancer stem-like cells

As discussed in chapter 2.3.3, NF-kB is strongly associated with various processes in the
development and maintenance of cancer and especially CSCs. Its involvement in CSC-
driven metastasis and invasiveness is strongly associated with its role in the regulation of the
process of EMT (reviewed in (Min et al. 2008)), where epithelial cells undergo
morphological and biochemical changes, resulting in a mesenchymal phenotype with
increased migratory and invasive properties (reviewed in (Kalluri and Weinberg 2009)). Key
transcription factors regulating this process include SNAIL, SLUG and TWIST, which
repress the epithelial phenotype and are either directly or indirectly regulated by NF-xB
(reviewed in (Min et al. 2008)). For instance, in breast cancer cells NF-kB RelA was shown
to act as direct transcriptional regulator of SLUG and TWIST (Pires et al. 2017). Moreover,
NF-kB RelA-SLUG-mediated EMT was associated with the induction of a stem-like
phenotype in breast cancer cells (Storci et al. 2010). Accordingly, NF-xB RelA was shown
to induce EMT in CRC cells via upregulation of SNAIL, leading to increased expressions of
CCSC-markers (EI-Ashmawy et al. 2019). This link was also reported by Zou and
coworkers, who demonstrated that radioresistant NSCLC cells depict higher activity of NF-
kB-signaling and an elevated EMT- and CSC-phenotype in comparison to non-radioresistant
cells (Zou et al. 2020). The interplay between NF-«B-, EMT- and CSC-characteristics could
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be also found in the here established BKZ-populations, as the two CCSC-like populations
BKZ-2 and BKZ-3 (Figure 13 A-B) (Schulte am Esch et al. 2020) as well as the six NSCLC-
derived LCSC-like populations (Figure 13 C-D) (Windmoéller et al. 2021a) revealed nuclear

SLUG protein. Moreover, ECSC-like cells depicted nuclear SLUG protein, as exemplarily
shown for BKZ-10 (Figure 13 E) ((Windmoller et al. 2021b), under review).
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Figure 13: Cancer stem cell (CSC)-like populations all express nuclear Slug protein. (A) Rectal
neuroendocrine carcinoma-derived CSC-like BKZ-2 cells and (B) colorectal adenocarcinoma-derived CSC-
like BKZ-3 cells both reveal nuclear Slug expression. Further, (C) BKZ-4 and (D) BKZ-7 as representative
populations for pulmonary squamous cell carcinoma-derived and pulmonary adenocarcinoma-derived CSC-
like cells expressed nuclear Slug. (E) Lastly, all endometrial carcinoma-derived CSC-like populations BKZ-
10, BKZ-11 and BKZ-12 revealed nuclear Slug, as exemplarily shown for BKZ-10. (F) Transcriptional
profiling of the three populations and their respective parental tumor tissue for TWIST, SNAIL and SLUG, three
key transcription factors of the process of epithelial-mesenchymal transition, depicted enriched expression in
the isolated CSC-like populations in comparison to the tumor of origin. Nevertheless, expressions differed
between the three populations, as BKZ-12 did not expressed SNAIL and only slightly TWIST. A, B modified
from (Schulte am Esch et al. 2020), E modified from ((Windméller et al. 2021b), under review), C-D, F
unpublished data.

Notably, ECSC-like cells revealed elevated mRNA-levels of TWIST, SLUG and SNAIL in
comparison to their parental tumor tissues (Figure 13 F) ((Windmoller et al. 2021b), under
review, unpublished data), substantiating the correlation between stemness and the
expression of NF-xB and EMT transcription factors. Correspondingly, elevated TNF-a

levels in EC were described as an increased risk factor for the disease (Dossus et al. 2011),
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which possibly may be due to a NF-xB-mediated enrichment of an EMT- and CSC-
phenotype. Even tough SNAIL, SLUG and TWIST were all reported to play a pivotal role
in maintaining an EMT-phenotype, SLUG seemed to be the most important one in the here
isolated CSC-like populations, as it was the most prominently expressed transcription factor
on mRNA-level in ECSC-like cells (Figure 13 F) and in almost all other BKZ-populations
(data not shown). Thus, next to a vaccination against TWIST to overcome EMT-driven
metastasis (Kwilas et al. 2015), a vaccine targeting SLUG may harbor a great potential to
not only impair an EMT-phenotype in cancer cells but also stemness of CSCs. Next to EMT
markers, targeting NF-kB-signaling in CSCs remains as a promising therapeutic strategy,
which will be addressed in the following chapter.

2.3.5. Inhibition of NF-«B as therapeutic option to target lung cancer stem-like cells

Based on its crucial role in several CSC-associated processes, NF-kB represents a promising
drug target to impair CSC-driven tumorigenesis and metastasis (reviewed in (Vazquez-
Santillan et al. 2015)). Particularly, CD44-positive breast CSCs were shown to be
significantly reduced as well as sphere formation was inhibited by the impairment of NF-
kB-signaling pathway (Chung and Vadgama 2015; Kastrati et al. 2017). Furthermore, a
novel quinone derivate was reported to reduce tumor growth and metastases of breast cancer
cells in vitro and in vivo by downregulating NF-xB (Yang et al. 2019). This was also shown
for pancreatic CSCs, where the inhibition of NF-kB RelA led to the disruption of stem-like
properties and invasiveness (Sun et al. 2013). In hepatocellular carcinoma cell lines NF-xB-
SNAIL-signaling was described to be involved in the EMT process and the preservation of
CSC-like characteristics, which could be inhibited by blocking NF-kB (Yang et al. 2016).
In this line, a pro inflammatory-induced EMT- and CSC-phenotype in a cervical carcinoma
cell line could be disturbed by inhibiting the NF-kB-TWIST axis (Dong et al. 2019).
Accordingly, investigation of the cell survival of the here isolated NSCLC-derived
populations after inhibition of NF-kB-signaling utilizing dexamethasone and
pyrrolidinedithiocarbamate (PDTC) depicted significantly reduced survival rates in
comparison to the control (Figure 14) (Windmoller et al. 2021a). PDTC-treatment in SCC-
derived LCSC-like cells impaired survival more significantly in comparison to
dexamethasone, which was not observable in AC-derived LCSC-like cells. Further, no
synergistic effect on the decrease of survival was visible after application of dexamethasone
and PDTC simultaneously (Figure 14) (Windmodller et al. 2021a).
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Figure 14: Inhibition of NF-xB-signaling significantly affects survival of non-small cell lung cancer-derived
cancer stem cell (CSC)-like cells. To analyze the influence of NF-kB-signaling inhibition and possible
synergistic effects of MY C and NF-«B co-inhibition, cells were treated with dexamethasone (Dexa; 300 pM),
pyrrolidinedithiocarbamate (PDTC; 100 uM), TNF-a (Tumor necrosis factor a; 10 ng/mL), and KJ-Pyr-9 (10
HUM) with subsequent analysis of cellular viability. (A) Quantification of normalized survival rates of squamous
cell carcinoma (SCC)-derived CSC-like cells revealed a significantly impaired survival upon all treatment
combinations but did not show any synergistically effect of the different reagents. Nevertheless, PDTC
deceased cell survival more effective than dexamethasone. (B) Evaluation of the normalized cellular viability
of adenocarcinoma (AC)-derived cells also revealed no synergistically effect of inhibition of MYC and NF-
kB-signaling. However, TNF-a alone did not influence cell survival of AC-derived cells in contrast to SCC-
derived ones. Further, the survival-decreasing effect of dexamethasone and PDTC did not differ significantly.
Unpaired t-test (p < 0.05). n=3, * p <0.05, ** p <0.01, *** p < 0.001. Mean + SEM (standard error of the
mean). Modified from (Windmdller et al. 2021a)

Even though it was shown that dexamethasone not only interferes with NF-kB-activation
but also reduces TNF-a production (Crinelli et al. 2000; Chang et al. 1997), usage of TNF-
a with dexamethasone and/or PDTC together did not influenced the impairment of cellular
survival (Figure 14 A-B) (Windmoller et al. 2021a). Next to NF-xB inhibition,
dexamethasone was shown to regulate the AKT/ERK-signaling in NSCLC cells leading to
the inhibition of EMT (Zhang et al. 2020) as well as it was indicated to reduce stemness
maintenance and self-renewal in hepatocellular carcinoma stem cells (Jiang et al. 2020).
Accordingly, PDTC was shown to inhibit NF-kB-mediated EMT and CSC-marker
expression in the bladder of mice (Geng et al. 2021) and was reported to reduce NF-kB-
mediated angiogenesis of CCSCs (Chung et al. 2021). These findings are in accordance with
the here revealed survival decreasing effects of dexamethasone and PDTC on NSCLC-
derived LCSC-like cells that also exhibit an EMT- and stem-like phenotype. Moreover,
PDTC was shown to suppress MY C expression thus leading to cytotoxic effects in small cell
lung cancer cells (Tahata et al. 2014), emphasizing a role of PDTC in MY C modulation in
NSCLC cells, too. This stands in line with evidences for the regulation of MY C through NF-
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kB, as RelA was shown to bind to the promoter of MYC in breast cancer cells (Yuan et al.
2016) and c-Rel was exhibited to control MY C expression in leukemia cells (Li et al. 2020).
Nevertheless, Page and colleagues reported that only nuclear expression of the NF-«xB-
signaling pathway member IKKa enhanced MYC activation, while cytoplasmic IKKa
results in EGFR- and NF-kB-pathway over-activation (Page et al. 2019). Further, Ischenko
and coworkers generated gene expression modules for MY C and NF-«B using human cancer
gene sets and depicted that up- and downregulated genes in the MYC and NF-kxB module
were distinct from each other, suggesting the control of different aspects of tumorigenesis
via MYC and NF-«xB (Ischenko et al. 2017). Hence, no synergistic impairment of NSCLC-
derived LCSC-like cell survival could be observed after co-treatments of 10 uM of the MYC
inhibitor KJ-Pyr-9 with the NF-xB inhibitors dexamethasone and/or PDTC (Figure 14 A-B)
(Windmoller et al. 2021a). As there is evidence for possible regulations of NF-kB on MYC
expression in several cancer cell lines and BKZ-populations express NF-kB as well as MYC
(see chapters 2.3.1 and 2.3.3), co-inhibition of NF-xB- and MY C-signaling could be of
particular interest for the treatment of the here established CCSC-like cells and ECSC-like
cells, which remains to be investigated in future studies. Of note, direct inhibition of
MYC/NMYC with 20 pM KJ-Pyr-9 proved to be more effective than 100 puM PDTC or 300
MM dexamethasone treatment in both SCC- and AC-derived LCSC-like cells (Figure 9 B-C,
Figure 14 A-B) (Windmoller et al. 2021a), suggesting MY C inhibition as more effective for
NSCLC-derived LCSC-like cells. In addition, application of TNF-a, KJ-Pyr-9,
dexamethasone and PDTC in parallel did not influence LCSC-like cell survival
synergistically when compared to the respective control (Figure 14 A-B) (Windmoller et al.
2021a).

In summary, these results strongly suggest that NF-kB is a promising target for the
impairment of LCSC-like cells, which is in accordance with Zakaria and coworkers, who
reported induced apoptosis and the prevention of EMT for LCSCs after the inhibition of NF-
kB (Zakaria et al. 2018). Nonetheless, targeting MY C seems to be promising as well, as even
low amounts of KJ-Pyr-9 impaired LCSC-like cell survival with high effectiveness. From a
clinical perspective, MYC targeting drugs still have to be approved, while dexamethasone
(Kostaras et al. 2014) and the PDTC derivative zinc diethyldithiocarbamate (reviewed in
(Ekinci et al. 2019)) are already in clinical use making them more rapidly applicable for
NSCLC patients.
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2.4. Role of ribosomes and mitochondria in cancer stem-like cells

2.4.1. Alterations of mitochondrial and ribosomal function in cancer stem-like cells

Besides the tremendous role of transcriptional deregulations in CSC biology including
MY C- and NF-kB-signaling pathways, alterations in mitochondrial and ribosomal functions
were also reported to promote acquisition and maintenance of CSCs of various carcinogenic
tissues (reviewed in (Skoda et al. 2019; Bastide and David 2018)). In the present thesis, in
depth analysis of the global transcriptome levels of the here established LCSC-like
populations BKZ-7, BKZ-8 and BKZ-9 (there termed LCSC _a, LCSC b, LCSC c¢) and
ECSC-like populations BKZ-10, BKZ-11 and BKZ-12 (there named ECSC_a, ECSC_b and
ECSC _c) as well as three CSC-like populations each derived from glioblastoma and ACs of
the prostate provided further indications for deregulations of mitochondrial and ribosomal
function in CSCs of various origins (Witte et al. 2021). In this study, nanopore sequencing
was used to analyze full length cDNA of the respective cells in order to identify conserved
mechanisms in CSC-like populations isolated from different tissues. After bioinformatic
processing of sequencing datasets, principal component analysis was conducted revealing
three dominant clusters upon the 12 CSC-like populations. While the three CSC-like
populations derived from glioblastoma and AC of the prostate clustered independently,
ECSC-like and LCSC-like populations grouped more coherently in one cluster each,
suggesting a more consistent gene expression within this CSC-like populations.
Nevertheless, variances between the different BKZ-populations within the respective
clusters could be seen, too (Figure 15 A) (Witte et al. 2021). Next to the general clustering
of the 12 CSC-like populations, expression of the CSC-marker CD44 was detected for every
investigated BKZ-population, which is in accordance with the observed high protein
amounts of CD44 within the BKZ-populations (Figure 2 C,G; Figure 3 C,G,K; Figure 4 C)
(see chapter 2.2.). Further, all ECSC-like and LCSC-like populations depicted an expression
of MYC, except for BKZ-12 (Figure 15 B) (Witte et al. 2021), which probably may be due
to CSC plasticity or an eventually insufficient read depth of nanopore sequencing.
Nevertheless, expression of CD44 and MYC further confirmed the CSC-phenotype of the
here established CSC-like populations on transcriptional level.

Sequencing datasets of this thesis were further used to create a hierarchical clustered
heatmap of the 200 top expressed genes within the 12 CSC-like populations (Witte et al.
2021). Two extracts of the 200 top expressed genes especially comprised genes involved in
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ribosome biosynthesis including various genes encoding for components of the 60S and the
40S subunit, but also mitochondria-associated genes e.g. cytochrome c oxidase subunit 7C
(COXT7C). However, expression levels of ribosome-associated genes differed between the
CSC-like populations, being most highly expressed in BKZ-10, BKZ-12 and one of the CSC-
like population derived from glioblastoma (Figure 16 A) (Witte et al. 2021), underlining
differences in the expression profiles of CSC-like populations even from the same

tumorigenic origin.
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Figure 15: Correlation analysis of gene expression profiles from several primary human cancer stem cell
(CSC)-like cells with different tumorigenic origin. (A) Principal component analysis depicted two predominant
clusters of CSC-like cells, with no correlation to the parental tumor types. Nevertheless, endometrial
carcinoma-derived CSC-like populations BKZ-10, BKZ-11 and BKZ-12 all clustered together with one of the
three prostate CSC-like cell (PCSC) populations. Within the second cluster the three pulmonary
adenocarcinoma-derived CSC-like populations BKZ-7, BKZ-8 and BKZ-9, the two remaining PCSCs as well
as glioblastoma stem cell-like cells a (GSCs_a) and GSCs_c are comprised. GSCs_b clustered independently.
(B) Correlated expression of CSC-marker CD44 with the expression of MYC. For each analysis, biological
replicates depicted the mean of merged technical triplicates. Nanopore sequencing depicted expression of
CD44 and MYC for all investigated pulmonary adenocarcinoma- as well as endometrial carcinoma-derived
CSC-like populations, except for BKZ-12, where only CD44 expression was detectable. Modified from (Witte
etal. 2021)

Nevertheless, the five top enriched KEGG pathways within all CSC-like populations
included the gene pathway “Ribosome”, which was the most significantly enriched one, and
“Oxidative phosphorylation”, further emphasizing an eminent role of ribosomes and
mitochondria in the here established CSC-like populations independent of tumorigenic
origin (Figure 16 B) (Witte et al. 2021). Further, GO-term enrichment analysis substantiated
the enhancement of various ribosome- and mitochondria-associated terms as well as it
depicted a 3.4-fold enrichment for the GO-term “NF-«xB binding” (Witte et al. 2021), which
is in accordance with the observed important role of NF-kB in the established CSC-like
BKZ-populations (see chapter 2.3.3 - 2.3.5). According to the enrichment of ribosome- and
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mitochondria-associated genes within the here established CSC-like populations, increased

mitochondrial biogenesis as well as ribosomal biogenesis were shown to be consistent with

the induction of a stem-like phenotype of breast cancer cells (Peiris-Pages et al. 2019).
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Figure 16: Mitochondrial and ribosomal genes expression is enriched in cancer stem cell (CSC)-like cell
populations. (A) Extracts of the hierarchically clustered heatmap of the 200 top expressed genes within the 12
CSC-like cell populations depicted upregulated expressions of various ribosomal and mitochondrial
biosynthesis associated genes. (B) Further, top five upregulated KEGG pathways (p < 0.05) included “oxidative
phosphorylation (hsa00190)” and “ribosome (hsa03010)”, when analyzing all 12 CSC-like cell populations.

Modified from (Witte et al. 2021)

Accordingly, a study by Lamb and coworkers reported that CSC survival is dependent on

mitochondrial biogenesis. Here the usage of mitochondria-targeting drugs significantly

reduced the survival of CSCs of various origins including breast, ovarian, prostate,
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pancreatic, lung, melanoma and glioblastoma, emphasizing a crucial role of enhanced
mitochondrial function within these cells (Lamb et al. 2015). Moreover, it was reported that
ribosomal RNA processing and the 60S ribosome biogenesis is involved in KRAS-driven
lung cancer cell proliferation (Wang et al. 2021) as well as genes associated with ribosome
biogenesis and translation are reported to be enriched in prostate CSCs in comparison to
non-CSCs (Binal et al. 2020). As already discussed above MY C plays a crucial role in the
regulation of ribosomal biogenesis and in maintaining the CSC state (reviewed in
(Destefanis et al. 2020)) (Galardi et al. 2016) (see chapter 2.3.2). Accordingly, enriched
expression of ribosome-associated genes and pathways in the here established CSC-like
populations may be based on the expression of MYC, which was detected on protein and
MRNA level in all established BKZ-populations (Figure 6, 7, 8, 15). This link could be
already confirmed for AC-derived LCSC-like population BKZ-8, where KJ-Pyr-9-mediated
MYC inhibition decreased RPLP1 and RPL28 mRNA expression. Nevertheless, a relation
between MY C-signaling and the expression of ribosome-associated gene expression could
not be detected for SCC-derived LCSC-like population BKZ-6 so far (Figure 10) (see
chapter 2.3.2) (Windmodller et al. 2021a). Next to its involvement in the regulation of
ribosomal biogenesis, MY C also takes part in modulating the metabolic phenotype of cancer
cells, as it was shown to maintain mitochondrial respiration of chemo resistant breast CSCs
(Lee et al. 2017). Equivalently, in leukemia cells NF-xB c-Rel was shown to increase
mitochondrial respiration via the upregulation of MYC (Li et al. 2020). Further, NMYC-
amplified cancer cells were reported to significantly promote mitochondrial respiration
(reviewed in (Yoshida 2020)), indicating a role of MYC family proteins in the regulation of
mitochondrial biogenesis. Hence, global transcriptional analysis of the here established
LCSC-like and ECSC-like populations not only substantiated their molecular CSC-profile,
but also strongly suggests an important function of ribosomes and mitochondria in CSC

biology possibly regulated by members of the MYC family.

2.4.2. Metformin-mediated targeting of mitochondria impairs endometrial carcinoma-
derived cancer stem-like cell survival

Increased mitochondrial biogenesis is associated with stemness of various cancer cells
(reviewed in (Skoda et al. 2019)) (see chapter 2.4.1). This increase is strongly related with
the upturn of the process of oxidative phosphorylation (OXPHOS), where mitochondrial

adenosine triphosphate is generated by the consumption of oxygen (reviewed in (Porporato
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et al. 2018)). Thus, contrary to the concept of Otto Warburg (Warburg 1925), not all cancer
cells rely on aerobic glycolysis, as CSCs show a high metabolic plasticity allowing them to
switch preferably to an OXPHOS-phenotype (reviewed in (Desbats et al. 2020)) (Sancho et
al. 2015). Correspondingly, Wei and colleagues depicted enhanced mitochondrial function
in liver CSCs maintaining their stemness, whereas non-CSCs revealed aerobic glycolysis
(Wei et al. 2019). Similar results were also reported for breast cancer cell lines, as cells with
high mitochondrial mass exhibited a stem-like phenotype and chemoresistance (Farnie et al.
2015), suggesting the inhibition of OXPHOS as a promising anti-CSC therapy. Likewise,
targeting mitochondrial metabolism was reported to eradicate CSCs, impairing only
pathogenic but no healthy cells (Francesco et al. 2019). More recently, clinical evidence has
provided that mitochondria-enriched CSCs play an eminent role in breast cancer metastasis.
The authors also revealed inhibition of tumor cell metastases by utilizing mitochondrial
inhibitors without observing cytotoxic side effects (Ozsvari et al. 2020). One well-
investigated standard type 2 diabetes medication and the most frequently administered drug
treating metabolic syndromes is metformin (reviewed in (Bailey 2017)). Mechanistically,
metformin decreases OXPHOS by directly diminishing mitochondrial function, thus altering
the redox status of mitochondria and increasing glycolysis as compensatory mechanism
(Andrzejewski et al. 2014). This mitochondria targeting action of metformin was depicted
to inhibit EMT (Zhang et al. 2015) as well as CSC gene expression (Bao et al. 2012) leading
to apoptosis of e.g. pancreatic CSCs (Sancho et al. 2015). Furthermore, a meta-analysis by
Tang and coworkers showed that the usage of metformin was linked to a 13% reduced risk
for EC in patients suffering from diabetes as well as it improved survival of EC patients in
general (Tang et al. 2017). As metformin was reported to impair the survival of ECSCs
enriched from well-established EC cell lines (Kitson et al. 2019b), the survival improving
benefit of metformin may rely on its action on CSCs. Accordingly, results of this thesis
showed that the usage of metformin significantly decreased survival rates of the three
established primary ECSC-like populations. Notably, observed survival decreasing effects
of metformin were dose dependent with only 15.65% survival left after the application of 20
mM metformin (Figure 17 A) ((Windmoller et al. 2021b), under review). Moreover,
calculation of ICsp exhibited coherent values for each of the ECSC-like population with
values ranging from 5.99 mM to 6.79 mM metformin ((Windméoller et al. 2021b), under
review), which are in accordance with 1Cso values reported for metformin-treated ECSCs
enriched from well-established cell lines (Kitson et al. 2019b). Additionally, application of

10 and 20 mM metformin decreased mitochondrial membrane potential of ECSC-like cells
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significantly in comparison to the control (Figure 17 B) ((Windmoller et al. 2021b), under
review), suggesting the survival decreasing effect of metformin to be caused by acting on
mitochondrial function. Hence, these results suggest metformin as a promising drug
targeting ECSC-like cells by interfering with mitochondrial respiration. Even though a
multicenter study investigating metformin administration prior to surgery of endometrioid
endometrial cancer did not report impaired tumor proliferation (Kitson et al. 2019a), a pilot
study revealed that doxycycline, which is an antibiotic targeting mitochondria administered
14 days before surgery reduced breast CSCs between 17.65 and 66.67% in the resected
tumors (Scatena et al. 2018).
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Figure 17: Treatment with metformin significantly impairs survival of endometrial carcinoma-derived cancer
stem cell (CSC)-like cell populations. (A) Quantification of the influence of metformin on endometrial
carcinoma-derived BKZ-10, BKZ-11 and BKZ-12 depicted a significantly decreased survival in a dose-
dependent manner. (B) Mitochondrial membrane potential of endometrial carcinoma-derived CSC-like
(ECSC) populations was measured using tetramethylrhodamine ethyl ester (TMRE), with the mitochondrial
oxidative phosphorylation uncoupler carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) serving
as technical control. Usage of 10 and 20 mM metformin significantly reduced the mitochondrial membrane
potential of ECSCs in comparison to untreated cells. Unpaired t-test (p <0.05). n=3, * p <0.05, *** p<0.001.
Mean + SEM (standard error of the mean). Modified from ((Windmaéller et al. 2021b), under review)

Further, a phase Il clinical trial investigated the impact of metformin on CSC-amounts and
clinical outcomes in non-diabetic patients suffering from epithelial ovarian cancer and
showed promising results. In particular, metformin-treated tumors harbored 2.4-fold less
ALDH/CD133-positive CSCs and patients revealed better overall survival (Brown et al.
2020). Thus, metformin application alone may not affect tumor proliferation of ECs, but
probably impairs ECSC amounts, suggesting a reduced tumor recurrence and therapy
resistance in the metformin-treated EC patients, which was not analyzed in the study of

Kitson (Kitson et al. 2019a). Nevertheless, further clinical studies are needed to substantiate
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the metformin-mediated reduction in ECSC-survival observed in this thesis and the survival-
enhancing benefit in EC patients in vivo.
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3 Summary and Outlook

In summary, this thesis demonstrates the successful establishment of 12 novel primary
cancer stem-like populations derived from colorectal, pulmonary and endometrial
carcinogenic tissue and their use as excellent in vitro models for molecular research and drug
development targeting CSCs (Figure 18). Expression of several CSC-markers including
CD133, CD44, and Nestin as well as the capacity for forming spheres confirmed a CSC-
phenotype of the isolated populations (see chapter 2.2.1, 2.2.2 and 2.2.3). Moreover, nuclear
Synaptophysin protein was identified as a potential novel CSC-marker, as it was expressed
in all BKZ-populations (see chapter 2.2.4). Additionally, BKZ-populations revealed an
EMT-phenotype based on their nuclear SLUG expression (see chapter 2.3.4).
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Figure 18: Schematic overview of potential applications of primary novel cancer stem cell (CSC)-like
populations in the development of CSC-specific therapies. Nuclear factor kappa-light-chain-enhancer of
activated B-cells (NF-kB), epithelial to mesenchymal transition (EMT).

Regarding transcriptional signaling, especially members of the MYC and NF-xB family
were shown to be expressed in all CSC-like populations (see chapter 2.3.1 and 2.3.3),
emphasizing a crucial role of both pathways in CSC-biology. Accordingly, inhibition of NF-
kB-signaling in LCSC-like populations exhibited promising survival decreasing effects,

suggesting pro-inflammatory inhibitors as an encouraging therapy option for NSCLC (see
51



Summary and Outlook

chapter 2.3.5). Nevertheless, inhibition of MY C-signaling was shown to be more effective
in interfering with LCSC survival compared to the inhibition of NF-xB-signaling and was
also depicted to be a promising therapeutic target in CSC-like populations derived from
colorectal and endometrial carcinogenic tissue (see chapter 2.3.2). RNA-sequencing of six
of the 12 BKZ-populations depicted increased ribosomal and mitochondrial biogenesis in
ECSC-like and AC-derived LCSC-like populations (see chapter 2.4.1), while the inhibition
of mitochondrial function by the application of metformin impaired ECSC survival
significantly (see chapter 2.4.2). Based on evidences for the involvement of MYC not only
in maintaining CSC proliferation and stemness but also regulating mitochondrial and
ribosomal biogenesis as well as EMT, targeting MYC would be extremely favorable to
decrease CSC associated metastasis and mitochondrial respiration. In this regard, future
research directions may focus on the regulatory networks driven by MY C to validate its role
in mitochondrial and ribosomal biogenesis as well as its relation to NF-kB and EMT in the
here established primary CSC-like populations. Next to the underlying molecular
mechanisms involved in the MY C-regulated maintenance of CSCs, future work may include
in vivo investigations confirming the survival decreasing effect of MYC inhibition on CSC-
driven tumorigenesis.

In summary, the findings presented in this thesis strongly emphasize the involvement of
MYC and NF-xB in the maintenance of CSC-like populations derived from pulmonary,
colorectal and endometrial tumorigenic tissue and characterize the established populations
as promising cellular models for future research on CSC-behavior and the generation of
novel CSC-specific therapeutics.
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| clinical case Report MediCine

A typical carcinoid of the lung - a case report with
pathological correlation and propagation of the
cancer stem cell line BKZ1 with synaptophysin
expression

Beatrice Ariane Windmodller, MSc®9”, Johannes F.W. Greiner, PhD®9, Christine Forster, MDP9,
Ludwig Wilkens, MD®9, Fritz Mertzlufft, MD®9, Jan Schulte am Esch, MD®9, Barbara Kaltschmidt, PhD*®9,
Christian Kaltschmidt, PhD*9, Morris Beshay, MD"9

Abstract N\
Rationale: Neuroendocrine tumors (NETSs) of the lung account for 5% of all cases of lung cancer, which itself is the leading cause of |
cancer-related death worldwide. In accordance to its rarity, only few cell lines of NETs exist, which even often lack key characteristics
of the primary tumor, making it difficult to study underlying molecular mechanisms.

Patient concerns: The patient reported in this case is a 71-year old woman, which never smoked but suffered under dry cough.
diagnoses: Chest CT-scan showed a paracardiac nodule of the lingula with 2 x 1.8cm in diameter.
Interventions: The detected paracardiac nodule of the lingula was anatomically resected using video assisted thoracic surgery.

Outcomes: Histopathological diagnostic of the removed tissue identified the tumor as a well-differentiated typical carcinoid (TC),
which represents one of the four subgroups of pulmonary NETs. Next to the successful treatment of the patient, we were able to
propagate cancer stem cells (CSCs) out of the resected tumor tissue. To the best of our knowledge, we firstly isolated CSCs of a
typical carcinoid, which were positive for the prominent CSC markers CD44, CD133 and nestin, confirming their stem cell properties.
Additionally, CSCs, further referred as BKZ1, expressed the neuroendocrine marker synaptophysin, verifying their neuroendocrine
origin. However, nuclear synaptophysin protein was also present in other stem cell populations, suggesting a role as general stem cell
marker.

Lesson: In line with the importance of CSCs in cancer treatment and the lack of CSC-models for neuroendocrine neoplasms, the
here described BKZ1 cancer stem cell line of a typical carcinoid represents a promising new model to study pulmonary carcinoids
and particular NETSs.

Abbreviations: AC = atypical carcinoid, bFGF/FGF-2 = basic fibroblast growth factor, BKZ1 = Bethel-Kaltschmidt Zelllinie 1,
CSCs = cancer stem cells, CT = computed tomography, EGF = epidermal growth factor, GGT = gamma-glutamyl-transferase,
LCNEC = large cell neuroendocrine carcinoma, LRP16 = leukemia related protein 16, NETs = neuroendocrine tumors, NF-kB =
nuclear factor kappa-light-chain-enhancer of activated B-cells, PBS = phosphate buffered saline, PNECs = pulmonary
neuroendocrine cells, SCLC = small cell lung carcinoma, TC = typical carcinoid, VATS = video assisted thoracic surgery, WHO =
World Health Organization.

Keywords: cancer stem cell, nestin, neuroendocrine tumors, synaptophysin, typical carcinoids
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1. Introduction

Lung cancer is the leading cause of cancer-related death
worldwide, with about 34,500 new cases of male and 19,300
new cases of female annually in Germany. The relative overall 5-
year survival rate, is 15% in males and 20% in females.!"
Neuroendocrine tumors (NETs) of the lung are rare with only 5%
of all newly diagnosed malignancies.””*! Although the lungs are
the second most common site of origin for neuroendocrine
tumors especially for typical carcinoid after the gastrointestinal
tract,'*! it has been reported to develop even synchronously in
both lungs.””! In the lung, NETs derive from solitary pulmonary
neuroendocrine cells (PNECs) or from aggregated PNEC clusters
(neuroepithelial bodies), '™ which initially act as the stem cell
niche.””"'%! PNECs gain various mutations during carcinogenesis,
which are responsible for the dedifferentiation into high
tumorigenic cancer stem cells (CSCs).""!! Based on the capacity
for self-renewal and differentiation as well as their invasiveness
and resistance to chemotherapy, CSCs are crucial mediators of
metastasis, cancer relapse or immune system escape and are thus
of enormous clinical interest.'>714!

In the current World Health Organization (WHO) classifica-
tion 2015 lung NETs are categorized into four histologic variants
defined as well differentiated, low-grade typical carcinoid (TC),
well-differentiated, intermediate-grade atypical carcinoid (AC),
slightly differentiated, high-grade large cell neuroendocrine
carcinoma (LCNEC) and slightly differentiated, high-grade small
cell lung carcinoma (SCLC).['531

The group of well-differentiated lung NETs comprise
approximately 27% of all NETs!'® and develop in non or
current light smokers.!'”) Moreover, TCs and ACs are capable of
lower mitotic rates, necrosis and genetic abnormalities in
comparison to high-grade NETs.!*®! Although well-differentiated
NETs are not that aggressive, the incidence increased over the last
30 years about 6% annually,"”! with TCs being the more
frequent form of well-differentiated NETs.[2%! Here, we report a
case of a typical carcinoid (TC) of the upper lobe of the left lung as
well as the successful in vitro propagation and characterization of
cancer stem cells out of the resected tumor tissue.

Medicine

2. Case report

A 71-year old woman was admitted to the hospital in November
2018. The clinical examination showed no abnormalities.
Biochemical parameters in blood showed normal values
apart from slightly elevated gamma-glutamyl-transferase
(GGT) (160U/l, normal up to 40U/l). She never smoked and
had no family history of lung or gastrointestinal cancers. She
developed dry cough over the last 6 weeks, which was resistant to
treat. Therefore a chest X-ray was done, which showed an
irregular left border of the heart. A subsequent chest CT-scan
showed a paracardiac nodule with 2 x 1.8 cm in diameter (Fig. 1),
no mediastinal lymph nodes enlargement and no pleural effusions
were detected.

A bronchoscopic examination with bronchial lavage was done.
The lavage revealed acid proof rods, which were immediately
tested for M. tuberculosis by quantiferon screening. Since the
medical report was negative for tuberculosis, surgery was
performed for histological diagnosis.

The exploration of the entire hemithorax left showed massive
dorso-basal adhesions between the lower lobe and the thoracic
wall, as well as the diaphragm. After adhesiolysis, the tumor
within the lingual segment was exposed, biopsied and a
histopathological frozen section examination was performed,
which showed malignancy. The tumor was then anatomically
resected using video assisted thoracic surgery (VATS) to remove
both segments of the lingual. Complete mediastinal lymph node
dissection was done. Histopathological analysis of the removed
tissue indicated a neuroendocrine neoplasm, which was con-
firmed by immunohistochemistry. In particular, cancerous tissue
was positive for synaptophysin (Fig. 2), chromogranin A as well
as high and low molecular weight cytokeratins detected by the
antibody combination of AE1/AE3. Based on the absence of the
epithelial marker TTF1 as well as the neuroendocrine markers
CDX2 and cytokeratin 20 of the gastrointestinal tract, LCNEC,
SCLC or a metastasis of the gastrointestinal tract could be
excluded. Neither an apparent necrosis within the tissue, nor
pathologic lymph node structures were observed. Further
analysis revealed only 1% to 2% Ki67-positive mitotic cells

) % .

Figure 1. Radiological examination of the chest of the patient. (A) Radiograph of the chest revealed an uneven mass in the left lung. (B) Chest CT scan displayed a

paracardiac tumor (arrow).
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Figure 2. Histopathological analysis of the neuroendocrine tumor tissue. (A) Hematoxylin and eosin staining revealed a well differentiated neuroendocrine
morphology, characteristic for typical carcinoids. (B) Moreover, tissue was positive for the neuroendocrine marker synaptophysin.

within the tumor, resulting in the final classification of a well-
differentiated, low-grade typical carcinoid (TC) in stage IA.
Therefore, no adjuvant therapy was suggested. The patient was
discharged on the fifth day after surgery in a good general
condition. 6 months follow up showed no abnormalities. The
somatostatin receptor imaging with ®®G DOTATATE PET/CT-
showed no abnormal findings.

Next to a histopathological analysis, a part of the resected
typical carcinoid was used for the attempt to cultivate and
characterize cancer stem cells. Informed consent according to
local and international guidelines was signed and all further
experimental procedures were ethically approved (Ethics com-
mittee Miinster, Germany, 2017-522-f-S). For the isolation of the
CSCs the specimen was washed twice with ice-cold phosphate
buffered saline (PBS), mechanically disintegrated in 2 to S mm
pieces followed by an enzymatically digestion with collagenase
for 2hours at 37°C. One half of the minced tissue was used to
cultivate spheres in Dulbecco modified Eagle’s medium/Ham’s F-
12 with addition of 200mM L-Glutamin, epidermal growth
factor (EGF; 20ng/mL), basic fibroblast growth factor (bFGF/
FGF-2; 40ng/mL) and B27 supplement in low adhesion T2§
tissue culture flasks (Fig. 3B). The other half of the tissue was used
to grow adherent CSCs, where the cells were cultivated on gelatin
coated culture dishes in the medium described above supple-
mented with 10% fetal calf serum (Fig. 3A).

After successful cultivation, cells were analyzed according to
their expression profile of cancer stem cell and neuroendocrine
specific markers, as well as their morphology. Immunocytochem-
ical double staining of the lung cancer stem cell markers CD133
and CD44 confirmed the isolation of cancer stem cells (Fig. 3C).
Additionally, cultivated cells were positive for the neuroendo-
crine marker synaptophysin underscoring the establishment of
the relevant cancer stem cells. Synaptophysin was especially
localized within the nucleus of the cells, although some cells also
revealed synaptophysin within their cytoplasm (Fig. 3E). Next to
the expression of synaptophysin in the isolated neuroendocrine
cancer stem cells (Fig. 3E, 4C), we detected synaptophysin in
neural crest-derived stem cells from the nasal cavity of a
female donor!**2? (Fig. 4A) and female adipose tissue-derived

mesenchymal stem cells (Fig. 4B), suggesting a new role of
synaptophysin as a stem cell marker. Quantification of the
nuclear fluorescence intensity of synaptophysin within the
different stem cells revealed a significant higher expression
within the isolated BKZ1 cell line in comparison to non-
pathogenic stem cells (Fig. 4D). Furthermore, cells expressed the
primitive neuroectoderm and stem cell marker nestin, underlining
the stem cell characteristics and suggesting a neural crest origin of
the cultivated cells (Fig. 3D). Due to the strong association of NF-
kB with chronic inflammation and different cancer types, TC-
derived BKZ1 cells were analyzed according to their NF-xB
expression. Immunocytochemical staining of the subunit RELA
(p63) displayed a high perinuclear expression of the cultured cells
(Fig. 3F).

3. Discussion

Neuroendocrine lung tumors can be divided into four histological
groups, comprising typical carcinoid (TC), atypical carcinoid
(AC), large cell neuroendocrine carcinoma (LCNEC) and small
cell carcinoma (SCC).I"*! Although the distinction between the
different neuroendocrine lung tumor types is possible by a good
histopathological analysis, the diagnosis of a neuroendocrine
lung tumor at all is difficult."® Symptoms of lung NETs are often
nonspecific or absent, leading to delays in diagnosis. Moreover,
clinical data regarding lung NETs are rare, especially for
carcinoids, making diagnosis and treatment difficult.** This
problem is also described by a recently published global survey,
which collected data on NETs from a patient’s perspective,
revealing that the diagnosis of lung NETs of 50% of the 222
patients lasts up to 2 years.*>) Moreover, the incidence of the
carcinoids, especially TCs, increased over the last 30 years about
6% annually in contrast to the incidence of SCC."*! Further-
more, they possess the earliest occurrence age on average within
the group of NETs with 45 years.['®2%27] Treatment of choice for
localized TCs is the anatomical resection of the tumor, '8! with §
to 10-year survival rates higher than 90%,*%! whereas the use of
adjuvant therapy is usually not recommended for TCs due to rare
involvement of the lymph nodes."®! Even if TCs are known as
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Figure 3. Successful isolation and characterization of cancer stem cells out of the tumor tissue of a typical carcinoid. (A) Cancer stem cells were grown as adherent
culture within stem cell media supplemented with 10% fetal calve serum (FCS), (B) as well as sphere culture in a low attachment flask without FCS as supplement.
(©) Immunocytochemical staining for the stem cell markers CD133 and CD44, revealed double positive cells, confirming the isolation of cancer stem cells.
Additionally, cells were positive for the stem cell and primitive neuroectoderm marker (D) nestin, the neuroendocrine marker (E) synaptophysin, and the (F) NF-xB

subunit p65.

low-grade NET, 5% to 20% of TCs metastasize, preferentially to
the liver or bone.!*’!

Based on the increased incidence, the difficult diagnosis, and
the limited knowledge about the underlying molecular mecha-
nisms of TCs, it is important to establish a good model for
studying the biology of this tumor type. Currently there are only
few TC cell lines available. Moreover, many of those cell lines
failed to generate xenograft tumors, displaying the absence of
cancer stem cells within the cell population.l*®! We now present a
successful isolation of cancer stem cells out of the tissue of this
rare tumor type, which enables new opportunities to investigate
the molecular mechanisms of resistance to conventional chemo-
therapeutics, biological molecules, targeted therapies and
radiotherapy, which are known to be caused by cancer stem

cells. Initial characterization of the isolated CSCs, revealed a high
expression of the cancer stem cell marker CD44, which is known
to mediate cancer cell survival, proliferation and motility, as well
as the modulation of tumor microenvironment.**3? Moreover,
it is known that CD44 expression is dominant within pulmonary
carcinoids, decreasing from TC to AC to very low levels in
LCNEC and SCLC,***%! which stands in line with the presented
data. Moreover, isolated CSCs expressed the cell surface
glycoprotein and CSC marker CD133, which is linked to poor
prognosis in NSCLC."**! Additionally, CD133 positive cells are
known to have significantly higher abilities of self-renew, drug
resistance and tumor initiation.*®! Although, concerning the
expression of CD133 within typical carcinoid cell lines only less is
known, which can be explained by the failure to isolate CSCs by
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Figure 4. Nuclear synaptophysin expression of BKZ1 and different non-pathogenic stem cells. Immunocytochemical staining of synaptophysin in female donor-
derived (A) human neural crest-derived stem cells (NCSCs),2"?? (B) adipose tissue-derived mesenchymal stem cells (MSCs) isolated according to Solemani and
Nadril®®! and (C) the here described neuroendocrine lung cancer stem cells (CSCs). (D) Quantification of the nuclear fluorescence intensity of synaptophysin within
the different stem cell populations. Means +SD was analyzed by one way ANOVA test (Kruskal-Wallis statistic). P < .05 was considered as statistically significant.
Analysis of data was done by using GraphPad Prism 5.00 software (San Diego, CA).

other groups, Sakai et al. showed that 18 % of well-differentiated
pancreatic neuroendocrine tumors are CD133 positive.*”! Due to
the identification of nestin as CSC marker in NSCLC,®! its
protein expression was investigated and highly detected within
the here presented isolated CSCs. Furthermore, nestin is known
as primitive neuroectoderm™®! and neural stem cell*®! marker,
which suggests a possible correlation between pulmonary typical
carcinoids and the neural fate. Within a retrospective evaluation
of 88 patients with neuroendocrine lung tumors using immun-
histochemistry, nestin was detected in 17% of specimens, being a
negative prognostic factor and significantly higher expressed in
LCNEC in comparison to carcinoids.*!! This suggests that the
CSC amount increases from TC to AC and LCNEC to SCC,
indicated by a higher expression of nestin, leading to a decrease in
the survival rate of the patient. Moreover, isolated CSCs showed
a high amount of synaptophysin protein, underlying their
neuroendocrine origin.'**! Assuming nuclear localization of
synaptophysin as a general stem cell characteristic, we demon-
strated the appearance of nuclear synaptophysin protein also in
non-pathogenic human stem cell populations like NCSCs and
MSCs. However, the nuclear expression of synaptophysin of the
CSCs was significantly higher in comparison to the other stem
cells, which may be due to their cancerous origin.l**! Next to
stemness related proteins, the isolated CSCs expressed the NF-kB
subunit RelA. NF-«B is involved in multiple steps in carcinogen-
esis and in cancer cell’s resistance to chemo- and radio-therapy.
Moreover, tumor samples obtain from lung cancer patients
revealed high levels of NF-kB activation, which was significantly
associated with poor prognosis and tumor stage.[****! This is in
accordance with a meta-analysis concerning the prognostic
significance of NF-kB expression in NSCLC, where Gu et al.
showed that high NF-kB expression is positively associated with
poor survival outcome of NSCLC patients, suggesting a tumor
promotive function of NF-kB. Additionally, they presented a
positive correlation of NF-kB with tumor stage and lymph node
metastasis.[*®! Concerning the particular effect of RelA, Chen
et al. could show its influence on the sensitivity of NSCLC to

paclitaxel, which was increased by the knockout of NF-«B
p65.17) Furthermore, Khan et al. linked the anti-cancer efficacy
of curcumin, to its HIF-1a and RelA decreasing activity in lung
cancer cells.!*3! Regarding neuroendocrine lung tumors NF-kB is
known to play a crucial role regulating tumor cell proliferation
and resistance to apoptosis.*”**! Furthermore, Shao et al.
displayed that 55.6 % of neuroendocrine tumors were positive for
the leukemia related protein 16 (LRP16), which is an important
estrogen-responsive gene and a crucial regulator for NF-kB
activation, suggesting a proliferative effect due to the activation
of NF-kB pathway.’!

In conclusion, cancer stem cells were for the first time to our
knowledge successfully isolated out of a typical carcinoid of the
lung, representing a promising model to study the underlying
molecular mechanism and possible treatment strategies for this
rare tumor type.
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Simple Summary: The aim of this study was to gain a better understanding of cancer stem cells, which
are a small subpopulation of tumor cells with high plasticity driving tumor growth and metastasis.
Here we isolated two novel colorectal cancer cell lines originating from a rectal neuroendocrine
carcinoma and a colorectal adenocarcinoma, depicting stem-like properties. These in vitro models offer
the possibility to evaluate pathophysiological mechanisms in order to develop tailored therapeutic
strategies for distinct colorectal malignancies. Investigations revealed gene copy number gain of the
N-myc proto-oncogene for both. Accordingly, inhibition of the protein—protein interaction of myc and
N-myc proto-oncogenes with the myc-associated factor X utilizing small molecule KJ-Pyr-9, exhibited
a significant reduction in survival of both cell lines by the induction of apoptosis. Consequently, the
blockage of these interactions may serve as a possible treatment strategy for colorectal cancer cell
lines with gene copy number gain of the N-myc proto-oncogene.

Abstract: Cancer stem cells (CSC) are crucial mediators of cancer relapse. Here, we isolated
two primary human colorectal cancer cell lines derived from a rectal neuroendocrine carcinoma
(BKZ-2) and a colorectal adenocarcinoma (BKZ-3), both containing subpopulations with potential
stem-like properties. Protein expression of CSC-markers prominin-1 and CD44 antigen was
significantly higher for BKZ-2 and BKZ-3 in comparison to well-established colon carcinoma cell lines.
High sphere-formation capacity further confirmed the existence of a subpopulation with potential
stem-like phenotype. Epithelial-mesenchymal transition markers as well as immune checkpoint
ligands were expressed more pronounced in BKZ-2. Both cell populations demonstrated N-myc
proto-oncogene (NMYC) copy number gain. Myc proto-oncogene (MYC)/NMYC activity inhibitor
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all-trans retinoic acid (ATRA) significantly reduced the number of tumor spheres for both and the
volume of BKZ-2 spheres. In contrast, the sphere volume of ATRA-treated BKZ-3 was increased, and
only BKZ-2 cell proliferation was reduced in monolayer culture. Treatment with KJ-Pyr-9, a specific
inhibitor of MYC/NMYC-myc-associated factor X interaction, decreased survival by the induction
of apoptosis of both. In summary, here, we present the novel colorectal cancer cell lines BKZ-2 and
BKZ-3 as promising cellular in vitro models for colorectal carcinomas and identify the MYC/NMYC
molecular pathway involved in CSC-induced carcinogenesis with relevant therapeutic potential.

Keywords: colorectal cancer stem cells; NMYC; MYC; ATRA; EMT; KJ-Pyr-9; rectal neuroendocrine
carcinoma; colorectal adenocarcinoma

1. Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide and second most common
cause of cancer-related mortality, with 1.8 million new cases and approximately 861,000 deaths in 2018
as reported by the World Health Organization (WHO) GLOBOCON database [1]. CRC comprises
the development of malignancies in the colon (72%) and the rectum (28%) and is the most common
malignancy in the gastrointestinal tract [2], with 90% of all CRCs being an adenocarcinoma (AC)
originating from epithelial mucosa cells [3]. A comparatively rare and poorly understood subtype of
CRC is the neuroendocrine carcinoma (NEC), representing a subgroup of neuroendocrine neoplasms
comprised of poorly-differentiated neoplasms originating from epithelial cells of the endocrine or
nervous system [4]. According to the WHO classification of 2010, colorectal gastro-entero-pancreatic
neuroendocrine-carcinoma (GEP-NEC) is a rare and aggressive variant of neuroendocrine tumors
(NET) as well as CRC with more than one third having metastatic disease at the time of diagnosis [5,6].

To evaluate pathophysiological mechanisms and therapeutic strategies for CRCs, preclinical
models were developed based on stable cell lines. However, latter are scarce especially for GEP-NECs
and were mainly established from metastatic spread [7-11]. Although some established cellular model
lines were derived from primary native tumor tissue [7,8,12], such cell lines still lack cancer stem cell
characteristics. Cancer stem cells (CSC) are a small subpopulation of tumor cells of high plasticity
driving tumor growth, repopulation after injury, and metastasis in a broad range of solid tumors
including CRC [13,14]. Next to mediating invasiveness and resistance to chemotherapy, CSC also use
immune system escape and are thus crucial mediators of cancer relapse. Next to in vitro propagation
as spheres [14-17], cancer stem cell markers like prominin-1 (CD133) and CD44 antigen (CD44) are
frequently used to identify cancer stem cells in CRC [3,6]. Important regulators of cancer stem cell
characteristics particularly include the members of the MYC transcription factor family, consisting of
L-, N-, and CMYC. In colorectal cancer stem cells (CCSC) the myc proto-oncogene protein (MYC) was
reported to be consistently overexpressed, contributing to self-renewal and pluripotency as well as
drug resistance [18-20]. Moreover, the overexpression of N-myc proto-oncogene protein (NMYC) was
detected for different tumor types, most notably for cancers of neural and neuroendocrine origin [21],
making the MYC-family a highly promising therapeutic target.

Next to the influence of the MYC-family to the tumor development, recent studies showed a direct
influence of MYC on the formation of metastasis by colon cancer cells in vivo [22]. Here, the authors
reported that the drug Astaxanthin increases the expression of micro ribonucleic acid (miRNA)-29a-3p
and miRNA-200a by the transcriptional repression of MYC. This repression leads to the abrogation of
their downstream target genes matrix metallopeptidase 2 and zinc finger E-box binding homeobox
1 (ZEBI), and consequently to the suppression of epithelial-mesenchymal transition (EMT) and
metastasis [22]. The process of EMT, during which epithelial cells acquire fibroblast-like properties and
show reduced intercellular adhesion and increased motility, allows the tumor cells to metastasize and
establish secondary tumors at distant sites [23,24]. Additionally, Xu and coworkers discovered that cells
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undergoing EMT acquire stem cell-like characteristics, thus providing a further link between EMT and
stem cell pathways, making EMT to a possible therapeutic target, too [25]. Differentiation therapy using
retinoic acids, especially all-trans retinoic acid (ATRA), showed clinical potential for different cancer
types, including breast cancer [26], neuroblastoma [27], glioblastoma [28], and CRC [29]. However,
ATRA is only clinically used for the treatment of acute promyelocytic leukemia [30]. In CRC cell lines
treatment with ATRA led to decreased proliferation, sphere formation and aldehyde dehydrogenase
(ALDH) + CSC-population size by inducing neuroendocrine differentiation [29]. Moreover, Shi and
colleagues found evidence that ATRA reverses EMT in chemotherapy resistant CRC cell lines [31].
Furthermore, a study with NMYC-amplified neuroblastoma cells could show that a combined treatment
of ATRA and a peptide derived from tenascin-C induced differentiation and led to a decrease of NMYC
protein [27], highlighting the involvement of ATRA in NMYC signaling.

In the present study, we established the first primary rectal GEP-NEC cell line named BKZ-2, as
well as a primary colonic AC cell line named BKZ-3 enriched for a subset of cells with markers of
stemness and EMT as a pre-clinical model system. Beyond the validation of these cell lines having a
subpopulation of cells with potential stem-like properties, we detected in each a genetic amplification
of the oncogene NMYC. Although MYC/NMYC inhibition using KJ-Pyr-9 led to a significant decrease
of survival of both cell lines, KJ-Pyr-9-treated BKZ-3 cells revealed a higher survival rate than BKZ-2.
Additionally, we show that ATRA-treatment of BKZ-2 cells decreased sphere volume as well as
total cell mass and seems to induce differentiation, as well as it decreased proliferation of BKZ-2
in monolayer. In contrast, ATRA-treatment of BKZ-3 led to an increase in sphere volume with no
alteration in total cell mass or proliferation in monolayer. Next to our findings that targeting NMYC
could have therapeutic activity in CRC patients, the establishment of those primary cell lines also
highlights the differences in CCSC. Moreover, the isolation of BKZ-2 and BKZ-3 offers the possibility to
evaluate further pathophysiological mechanisms systematically in order to develop tailored therapeutic
strategies for distinct colorectal malignancies.

2. Results

2.1. Tumor Characterization

An endoscopically retrieved bioptic sample of the primary tumor of patient 1 (Figure 1A-D)
revealed the pathological diagnosis of a rectal NET with G3 differentiation and 25% proliferation
marker protein Ki-67 (KI67) expression (Figure 2H). It was 100% positive for epithelial marker
pan-cytokeratin (panCK), 40% positive for special AT-rich sequence-binding protein 2 (SATB2), 10%
positive for neural cell adhesion molecule (CD56) and 100% positive for Synaptophysin (Figure 2A-D)
characterizing the colorectal tumor as large cell GEP-NEC according to the WHO-classification of
2010. It was tested negative for cytokeratin 20 (CK20), cytokeratin 7 (CK7) and homeobox protein
CDX-2 (CDX2) (Figure 2E-G). Next to the immunopathological analysis of the tissue, we performed an
immunohistochemical staining for the proto-oncogenes MYC and NMYC, which were both positive
(Figure 2I-L). Analysis of the expression of the immune checkpoint ligand programed death ligand 1
(PDL1) was done according to international standards by calculating combined positive score (CPS)
and tumor proportion score (TPS), as described in the material and methods section (Formulas (3)
and (4)). Quantification revealed 2% of PDL1 positive non-necrotic tumor cells. Analysis of the
percentage of PDL1 positive vital (non-necrotic) tumor cells, lymphocytes and macrophages were
done by calculating CPS and revealed a score of 2. Quantification of PDL1 positive lymphocytes,
macrophages, dendritic cells and granulocytes per tumor area displayed an immune cell score (IC) of 1
(Figure 2M, Formula (5)). There was no micro-satellite-instability nor positivity for human epidermal
growth factor receptor (EGFR) 2. Kirsten rat sarcoma 2 viral oncogene homolog/neuroblastoma rat
sarcoma viral oncogene homolog evaluation revealed a wild type.
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Figure 1. Clinical imaging derived from the two donors of the colorectal cancer cell lines. Patient BKZ-2:
(A) Computerized tomography (CT)-scan with demonstration of a rectal stenotic mass (orange arrows)
with pre-stenotic obstructed bowel (yellow double arrow). Endoscopic appearance of carcinoma
BKZ-2 (B) with intestinal discharge following (C) endoscopic bowel stenting of the neoplastic stenosis.
(D) Staging CT-scan visualizing hepatic metastases (orange arrows). Patient BKZ-3: (E) CT-scan
indicating the neoplastic mass of the left colon (orange arrows) with pre-stenotic obstructed bowel

(yellow double arrows).

Histopathological examination of a bioptic sample retrieved from the primary tumor of patient 2
(Figure 1E) revealed the diagnosis of a colorectal AC. Carcinoma tissue was 100% positive for SATB2,
95% positive for CK20 and positive for KI67 with 50% being highly positive and 25% expressing
moderate levels of KI67 (Figure 2P-R). Analysis of the expression of PDL1 revealed 0% of PDL1
positive vital tumor cells. However, CPS was 3 for the adenocarcinoma tissue and IC was 1 (Figure 25).
Further, it was tested negative for CK7 and Synaptophysin, characterizing the tumor as a colorectal AC
(Figure 2N,0). Analysis of the two oncogenes MYC and NMYC revealed positivity of the tissue for
both (Figure 2T-W).
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Figure 2. Immunohistochemical characterization of the primary rectal large cell neuroendocrine carcinoma

(NEC) and the colorectal adenocarcinoma (AC). NEC tissue was tested positive for (A) Synaptophysin,
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(B) neural cell adhesion molecule (CD56), (C) epithelial marker pan-cytokeratin (panCK) and (D) special
AT-rich sequence-binding protein 2 (SATB2), but was negative for (E) cytokeratin 20 (CK20) and
(F) cytokeratin 7 (CK7). Moreover, immunohistological staining for (G) the intestinal differentiation
marker homeobox protein CDX2 was negative. (H) Staining for the proliferation marker protein
Ki-67 (K167) revealed 25% positive cells. Further immunohistochemical stainings of the NEC tissue
displayed positivity for the (I/J) myc proto-oncogene protein (MYC) and (K/L) N-myc proto-oncogene
protein (NMYC). (M) Immunohistochemical staining for programed death ligand 1 (PDL1) revealed
only slight expression with 2% of vital tumor cells being positive. AC tissue was tested negative
for neuroendocrine marker (N) Synaptophysin and (O) CK7, but was positive for (P) CK20 and
(Q) SATB2. AC revealed (R) 50% KI67 highly positive cells and 25% cells with moderate KI67
expression. (S) Immunohistochemical characterization of PDL1 expression displayed 0% positive vital
tumor cells, but revealed positivity for both (T/U) MYC and (V/W) NMYC in the AC tissue.

2.2. BKZ-2 and BKZ-3 Demonstrate Characteristics of Stemness and EMT—-Relation to Immune Response
Involved Targets

We established colorectal cancer cell lines BKZ-2 and BKZ-3 derived from primarily resected
native tumor tissue (Figure 3A-C) by mechanical and enzymatic disintegration of the tissue sample.
Subsequent cultivation within Dulbecco’s Modified Eagle’s Medium/Ham's -F12 supplemented with
epidermal growth factor (EGF), fibroblast growth factor 2 (FGF-2), B27 and 10% fetal calf serum (FCS)
led to an adherently growing cell culture for both tumor tissue samples (Figure 3D,E). Initial culture
conditions were designed to obtain subpopulation of CSC from native tumor tissue. Analysis of
serine/threonine-protein kinase B-raf (BRAF) gene mutations displayed wild type alleles of BRAF for
exon 11 and 15 for both parental tumor tissue and isolated BKZ-2 and BKZ-3 cells. To confirm the
stem-like nature of BKZ-2 and BKZ-3, we tested the sphere formation capacity of both cell populations.
Both BKZ-2 and BKZ-3 formed spheres under serum-free conditions and supplementation with
heparin (Figure 3F,H). Quantification of the averaged sphere diameter of BKZ-2 and BKZ-3 revealed a
significant difference of the sphere-formation capacity for all three different heparin concentrations
and time points in comparison to the control. Moreover, the increase in sphere diameter of BKZ-2 was
significant with a peak value of 61.9 um (+£0.35) in the approach with 4 pg/mL heparin after 7 days
of culture. However, the increase in sphere diameter of BKZ-3 cells was not significant, although
there was also a tendency to form larger spheres over time with the highest value of sphere diameter
of 61.9 um (+3.95) after the addition of 4 pg/mL heparin and cultivation for one week (Figure 3G,I).
Quantification of the population doubling time of BKZ-2 and BKZ-3 in comparison to the established
colon adenocarcinoma cell line HT-29 and colon carcinoma cell line HCT-116, revealed a significantly
higher (p < 0.01) population doubling time for BKZ-2 with 40.12 h (+1.56) in comparison to BKZ-3
with 21.88 h (+1.19). Furthermore, HT-29 displayed a population doubling time of 21.87 h (+0.12)
and HCT-116 of 18.14 h (+0.051), which were significantly lower than the newly described cell line
BKZ-2. In addition, BKZ-3 and HT-29 both displayed a significantly higher population doubling
time in comparison to HCT-116 (Figure 4A, Formulas (1) and (2)). Comparison of sphere formation
capacity of BKZ-2, BKZ-3, HT-29 and HCT-116, revealed a significantly higher (p < 0.001) volume
of spheres formed by HT-29 and HCT-116 when compared to BKZ-2 and BKZ-3. Moreover, HT-29
spheres displayed a significantly (p < 0.001) higher volume in comparison to HCT-116 (Figure 4B-F,
Formula (6)). Further quantification concerning the number of spheres in relation to the count of seeded
cells, showed more than double amount of sphere formation rates for BKZ-2 and BKZ-3 (p < 0.05) in
comparison to HT-29 and HCT-116 (Figure 4G).
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Figure 3. Successful isolation of the rectal large cell neuroendocrine carcinoma (NEC)-derived cancer
cell line BKZ-2 and the colorectal adenocarcinoma (AC)-derived cancer cell line BKZ-3. (A) For the
isolation of those cell lines that contain a subpopulation of cells with potential stem-like properties a
tissue sample of either the (B) rectal large cell NEC or the (C) colorectal AC was obtained, mechanically
and enzymatically disintegrated, and cultivated in CSC medium supplemented with fetal calf serum
(FCS), leading to (D/E) adherent growing cells. (F/H) Cultivation of the cells with the addition of heparin
and in the absence of FCS led to the formation of spheres, further validating stem-like properties of
BKZ-2 and BKZ-3. (G/I) Quantification of the averaged sphere diameter showed a significant increase
after the addition of heparin in comparison to the control for BKZ-2 and BKZ-3, regardless of the
tested heparin concentrations. Moreover, BKZ-2 showed a continuous growth of the spheres over a
time-period of one week. Non-parametric Kruskal-Wallis test (p < 0.05), followed by Dunn’s Multiple
Comparison post-hoc test. n =5, *** p < 0.001, ** p < 0.01. Mean + standard error of the mean (SEM).
n.d. = not detectable.

In addition to the sphere formation capacity, BKZ-2 and BKZ-3 express the prominent CSC-markers
CD133, CD44 and Nestin on protein level (Figure 5A-D and Figure S3). Immunocytochemical analysis
of CD133, CD44 and Nestin expression of colon adenocarcinoma cell line HT-29 and colon carcinoma
cell line HCT-116 only revealed slight expression of these CSC-markers (Figure 5E-H). Quantification of
the percentage of CD133 high, medium and low cells showed significantly (p < 0.01) higher percentages
of CD133 high cells for BKZ-3 cells in comparison to BKZ-2, HT-29 and HCT-116. Moreover, HT-29 and
HCT-116 revealed significantly (p < 0.01) more CD133 low cells in comparison to BKZ-3. Even though
BKZ-2 cells showed significantly more CD133 low cells in comparison to BKZ-3, HT-29 revealed
significantly more CD133 low cells when compared to BKZ-2. Additionally, BKZ-2 revealed more
CD133 medium cells when compared to HT-29 (Figure 5I). Quantification of CD44 expressing cells
revealed no difference between BKZ-2 and BKZ-3 concerning the percentage of CD44 high cells.
However, both cell lines showed significantly (p < 0.01) more CD44 high expressing cells in comparison
to HT-29 and HCT-116 (Figure 5]). Thus, both HT-29 and HCT-116 revealed a tendency for higher
percentages of CD133 and CD44 low expressing cells, as percentage of CD44 medium expressing
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cells was significantly higher in BKZ-2 and BKZ-3, too (Figure 51,]). Further flow cytometric analysis
concerning the ALDH activity of BKZ-2 and BKZ-3 showed that 7.93% of BKZ-2 and 26.14% of
BKZ-3 cells are ALDH high expressing cells (Figure 6), further showing that those cell lines contain a
subpopulation of cells with potential stem-like characteristics.
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Figure 4. BKZ-2 and BKZ-3 reveal higher population doubling times and formed higher numbers
of spheres in comparison to HT-29 and HCT-116. (A) Quantification of the population doubling
times of the newly isolated colorectal cancer cell lines BKZ-2 and BKZ-3 as well as the common colon
adenocarcinoma cell line HT-29 and colon carcinoma cell line HCT-116 revealed a significantly higher
population doubling time for BKZ-2 in comparison to BKZ-3, HT-29 and HCT-116. Moreover, BKZ-3
and HT-29 displayed a significantly higher population doubling time when compared with HCT-116.
(B-E) All cell populations formed spheres when 5000 cells per 200 uL cancer stem cell (CSC) medium
containing 4 pg/mL heparin were cultured in low adhesion 96 well-plates. Quantification of the
(F) volume of spheres formed by each cell line showed a significantly higher volume for HT-29 and
HCT-116 when compared to BKZ-2 and BKZ-3. Moreover, sphere volume of HT-29 was significantly
higher in comparison to HCT-116. Further quantification concerning (G) the number of formed
spheres in relation to seeded cells revealed significantly less percent spheres for HT-29 and HCT-116 in
comparison to BKZ-2 and BKZ-3. Non-parametric Mann-Whitney-test (p < 0.05). n < 3, *** p < 0.001,
**p <0.01, * p <0.05. Mean + SEM (standard error of the mean).
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Figure 5. BKZ-2 and BKZ-3 express higher amounts of prominin-1 (CD133) and CD44 antigen (CD44) in
comparison to HT-29 and HCT-116. Immunocytochemical analysis of BKZ-2 and BKZ-3 displayed high
positivity for the cancer stem cell (CSC)-markers (A/C) CD133, CD44 and (B/D) Nestin, validating the
isolation of two new cell lines that contain a subpopulation of cells with potential stem-like properties.
Immunocytochemical analysis of the common colon carcinoma cell lines HT-29 and HCT-116 only
displayed slight expression of the CSC-markers (E/G) CD133, CD44 and (F/H) Nestin. Quantification
of the percentage of (I) CD133 high, medium and low cells revealed a significantly elevated amount
of CD133 high BKZ-3 cells in comparison to BKZ-2, HT-29 and HCT-116. Moreover, the percentage
of HT-29 and HCT-116 CD133 low cells was significantly higher when compared to BKZ-2 and BKZ-3.



Cancers 2020, 12, 2582 10 of 34

Quantification of (J) CD44 high, medium and low cells displayed for both populations a significantly higher
percentage of CD44 high cells in comparison to HT-29 and HCT-116. Non-parametric Kruskal-Wallis
equality-of-populations rank test (p < 0.05) followed by Mann-Whitney test (p < 0.05). n =3, * p <0.01,
* p <0.05, ns = not significant. Mean + SEM (standard error of the mean).
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Figure 6. BKZ-2 and BKZ-3 both show aldehyde dehydrogenase (ALDH) activity. Flow-cytometric-analysis
of ALDH activity of (B) BKZ-2 and (D) BKZ-3 revealed 7.993% ALDH high cells for BKZ-2 and 26.141%
ALDH high cells for BKZ-3 in comparison to the appropriate (A/C) control with the specific ALDH
inhibitor diethylaminobenzaldehyde (DEAB).

Further investigation concerning the transcriptional profile of BKZ-2 and BKZ-3 in comparison
to human dermal fibroblasts (HDF) via quantitative polymerase chain reaction (QPCR) exhibited
the expression of CSC-markers CD133, CD44, leucine rich repeat containing G protein-coupled
receptor 5 (LGR)5) and epithelial cell adhesion molecule (EPCAM) as well as the expression of SRY-box
transcription factor 2 (SOX2) and octamer-binding transcription factor 4 (OCT4) in both BKZ-2 and
BKZ-3. A statistical comparison of the transcription levels of BKZ-2, BKZ-3, and HDF revealed
significant differences in the expression of CD133 (p < 0.05), with BKZ-3 revealing higher levels in
comparison to BKZ-2 and HDF and CD44 (p < 0.05), with BKZ-2 showing higher expression level in
comparison to BKZ-3 and HDF (Figure 7A,B). Even though, LGR5 was significantly higher expressed in
BKZ-2 when compared to BKZ-3 (p < 0.05), both BKZ-2 and BKZ-3 show significantly lower (p < 0.05)
level in comparison to HDF (Figure 7C). Comparison of the endothelial and CSC-marker EPCAM
revealed significantly higher (p < 0.05) expression for BKZ-3 in comparison to HDF, but no difference
between BKZ-2 and BKZ-3 (Figure 7D). SOX2 was significantly higher (p < 0.05) expressed in BKZ-2 and
BKZ-3 in comparison to HDF, with significantly higher (p < 0.05) expression for BKZ-3 when compared
to BKZ-2 (Figure 7E). The pluripotency marker OCT4 did not show any statistical difference between
the two cell lines, but was significantly higher expressed in HDF in comparison to BKZ-3 (Figure 7F).
As phenotypic stemness often coincides with a pronounced ability to proliferate, to migrate and to
invade in consequence of EMT, we tested for EMT-markers such as snail family transcriptional repressor
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2 (SLUG), snail family transcriptional repressor 1 (SNAIL) and twist family bHLH transcription factor 1
(TWIST). Although the three key transcription factors of EMT were detectable in both cell lines, the
expression levels of BKZ-2 were significantly higher than the expression of BKZ-3 for TWIST (p < 0.05)
and especially for SLUG (p < 0.05). Moreover, SNAIL was expressed significantly higher in BKZ-2
and BKZ-3 in comparison to HDF (Figure 7G-I). Further, we tested for immune response checkpoint
related ligands PDL1 and programmed death ligand 2 (PDL2). Transcriptional analysis revealed an
expression of both PDL1 and PDL2 in BKZ-2 and BKZ-3, with PDL2 being higher expressed than PDLI.
Quantification displayed a significantly higher expression of PDL1 (p < 0.05) and PDL2 (p < 0.05) for
BKZ-2 in comparison to BKZ-3 and HDF (Figure 7],K).
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Figure 7. BKZ-2 and BKZ-3 show higher messenger ribonucleic acid (nRNA)-level of cancer stem cell
(CSC)- and epithelial-mesenchymal-transition (EMT)-markers as well as immune checkpoint ligands
in comparison to human dermal fibroblasts (HDF). Quantitative polymerase chain reaction revealed
an expression of CSC-markers (A) prominin-1 (CD133), (B) CD44 antigen (CD44), (C) leucine rich
repeat containing G protein-coupled receptor 5 (LGR5), (D) epithelial cell adhesion molecule (EPCAM),
(E) SRY-box transcription factor 2 (SOX2) and (F) octamer-binding transcription factor 4 (OCT4) in
both cell lines. Comparison of the two cell lines, demonstrated significant differences of the relative
mRNA expression for CD133, CD44, LGR5 and SOX2. Further analysis revealed an expression of the key
transcription factors of the process of EMT (G) twist family bHLH transcription factor 1 (TWIST), (H) snail
family transcriptional repressor 2 (SLUG) and (I) snail family transcriptional repressor 1 (SNAIL), with
TWIST and SLUG being significantly different expressed in BKZ-2 and BKZ-3. Moreover, quantification
displayed a significantly altered expression of the immune checkpoint ligands (J) programmed death
ligand 1 (PDL1) and (K) programmed death ligand 2 (PDL2) in the two cell lines. Non-parametric
Mann-Whitney-test (p < 0.05). n = 3, * p < 0.05. Mean + SEM (standard error of the mean).
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2.3. BKZ-2 and BKZ-3 Feature Neuroendocrine, Neural Crest and Neuronal Characteristics

In a next step, we tested whether BKZ-2 share both neuroendocrine as well as neuronal
characteristics respectively as a cell line derived from a rectal carcinoma typed as a neuroendocrine
carcinoma. Synaptophysin was expressed on protein level confirmed by immunocytochemistry as
nuclear staining for BKZ-2 (Figure 8A). Moreover, BKZ-3 was also tested positive for Synaptophysin
(Figure 8C). Quantification of the percentage of nuclear Synaptophysin positive cells revealed 90.27%
(£2.73) for BKZ-2 and 92.92% (+6.45) for BKZ-3 (Figure 8E). Further quantification concerning
Synaptophysin high and low nuclei displayed significantly more high nuclei (p < 0.05) for BKZ-2 in
comparison to BKZ-3. However, both cell populations revealed significantly more Synaptophysin low
(p £ 0.01) nuclei in comparison to Synaptophysin high (Figure 8G).
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Figure 8. BKZ-2 cells reveal higher levels of Synaptophysin (SYP) and snail family transcriptional
repressor 2 (SLUG) protein in comparison to BKZ-3 cells. Immunocytochemical stainings revealed the
expression of neuroendocrine and cancer stem cell marker (A/C) Synaptophysin as well as the expression
of (B/D) SLUG, one of the key transcription factors of the process of epithelial to mesenchymal transition
in both populations. (E) Quantification of cells positive for nuclear Synaptophysin revealed a mean of
90.27% for BKZ-2 and 92.92% for BKZ-3. (G) Further classification in Synaptophysin high and low cells,
showed a significantly higher amount of Synaptophysin low nuclei in comparison to Synaptophysin
high nuclei for both BKZ-2 and BKZ-3. However, BKZ-2 revealed a significantly higher percentage of
Synaptophysin high nuclei in comparison to BKZ-3. (F) Quantification of nuclear positivity for SLUG
displayed 100% positive cells for BKZ-2 and a mean of 92.57% positive cells for BKZ-3. (H) Comparison
of SLUG high and low cells displayed a significantly higher amount of SLUG high cells of BKZ-2 when
compared to BKZ-3. Moreover, BKZ-3 cells in general showed a significantly higher percentage of
SLUG low cells in comparison to the amount of SLUG high cells. Non-parametric Mann-Whitney-test
(p £0.05). n=3,* p <0.01, * p < 0.05, ns = not significant. Mean + SEM (standard error of the mean).
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As neural crest characteristics are strongly related to the EMT process, we also investigated the
expression of key transcription factor SLUG and neural crest and calcium binding protein $100 (5100)
on protein level. Immunological staining displayed a strong expression of nuclear SLUG in both
BKZ-2 and BKZ-3, representing an EMT-phenotype (Figure 8B,D). Quantification of the amount of
nuclear SLUG positive cells displayed 100% positive BKZ-2 cells and 92.57 (+3.71) positive BKZ-3 cells
(Figure 8F). Further quantification revealed significantly more (p < 0.01) SLUG high cells for BKZ-2
in comparison to BKZ-3. Additionally, BKZ-3 cells showed significantly more (p < 0.01) SLUG low
cells when compared to the amount of SLUG low BKZ-2 cells and SLUG high BKZ-3 cells (Figure 8H).
Moreover, 5100 could be detected nuclear as well as cytoplasmatic in both cell lines (Figure S1A E). Next,
further traits of neuronal differentiation utilizing a comprehensive panel of neuronal markers were
evaluated. Examined by immunocytochemistry, BKZ-2 and BKZ-3 were positive for cytosolic vesicular
glutamate transporter 2 (vGLUT2), cytosolic dopamine and mainly nuclear tyrosine hydroxylase
(TH), highlighting their neuronal characteristic. Moreover, the nuclear expression of TH indicates an
undifferentiated phenotype, further suggesting stemness-like features of a subpopulation of BKZ-2
and BKZ-3 since TH was also detectable in the nuclei of BKZ-3 (Figure S1B-D,F-H). HDF were used as
negative control for all immunocytochemical stainings (Figure S2A-]).

2.4. ATRA-Treatment Leads to a Contrary Switch in Growth Habits of BKZ-2 and BKZ-3

Next we investigated the influence of ATRA on BKZ-2 and BKZ-3 cells as ATRA was shown to decrease
proliferation, sphere formation and CSC population size in CRC cell lines. For this, sphere-formation
capacity of BKZ-2 and BKZ-3 was analyzed after treatment with different ATRA concentrations. After five
days of culture, volume, and number of spheres of BKZ-2 were quantified, revealing a significant decrease
of sphere volume (p < 0.001) after cultivation with 1, 5, or 10 pM ATRA (Figure 9E, Formula (6)).
Furthermore, there was a non-significant trend of reduced number of spheres formed by BKZ-2 when
co-incubated with ATRA regardless of used concentration (Figure 9F). Representative images of each
treatment condition suggested the induction of a differentiation towards fibroblast-like morphology of
BKZ-2 upon ATRA-treatment with cells becoming more adherent (Figure 9A-D).

A corresponding experiment was performed for BKZ-3, however unexpectedly results were
opposed to those for BKZ-2. Quantification revealed no significant decrease as for BKZ-2, but a
significant increase in sphere volume of BKZ-3 after 10 uM ATRA-treatment (p < 0.001) (Figure 9G-K).
In contrast to the increase of sphere volume, number of spheres formed by BKZ-3 declined significantly
when treated with 10 uM ATRA (p < 0.05) (Figure 9L), suggesting a switch in the growth behavior
of BKZ-3 upon ATRA stimulation. A direct comparison of the volume of formed spheres by BKZ-2
and BKZ-3 revealed a statistically significant difference between the volumes of spheres induced by
ATRA stimulation (p < 0.05). The sphere volume of BKZ-3 was significantly higher in comparison
to BKZ-2 independent of ATRA concentration (Figure 10A). Additionally, calculation of the total cell
mass of BKZ-2 and BKZ-3 by multiplying the mean of the volume with the mean of sphere number
exhibited a significant decrease for BKZ-2 (p < 0.05), but no alteration in cell mass for BKZ-3 upon
ATRA-treatment (Figure 10B). Thus, ATRA stimulation seems to lead to a switch in growth behavior
of spheres in both cell lines, however BKZ-2 cells seem to switch to a more differentiated phenotype
with less total cell mass and BKZ-3 cells generate bigger but fewer spheres without any significant
change in total cell mass. Next to the analysis of the influence of ATRA on sphere formation of BKZ-2
and BKZ-3, its influence on monolayer cultures was investigated. For this, BKZ-2 and BKZ-3 cells as
monolayers were treated for five days with different ATRA concentrations. Afterwards, the cell count
was determined utilizing Orangu™ (Cell Guidance Systems, Cambridge, UK). Statistical analysis
revealed a significant decrease (p < 0.05) in cell count for BKZ-2 cells after ATRA-treatment, but not for
BKZ-3 (Supplementary Figure S4A,B). Further immunocytochemical stainings for cleaved caspase 3
protein after ATRA-treatment of BKZ-2 and BKZ-3 did not showed any positivity for this apoptosis
marker, suggesting an influence of ATRA on cell proliferation only (Figure S4C-]). Finally, BKZ-2 and
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BKZ-3 seem to behave differently in relation to ATRA, even though ATRA reduced the number of
formed spheres for both cell populations.

Rectal neuroendocrine carcinoma-derived BKZ-2 cells

|

A Control B 1uMATRA C 5uMATRA [ <= 10 uM ATRA
; b S
4 %
3 W
> X R\
>
B 200 um-| BKZ-2 200 pm | BKZ:2- 200 pm | BKZ2 * 200 pm
J
Pac - j \
’ %4 4
%! 7 " )
50 ym Y 50 pm 50 pm 50 um
E *kk F
T 5.0x10'% [ T T ] 30
: T
%3
S 4003 oo T
8 E 2 § 20
5 =3.04102 ga
e 5 8 T - -
n 2.0x107 3 » T
"o'g - - 2 g 10+
o > 13 == E S
£ 21.0073- 328
3
S ol ; T ; ol ; . T
> » N » S N N
&L &
s R oF  $8 s R N
ATRA ATRA
[ Colorectal adenocarcinoma-derived BKZ-3 cells I
G Control H 1 UMATRA | 5y J £ 10 M AT‘
) -
|
] 4 %)
® x
2 &
N @ | o
BKZ3 : 3. 5 200 pm\ [BKZ-3 200 m
E
>
™ A,
(2, (9
N — —_— £ < — LT
50 pm 50 pm o o 50 pm 50 pm
K I *kk | L .
T 20404+ — *k 500 g
§ dkk @ —|—
— @ © 40
25015014 ]r s 0
85 £x
5= &0 30-
gg 1.0x10" % 52 =
g T 5 o 20 =
a 25.0<1013{ —— —— £E
E“ 3 2 101
2
(<
> o T T T T 0 T T T T
S N N » o N N
N Q ¥ Q N ) ¥
& N © » & N © »
ATRA ATRA

Figure 9. All-trans retinoic acid (ATRA) reduce number of BKZ-2 and BKZ-3 formed spheres respectively,
but cause opposed effects concerning sphere volume of BKZ-2 and BKZ-3. Cells were cultured in an amount
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of 5000 cells per 200 pL cancer stem cell (CSC) medium containing 4 pug/mL heparin in a low adhesion
96 well-plate. Medium was supplemented with (A/G) dimethylsulfoxide, (B/H) 1 uM ATRA, (C/I) 5 uM
ATRA or (D/]) 10 uM ATRA. (A-D) Representative images already display a morphological change
of BKZ-2 after the cultivation with 1 uM ATRA, indicated by the adherence of the cells (arrows).
Quantification of the (E) volume of spheres formed by BKZ-2 cells showed a significant decrease after
ATRA-treatment. Further quantification concerning (F) the number of spheres revealed a tendency
for fewer spheres after ATRA-treatment for BKZ-2. (G-J) Representative images of BKZ-3 spheres
and quantification of the (K) volume of spheres formed by BKZ-3 cells showed a significant increase
subsequent to treatment with 10 uM ATRA. Further quantification concerning the (L) number of
spheres revealed a significant decrease of the number of spheres after the treatment with 10 uM ATRA.
Non-parametric Mann-Whitney-test (p < 0.05). n = 3, *** p < 0.001, ** p < 0.01, * p < 0.05. Mean + SEM
(standard error of the mean).
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Figure 10. All-trans retinoic acid (ATRA)-treatment reduced total cell mass of BKZ-2 formed spheres,
but does not have an effect on total cell mass of BKZ-3 formed spheres. Analysis of the quantification
of the (A) volume of the spheres formed by the two colorectal cancer cell lines revealed a significant
difference after ATRA-treatment. ATRA-treatment led to the formation of significant bigger spheres
formed by BKZ-3 in comparison to BKZ-2. Further quantification of (B) the total cell mass revealed a
significantly decreased cell mass for BKZ-2 upon ATRA stimulation, while the total cell mass of BKZ-3
was not altered. Non-parametric Mann-Whitney-test (p < 0.05). n = 3, * p < 0.05, ns = not significant.
Mean + SEM (standard error of the mean).
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2.5. NMYC Copy Number Gain Sensitize BKZ-2 and BKZ-3 for MYC/NMYC Inhibitor Induced Apoptosis

MYC and NMYC were reported to play an important role for plasticity, proliferation and apoptosis
in various entities of malignancies. To investigate a possible correlation of ATRA resistance and
MYC/NMYC, we analyzed BKZ-2 and BKZ-3 regarding MYC/NMYC expression levels. First, we
determined protein expression levels in BKZ-2 and BKZ-3 cells using immunocytochemistry, revealing
the expression of NMYC and MYC in both. Although both oncogenes were expressed, NMYC was
mainly detected cytosolic contrary to MYC, which was detected in the nuclei of BKZ-2 and BKZ-3
(Figure 11A-D).

Further, relative haploid normalized gain in gene copy numbers of NMYC and MYC was
investigated for BKZ-2 and BKZ-3. Calculation of relative haploid copy number of NMYC displayed a
1.82 (+0.094)-fold amplification for BKZ-2 and a 1.45 (+0.24)-fold amplification for BKZ-3, indicating
a duplication of the NMYC gene in both cell lines (Figure 11E). No amplification was detected for
relative haploid gene copy number of MYC, as BKZ-2 represents a relative haploid copy number of
0.74 (+0.089) and BKZ-3 0.63 (+0.11) (Figure 11F). Thus, no differences in MYC and NMYC expression
could be detected for BKZ-2 and BKZ-3, suggesting additional molecular pathways involved in ATRA
mediated differentiation.

Previously, KJ-Pyr-9 as inhibitor of both MYC and NMYC showed proliferation inhibiting effects
on various tumor cell lines. Accordingly, we investigated this small molecule concerning its effect
on survival of BKZ-2 and BKZ-3 cells. After 120 h co-incubation with the inhibitor, survival rate of
both cell lines revealed a significant decrease (p < 0.05) with increasing concentrations of KJ-Pyr-9
over 20 uM respectively. Moreover, discrepancies in the survival rates between both cell lines were
detected, represented by significantly higher (p < 0.05) survival rates for BKZ-3 in comparison to
BKZ-2 after treatment with KJ-Pyr-9 independent on inhibitor concentrations (Figure 11G). Normalized
survival rate after stimulation with 10 uM KJ-Pyr-9 was 78.59% (+8.53) for BKZ-2 and 123.9% (+9.62)
for BKZ-3 and with 20 uM KJ-Pyr-9 4.12% (£1.09) for BKZ-2 and 16.89% (+6.61) for BKZ-3. Cultivation
with 40 uM KJ-Pyr-9 led to a survival rate of 6.19% (+1.14) for BKZ-2 and 19.85% (+1.42) for BKZ-3
and with 60 uM KJ-Pyr-9 to a survival of 11.18% (+0.92) for BKZ-2 and 27.11% (+0.97) for BKZ-3.
This significantly higher survival rate of BKZ-3 in contrast to BKZ-2 possibly demonstrates a higher
MYC/NMYC inhibitor tolerance of BKZ-3, suggesting a more MYC-independent growth behavior in
comparison to BKZ-2. This result stands in line with the here presented inefficient differentiation of
BKZ-3 using ATRA, which is also known to target MYC/NMYC activity. Comparison of survival rate of
BKZ-2 and BKZ-3 with the two colon carcinoma cell lines HT-29 and HCT-116 after KJ-Pyr-9-treatment
revealed a significantly higher (p < 0.05) survival of BKZ-2 and BKZ-3 subsequent to treatment with
40 uM and 60 pM (Figure 11H). Survival rates following the addition of 40 uM KJ-Pyr-9 were 6.19%
(+1.14) for BKZ-2, 19.85% (+1.42) for BKZ-3, 2.83 (+0.12) for HT-29 and 1.78 (+0.27) and after 60 pM
11.18% (+0.92) for BKZ-2, 27.11% (+0.97) for BKZ-3, 3.18 (+0.16) for HT-29, and 1.93 (+0.14) for HCT-116.
To address whether the reduction in survival is caused by regulation of proliferation or apoptosis BKZ-2
and BKZ-3 cells were treated with KJ-Pyr-9 as described before, followed by immunocytochemical
staining for cleaved caspase 3 to determine the number of apoptotic cells (Figure 12A-]). Quantification
of cleaved caspase 3 staining displayed a significantly higher (p < 0.001) amount of apoptotic BKZ-2
cells with 93.65 (+6.35) after 10 uM KJ-Pyr-9 in comparison to BKZ-3 with 4.32 (+2.78). In accordance
with that, BKZ-3 displayed a trend for less cleaved caspase 3 positive cells after 20 uM of KJ-Pyr-9 with
91.89 (+4.62) in comparison to BKZ-2 with 100% apoptotic cells. However, BKZ-2 seem to be more
sensitive for KJ-Pyr-9 induced apoptosis, BKZ-2 and BKZ-3 showed 100% cleaved caspase 3 positivity
for KJ-Pyr-9-incubation with concentrations greater than 40 uM (Figure 12K).
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Figure 11. Inhibition of the myc proto-oncogene protein (MYC) and N-myc proto-oncogene protein
(NMYC) significantly decreases the survival rate of BKZ-2 and BKZ-3 cells. Immunocytochemical staining
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revealed a strong expression of the oncogene (A/B) NMYC, as well as a nuclear expression of the
oncogene (C/D) MYC, in both BKZ-2 and BKZ-3 on protein level. Evaluation of the haploid copy
number of the two oncogenes, demonstrated a two-fold increase of the haploid copy number of
(E) NMYC, but a normal haploid copy number for (F) MYC within both cell lines. To investigate the
influence of the MYC/NMYC inhibitor KJ-Pyr-9 on the proliferation, 3000 cells per 100 pL cancer stem
cell medium were cultured in a 96 well for 120 h with the inhibitor or dimethylsulfoxide and 10%
fetal calf serum. Afterwards, metabolism was measured using Orangu™ (Cell Guidance Systems,
Cambridge, UK) and cell count was determined by using a standard curve. (G) Normalized survival
rate was quantified and significantly decreased after exposure to values greater than 20 uM of KJ-Pyr-9
in comparison to the control for BKZ-2 and BKZ-3. Further comparisons between the two cell
lines displayed a significant decrease of the survival rate of BKZ-2 in comparison to BKZ-3 for all
inhibitor concentrations. (H) Although comparison of survival rates after KJ-Pyr-9-treatment showed
significantly higher survival of HCT-116 when compared to BKZ-2 after 20 uM K-Pyr-9, cell survival of
BKZ-2 and BKZ-3 was significantly improved in comparison to HT-29 and HCT-116 after treatment with
inhibitor concentrations over 40 uM. Non-parametric Mann-Whitney-test (p < 0.05). n =3, * p < 0.05.
Mean + SEM (standard error of the mean).
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Figure 12. Myc proto-oncogene (MYC)/N-myc proto-oncogene (NMYC) inhibitor KJ-Pyr-9 induces
apoptosis of BKZ-2 and BKZ-3. Representative images of immunocytochemical staining for cleaved
caspase 3 (CASP3) after KJ-Pyr-9-treatment of (A-E) BKZ-2 and (F-J) BKZ-3. (K) Quantification
of the percentage of cleaved CASP3 positive cells after the addition of 10 uM KJ-Pyr-9 revealed a
significantly higher amount for BKZ-2 with about 94% in comparison to BKZ-3 with about 4%. However,
concentrations higher than 40 uM lead to 100% cleaved CASP3 positive cells for BKZ-2 and BKZ-3.
Student’s ¢-test (p < 0.05). n =3, *** p < 0.001. Mean + SEM (standard error of the mean).
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3. Discussion

In this study, we present the establishment of two primary human colorectal cancer cell lines
that contain a subpopulation with potential stem-like properties. One very rare case of a GEP-NEC
of the rectum is named BKZ-2 and one colorectal AC is referred to as BKZ-3. We characterized
stemness-like properties by high CD133 and CD44 expression, relatively slow proliferation rates,
and high number of formed spheres in the in vitro model systems, providing the basis for further
exploration of patho-mechanisms in order to develop therapeutical strategies. As initial steps to that
respect, we further tested for the impact and role of ATRA and the MYC/NMYC inhibitor KJ-Pyr-9 in
these cells, as both are interfering with MYC/NMYC signaling in CCSC. However, some limitations of
this study should be noted, as identification of the subpopulation with stem cell-like properties was
only done by in vitro not in vivo experiments.

CCSC are defined with a group of cell surface markers such as CD44, CD133, EPCAM and
LGRS [32,33], which all were tested positive in BKZ-2 and BKZ-3 cells on transcriptional and/or
on protein level. CD133 is a robust biomarker to identify primary CSC and can be proposed as a
prognostic marker of CRC patients. Moreover, it is reported to be expressed in poorly-differentiated
NECs and well-differentiated NETs of the digestive tract [34] and was demonstrated to be expressed
in CCSC-lines [35]. It is the most well-known marker for the isolation and investigation of CSC in
different types of cancer [36-38] and known to be responsible for radio- and chemotherapy-resistance
in CCSC [39,40]. However, it seems to be more reliable to use CD133 in combination with other
markers, such as CD44 as target biomarkers for the isolation of CCSC in both cell lines and primary
tumor cell populations as done in our study [6]. CSC-marker CD44 is known to mediate cancer cell
survival, proliferation, and motility, as well as the modulation of tumor microenvironment [36,41,42],
indicating CD133 and CD44 as an excellent marker set to validate a CCSC-like-phenotype. Next to the
protein expression of CD133 and CD44, class VI intermediate filament protein Nestin was shown to be
expressed in both cell lines, further confirming potential stem-like properties of BKZ-2 and BKZ-3 as
Nestin is commonly accepted to play a role in CSC-phenotypes, particularly regarding the capacity for
self-renewal [43]. Additionally, in vitro tumorigenicity, as proven here for BKZ-2 and BKZ-3 utilizing
sphere formation assays and the higher number of formed spheres of BKZ-2 and BKZ-3 in comparison
to established colon carcinoma cell lines HT-29 and HCT-116, underline the existence of a subpopulation
with potential stem-like characteristics [15]. Moreover, sphere formation seems to be biologically
reliable as these in vitro testing modalities demonstrated uniformly results corresponding with murine
in vivo xenograft models if tested with the same cancer cells including NEC-cell lines [9,44,45]. Further
analysis of the proliferation and comparison of population doubling times of BKZ-2 and BKZ-3
with established colon carcinoma cell lines HT-29 and HCT-116, respectively, showed significantly
higher population doubling times for BKZ-2 and BKZ-3. This may be due to the fact, that CSC have
the ability to become more quiescent with slow proliferation rates to escape from chemotherapy.
These slow-cycling cells are tumorigenic and more resistant to traditional chemotherapies than rapidly
dividing cells [46,47]. Analysis of BRAF mutation status showed no mutation for codons 600, 464, 466,
and 469 in both parental tumor tissue and cell populations. Concerning BRAF mutation in CRC a
retrospective study showed that patients whose tumors had microsatellite stability with mutant BRAF
demonstrated significantly reduced overall survival [48]. However, only 6-18% of CRC patients harbor
a BRAF mutation [48-50].

Quantitative PCR analysis displayed LGR5 expression in both BKZ-2 and BKZ-3 cells. Nevertheless,
their expression levels were significantly lower in comparison to HDF. LGRS5 is well-established as a
marker of native intestinal stem cells [51] as well as CCSC [52] and plays an active role in pathogenesis
of CRC [53]. Certainly, Fumagalli and colleagues observed most disseminated CRC cells in circulation
to be LGR5 negative. Latter cells formed distant metastases in which CSC appeared LGR5 positive [54].
This plasticity of CCSC may explain the relatively low level of LGR5, as BKZ-2 and BKZ-3 also revealed
an EMT-phenotype reflected by a high level of SLUG. Positivity in BKZ-2 and BKZ-3 cells for the 40 kDa
single transmembrane protein EPCAM encoded by tumor-associated calcium signal transducer-1
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gene [55] was relevant as epithelial adhesion molecule playing a role in carcinogenesis of epithelial cells
by activating expression of proto-oncogenes MYC and CYCLIN A/E [56]. Further, it was demonstrated
to correlate with the level of malignancy in foregut-NET of the pancreas [57]. It was also shown
to be involved in regulation of intercellular adhesion-mediated signal transduction, cell migration,
proliferation and differentiation [55]. Significantly higher expression of SOX2 was observed in primary
CRC tissues and metastatic tumor tissues compared to paratumoral tissues with 80% of the analyzed
primary tumor samples [58]. Further, in a CRC-derived CSC-line (SW620) [59], SOX2 was associated
with cell migration, invasion, colony formation and tumorigenesis as well as with spherogenicity
and chemoresistance [58], representing SOX2 as a CSC-marker. Interestingly, a knock-down of SOX2
in SW620 cells induced a mesenchymal-epithelial transition process, reducing the migration and
invasion capabilities of cells [60], and suggesting a link between EMT and stemness. SOX2 as well
as CSC-marker OCT4 were expressed in BKZ-2 and BKZ-3. However, OCT4 expression was also
prominent in HDF, which is not unexpected as fibroblasts are able to express OCT4 under different
cell culture microenvironmental conditions [61]. Expression of CD133, CD44, EPCAM, SOX2, and
OCT4 substantiates that BKZ-2 and BKZ-3 include a subpopulation with potential stem-like properties.
Moreover, differences in messenger RNA (mRNA) expression levels of CD133, CD44, LGR5, and SOX2
between BKZ-2 and BKZ-3 possibly demonstrate a balance between different CSC-markers necessary
for CSC maintenance.

Histopathological analysis of Synaptophysin as a neuroendocrine marker within the tumor tissue
revealed expression only within NEC. However, immunocytochemically both, BKZ-2 and BKZ-3 were
demonstrated to be positive for Synaptophysin. This finding emphasizes that Synaptophysin not
only plays a role as neuroendocrine marker [62], but also as marker for stemness, as recently reported
by us [63]. Quantification of Synaptophysin in nuclei revealed significantly more highly positive
nuclei for BKZ-2 in comparison to BKZ-3, possibly reflecting the neuroendocrine origin or a potential
more stem cell-like phenotype. Further investigation on neuronal and neural-crest related protein
expressions displayed a strong expression of S100A1 for BKZ-2 and BKZ-3, which was shown to be
negatively associated with the frequency of lymph node metastasis and level of dedifferentiation in
ovarian cancer, enhancing the ovarian cancer cell proliferation and migration [64]. Further, SI00A9
was shown to be required for the proliferation of CRC spheroids upon mammalian target of rapamycin
complex 1 signaling [65], suggesting a role of S100 family in stemness of CRC cells. Moreover, the
neuronal marker vGLUT?2 [66], as well as the dopaminergic marker dopamine were detected in BKZ-2
and BKZ-3, highlighting the neuroendocrine origin of BKZ-2 and suggesting a neuronal differentiation
potential for BKZ-3, too [67]. TH protein, which is a rate-limiting enzyme of dopamine synthesis [68],
and thus a marker for dopaminergic neurons, was expressed predominantly nuclear, but also cytosolic
in BKZ-2 cells. Moreover, it could be detected in the nuclei of BKZ-3 cells, possibly reflecting the
multipotent phenotype of a subpopulation with potential stem cell-like characteristics, since mature
neurons would express TH predominantly cytosolic.

There is increasing evidence that CSC lay the foundation for cancer invasiveness. A critical role of
EMT and stemness for tumor plasticity and aggressiveness was discussed for NET variants of prostate
cancer in more depth [69-71] and to some extent for pancreatic neoplasms [72]. Additionally, targeting
cancer cells using ATRA-dependent differentiation therapy has been recently described for several
solid cancer types including CRC [29] and has been clinically proven for acute promyelocytic leukemia.
There are indications that ATRA suppresses proliferation, migration, CSC population size and sphere
formation of cancer cell lines by reversing EMT. During EMT, the E-cadherin promoter is frequently
repressed by specific transcriptional repressors, including SNAIL, SLUG, ZEB1, high mobility group
AT-hook 2, and TWIST, making E-cadherin expression a valuable prognostic factor of CRC [73]. We even
demonstrated for precursor lesions of CRC SNAIL-up- and e-cadherin-down-regulation, which was
not found in normal colorectal tissue [74]. In this study, BKZ-2 expressed higher level of the EMT key
transcription factors TWIST, SLUG, and SNAIL as well as SLUG on protein level in comparison to BKZ-3.
Thus, BKZ-2 seem to harbor a more pronounced EMT-phenotype in comparison to BKZ-3. Cui and
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coworkers demonstrated that ATRA induced differentiation by decreasing invasion, proliferation
and migration of the murine hepatocellular carcinoma cell lines hepal-6. Moreover, they showed
impaired in vitro liver function upon the reversal of EMT [75]. Those results stand in line with the study
of Modarai and colleagues, in which ATRA-treatment of human CRC lines decreased proliferation,
sphere formation and ALDH + CSC population size by inducing neuroendocrine differentiation [29].
Within the presented study, this phenomenon was also shown for the neuroendocrine-derived cell
line BKZ-2, revealing a decreased sphere volume and reduction in total cell mass, which is probably
caused by decreased proliferation. Further, BKZ-2 cells seem to demonstrate a more differentiated
phenotype after ATRA-treatment. However, analysis of the ATRA effect on apoptosis revealed no
increase in apoptotic cells after ATRA-stimulation for BKZ-2 and BKZ-3. This suggests that ATRA
suppresses proliferation in neuroendocrine-derived colorectal cancer cells with potential stem-like
properties possibly by targeting an EMT-phenotype and inducing differentiation, as already shown for
human CSC of head and neck squamous carcinoma [76], glioblastoma multiforme [77], and gastric
cancer [78]. The AC-derived colorectal cancer cell line BKZ-3 exhibited lower mRINA levels of EMT
transcription factors as well as SLUG high nuclei and behaved contrary subsequent to ATRA-treatment,
as volume of spheres increased with no change in total cell mass. This possibly represents some
sort of ATRA resistance for BKZ-3 cells, even if ATRA induced a shift in growth behavior for BKZ-3
cells. There is growing evidence that mechanisms inducing the degradation of retinoic acid receptor
B [79] or cytoplasmic retinoid X receptor « play crucial roles in the ATRA resistance of colonic AC
cell lines [80]. A similar downregulation of retinoic acid receptors could explain the opposed effect
in BKZ-3 cells compared to BKZ-2, however the actual molecular pathway behind this still needs to
be clarified. The CSC-marker ALDH [81] is a key enzyme in retinoid acid signaling and was shown
to be targeted by ATRA in CRC cell lines [29]. Analysis of ALDH activity demonstrated a slightly
higher proportion of BKZ-3 cells with high ALDH activity of about 26% in comparison to BKZ-2 with
about 8% of highly active cells. However, Khorrami and coworkers have shown that HT-29-derived
colonospheres with low ALDH activity demonstrate increased tumorigenic potential and stemness
properties, reflecting the need for a set of CSC-marker and CSC plasticity. Even though it was presented
that ATRA treatment decreased colony and sphere formation capacities only in an ALDH-high not in
ALDH-low subpopulation of a human ovarian cancer cell line [82], the mechanism behind the higher
sensitivity of BKZ-2 in comparison to BKZ-3 cannot be explained solely by ALDH activity.

There is evidence that differentiation therapy using ATRA involves MYC/NMYC regulation in
cancer cells. This was shown by Farrell and coworkers, who validated that peptidyl-prolyl cis-trans
isomerase Pin1 (PIN1) regulates MYC activity by acting on MYC degradation and activation [83]. ATRA
acts as inhibitor of PIN1, reducing for example in vivo growth of triple-negative breast cancer xenografts
by the degradation of PIN1 protein [84]. This stands in line with results concerning hepatocellular
carcinoma xenografts using slow-release poly L-lactic acid microparticle containing ATRA [85].
Less sensitivity of BKZ-3 for ATRA-treatment was not reflected by differences in MYC-family member
protein expressions but may be due to dysregulation in PIN1 signaling, leading to less inhibitory
effects of ATRA on MYC activity. MYC-family proteins function as potent transcription factors that
organize multiple cellular processes, including adhesion, proliferation, survival, and differentiation.
Thus, MYC expression is frequently enhanced in cancer leading to elevated MYC RNA and protein
expression [86,87]. Likewise, we demonstrated gene copy number gain for NMYC in both colorectal
cancer cell lines that comprise a subpopulation of cells with potential stem-like properties. Gain of gene
copy numbers of members of the MYC-family is reported to be an independent factor for poor prognosis
in consecutive CRC patients and in the stage II-1I] subgroups [88]. Accordingly, neuroendocrine prostate
cancer tumors, associated with aggressive disease and poor prognosis, are partly driven by aberrant
expression of NMYC. NMYC overexpression and its subsequent deoxyribonucleic acid (DNA) binding
induce epigenomic and transcriptomic reprogramming, resulting in a castration-resistant, promoting
lineage-plasticity [21]. Further, NMYC overexpression was associated with highly proliferative,
invasive prostate cancer with neuroendocrine features and was associated with an induction of EMT
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genes and poor outcome [89]. In accordance to that, NMYC copy number gain of BKZ-2 and BKZ-3
correlated with the expression of EMT genes and stem-like characteristics. Moreover, NMYC copy
number gain of BKZ-2 as a neuroendocrine-derived colorectal cancer cell population goes along with
the known correlation of neuroendocrine neoplasms with NMYC derangement in prostate cancer.
As NMYC was shown to drive transformation of human prostate epithelial cells to prostate AC and
neuroendocrine prostate cancer [90], BKZ-3 may present a lineage plastic AC-derived colorectal cancer
cell line with a subpopulation of cells with potential stem-like characteristics and the potential to gain
neuroendocrine features. Even though a copy number gain was not detected for MYC, it was also
expressed on protein level within BKZ-2 and BKZ-3 cells. Thus, probably playing a role in maintaining
CCSC-like phenotype, too. It was demonstrated that MYC positively regulate check point inhibitor
proteins leukocyte surface antigen CD47 and PDL1 via direct binding to their encoding gene promoters
suppressing both the innate and the adaptive immune response while favoring tumor growth [91].
Further, immune checkpoint ligand PDL1 is upregulated in EMT-activated human breast cancer
cells [92] and was shown to be more highly expressed in metastatic CRC than in primary CRC [93],
suggesting its correlation with stem cell characteristics. Intriguingly, EMT and immune checkpoint
proteins maybe related to each other as EGFR activation induces EMT and PDL1 expression in cancer.
Moreover, MYC is required for EGFR-mediated PDL1 upregulation but not EMT [94]. Further, in vitro
experiments on CRC-derived tumor cell lines provided evidence that PDL2 is involved in tumor
cell invasion [95]. Giving these facts, the higher level of EMT genes, SLUG protein and immune
checkpoint ligands of BKZ-2 are probably associated with each other and may reflect a more invasive
and aggressive phenotype of the isolated neuroendocrine-derived colorectal cancer cell line BKZ-2
in comparison to BKZ-3 cells. Accordingly, the difference in PDL1 expression was also detected in
parental tumor tissue of the two cell lines with 2% of PDL1 positive vital tumor cells shown in BKZ-2
originating tissue and 0% in BKZ-3, respectively. Further analysis on CPS displayed a value of 2% for
parental tumor tissue of BKZ-2 and a CPS of 3 for tissue donating BKZ-3 cells. Thus, a slight correlation
between higher PDL1 expression in tumor cells and less PDL1 positive immune cell infiltration may
be assumed.

MYC/NMYC inhibition decreases the survival rates of both BKZ-2 and BKZ-3 cells. However,
survival rate was significantly higher for BKZ-3 cells, further reflecting a protective mechanism
against MYC/NMYC inhibitory molecules or rather a more MYC/NMYC independent growth of BKZ-3.
Moreover, BKZ-2 and BKZ-3 seem to be more resistant to KJ-Pyr-9 in comparison to HT-29 and HCT-116,
with BKZ-3 even revealing higher survival after 10 uM KJ-Pyr-9 treatment. This may be due to lower
expression levels of the CSC-markers CD133 and CD44 in HT-29 and HCT-116, which stands in line
with a study of Zhang and coworkers demonstrating a CD133 high expressing subpopulation of HT-29
cells paralleled by higher levels of MYC. Further, MYC silencing led to higher chemo sensitivity [18].
The KJ-Pyr-9 inhibitor used here as a small molecule antagonist of the protein—protein interaction of
MYC and NMYC with myc-associated factor X (MAX) was reported to inhibit dimerization of these two
molecules. Reduced survival rates were demonstrated subsequent to KJ-Pyr-9-treatment in vitro on
various tumor cell lines with concentrations of 5 to 20 uM as well as in vivo in a human to mouse tumor
xenograft model with a dosage of 10 mg/kg body weight [96], which was here presented for BKZ-2 and
BKZ-3, too. Moreover, KJ-Pyr-9-treatment led to high percentages of apoptotic cells, revealing that its
influence on survival is based on apoptosis. Interestingly, BKZ-2 cells showed significantly higher
sensitivity in comparison to BKZ-3 when treated with 10 uM. Even though BKZ-3 was less sensitive for
MYC/NMYC inhibition in comparison to BKZ-2, both colorectal cancer cell lines revealed significant
reductions of survival rates due to induced apoptosis upon MYC/NMYC inhibition. Consequently,
the usage of inhibitors of the protein—protein interaction of MYC and NMYC with MAX is a possible
treatment strategy for both neuroendocrine- and AC-derived colorectal cancer cell lines that harbor a
subpopulation with potential stem-like properties.



Cancers 2020, 12, 2582 23 of 34

4. Materials and Methods

4.1. Patients Clinical Characterisation and Oncological Treatment

Patient 1 (donor of BKZ-2 cell line) was a 79-year-old Caucasian male when admitted to the
emergency room of the Protestant Hospital of Bethel Foundation (Bielefeld, Germany) with abdominal
pain and clinical signs of an obstructive ileus. Computerized tomography (CT)-scan revealed a
malignant tumorous lesion of the upper third of the rectum with consecutive massive dilated upstream
colon (Figure 1A). Flexible rectal endoscopy confirmed a luminal subtotally occluding neoplastic lesion
(Figure 1B). Following the introduction of a self-expanding metallic endo-prosthetic stent, a passage
was reestablished (Figure 1C). Staging revealed multiple synchronic hepatic metastases of all segments
(Figure 1D). Patient 1 was scheduled for robotic deep rectal resection with primary, circular stapler
performed descendo-rectostomy. Following national guidelines and the recommendation of the local
oncological board, a systemic chemotherapy with carboplatin and Etoposid was initiated and further
switched to cisplatin and Etoposid due to hepatic progress. Patient 2 (donor of BKZ-3 cell line) was
a 64 year old Caucasian male when admitted to the emergency room of the Protestant Hospital of
Bethel Foundation (Bielefeld, Germany) with signs of sub-total ileus, abdominal crampy pain and a
history of recurring nausea and vomitus paralleled by weight loss of 15 kg in the last three months
prior admission. The patient presented a bloated abdomen without peritonism and scarce peristaltic of
the bowel. CT-scan revealed a mass of the splenic flexure of the left colon suspicious for malignancy
with distension of the pre-stenotic bowel (Figure 1E). Staging revealed no evidence of extra colonic
malignant lesions. The patient was urgently scheduled for an open left hemicolectomy with worsening
signs of mechanical bowel obstruction.

Isolation of genomic DNA of parental tumor tissue for BRAF mutation analysis was performed
using automatically DNA-extraction with Maxwell® RSC DNA FFPE Kit and the Maxwell® RSC
instrument (Promega, Walldorf, Germany) according to the manufacturers guidelines in the Institute
of Pathology KRH Hospital Nordstadt (Hannover, Germany). Sequencing of isolated genomic DNA
of parental tissue and genomic DNA of isolated cell lines (as described below) was performed using
DTCS Quick Start Kit (Beckman Coulter Life Sciences, Indianapolis, IN, USA) and GenomeLab GeXP™
Genetic Analysis System (Beckman Coulter Life Sciences) according to the manufacturers guidelines.

Informed consent according to local and international guidelines was signed by both patients.
All further experimental procedures were ethically approved (Ethics committee Miinster, Germany,
2017-522-f-S).

4.2. Colorectal Cancer Cell Line Establishment and Cell Culture

To obtain primary tumor material for cell culture, a cubic sample measuring 5 mm was collected
from each tumor type. The sample was transferred to ice-cold Dulbecco’s Phosphate Buffered
Saline (PBS; Sigma Aldrich, Munich, Germany) supplemented with antibiotics penicillin/streptomycin
(500 pg/mL; Sigma Aldrich), gentamicin (100 pg/mL; Ratiopharm, Ulm, Germany) and metronidazole
(5 pg/mL; B.Braun, Melsungen, Germany), as well as the antimycotic amphotericin B (12.5 pg/mL;
Sigma Aldrich) to control colic microbiom contamination. For the isolation of the cells, the specimen
was washed ten times with ice-cold PBS, mechanically disintegrated in 2-5 mm pieces followed by
enzymatical digestion with collagenase for 2 h at 37 °C as described previously [63]. One half of the
minced tissue was used to cultivate spheres in Dulbecco’s Modified Eagle’s medium/Ham’s F-12 (Sigma
Aldrich) with the addition of 2 mM L-Glutamin (Sigma Aldrich), penicillin/streptomycin (100 pg/mL),
gentamicin (20 ug/mL), metronidazole (1 ug/mL), amphotericin B (2.5 ng/mL), EGF (20 ng/mL; Miltenyi
Biotec, Bergisch Gladbach, Germany), FGF-2 (40 ng/mL; Miltenyi Biotec) and B27 supplement (Gibco,
Thermo Fisher Scientific, Bremen, Germany) in low adhesion T25 tissue culture flasks. The other half
of the tissue was used to grow adherent cells, where the cells were cultivated on gelatin from bovine
skin (type B; Sigma Aldrich) coated culture dishes in the medium described above supplemented with
10% FCS (Sigma Aldrich).



Cancers 2020, 12, 2582 24 of 34

Colon adenocarcinoma cell line HT-29 (DSMZ-German Collection of Microorganisms and
Cell Cultures, Braunschweig, Germany) and colon carcinoma cell line HCT-116 (DSMZ-German
Collection of Microorganisms and Cell Cultures) were maintained in McCoy’s 5A medium (Sigma
Aldrich) with 10% FCS, 2 mM L-Glutamin, and penicillin/streptomycin (100 pg/mL). Adult HDF
(Genlantis, San Diego, CA, USA) were a kind gift from Dr. Isabel Faust, Institute for Laboratory
and Transfusion Medicine, Heart and Diabetes Centre NRW (Bad Oeynhausen, Germany) and were
cultured in Dulbecco’s Modified Eagle’s Medium-high glucose (Sigma Aldrich) with 10% FCS, 2 mM
L-Glutamin, and penicillin/streptomycin (100 pg/mL). All cells were cultured at 37 °C and 5% CO2 in a
humidified incubator.

Population doubling times were determined using the Orangu™ Cell Counting Solution and were
performed at least six times per cell population according to the manufacturers guidelines. For this
1000, 2500, 5000, 7500, and 10,000 cells per 100 uL CSC medium containing 10% FCS were seeded in a
96 well and used as a standard curve. To calculate the population doubling time 3000 cells per 100 puL
CSC medium containing 10% FCS were seeded in a 96 well and cultured for 72 h, followed by the
measurement of cell viability and quantification of cell count using the appropriate standard curve.
Growth rates and population doubling times were determined by the following equations:
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4.3. Immunocytochemistry and Immunohistochemistry

For immunocytochemical cell staining, BKZ-2, BKZ-3, HT-29, HCT-116, and HDF were pre-cultured
as an explant culture as described above. After harvesting, 1.5 x 10 cells per 500 uL. CSC medium
supplemented with 10% FCS were planted on top of etched cover slips. After 2-3 days of cultivation, cells
were fixed with 4% phosphate-buffered paraformaldehyde (lab-made) for 15 min at room temperature
(RT) followed by three washing steps with 1 x PBS. Cells were blocked and permeabilized using 0.02%
Triton-X 100 (Sigma Aldrich) with 5% appropriate serum (Dianova, Hamburg, Germany) or 1% bovine
serum albumin (Sigma-Aldrich) for 30 min at RT. Afterwards, cells were incubated with primary
antibodies for 1 h at RT. Antibodies used were anti-CD44 (1:400; 156-3C11; Cell Signaling, Frankfurt
am Main, Germany), anti-CD133 (1:100; NB120-16518; NovusBio, Bio-Techne, Wiesbaden-Nordenstadt,
Germany), anti-Nestin (1:200; MAB5326; Millipore, Merck, Darmstadt, Germany), anti-Synaptophysin
(1:250; MAB5258;Abcam, Berlin, Germany), anti-SLUG (1:100; C19G7; Cell Signaling), anti-S100
(1:400; Z 0311; DAKO, Agilent, Santa Clara, CA, USA), anti-Dopamine (1:100; AB1225; Millipore,
Merck), anti-vGLUT2 (1:50; MAB5504; Millipore, Merck), anti-TH (1:50; H-196; Santa Cruz, Heidelberg,
Germany), anti-Cleaved Caspase-3 (1:400; Asp175/5A1E; Cell Signaling), anti-MYC (10 pg/mL; Y69;
Abcam) and anti-NMYC (2,5 pg/mL; NCM II 100; Abcam). Secondary fluorochrome-conjugated
antibodies (1:300; goat anti-mouse Alexa 555, goat anti-rabbit Alexa 555, goat anti-mouse Alexa
488; Life Technologies, Thermo Fisher Scientific) were incubated for 1 h at RT in the dark. Nuclear
counterstaining was performed with 4’,6-diamidino-2-phenylindole (DAPI; 1 ug/mL; Sigma Aldrich)
for 10 min at RT. Fluorescence imaging was performed using a confocal laser scanning microscope
(LSM 780; Carl Zeiss, Jena, Germany) and analyzed using ZEN software from the same provider or Fiji
Image]J [97]. For the quantification of immunofluorescence stainings, at least five images per condition
were analyzed. Percentages of SLUG and Synaptophysin high and low cells were quantified by the
mean of the nuclear fluorescence intensity, with cells showing a nuclear mean fluorescence intensity
over 15,000 clustered as SLUG and Synaptophysin high. CD133 and CD44 high, medium and low
cells were determined by 10 randomly applied measurements for fluorescence intensity on at least five
images per cell population. HDF were used as negative control and their background fluorescence was
subtracted from each measurement. Cells were classified as CD133 high: > 10,000, CD133 medium:
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< 10,000 > 5000 and CD133 low: < 5000 > 0. For CD44 expression, cells were classified in CD44 high:
> 2000, CD44 medium: < 2000 > 1000 and CD44 low: < 1000 > 0.

All immunohistochemical stainings, except for the staining for MYC and NMYC, were performed
in the Institute of Pathology of KRH Hospital Nordstadt (Hannover, Germany) using the automated
immunohistochemistry and in situ hybridization platform Dako Omnis (DAKO, Agilent) according to
the manufacturer’s instructions. Antibodies used were: Anti-CD56 (123C3; DAKO, Agilent), anti-CK20
(Ks20.8; DAKO, Agilent), anti-Ki67 (MIB-1;, DAKO, Agilent), anti-Synaptophysin (DAK-SYNAP;
DAKO, Agilent), anti-CDX2 (DAK-CDX2; DAKO, Agilent), anti-panCK (AE1/AE3; DAKO, Agilent),
anti-PDL1 (22C3; DAKO, Agilent), anti-CK7 (OV-TL 12/30; DAKO, Agilent) and anti-SATB2 (EP281;
Cell Marque, Rocklin, CA, USA). For visualization the EnVision FLEX, High pH (DAKO, Agilent)
visualization system was used according to the manufacturers guidelines. Each scoring pathologist
had specific training for the specific antibody and particular indication for testing as appropriate.
Analysis of the expression of the immune checkpoint ligand PDL1 was done according to international

standards [98].
PDL1 positive vital tumor cells

TPS =
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IC is given as a score with the following values: 0 = 0-<1%, 1 = >1%—-<5%, 2 = 5%—-<10%,
3 = 210%. For immunocytochemical staining of MYC and NMYC paraffin-embedded sections were
deparaffinized and rehydrated. For this, sections were washed two times for 10 min in xylol followed
by 10 min 100% ethanol. Afterwards, sections were rehydrated by 5 min washes in 90% ethanol,
followed by 80% ethanol and 70% ethanol. Epitope retrieval was performed by boiling the slides within
0.01 M citrate buffer, pH 6.0 (lab made) for 20 min. After cool down for at least 30 min at RT slides
were washed two times with 0.02% Triton-X 100. Afterwards, slides were blocked and permeabilized
using 0.02%Triton-X 100 with 10% appropriate serum (Dianova) and 1% bovine serum albumin for
2 h at RT. Anti-MYC (5 pg/mL; Y69; Abcam) and anti-NMYC (5 pg/mL; NCM II 100; Abcam) first
antibodies were diluted in blocking solution and incubated over night at 4 °C. After three washing
steps in PBS, secondary fluorochrome-conjugated antibodies (1:300; goat anti-mouse Alexa 555, goat
anti-rabbit Alexa 555; Life Technologies, Thermo Fisher Scientific) were applied and incubated for 1 h
at RT in the dark. Nuclear counterstaining was performed with DAPI (1 pg/mL) for 10 min at RT and
fluorescence imaging was performed using a confocal laser scanning microscope (LSM 780; Carl Zeiss)
and analyzed using Fiji Image].

4.4. Sphere-Formation and ATRA-Treatments

To analyze the sphere-formation capacity of BKZ-2 and BKZ-3, cells were cultured in low adhesion
culture plates in CSC medium without FCS with different concentrations of heparin. Cells were
seeded in triplicates at 1 X 10° cells per 1000 pL CSC medium. Heparin (Sigma Aldrich) was added in
concentrations of 3 ug/mL, 4 pg/mL, 5 pg/mL or 0 pg/mL as a control. Cells were cultured for seven
days in a humidified cell incubator at 37 °C and 5% CO,. The size of the spheres was quantified for
each treatment condition at day 2, day 4, and day 7 after initial cell seeding. Therefore, five randomized
images of each well were taken, and every sphere was measured in length and width using Fiji Image].
Then, the diameter of each sphere as mean of length and width was calculated. For the comparison of
sphere formation capacity of BKZ-2, BKZ-3 with HT-29 and HCT-116 and for sphere-formation under
the treatment of different concentrations of ATRA (Sigma Aldrich), cells were seeded at 5000 cells per
200 pL CSC medium containing 4 ug/ml heparin in a low adhesion 96 well-plate and cultured for five
days. For the treatment, medium was supplemented with 1 uM ATRA, 5 uM ATRA, 10 uM ATRA or
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dimethylsulfoxide (DMSO) as a control in triplicates for each treatment condition. For quantification,
two representative images of each well were taken and every sphere was measured in length and
width using Fiji Image], with the mean of both representing the diameter of each sphere. Volume of
spheres was determined using the formula:

; 2
V= 4, - sphere diameter

3 2 ©

The number of spheres was calculated by counting each sphere of all six representative images
for each condition. For total cell mass calculation, mean of sphere volume was multiplied with the
mean of sphere number. According to Weiswald and colleagues, spheres with a diameter of > 20 um
were considered for further evaluation [17]. For the analysis of the influence of ATRA on BKZ-2
and BKZ-3 in monolayer, 3000 cells per 100 uL CSC medium containing 10% FCS were seeded in a
0.1% gelatin coated 96 well-plate. Additionally, 1000, 2500, 5000, 7500, and 10,000 cells per 100 pL
medium were seeded in a 96 well for a standard curve. After adherence of the cells, cell viability was
measured for the standard curve and ATRA was applied as described above. After 5 days of treatment,
cell viability was measured and cell count was quantified using the standard curve. Each treatment
condition was performed in triplicates. For the immunocytochemical staining of cleaved caspase 3 after
ATRA-treatment, 1.5 x 10* cells per 500 pL. CSC medium containing 10% FCS were seeded in a 24 well
on top of etched cover slips. After adherence, cells were treated with different ATRA concentrations as
well as DMSO as control for five days. Afterwards, cleaved caspase 3 immunocytochemical staining
was performed as described above.

4.5. Real-Time PCR

RNA isolation of cultivated cell populations was done using the NucleoSpin® RNA Plus
kit (Machery-Nagel, Diiren, Germany) according to the manufacturers instruction. Quality and
concentration of RNA were assessed via Nanodrop ultraviolet spectrophotometry. Copy DNA (cDNA)
synthesis was performed using 1 pg of RNA and the First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific). For the synthesis, random hexamer primers were used. qPCR were performed in triplicates
using 2 X qPCR SyGreen Mix (PCR Biosystems, London, UK), according to the manufacturer’s
instructions, and assayed with the Eco48 (PCRmax, Stone, Staffordshire, UK). Used primers (Sigma
Aldrich) are listed in Table 1. Isolation of the genomic DNA for the analysis of gene copy number of
NMYC and MYC was done using QUIamp® DNA Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s guidelines. Quantification of gene copy number was performed in triplicates
using Platinum SYBR Green qPCR Super-Mix UDG (Invitrogen, Thermo Fisher Scientific), according
to the manufacturers guidelines, and assayed with a Rotor Gene 6000 (Qiagen). Each gene assay
included: (1) a no-template control, (2) 10 ng of calibrator human genomic DNA of MSCs (Lonza,
Basel, Switzerland), and (3) 10 ng of tumor DNA. Haploid copy number was determined according to
De Preter et al. [99].
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Table 1. Primer sequences for quantitative polymerase chain reaction.

Target Sequence 5'-3
CD44 antigen (CD44) CTACAAGCACAATCCAGGCAA
Rev-CD44 GCATTGGATGGCTGGTATGA
Programed death ligand 1 (PDL1) CCCAGTTCTGCGCAGCTT
Rev-PDL1 ACCGTGACAGTAAATGCGTTC
Programed death ligand 2 (PDL2) TCCAACTTGGCTGCTTCACA
Rev-PDL2 CCACAGGTTCAGATAGCACTGT
Prominin-1 (CD133) AACAGTTTGCCCCCAGGAAA
Rev-CD133 GAAGGACTCGTTGCTGGTGA
Epithelial cell adhesion molecule (EPCAM) GCTGGCCGTAAACTGCTTTG
Rev-EPCAM ACATTTGGCAGCCAGCTTTG

N-myc proto-oncogene (NMYC) (genomic)
Rev-NMYC (genomic)
Octamer-binding transcription factor 4 (OCT4)

CGCAAAAGCCACCTCTCATTA
TCCAGCAGATGCCACATAAGG
CGAAAGAGAAAGCGAACCAG

Rev-OCT4 GCCGGTTACAGAACCACACT
Myc proto-oncogene (MYC) (genomic) AAAAGTGGGCGGCTGGATAC
Rev-MYC (genomic) AGGGATGGGAGGAAACGCTA
SRY-box transcription factor 2 (SOX2) GGCACTTTGCACTGGAACTT
Rev-50X2 AGGCTGCTGGTTTTCCACTA
Twist family bHLH transcription factor 1 (TWIST) GTCCGCAGTCTTACGAGGAG
Rev-TWIST CCAGCTTGAGGGTCTGAATC
Snail family transcriptional repressor 1 (SNAIL) CCCAATCGGAAGCCTAACTA
Rev-SNAIL GGACAGAGTCCCAGATGAGC
Snail family transcriptional repressor 2 (SLUG) TCGGACCCACACATTACCTT
Rev-SLUG TTGGAGCAGTTTTTGCACTG
Actin beta TCCCTGGAGAAGAGCTACGA
Rev-Actin beta AGCACTGTGTTGGCGTACAG
Eukaryotic translation elongation factor 2 (EEF2) AGGTCGGTTCTACGCCTTTG
Rev-EEF2 TTCCCACAAGGCACATCCTC
Syndecan 4 (genomic) CAGGGTCTGGGAGCCAAGT

GCACAGTGCTGGACATTGACA
AGACTGGCTCTTAAAAAGTGCAGG
TGCTGTAGCCAAATTCGTTGTC

Rev-Syndecan 4 (genomic)
Glyceraldehyde-3-phosphate dehydrogenase (genomic)
Rev-Glyceraldehyde-3-phosphate dehydrogenase (genomic)

4.6. MYC Inhibitor Treatment

To analyze the influence of the proto-oncogenes MYC and NMYC, cells were treated with different
concentrations of the MYC and NMYC inhibitor KJ-Pyr-9 (Merck) and cell viability assays using
Orangu™ were performed in triplicates according to the manufacturers guidelines. For this, cells were
seeded in 0.1% gelatin coated 96 well-plates in the amount of 1000, 2500, 5000, 7500 and 10,000 cells per
100 uL CSC medium containing 10% FCS for a standard curve and in the amount of 3000 cells per 100 L
CSC medium containing 10% FCS for the treatment. After adherence of the cells, cell viability was
measured for the standard curve and treatment was started applying KJ-Pyr-9 in the concentrations of
10 uM, 20 1M, 40 puM, and 60 pM, as well as DMSO as control to the CSC medium supplemented with
10% FCS. After 5 days of treatment, cell viability was measured, and cell count was quantified using the
standard curve. Survival rate was calculated by normalizing each cell count to the mean of controls for
BKZ-2 and BKZ-3. For the immunocytochemical staining of cleaved caspase 3 after KJ-Pyr-9-treatment,
1.5 x 10* cells per 500 uL. CSC medium containing 10% FCS were seeded in a 24 well on top of etched
cover slips. After adherence, cells were treated with 10 uM, 20 pM, 40 pM or 60 uM of KJ-Pyr-9 or
DMSO as a control for five days. Afterwards, cleaved caspase 3 immunocytochemical staining was
performed as described above.
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4.7. Flow Cytometry

To determine the ALDH-activity, BKZ-2 and BKZ-3 were pre-cultured as an explant culture as
described above. After harvesting, using trypsin, cells were analyzed with the ALDEFLUOR™ Kit
(STEMCELL Technologies Inc., Vancouver, BC, Canada) according to the manufacturer’s instructions
by flow cytometry on a Gallios flow-cytometer (Beckman Coulter Life Sciences). Dead cells were
excluded by Propidium Iodide (Sigma Aldrich) co-staining and spectral overlap was compensated
using samples of the K562 cell line (DSMZ-German Collection of Microorganisms and Cell Cultures),
which also served as positive control. BKZ-2 and BKZ-3 cells were analyzed in parallel to yield
comparable results.

4.8. Statistical Analysis

Data were raised at least in triplicates and statistically analyzed by using Prism V5.01 software
(GraphPad Software, Inc., San Diego, CA, USA). Test for normality was performed by use of D’ Agnostino
& Pearson omnibus normality test. Student’s t-test, non-parametric Kruskal-Wallis analysis of variance
(ANOVA) and Dunn’s Multiple Comparison post-hoc test or non-parametric Mann-Whitney-test
were performed to assess differences between multiple groups. A significance value of p < 0.05 was
considered as statistically significant. The data are presented as the means + standard error of the
mean (SEM).

5. Conclusions

In summary, we isolated the two novel colorectal cancer cell lines BKZ-2 and BKZ-3, originating
from a rare rectal neuroendocrine carcinoma and a colorectal AC, respectively, both containing a
subpopulation with potential stem-like properties. Thus, BKZ-2 and BKZ-3 represent excellent new
in vitro models to study colorectal cancer in cellular systems. Higher expression of CD133 and CD44 of
both cell populations and a higher number of formed spheres in comparison to well-established colon
carcinoma cell lines HT-29 and HCT-116 validated the existence of a subpopulation with potential
stem cell-like phenotype. Moreover, initial characterization revealed a gene copy number gain of
the proto-oncogene NMYC for both cell lines. Indirect inhibition of MYC/NMYC activity with ATRA
led to decreased sphere volume and total cell mass for BKZ-2, although not for BKZ-3, which is
probably caused by its effect on proliferation. Inhibition of the protein—protein interaction of MYC
and NMYC with MAX utilizing KJ-Pyr-9 exhibited a significant reduction in the survival rate of both
cell lines by the induction of apoptosis. Consequently, the blockage of these interactions may serve
as a possible treatment strategy for colorectal cancer cell lines with increased NMYC copy number.
However, differences in phenotype and the modulation of proliferation subsequent to ATRA-treatment,
respectively, underline the complexity of signaling pathways involved in tumorigenesis and CSC
maintenance of the different subclasses of colorectal cancer cells warranting further studies on this
relevant topic.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/9/2582/s1,
Figure S1: Expression of neuronal and neural crest related proteins in BKZ-2 and BKZ-3 cells, Figure S2:
Immunocytochemical staining of adult human dermal fibroblasts (HDF) as negative control for confocal laser
scanning microscopy, Figure S3: BKZ-2 and BKZ-3 are highly positive for cancer stem cell-markers prominin-1
(CD133) and CD44 antigen (CD44), Figure S4: All-trans retinoic acid (ATRA)-treatment reduces proliferation of
BKZ-2 cells, but does not affect BKZ-3.
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Simple Summary: Cancer is the leading cause of death in the industrialized world. In particular,

so-called cancer stem cells (CSCs) play a crucial role in disease progression, as they are known to

contribute to tumor growth and metastasis. Thus, CSCs are heavily investigated in a broad range of

cancers. Nevertheless, global transcriptomic profiling of CSC populations derived from different

tumor types is rare. We established three CSC populations from tumors in the uterus, brain, lung,

and prostate and assessed their global transcriptomes using nanopore full-length cDNA sequencing,

a new technique to assess insights into global gene profile. We observed common expression in

all CSCs for distinct genes encoding proteins for organelles, such as ribosomes, mitochondria, and

proteasomes. Additionally, we detected high expressions of inflammation- and immunity-related

genes. Conclusively, we observed high similarities between all CSCs independent of their tumor of

origin, which may build the basis for identifying novel therapeutic strategies targeting CSCs.

Cancers 2021, 13, 1136. https:/ /doi.org/10.3390/ cancers13051136

https:/ /www.mdpi.com/journal/cancers


https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0001-9300-3355
https://orcid.org/0000-0003-4674-5887
https://orcid.org/0000-0002-5918-9384
https://orcid.org/0000-0003-3520-0558
https://orcid.org/0000-0002-5371-0220
https://orcid.org/0000-0002-0524-662X
https://orcid.org/0000-0003-0748-3423
https://orcid.org/0000-0003-0774-2739
https://orcid.org/0000-0001-9911-2114
https://orcid.org/0000-0003-0409-0747
https://doi.org/10.3390/cancers13051136
https://doi.org/10.3390/cancers13051136
https://doi.org/10.3390/cancers13051136
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13051136
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/2072-6694/13/5/1136?type=check_update&version=2

Cancers 2021, 13, 1136

2 0f 22

Abstract: Cancer stem cells (CSCs) are crucial mediators of tumor growth, metastasis, therapy
resistance, and recurrence in a broad variety of human cancers. Although their biology is increasingly
investigated within the distinct types of cancer, direct comparisons of CSCs from different tumor
types allowing comprehensive mechanistic insights are rarely assessed. In the present study, we
isolated CSCs from endometrioid carcinomas, glioblastoma multiforme as well as adenocarcinomas
of lung and prostate and assessed their global transcriptomes using full-length cDNA nanopore
sequencing. Despite the expression of common CSC markers, principal component analysis showed
a distinct separation of the CSC populations into three clusters independent of the specific type of
tumor. However, GO-term and KEGG pathway enrichment analysis revealed upregulated genes
related to ribosomal biosynthesis, the mitochondrion, oxidative phosphorylation, and glycolytic
pathways, as well as the proteasome, suggesting a great extent of metabolic flexibility in CSCs.
Interestingly, the GO term “NF-kB binding” was likewise found to be elevated in all investigated
CSC populations. In summary, we here provide evidence for high global transcriptional similarities
between CSCs from various tumors, which particularly share upregulated gene expression associated
with mitochondrial and ribosomal activity. Our findings may build the basis for identifying novel
therapeutic strategies targeting CSCs.

Keywords: cancer stem cells; endometrioid carcinoma; glioblastoma multiforme; lung adenocarci-
noma; prostate adenocarcinoma; nanopore sequencing; mitochondrion; ribosome

1. Introduction

Cancer stem cells (CSCs) are increasingly noticed to initiate tumor growth and to
drive metastasis and tumor recurrence in a broad range of human cancers (reviewed in [1]).
Within the highly heterogeneous tumor cell mass, CSCs represent only a small subpopula-
tion [2] (reviewed in [3]), but possess stem-like properties like self-renewal, asymmetric
division and multi-lineage differentiation [4-7] (reviewed in [1]). Moreover, CSCs remain
hidden in the body of the patients until their reactivation by various stimuli leads to the re-
generation of the tumor or to the formation of metastasis [8]. These characteristics facilitate
the role of CSCs as major drivers of tumor formation and progression. From a therapeutic
point of view, their quiescent-like state makes CSCs highly resistant to chemotherapeutic
agents, while the low expression of major histocompatibility class I molecules enables the
escape from immune surveillance by cytotoxic T-cells [9-11]. To gain a deeper understand-
ing of CSC biology and potential treatment options, global transcriptional profiling has
become a state-of-the-art tool during the recent years [12]. However, direct comparisons
of CSCs from different tumor types are rarely assessed, although these may allow the
identification of comprehensive mechanisms present in CSCs independent to the type of
the tumor. In the present study, we isolated CSCs from endometrioid carcinomas, glioblas-
toma multiforme, as well as adenocarcinomas of lung and prostate, and assessed their
global transcriptomes by nanopore RNA sequencing (RNA-Seq) to identify such potential
common regulators and mechanisms.

Endometrial cancer is one of the most common sex-specific malignant diseases in
women worldwide. Annually, about 320,000 women are diagnosed with endometrial
cancer. Especially in high-income countries, the incidence of endometrial cancer is high, at
5.9% [13]. Major risk factors are obesity, physical inactivity, and elevated estrogen levels
in postmenopausal women [14,15]. In Europe and North America, endometrial cancer
is the most frequent cancer of the female genital tract. However, it is mainly presented
with postmenopausal bleeding and therefore in most cases diagnosed at an early stage.
Nevertheless, it is more and more emphasized that a small subpopulation of tumor stem-
like cells with clonogenic, self-renewing, differentiating and tumorigenic properties are
responsible for the production of endometrial carcinoma cells [4]. Additionally, endometrial
CSCs seem to play a role in chemoresistance of endometrial carcinomas, as increased
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expression of CSC markers were shown to enrich resistance to cisplatin, placlitaxel and
doxorubicin [16].

Being the most common primary brain tumor, glioblastoma multiforme (GBM) pos-
sesses a high cellular heterogeneity and aggressiveness accompanied by an extensive
invasiveness and inevitable recurrence, resulting in an average survival time of less than
15 months [6,17-19]. As a description of the cellular composition, GBM tumors contain a
relatively rare glioblastoma stem-like cell (GSC) population, which is able to self-renew and
repopulate the whole tumor building [20]. GSCs can be found within the tumor infiltrating
zone and therefore contribute prominently to a subsequent tumor recurrence [21]. On the
contrary, differentiated GBM cells are considered as the main contributor to the tumor mass
development [20,22-26]. In a therapeutic context, Happold and coworkers analyzed GSCs
and described NF-kB RELA as a positive regulator of O6-methylguanine-DNA methyl-
transferase (MGMT) [27]. Of note, MGMT promoter hypermethylation has proven an
important predictive biomarker for benefit from alkylating chemotherapy as well as a
powerful prognostic factor in gliomas [28,29].

Lung cancer is the leading cause of cancer-related deaths worldwide. According to
its histological differentiation, it is classified into small-cell lung cancer and non-small cell
lung cancer (NSCLC), which is the most frequent form with an incidence of about 80% [30].
In the last few years, target therapy or immune therapy has been gaining popularity.
Nevertheless, the overall prognosis of NSCLC is bad, with a five-year survival rate of only
15% [31]. A meta-analysis evaluating the effect of CSC markers on the clinicopathological
characteristics of lung cancer revealed a significant association with poor differentiation and
metastasis [32]. Accordingly, CSCs were reported to be responsible for therapy resistance
and tumor growth as well as metastasis in lung cancer [5]. Moreover, lung cancer stem-like
cells (LCSCs) were shown to be regulated by NF-«B [33], as already mentioned for GSCs.

Prostate cancer (PCa) is the most common sex-specific cancer within industrialized
countries as well as the second leading cause of cancer deaths (10%) in men [34]. PCas are
described as having an epithelial origin and an almost exclusive occurrence as an acinar
adenocarcinoma [35]. PCa mainly occurs in the elderly, from the age of at least 65 years, and
can be detected using prostate-specific antigen-testing, enabling early stage detection [36].
The overall mortality is only reduced by performing a radically prostatectomy [37]. Relating
to further therapeutic options, luminal epithelial stem cells could be revealed as the origin
of PCa via lineage tracing in mice [38]. In context with CSCs, prostate tumor spheres,
originating from prostate cancer stem-like cells (PCSCs), were also shown to express a
constitutive NF-«B signaling and inherent increased IL-6 levels [39].

Here, we established cultures of CSCs and analyzed three of each cancer type via RNA-
Seq on global transcriptome level. We used the recently developed nanopore sequencing
technology (reviewed in [40]) and a protocol for generating full length cDNA to identify
common regulators and mechanisms present in CSCs independent to the tumor origin.

2. Materials and Methods
2.1. Cancer Stem-like Cell Population Establishment and Cultivation

Cancer tissue samples used to isolate CSCs were obtained during surgical resection
and were kindly provided by the Forschungsverbund BioMedizin Bielefeld/OWL (FBMB
e.V.) at the Protestant Hospital of Bethel Foundation (Bielefeld, Germany) after assuring
routine histopathological analysis. Primary tumor samples were collected from each
tumor type, including three endometrioid carcinomas, three glioblastomas, and three
adenocarcinomas of the lung and prostate, respectively. Informed consent according to
local and international guidelines was signed by all patients and further experimental
procedures were ethically approved (Ethics committee Miinster, Germany, 2017-522-£-S).

Samples were transferred into ice-cold Dulbecco’s phosphate buffered saline (PBS;
Sigma Aldrich, Munich, Germany) and for further processing transported to the University
of Bielefeld. Tumor tissue was mechanically disintegrated followed by enzymatic digestion
with collagenase for 2 h at 37 °C as described previously [41,42]. The minced tissue was cul-
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tured on gelatin (bovine skin-derived, type B; Sigma Aldrich)-coated culture dishes in CSC-
selective medium composed of Dulbecco’s modified Eagle’s medium/Ham'’s F-12 (Sigma
Aldrich) with the addition of 2 mM L-glutamine (Sigma Aldrich), penicillin/streptomycin
(100 pg/mL; Sigma Aldrich), epidermal growth factor (EGF; 20 ng/mL; MiltenyiBiotec,
Bergisch Gladbach, Germany), basic fibroblast growth factor-2 (bFGF-2; 40 ng/mL; Mil-
tenyi Biotec), B27 supplement (Gibco, Thermo Fisher Scientific, Bremen, Germany) and
10% FCS (Sigma Aldrich). Enrichment of CSCs was achieved via serial trypsin treatment,
as described by Walia et al. and Morata-Tarifa et al. [43,44]. Briefly, cells isolated by explant
culture (passage 0) were washed with PBS and subsequently treated for 5 min with trypsin
(Sigma Aldrich). Detached cells were transferred into a new gelatin pre-coated culture
dish. Trypsinization and transfer of the cells were repeated every 48 to 72 h, at least for
three cycles to assure stem-like characteristics in adherently grown and fibroblast-shaped
cancer cells. For cultivation of free-floating spheres, CSC populations from endometrioid
carcinoma and glioblastoma multiforme were cultured without the addition of serum for
several days in regular growth medium supplemented with 4 pug/mL heparin (Sigma
Aldrich).

2.2. Immunocytochemistry

For immunocytochemical staining of adherent CSC populations, cells were seeded
at the top of sterilized coverslips with 15,000-30,000 cells per 4 cm? in 24-well plates with
0.5 mL growth medium and cultured initially for 48 to 72 h until cells reached 70-80%
confluency. CSCs were fixed for 10 min with 4% para-formaldehyde in PBS. Blocking of
free binding sides and permeabilization were performed with PBT solution, including
0.02% Triton-X-100 (Sigma Aldrich) and 5% goat serum (DIANOVA, Hamburg Germany)
in PBS for 30 min. Next, three washing steps with PBS were performed as well as an
incubation with primary antibodies for 1 h at room temperature (RT). Used antibodies for
this study: anti-CD44 (1:400; 156-3C11; Cell Signaling, Frankfurt am Main, Germany), anti-
CD133 (1:100; NB120-16518; NovusBio, Bio-Techne, Wiesbaden-Nordenstadt, Germany),
anti-Nestin (1:200; MAB5326; Merck) and anti-MYC (10 ng/mL; Y69; Abcam, Cambridge,
UK). After further washing steps, secondary fluorochrome-conjugated antibodies (Alexa
Fluor 555 and -488 dyes; 1:300; goat anti-mouse and goat anti-rabbit; Life Technologies)
were applied for 1 h at RT, protected from light. Nuclear staining were performed by
using 4’,6-diamidino-2-phenylindole (DAPL 1 ug/mL; Sigma Aldrich) for 10 min. Before
CSC populations were embedded in Mowiol 4-88 (Carl Roth GmbH, Karlsruhe, Germany)
upside down on the top of microscope slides, another washing step was performed. For
fluorescence imaging, a confocal laser-scanning microscope (LSM 780; Carl Zeiss, Jena,
Germany) was used.

For immunostaining of CSC spheres, free-floating cultured cells were fixed in 4%
para-formaldehyde for 2 h, were further embedded in paraffin and sectionalized in 4 um
sections. Resulting slices were deparaffinized and rehydrated with xylol (Sigma Aldrich)
as well as via ethanol in different steps. After reconditioning of the epitope with citrate
buffer (pH 6), slices were washed in PBS and blocking of free binding sides were performed
via incubation with 0.02% Triton-X 100, 10% appropriative serum and 1% bovine serum
albumin (Sigma Aldrich) also in PBS for at least 2 h at RT. Next, incubation with primary
antibodies was performed over night at 4 °C by using: anti-CD44 (1:50), anti-CD133 (1:100)
and anti-MYC (10 pg/mL). Slices were washed three times with PBS and incubated for 1 h
at RT with the Alexa Fluor 555 and —488 secondary fluorochrome-conjugated antibodies
(1:300). Nuclear staining by using DAPI (1 pg/mL) as well as fluorescence imaging were
processed equally to immunocytochemistry of adherently cultured CSCs.

2.3. RNA Isolation and Sequencing

RNA from 1 x 10° cultured CSCs of each population and cancer type were isolated
by using the NucleoSpin® RNA Plus kit (Macherey-Nagel, Diiren, Germany) according
to manufacturer’s guidelines. Quality and concentration of isolated RNAs were assessed
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via nanodrop ultraviolet spectrophotometry. Total RNA samples with RNA Integrity
Numbers (RIN) > 9.5 were used to convert full-length RNA molecules that are both capped
and polyadenylated to cDNA using the TeloPrime Full-Length cDNA Amplification Kit
V2 (Lexogen, Vienna, Austria). Amplified full length cDNAs were then used to prepare
Oxford Nanopore Technologies (ONT) compatible libraries using the Ligation Sequencing
Kit LSK109 with the Native Barcoding Kit NBD104 (ONT, Oxford, UK), which were run on
three R9.4 flowcells on the ONT system GridION. Base calling and demultiplexing were
performed using Guppy v3.1.5.

2.4. Preprocessing and Genome Alignment

Fastq files containing reads that passed the quality filtering were concatenated accord-
ing to their barcodes from each flowcell. Since the three flowcells showed high correlation
on gene count level, technical triplicates were merged accordingly. Sequencing adapters
were trimmed using porechop v0.2.4 [45]. Trimming was checked using FastQC v0.11.9 [46].
Trimmed reads were aligned to the human RefSeq genome GRCh38.p13 [47,48] using min-
imap 2 [49] with the arguments -ax splice -p 0.99. Alignment files were converted to bam
format using samtools v1.10.2 [50]. The bam files were quality checked using AlignQC
v2.0.5 [51] samtools v1.10.2 [50]. As the alignments showed up to 15% trans-chimeric reads,
which most likely resulted from the library preparation, those reads were removed from
the alignments. Therefore, the chimera.bed file from the AlignQC output were converted to
exclusion lists. Bam files were sorted using samtools v1.10.2 [50] and filtered using the Fil-
terSamReads module of Picard Toolkit (http:/ /broadinstitute.github.io/picard/ (accessed
on 6 March 2020)) with the exclusion lists and the arguments —FILTER excludeReadList
—SORT_ORDER. Mismatches and small indels were corrected using TranscriptClean [52]
with the human RefSeq genome GRCh38.p13 [47]. These high-quality alignments were
used as input for the estimation of gene abundances.

2.5. Gene Abundance Estimation and Enrichment Analysis

Mapped reads were assigned to genes and counted by the featureCounts module of
the R/Bioconductor [53] package Rsubread v2.0.1 [54] with the arguments countMultiMap-
pings = TRUE, fraction = TRUE, isLongRead = TRUE. The gitf file of the human RefSeq
genome GRCh38.p13 [47] was used as external annotation. From genes with multiple
integrations but the same exon structure, only one was retained, because they shared the
same multimapping reads. These raw counts were grouped by the CSC populations and
preprocessed using the R/Bioconductor package edgeR v3.28.1. [55,56]. Lowly expressed
genes were filtered using the filterByExpr function with default arguments. Normalization
factors were calculated using the trimmed mean of M-values method [57]. Differentially
expressed genes (DEGs) were identified by an ANOVA-like testing using the general-
ized linear models with the quasi-likelihood F-test (glmQLFTest). The threshold of DEGs
was set as p value < 0.05. Principle component analysis (PCA) was conducted using the
R/Bioconductor package PCAtools v1.2.0 [58]. Heatmaps were created using the heatmap.2
function of the R package gplots v3.1.1 [59]. Correlation analysis was conducted using the R
package Hmisc package [60]. Functional enrichment of GO-terms of genes expressed in all
12 CSC populations were calculated using the PANTHER classification system [61], while
the DAVID database [62,63] served for calculating functional enriched KEGG pathways.
Significantly (modified Fisher Exact p-value; p < 0.05) enriched GO-terms and pathways
were visualized with Prism software (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Correlative Analysis of Characteristic Markers in Cancer Stem-like Cells from Endometrioid
Carcinomas, Glioblastoma Multiforme, Lung- and Prostate Adenocarcinomas

In this study, 12 different CSC populations from four different carcinoma types were
established. Carcinoma types included three endometrial carcinomas, three glioblastomas
as well as three adenocarcinomas of the lung and the prostate, respectively. All female
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donors of the endometrial cancer stem-like cell populations (ECSCs) suffered from en-
dometrioid carcinomas of the corpus uteri ranging WHO grade I-II and were aged between
72 and 86 years. Donors of GSCs were two males (42 and 69 years old) and one female (60
years old), all revealing glioblastoma multiforme. Glioblastomas of the donors of GSCs_a
and GSCs_c revealed no mutation for the isocitrate dehydrogenase (NADP(+)) 1 (IDH1),
whereas in the glioblastoma of the donor of GSCs_b IDH1 was mutated. Additionally,
MGMT promoter methylation status differed between the three donors, as glioblastomas
of the donors of GSCs_a and GSCs_b depicted MGMT promoter methylation in contrast to
the glioblastoma of donor GSCs_c. LCSC populations were derived from three relatively
young female patients (aged between 49 and 61 years) all diseased with adenocarcinomas.
Analysis of clinically relevant mutations revealed an epidermal growth factor receptor
(EGFR) mutation for the donor of LCSCs_a as well as tumor tissue of the donor of LCSCs_c
showed mutations in the genes for the KRAS proto-oncogene (KRAS) and serine/threonine
kinase 11 (STK11). The three PCSCs were isolated from male patients aged between 57 and
72 years all suffering from acinar adenocarcinomas with WHO grade II, IIl and V (Table 1).

Table 1. Cell population-specific donor information.

DI(’)::;lrll(;iiEre\n Tumor Typing/Characterization WHO Grade Sex Age
ECSCs_a Endometrioid carcinoma of the corpus uteri GII female 72
ECSCs_b Endometrioid carcinoma of the corpus uteri GI female 83
ECSCs ¢ Endometrioid carcinoma of. the corpus utgri with invasiqn of the outer half of the Gl female 86

myometrium and invasion of the cervix uteri
GSCs_a Primary glioblastoma multiforme, IDHI wildtype with MGMT promoter methylation GIV female 60
GSCs_b Secondary glioblastoma multiforme, IDHI mutation with MGMT promoter methylation GIvV male 42
GSCs_c Primary glioblastoma multiforme, IDH1 wildtype without MGMT promoter methylation GIV male 69
LCSCs_a Highly metastatic adenocarcinoma of the lung, EGFR mutation n.a. female 50
LCSCs_b Multifocal adenocarcinoma of the lung GII female 61
LCSCs_c Adenocarcinoma of the lung, KRAS and STK11 mutation GII female 49
PCSCs_a Acinar adenocarcinoma GIII male 71
PCSCs_b Acinar adenocarcinoma GII male 57
PCSCs_c Locally advanced acinar adenocarcinoma GV male 72

All cancer populations were cultured as adherently growing cells within stem cell-
selective media after passing serial trypsin treatment, for enrichment of the respective
CSC-population. Here, we used chemically defined medium containing EGF and bFGF-2,
in accordance with the isolation of colorectal cancer stem-like cells as well as of adult human
stem cells from the nasal cavity and the heart auricle [42,64—67]. In contrast with the suc-
cessful isolation of human stem cells from the nasal cavity as free-floating spheres [64,65],
adoption of the reported isolation process for human CSCs from solid tumors resulted
in an unsatisfactory low culture efficacy and low growth rates. Therefore, we utilized an
alternative method to enrich primary isolated CSCs, namely via differential trypsiniza-
tion [42,44]. In accordance with a range of previous studies, we obtained trypsin-sensitive
CSC populations with low attachment capability by culturing with 10% FCS [42-44,66,67].
Representative images of one of the successfully isolated CSC populations derived from
endometrioid carcinomas, glioblastomas, lung and prostate adenocarcinomas revealed
similar morphology independently of the origin of parental tumor tissues (Figure 1B-E).
In accordance with the observations by Walia et al. and Elble et al., cultured CSCs de-
picted a fibroblast-like and spindle-shaped morphology after selection with differential
trypsin treatment [43]. To confirm the stem-like phenotype of isolated CSC populations, we
determined the presence of characteristic CSC markers on protein level using immunocyto-
chemistry. Notably, high levels of CD44, CD133, Nestin and MYC protein were detectable
in adherently grown CSC populations from all tumor types as well as in spheres derived
from ECSC_b and GSC_c (Figures S1 and S2 and Figure 2). Immunocytochemistry further
revealed co-expressions of CD44 and CD133 as well as Nestin in isolated CSCs, indepen-
dently to the tumor origin (Figure 2A and Figures S2 and S3). The proto-oncogene MYC
was also detectable on protein level independent to the parental tumor tissue, particularly
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with a nuclear localization (Figure 2B and Figure S4). As an internal negative control
and evaluation of the unique stem-like characteristics of isolated CSCs, human dermal
fibroblasts (HDFs) were additionally immunocytochemically stained for CD44, CD133,
Nestin and MYC. Here, HDFs showed no signs of CSC markers on protein level (Figure S5),
emphasizing the CSC-like character of our isolated cell populations.

A Tumor tissue samples Adherently
of different carcinomas growing cancer
stem-like cells

—b

Mechanical and enzymatic
disintegration and cultivation in
cancer stem cell medium

=

Figure 1. Isolation of cancer stem-like cell populations of four different types of carcinomas. (A) Schematic illustration of the
isolation of cancer-stem-like cells out of primary tumor tissue. Representative pictures of adherently grown primary cancer
stem-like cells derived from parental tumor tissue of (B) endometrial cancer stem-like cells b (ECSCs_b), (C) glioblastoma
stem-like cells a (GSCs_a), (D) lung cancer stem-like cells b (LCSCs_b) and (E) prostate cancer stem-like cells a (PCSCs_a).
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Figure 2. Inmunocytochemistry of adherently grown cancer stem-like cell populations. (A) Representative immunostain-

ings of co-expressed cancer stem cell (CSC) markers CD44/CD133 as well as Nestin, localized within the cytoplasm. (B)
Exemplary depicted MYC expressions from one of each CSC population showed high frequencies of nuclear localizations of
the analyzed protein. DAPI served in all cases for nuclear counterstaining.

For in-depth analysis of the gene expression of the 12 isolated CSC populations
nanopore cDNA sequencing was used. Full-length cDNA sequencing was conducted using
three R9.4 flowcells on the ONT system GridION. Only reads that passed the default quality
criteria of the Guppy basecaller were further investigated. All sequencing runs yielded
10,627,235 reads (11.2 Gbp of sequence) with a mean read length of 1056 bp and a mean
quality score of 21.3. Reads were aligned to the human genome (hg38) using minimap2 [49].
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We observed a read alignment rate of 99.2% and an error rate of 7.3%, which was reduced
to 0.69% using TranscriptClean [52] for correction. To check the reproducibility of gene
counts between the technical triplicates, fastq files from the different flowcells were prepro-
cessed, mapped, corrected, and quantified separately. Subsequent analysis showed strong
correlation between respective flowcells (mean Spearman correlation coefficient p = 0.94).
All datasets were processed similarly and gene expression of specific CSC markers was in-
vestigated firstly. CSC marker CD44 was ubiquitously expressed in all 12 CSC populations.
Analysis of the co-expression of CD44 with further CSC markers revealed expression of
MYC proto-oncogene (MYC) in all CSC populations, except for ECSCs_c. Here, especially
LCSCs_a and GSCs_c showed high expression of MYC (Figure 3A). Further quantification
depicted Nestin expression in LCSCs_a, _c, PCSCs_a, _c as well as in GSCs_a and ECSCs_b
(Figure 3B). Pluripotency marker Kruppel-like factor 4 (KLF4) and aldehyde dehydrogenase
1 (ALDHT1) were only expressed in three of 12 CSC populations each, as KLF4 was only
observable in GSCs_b, _c and PCSCs_c and ALDH1 in LCSCs_b, _c as well as in PCSCs_c
(Figure 3C,D). In CSC populations PCSCs_a and GSCs_b, expression of epithelial cell
adhesion molecule (EPCAM) was detectable (Figure 3E). Additionally, PCSCs_c and EC-
SCs_b expressed ATP binding cassette subfamily G member 2 (ABCG2) (Figure 3F). On the
contrary, we did not observe any expression of CSC markers Prominin-1 (CD133), SRY-box
transcription factor 2 (SOX2), POU class 5 homeobox 1 (OCT4) and MYCN proto-oncogene
in the here analyzed CSCs cultivated and sequenced as described above. In summary, all
isolated CSC populations expressed the CSC marker CD44. Expression of further CSC
markers was more heterogeneous, except for the expression level of MYC, which could
be detected in 11 of 12 CSC populations. Nestin, KLF4, ALDH1, EPCAM as well as ABCG2
expression was incongruous, with no clear relation to the four different parental tumor
groups.
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Figure 3. Correlated expression of CD44 with various other cancer stem cell (CSC) markers in different CSC populations.
For each analysis, biological replicates depicted the mean of merged technical triplicates. (A) All CSC populations expressed
CSC marker CD44 and MYC proto-oncogene (MYC), except for endometrial cancer stem-like cell population ¢ (ECSCs_c),
which only expressed CD44. (B) CSC marker Nestin was expressed in lung cancer stem-like cells (LCSCs)_a and _c,
prostate cancer stem-like cells (PCSCs)_a and _c as well as in glioblastoma stem-like cells (GSCs)_a and ECSCs_b. (C)
Pluripotency marker Kruppel like factor 4 (KLF4) was expressed in GSCs_b, GSCs_c and in PCSCs_c as well as (D) aldehyde
dehydrogenase 1 (ALDHT1) could be detected in LCSCs_b, LCSCs_c and PCSCs_c. (E) Epithelial cell adhesion molecule
(EPCAM) was only observed in PCSCs_a and GSCs_b. (F) Expression of the ATP binding cassette subfamily G member 2
(ABCG2) gene could only be detected in PCSCs_c and ECSCs_b.
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3.2. Global Gene Expression Analysis of Cancer Stem-like Cell Populations Reveals Distinct
Clusters

After analysis of the expression of known CSC markers, global gene expression of the
12 isolated CSC populations was investigated. Similarly, processed datasets were used for
PCA, revealing three dominant clusters among the 12 populations (Figure 4). Here, cluster
one comprises all three ECSC populations and PCSCs_b. However, variances between the
populations could be seen within this cluster, too. Second and biggest cluster consisted of all
LCSC populations, the two remaining PCSC populations and two GSC populations. Within
this cluster, LCSCs_a and LCSCs_b revealed less variances in comparison to LCSCs_c,
which was clustered next to GSCs_a and GSCs_c. GSCs_b clustered independently, with
the highest variance of PC1 between the group of LCSCs_a and LCSCs_b, in comparison
with GSCs_b. PC2 differed with a variance of 23.73% with the greatest variation between
ECSCs_c and GSCs_b (Figure 4).

ECSCs c®
. PCSCs b ®
ECSCs_a @
ECSCs_ b ®
c
[*]
I LCSCs_a
8 , LCSCs_b
& PCSCs_a®
] PCSCs_c®
o ® GSCs_a
o LCSCs_c
® GSCs_c
-40
GSCs_be
-100 -50 0 50 100

PC1, 37.63% variation

Figure 4. Comparison of gene expression profiles from different primary cancer stem-like cell (CSC)
populations. Principal component analysis reveals two predominant clusters of CSCs, independently
of the parental tumor types. Within the first cluster all three endometrial cancer stem-like cells
(ECSCs) are present and one of the three prostate cancer stem-like cell (PCSCs) populations. The
second cluster comprises the two remaining PCSCs, all three lung cancer-derived stem-like cell
populations (LCSCs) as well as glioblastoma stem-like cells a (GSCs_a) and GSCs_c. The population
of GSCs_b clustered independently.

The large variance between the different CSC populations as well as patient-specific
variations within the four distinct groups of endometrioid carcinomas, glioblastomas, and
adenocarcinomas of lung and prostate, were also visible in a hierarchical clustered heatmap
of the 200 top expressed genes (for all detected genes see Figure S6). Distribution of up- and
down-regulated genes of the top 200 expressed genes followed the Gaussian distribution
(Figure 5, for the 200 top expressed genes, which were not significantly regulated see
Figure S7). Notably, tumor type-specific clustering was not observable. However, cross-
group clustering emerged with GSCs_a, GSCs_c, LCSCs_c, and PCSCs_c forming one
pattern. A second pattern could be seen for PCSCs_a, ECSCs_a, LCSCs_a and LCSCs_b.
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Further, ECSCs_b, PCSCs_b and ECSCs_c seemed to build one cluster-group (Figure 5).
GSCs_b clustered independently, as already shown within the PCA (Figures 4 and 5).
Of note, major histocompatibility complex class I A (HLA-A), major histocompatibility
complex class I B (HLA-B) and interleukin 1 beta (IL1B) were detected in the top 200
expressed genes among the CSC populations.
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Figure 5. Hierarchically clustered heatmap of the 200 top expressed logarithmic gene counts within
all 12 cancer stem-like cell (CSC) populations. RNA samples of different CSCs are arranged according
to their corresponding expression profiles.
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Next to the general clustering, it has been noticed that especially genes involved in

ribosome biosynthesis have occurred more frequently (Figure 6A,B). Here, 20 different
genes encoding for ribosomal proteins that are components of the 60S subunit can be
found. Further, 14 genes involved in the protein synthesis of the 40S subunit of the
ribosome are clustered under the 200 top expressed genes. Nevertheless, expression levels
of genes relevant for the ribosome biosynthesis differed between the 12 CSC populations.
Particularly striking was the high expression of diverse genes encoding for components
of the 40S and 60S subunit in GSCs_b (Figure 6B). Additionally, PCSCs_b and ECSCs_c
revealed high expression of ribosomal biosynthesis associated genes (Figure 6A). Among
the enriched genes relevant for ribosome biosynthesis, we found distinct genes been
highly expressed in GSCs_b (Figure 6A), while PCSCs_b and ECSCs_c showed other genes
upregulated for ribosome biosynthesis (Figure 6B). As already shown within the dot plots,
CSC marker CD44 was ubiquitously expressed in all 12 CSC populations. Nevertheless,
differences between the populations could be seen with LCSCs_a and LCSCs_b, revealing
the highest expression (Figure 6A). Conspicuously, three genes of the S100 family are
comprised within the top expressed genes among the 12 CSC populations, including
S100A13, S100A10 and S100A6 (Figure 6A).

GSCs_b
GSCs_a

GSCs_c
LCSCs_c
PCSCs_c
PCSCs_a
ECSCs_a
LCSCs_a
LCSCs_b
ECSCs_b
PCSCs_b
ECSCs_c

Figure 6. Two extracts of the hierarchically clustered heatmap of the 200 top expressed genes within all 12 cancer stem-like
cell (CSC) populations. (A) Expressions of ribosomal biosynthesis associated genes were upregulated in endometrioid
cancer stem-like cells ¢ (ECSCs_c) and in prostate cancer stem-like cells b (PCSCs_b). Genes encoding for the S100 family
were significantly expressed in all CSCs. (B) Expression levels of further genes relevant for ribosome biosynthesis differed
between analyzed CSC populations, whereas glioblastoma stem-like cells b (GSCs_b) depicted the highest levels of genes

responsible for the 40S and 60S subunit.
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3.3. KEGG Pathway and GO-Term Analysis Reveal Broad Similarities between the Cancer
Stem-like Cell Populations

For an unbiased detailed analysis of the transcriptomic profiles of the 12 CSC popula-
tions, we performed a KEGG pathway analysis (Figure 7, Table S1). Here, five of the top
enriched pathways were significantly overrepresented in all CSC populations and plotted
together (p < 0.05). Next to the gene pathway responsible for “Ribosome”, which owns
the strongest significance (p = 1.9 x 10~4!), also “Oxidative phosphorylation” (p = 0.013)
and “Non-alcoholic fatty liver disease” (p = 0.015) displayed highly enriched pathways.
Surprisingly, two unexpected signaling pathways were also significantly overrepresented,
namely the genes associated with “Parkinson’s disease” (p = 0.004) and “Alzheimer’s
disease” (p = 0.005).

hsa04932 Non-alcoholic fatty liver disease (NAFLD) -

hsa00190 Oxidative phosphorylation

upregulated KEGG pathways

hsa05010 Alzheimer‘s disease

hsa05012 Parkinson‘s disease

hsa03010 Ribosome

O 2] Q H O
N 9 N N Q2
Q'Q Q'Q 09 QQ Q'Q
p-value

Figure 7. Top five upregulated KEGG pathways within the 12 investigated primary cancer stem-like cell populations

(p < 0.05).

We further conducted GO-term enrichment analysis for a more specific insight into
similarly upregulated terms from biological processes, cellular components and molecular
functions (Figure 8). For enriched GO-terms relating to biological processes, the top ten
terms were depicted in accordance with their fold enrichments (Figure 8A, Table S2). Here,
genes involved in the glycolytic pathways (fructose and glycose) were highly enriched
(see “methylglyoxal metabolic process”). Further, GO-terms “formation of cytoplasmic
translation initiation complex” fitting to the enriched genes in ribosomal biosynthesis
and “protein deneddylation” involved in ubiquitin-mediated proteasomal degradation
were upregulated. Accordingly, GO-terms relating to the cellular components (Figure 8B,
Table S3) showed six-fold upregulated genes involved in “translation preinitiation com-
plex”, “proteasome core complex, alpha-subunit complex” and “cytosolic large ribosomal
subunit”. Ribosome associated GO-terms were likewise found among the terms related
to molecular function, such as “7S RNA binding”, “55 rRNA binding” and “structural
constituent of ribosome”. Further, genes related to “peroxiredoxin activity” were highest
enriched (Figure 8C). Additionally, “NF-«B binding” was found to be upregulated in all
CSC populations (Table 54).
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Figure 8. Gene ontology (GO)-term enrichment analysis of all 12 cancer stem-like cell populations, including all populations
of endometrial-, glioblastoma-, lung- and prostate cancer stem-like cells, respectively. (A) Visualization of the top ten fold
enriched GO-terms involved in biological processes (p < 2.00 x 10~3). (B) Top ten of the fold enriched GO-terms concerning
cellular components (p < 1.38 x 10~3). (C) Representation of fold enriched GO-terms associated with molecular functions

(p <2.65 x 107%).
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4. Discussion

In the present study, we report for the first time global transcriptional differences and
similarities of CSCs from various tumors including glioblastoma multiforme, non-small cell
lung carcinoma, endometrial carcinoma, and prostate carcinoma. We found the transcripts
of all investigated CSC-populations to share significantly upregulated genes associated
with the mitochondrion, proteasome, and ribosome (Figure 9).

MHC class |

CD44
IL-1B
Cancer Stem Cell .

n e Ribosome+

NXOANCANOANI

MYC

OO/ ENNIZ

Protaacome * Mitochondrion +

Figure 9. Schematic view on biological processes with enriched genes in CD44-positive cancer stem-like cells (CSCs) from
glioblastoma, lung, endometrial and prostate cancer. Genes associated with the mitochondrion, proteasome, ribosome as
well as NF-xB and MYC genes were highly enriched in all CSC populations.

In 1924, Otto Warburg and co-workers published a seminal paper on aerobic gly-
colysis in rat tumor cells and sections derived from human tumors [68]. The Warburg
effect described an increased rate of glucose fermentation leading to lactic acid by tumor
cells, even under aerobic conditions [69]. Eight-seven years later, the Warburg effect was
included in the list of general hallmarks of cancer. Tumor cells are able to reprogram the
energy metabolism to aerobic glycolysis independent to mitochondrial function to produce
adenosine triphosphate (ATP) [70]. However, a tumor is increasingly recognized to consist
of a highly heterogeneous cell mass, with the rare cell type of CSCs driving metastasis, in-
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vasiveness, therapeutic resistance and recurrence of the tumor (reviewed in [71]). Here, we
determined the global transcriptomes of CSCs propagated in vitro. Extending the findings
of Warburg, these cells seem to have high metabolic plasticity and might use mitochondria
for oxidative phosphorylation. In this line, gene enrichment analysis of the genes expressed
in CSCs in comparison to the human genome showed a more than five-fold enrichment of
expressed genes involved in mitochondria and oxidative phosphorylation. Accordingly,
the amount of metabolic flexibility allowing the switch from oxidative phosphorylation to
aerobic glycolysis was reported for CSCs (reviewed in [72]). In particular, a recent study
investigated whether the metabolic state (especially the Warburg effect) of GSCs differs
from the bulk of the tumor cells with a newly developed imaging system [73]. Vlashi and
coworkers reported that monolayer cultures of GSCs produce about 20% less ATP than neu-
rosphere cultures. Of note, another study showed high expressions of CD133 and Nestin in
cultured GSC spheres but not in non-sphere GSC monolayers, cultured in 10% FBS [74]. In
our study, we detected no difference in the expression of CSC markers in sphere cultures
in comparison to adherently grown CSC populations. This might be due to a different
experimental strategy used here, as we selected CSCs by differential trypsinization and
cultured adherent populations with 10% serum supplemented with B27, bFGF-2 and EGF.
Using specific inhibitors for oxidative phosphorylation and aerobic glycolysis, the authors
suggested that ATP in both monolayer and neurosphere cultures was mainly produced
by glycolysis and oxidative phosphorylation. Inhibition of glycolysis could be compen-
sated through increased oxidative phosphorylation and vice versa. However, the authors
conclude that the GSC-metabolism mainly relies on oxidative phosphorylation, which is
in line to the here observed enrichment in genes involved in mitochondria and oxidative
phosphorylation. Of note, mutations in IDH1 and IDH2 genes were shown to reprogram
the metabolism of cancer cells to produce the onco-metabolite D-2-hydroxyglutarate and
cells with mutations might be additionally dependent on lactate (see for review [75]). In our
analysis, CSCs from a secondary GBM showing an IDH1 mutation (see Figure 4, GSCs_b)
did not cluster with the other analyzed GBM-derived CSCs without IDHI mutation because
of significant changes in global gene expression.

Otto Warburg had many important contributions to biochemistry, such as the discov-
ery of the ‘oxygen-transferring ferment of respiration’ (cytochrome-c oxidase complex),
leading to him receiving the Nobel Prize in physiology or medicine, 1931. We found
expressed genes enriched, which might be important for oxidative phosphorylation in
mitochondria, such as NADH dehydrogenase activity, proton-transporting ATP synthase
activity and cytochrome-c oxidase activity. Since respiratory chain activity leads to constant
production of the reactive oxygen intermediate (ROS) it might not be surprising to find
enrichment of genes, which code for antioxidant activity such as peroxiredoxin activity;,
glutathione binding and glutathione peroxidase activity. Some of the ROS produced might
result in NF-«B binding. Other organelles containing enriched genes include ribosomes and
26 proteasomes. Indeed, oxidative phosphorylation in mitochondria have been identified
as hallmark of CSC metabolism (reviewed in [76]). We also analyzed the expression of
general CSC markers (Figure S7). Of special interest might be our recent observation of
MYC, as a potential regulator of survival in colon carcinoma-specific CSCs (see [42]). In our
study, we could detect MYC expressions in each investigated CSC population. Furthermore,
published cancer surface markers CD44 and CD59, as well as the insulin-like growth factor
binding protein 2 (IGFBP2), were expressed in all analyzed CSCs. In this context, Chen and
Ding demonstrated gradually increased CD59 expression levels in different breast- and
lung parental cancer cell lines and further observed that the absence of CD59 resulted in
a completely suppression of tumorigenesis in vivo [77]. These results were investigated
within sphere cultures, whereas we also detected CD59 within our adherently cultured
CSC populations, further substantiating stem-like characteristics in our CSC models. Next,
gene expressions for ribosomal proteins like RPLP1, RPS27L, RPL14 and RPL21 as well
as the nuclear encoded and mitochondrial localized protein COX8A were detected after
transcriptomic analysis. Finally, genes involved in cell cycle regulation and tumor growth
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like CDK16, CDC20 and the Ras homologue enriched in brain (RHEB) were ubiquitously
expressed in our established CSCs. In this context, RHEB is commonly known to function
in human carcinogenesis [78]. In more detail, Tian and co-workers reported the inhibition
of cell proliferation and initiation of apoptosis in colorectal cancer cells via silencing of the
RHEB gene [79].

We have previously shown that the guanine exchange factor (GEF) pleckstrin homol-
ogy and RhoGEF domain containing G5 (PLEKHG)) plays an essential role in the formation
of autolysosomes in glioblastoma cells and induces the transcription factor NF-«B [80].
However, in the present dataset we could not detect any expression of PLEKHG5. With
respect to a recently proposed role of NF-«B in cancer and CSCs (reviewed in [1,81]),
we searched for evidence of activated NF-«B in this transcriptome dataset. We detected
highly enriched genes involved in the GO-term “NF-«B binding”. However, out of all five
DNA-binding subunits, only the expression of RELA in all CSC samples was detectable.
Furthermore, expression of interleukin 6 and tumor necrosis factor-alpha was not detectable
in CSCs, whereas we observed NF-«B target gene expression of IL1B, HLA-A as well as
HLA-B in all CSC population. We therefore conclude that further experiments might be
necessary to provide conclusive data on the role of NF-«B in CSCs.

We further demonstrate high amounts of ribosome-associated gene expressions in
CSCs independent of the tumor type. These data suggest a mechanism of ribosome-
enrichment for oxidative phosphorylation in CSCs. On the mechanistic level, RNA poly-
merase III (Pol III) may transcribe the ribosomal 55 rRNA and the 5.8S, 18S as well as
285 rRNAs are known to arise from the processing of a common precursor rRNA (475)
transcribed by the Pol I. Accordingly, altered ribosome components were discussed to play
a significant role in CSCs [82]. There is additional evidence that ribosome biosynthesis
and protein synthesis might be directed by transcription factor MYC (reviewed in [83]).
Proteasome-related transcription was enriched by more than a factor of six in CSCs, al-
though investigations with fluorogenic proteasome substrates suggest a low activity of
proteasomal protein degradation in CSCs of breast cancer and glioma [84].

Limitations: on a technical level, this study relies on in vitro protein and transcriptomic
data generated with newly developed nanopore sequencing. Although we generally
achieved full-length transcript data using this technology, read depth is not as high as in
standard [llumina approaches, but seems to be sufficiently sensitive to detect differences
and similarities between CSC populations. However, due to the performed read depth, we
cannot exclude the possibility of missing low abundant transcripts as transcription factors.

5. Conclusions

From our transcriptomic analysis, we conclude that the here used CSC populations
could be divided into three clusters independent of the parental tumor. Nevertheless, we
detected conserved expressions of the CSC markers CD44, Nestin, and MYC on mRNA
and protein level as well as transcriptional expression of CD59. Moreover, GO-term and
KEGG pathway enrichment analysis revealed upregulated genes related to ribosomal
biosynthesis, the mitochondrion, oxidative phosphorylation, and glycolytic pathways as
well as to the proteasome, suggesting the great extent of metabolic flexibility in CSCs.
Taken together, transcriptomic analysis might pave the way for future pathway-directed
therapies such as targeting mitochondria and 80S ribosomes, together with the already
established proteasome. However, further in vitro and in vivo studies are necessary to
overcome potential limitations of the study and for specific target discovery.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2072-669
4/13/5/1136/s1, Figure S1: Immunocytochemical stainings of cultured cancer stem-like cells from
one population of endometrioid cancer and glioblastoma multiforme, grown as spheres, Figure 52:
Co-expressions of CD44/CD133 in cancer stem-like cell populations after immunocytochemistry,
Figure S3: Nestin protein expressions of adherently grown cancer stem-like cell populations, detected
via immunocytochemical stainings, Figure S4: MYC immunocytochemistry of adherently cultured
cancer stem-like cell populations, Figure S5: Immunostaining of CD44/CD133, Nestin and MYC in
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cultured adult human dermal fibroblasts (HDFs) as biological negative control to primary isolated
cancer stem-like cell populations., Figure S6: Heatmap of all normalized gene counts detected by
nanopore sequencing, Figure S7: Heatmap of the 200 top expressed, not significantly regulated genes
detected via nanopore sequencing, Table S1: KEGG pathway analysis, Table S2: GO-term enrichment
in biological processes, Table S3: GO-term enrichment in cellular components, Table S54: GO-term
enrichment of molecular functions.
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Abstract: There is growing evidence that cancer stem cells (CSCs), a small subpopulation of self-
renewal cancer cells, are responsible for tumor growth, treatment resistance, and cancer relapse
and are thus of enormous clinical interest. Here, we aimed to isolate new CSC-like cells derived
from human primary non-small cell lung cancer (NSCLC) specimens and to analyze the influence of
different inhibitors of NF-«B and MYC signaling on cell survival. CSC-like cells were established
from three squamous cell carcinomas (SCC) and three adenocarcinomas (AC) of the lung and were
shown to express common CSC markers such as Prominin-1, CD44-antigen, and Nestin. Further,
cells gave rise to spherical cancer organoids. Inhibition of MYC and NF-«B signaling using KJ-Pyr-9,
dexamethasone, and pyrrolidinedithiocarbamate resulted in significant reductions in cell survival for
SCC- and AC-derived cells. However, inhibition of the protein—protein interaction of MYC/NMYC
proto-oncogenes with Myc-associated factor X (MAX) using KJ-Pyr-9 revealed the most promising
survival-decreasing effects. Next to the establishment of six novel in vitro models for studying
NSCLC-derived CSC-like populations, the presented investigations might provide new insights into
potential novel therapies targeting NF-kB/MYC to improve clinical outcomes in NSCLC patients.
Nevertheless, the full picture of downstream signaling still remains elusive.

Keywords: cancer stem cell-like cells; squamous cell carcinoma; adenocarcinoma; NSCLC; MYC; NF-«B

1. Introduction

Lung cancer is the leading cause of cancer death worldwide and can be broadly
classified into two types: small cell lung cancers (SCLC) and non-small cell lung cancers
(NSCLC) [1,2]. The most common type of lung cancer is NSCLC, which accounts for
approximately 80-85% of all lung cancer cases and can be divided into adenocarcinoma
(AC, 40%), squamous cell carcinoma (SCC, 25-30%), and large cell carcinoma (5-10%) [3,4].
Even if NSCLC is less aggressive than SCLC and death rates for lung cancer in general
dropped by 48% from 1990 to 2016 among males and by 23% from 2002 to 2016 among
females, NSCLC prognosis is still poor, with an age-standardized 5-year net survival of
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approximately 19% [1]. This poor prognosis is mainly caused by cancer aggressiveness and
therapy resistance, which is increased by genetic and phenotypic heterogeneity of lung
cancer cells [5].

There is growing evidence that a small subpopulation of cancer cells with stem cell
characteristics, so-called cancer stem cells (CSCs), are responsible for tumor growth, therapy
resistance, and recurrence, as well as metastasis, probably by remodeling the process of
epithelial-mesenchymal transition (EMT) in lung cancer [6] (reviewed in [7,8]). Thus, CSCs
are of enormous clinical interest and human in vitro models are extremely important to
gather more insights into molecular regulators of lung cancer. Next to the formation of
spherical cancer organoids [9], lung cancer stem cells (LCSCs) can be identified using
different markers such as cell surface glycoproteins Prominin-1 (CD133) and CD44-antigen
(CD44) [10-12]. These CSCs markers are linked to increased chemoresistance and poor
prognosis as well as reduced overall survival in patients with lung cancer [12-14]. Other
important regulators of CSC characteristics are members of the MYC transcription factor
family, consisting of L-, N-, and C-MYC (further referred as MYC within this manuscript).
Within a recent pan-cancer study, Schaub and coworkers identified MYC family members
amplified in up to 33% of all lung adenocarcinomas [15]. Furthermore, MYC amplification
was described as a poor prognostic marker of early stage adenocarcinomas of the lung [16]
as well as MYC gain determined by fluorescence in situ hybridization was shown to be an
independent poor prognostic factor for disease-free survival and overall survival in lung
adenocarcinomas [17]. Concerning LCSCs, suppression of Myc proto-oncogene (MYC)
signaling was shown to reduce viability, self-renewal, and invasion capacity of LCSC-like
cells derived from A549 cells [18]. Accordingly, the LCSC phenotype of H460 and H292
cells was shown to be impaired by the suppression of MYC via the Src-STAT3 pathway [19].
Despite these promising findings, the role of MYC signaling in primary human LCSCs still
remains unknown.

Next to the re-regulation of diverse stemness associated genes, transcriptomic profiling
revealed a significant involvement of the transcription factor nuclear factor kappa-light-
chain-enhancer of B cells (NF-«B) in regulating LCSC populations [10]. NF-«kB signaling
is vital for a broad range of cellular processes including proliferation, differentiation,
apoptosis, immune response, angiogenesis, and inflammation [20,21]. Moreover, NF-
kB activation is associated with cancer development, pathogenesis, abnormal cell pro-
liferation and differentiation, enhanced metastasis, and treatment resistance in several
tumors [22-26]. A meta-analysis further indicated that higher NF-«kB expression in NSCLC
cells is associated with shorter overall survival of NSCLC patients and is closely correlated
with tumor stage, lymph node metastasis, and 5-year overall survival [27].

In the present study, we established three primary SCC-derived lung cancer cell
populations named BKZ-4, BKZ-5, and BKZ-6, as well as three primary AC-derived
lung cancer cell populations named BKZ-7, BKZ-8, and BKZ-9. All isolated NSCLC
cell populations were enriched for a subset of cells with markers of stemness and were able
to form spherical cancer organoids. Application of the NF-kB inhibitors dexamethasone
and pyrrolidinedithiocarbamate (PDTC) significantly decreased cell survival of AC- and
SCC-derived cells, while the NF-«kB inhibitor lenalidomide did not impair cell survival.
Notably, exposure of AC- and SCC-derived CSCs to the small molecule KJ-Pyr-9, which
inhibits the protein—protein interaction of MYC/N-myc proto-oncogene (NMYC) with
Myc-associated factor X (MAX) [28], resulted in the strongest decrease in cell survival.

2. Materials and Methods
2.1. Lung Cancer Stem Cell-like Cell Population Establishment and Cell Culture

The cancer tissue samples used to isolate lung cancer stem cell-like cells were ob-
tained during surgical resection and were kindly provided by the Forschungsverbund
BioMedizin Bielefeld/OWL FBMB e. V. (Bielefeld, Germany) at the Protestant Hospital of
Bethel Foundation (Bielefeld, Germany) after assuring routine histopathological analysis.
Informed consent according to local and international guidelines was signed by all patients.
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All further experimental procedures were ethically approved (Ethics Committee Miinster,
Germany, 2017-522-£-S).

To obtain tumor material for the isolation of primary cells, we collected a cubic sample
from each tumor type and transferred to ice-cold Dulbecco’s phosphate-buffered saline
(Sigma Aldrich, Miinchen, Germany). The specimen was washed 10 times with ice-cold
PBS, mechanically disintegrated into 1-2 mm pieces, and enzymatically digested with
Collagenase for 2 h at 37 °C as previously described [29]. The minced tissue was cultivated
in cancer stem cell medium comprising Dulbecco’s modified Eagle’s medium/Ham's F-
12 (Sigma Aldrich, Miinchen, Germany) with the addition of 2 mM L-glutamine (Sigma
Aldrich), penicillin/streptomycin (100 pug/mL; Sigma Aldrich, Miinchen, Germany), epi-
dermal growth factor (EGF) (20 ng/mL; Miltenyi Biotec, Bergisch Gladbach, Germany),
basic fibroblast growth factor (FGF-2) (40 ng/mL; Miltenyi Biotec, Bergisch Gladbach),
B27 supplement (Gibco, Thermo Fisher Scientific, Bremen, Germany), and 10% fetal calf
serum (FCS) (Sigma Aldrich, Miinchen, Germany) in T75 culture flasks coated with 0.1%
gelatin from bovine skin (type B; Sigma Aldrich, Miinchen, Germany). Adult human
dermal fibroblasts (HDFs) (Genlantis, San Diego, CA, USA) and the well-established lung
adenocarcinoma-derived cell line LXF-289 [30] (DSMZ, Braunschweig, Germany) were
cultured in Dulbecco’s modified Eagle’s medium-high glucose (Sigma Aldrich, Miinchen,
Germany) with 10% FCS, 2 mM L-glutamine, and penicillin/streptomycin (100 pg/mL).
All cells were cultured at 37 °C and 5% CO; in a humidified incubator. Adherent cells
were harvested with 0.05% Trypsin—-EDTA solution (0.5 mg/mL; Sigma Aldrich, Miinchen,
Germany). BKZ populations and LXF-289 cells were kept in culture for 1 week before
experiments were conducted as well as only confluent cells were passaged. For sphere
formation, 0.5 x 10° cells were cultured in CSC medium supplemented with 4 pg/mL
heparin (Sigma Aldrich, Miinchen, Germany) in low adhesion T25 culture flask.

Population doubling times were determined using the Orangu Cell Counting Solution
(Cell Guidance Systems, Cambridge, UK) and were performed nine times per cell popula-
tion according to the manufacturers guidelines. For the standard curve, 1000, 2500, 5000,
7500, and 10,000 cells per 100 uL medium supplemented with 10% FCS were seeded in a
0.1% gelatin coated 96 well-plate. To determine the doubling time, we seeded 3000 cells per
100 pL medium supplemented with 10% FCS in a 0.1% gelatin-coated 96-well plate and
cultivated for 72 h. Cell viability was measured and cell count was quantified using the
respective standard curve. Growth rate and populations doubling times were determined
by the following equations:

In(xt) — In(x0)

rowth rate =
8 f— 10

@
In(2)
growth rate

@

population doubling time =

2.2. Immunocytochemistry

For immunocytochemical staining, pre-cultured BZK-4, BZK-5, BZK-6, BZK-7, BZK-8,
BZK-9, LXF-289 cells, and HDFs were harvested and 1.5 x 10% cells per 500 pL medium
supplemented with 10% FCS were seeded on etched cover slips in a 24-well plate. When
80% confluency was reached, cells were fixed with 4% phosphate-buffered paraformalde-
hyde (lab-made) for 15 min at room temperature (RT). After three washing steps with
1 x PBS, cells were blocked and permeabilized using 0.02% Triton-X 100 (Sigma Aldrich)
with 5% goat serum (Dianova, Hamburg, Germany) for 30 min at RT followed by incu-
bation with the primary antibody for 1 h at RT. Antibodies used were anti-CD44 (1:400;
156-3C11; Cell Signaling, Frankfurt am Main, Germany), anti-CD133 (1:100; NB120-16518;
NovusBio, Bio-Techne, Wiesbaden-Nordenstadt, Germany), anti-Nestin (1:200; MAB5326;
Millipore, Merck, Darmstadt, Germany), anti-MYC (0.1 ng/mL; Y69; Abcam), anti-NMYC
(2.5 pg/mL; NCM II 100; Abcam), anti-RelA (1:400; Cell Signaling), anti-RelB (1:100; Cell
Signaling), and anti-cRel (1:100; Cell Signaling). Afterwards, secondary fluorochrome-
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conjugated antibodies (1:300; goat anti-mouse Alexa 555, goat anti-rabbit Alexa 555, goat
anti-mouse Alexa 488; Life Technologies, Thermo Fisher Scientific) were incubated for 1 h
at RT in the dark, followed by nuclear counterstaining with 4’,6-diamidino-2-phenylindole
(DAPT; 1 pg/mL; Sigma Aldrich) for 10 min at RT. Fluorescence imaging was conducted
using a confocal laser scanning microscope (LSM 780; Carl Zeiss, Jena, Germany) and
analyzed using ZEN software from the same provider or Fiji Image] [31]. For the quan-
tification of the amount of CD133/CD44 positive cells, the percentage of CD133/CD44
double-positive cells was conducted for at least five images per cell population.

For immunocytochemical staining of spheres, spheres were harvested at 300 g for
10 min, fixated in 4% PFA for two hours, and washed with water for 15 min. Afterwards,
spheres were incubated in 50% isopropanol for 45 min, 75% isopropanol for 1 h, 90%
isopropanol for 1 h, and finally 100% for 1 h and 15 min. In the final step, 100% isopropanol
was changed after 1 h. Between each step, the spheres were harvested at 300x g for 10 min.
After isopropanol vaporized, spheres were overnight embedded in paraffin (Sigma Aldrich)
and centrifuged at 450x g for 10 min. Paraffin-embedded sections were washed twice in
xylol for 10 min followed by 100% ethanol for 10 min. Thereafter, sections were rehydrated
by 5 min washing steps in 90% ethanol, followed by 80% ethanol and 70% ethanol. Epitope
retrieval was performed by boiling the slides in 0.01 M citrate buffer, pH 6.0 (lab made),
for 20 min. After cooling down for at least 30 min at RT, the slides were washed twice
with 0.02% Triton-X 100. Afterwards, slides were blocked and permeabilized using 0.02%
Triton-X 100 with 10% goat serum and 1% bovine serum albumin for 2 h at RT. Anti-CD133
(1:100; NB120-16518; NovusBio), anti-CD44 (1:400; 156-3C11; Cell Signaling), anti-MYC
(5 ug/mL; Y69, Abcam), and anti-NMYC (5 pg/mL; NCM II 100; Abcam) first antibodies
were diluted in blocking solution and incubated over night at 4 °C. After three washing
steps with PBS, secondary fluorochrome-conjugated antibodies (1:300; goat anti-mouse
Alexa 555, goat anti-rabbit Alexa 555; Life Technologies) were applied and incubated for
1 h at RT in the dark. After three washing steps with PBS, nuclear counterstaining was
performed using DAPI (1 ug/mL) for 10 min at RT. Fluorescence imaging was performed
using a confocal laser scanning microscope (LSM 780; Carl Zeiss) and analyzed using
Fiji Image].

To determine the nuclear size of the cells, we analyzed five randomized images of
immunocytochemically stained cells for each cell population. The area of each nucleus was
defined in the DAPI channel and was measured using Image]J. The size of the nuclei were
clustered into three groups: (1) <100 um?, (2) >100 to <200 um?, and (3) >200 um?.

For the tumor necrosis factor « (TNF-x) treatment, 2 x 10* cells were seeded in 500 uL
CSC medium supplemented with 10% FCS on etched cover slips. After 1 day of cultivation,
medium was replaced with CSC medium supplemented with 10% FCS and 10 ng/mL
TNFax (Miltenyi Biotec). Subsequent to the incubation for 10, 30, and 60 min, cells were
each washed with 1 x PBS and fixated with 4% PFA for 15 min. As control, cells were
incubated in CSC medium supplemented with 10% FCS without TNF-« for 60 min. After
fixation, cells were washed with 1 x PBS and immunocytochemically stained for RelA
as described above. To quantify the fluorescence intensity (FI) in the nuclei, we took five
randomized pictures for each time point and cell population. The area of each nucleus was
defined in the DAPI channel using Image] and the average nuclear fluorescence intensity of
the respective protein channel was measured by overlay. The fluorescence intensities of all
nuclei with an area value of >30 um? were included in the quantification. The fold change
of the nuclear fluorescence intensity was calculated according to the following equation:

Floy — Flmin

—— —" %100 3
Flmax - FImin ( )

fold change =

The ratio of nuclear to total fluorescence intensity (N/T ratio) was calculated according
to Kelley and Paschal [32]. To measure the total fluorescence intensity, we placed a ring mea-
suring 1,098,159 umz around the nucleus of the cell, and the average fluorescence intensity
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was determined. The average nuclear fluorescence intensity was measured as described
above, and the ratio of nuclear to total fluorescence intensity was calculated accordingly.

For the immunocytochemical staining of MYC after KJ-Pyr-9-treatment, 1.5 x 10* cells
per 500 pL CSC medium containing 10% FCS were seeded in a 24 well on top of etched
cover slips. After adherence (4-6 h), cells were treated with 10 uM and 20 uM of KJ-Pyr-9
or dimethyl sulfoxide (DMSO) as a control for 24 h. Afterwards, immunocytochemical
staining against MYC was performed and nuclear fluorescence intensity was measured
as described above. For the immunocytochemical staining of RelA after PDTC-treatment,
1.5 x 10* cells per 500 pL. CSC medium containing 10% FCS were seeded in a 24 well on
top of etched cover slips. After adherence (4-6 h), cells were treated with/without 100 uM
PDTC for 24 h. Thereafter, immunocytochemical staining against RelA was conducted and
ratio of nuclear to total fluorescence intensity was measured as described above.

2.3. Western Blot

For preparation of whole cell lysates, 10° cells were lysed in 0.1 M Tris, 3 mM EDTA,
and 1% SDS. For each cell population, 20 pg protein was used and separated by SDS-PAGE
followed by the transfer to a PVDF membrane (Carl Roth GmbH, Karlsruhe, Germany).
After the membrane was washed with 0.05% Tween-20 (VWR International GmbH, Darm-
stadt, Germany) in PBS (lab-made) for 10 min three times, the membrane was blocked
using PBS containing 0.05% Tween-20 and 5% milk powder (Carl Roth GmbH) followed by
probing with primary antibodies anti-MYC (1:1000, Y69, Abcam), anti-NMYC (1:50, NCM
I1100; Abcam), and anti (3-Actin (1:1000, 13E5, Cell Signaling) overnight at 4 °C. After three
washing steps, the secondary horseradish peroxidase-conjugated antibody (anti-rabbit or
anti-mouse, 1:4000, DIANOVA) was applied for 1 h at RT. Then, the membrane was washed
again three times using PBS containing 0.05% Tween-20 with an additional washing step in
10 mM Tris-HCl (pH 7.5). Subsequent to the development, we used enhanced chemilumi-
nescence with a solution containing 1 mL of Solution A (50 mg Luminol; Sigma-Aldrich
in 200 mL 0.1 M Tris-HCI), 0.3 puL 30% HyO;, and 100 pL Solution B (11 mg Coumarin
acid; Sigma-Aldrich in 10 mL DMSO) on a radiographic film (Super RX-N, FUJIFILM,
Diisseldorf, Germany). The protein amounts were normalized to their related (3-actin
signals and quantified using Image] and Prism V5.01 software.

2.4. Senescence Assay

To measure the number of senescent cells, we seeded 5 x 10% cells per 2 mL CSC
medium supplemented with 10% FCS in a 0.1% gelatin-coated 6 well-plate. After adherence
(4-6 h), cells were each treated with 20 uM KJ-Pyr-9, 100 uM PDTC, and DMSO as a control
for 24 h. Then, activity of senescence-associated 3-galactosidase was measured according
to Debacg-Chainiaux and colleagues [33]. Briefly, cells were washed with PBS and fixated
with 3% PFA; then, the staining solution containing 1 mg/mL X-Gal (Carl Roth GmbH)
was added. Incubation overnight at 37 °C led to final staining, which could be visualized
by phase contrast microscopy. For each condition and each cell line, three pictures were
taken and analyzed, and percentage of senescent cells was calculated accordingly.

2.5. Quantitaive Polymerase Chain Reaction

For the analysis of gene copy number of NMYC and MYC, we isolated genomic DNA
using the QUIamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s guidelines. Gene copy number was quantified using the Platinum SYBR Green
qPCR Super-Mix UDG (Invitrogen, Thermo Fisher Scientific) according to the manufac-
turer’s guidelines. Each copy number quantification was performed in triplicate and was
assayed with a Rotor Gene 600 (Qiagen). The gene assays each included a no-template
control, 10 ng of calibrator human genomic DNA (Sigma Aldrich), and 10 ng of CSC DNA.
Haploid copy number was determined according to De Preter et al. [34].

For the analysis of MYC target genes under the influence of KJ-Pyr-9, we seeded
7.5 x 10* BKZ-6, BKZ-8, and LXF-289 cells in a 6-well plate. After 1 day of cultivation, cells
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were treated with 20 uM KJ-Pyr-9 for 24 h. Thereafter, cells were harvested using a cell
scrapper, and RNA was isolated using the NucleoSpin RNA Kit (Macherey-Nagel, Diiren,
Germany) according to the manufacturer’s guidelines. Quality and concentration of RNA
were assessed via Nanodrop ultraviolet spectrophotometry. Copy DNA (cDNA) synthesis
was performed using 250 ng of RNA and the First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific). For the synthesis, random hexamer primers were used. Quantitative
polymerase chain reaction was performed in triplicates using the gqPCRBIO Sygreen-Mix
(PCR Biosystems, London, UK) according to the manufacturer’s guidelines and assayed
with a Rotor Gene 6000 (Qiagen). Used primers (Sigma Aldrich) are listed in Table 1.

Table 1. Primer sequences for quantitative polymerase chain reaction.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (genomic)

Target Gene Sequence 5'-3’
NMYC (genomic) CGCAAAAGCCACCTCTCATTA
Rev-NMYC (genomic) TCCAGCAGATGCCACATAAGG
MYC (genomic) AAAAGTGGGCGGCTGGATAC
Rev-MYC (genomic) AGGGATGGGAGGAAACGCTA

Syndecan 4 (genomic)
Rev-Syndecan 4 (genomic)

Rev-GAPDH (genomic)

CAGGGTCTGGGAGCCAAGT
GCACAGTGCTGGACATTGACA
AGACTGGCTCTTAAAAAGTGCAGG
TGCTGTAGCCAAATTCGTTGTC

Beta-actin (ACTB) CTTCGCGGGCGACGAT
Rev-ACTB CCACATAGGAATCCTTCTGACC
Cyclin D1 (CCND1) ATGCCAACCTCCTCAACGAC
Rev-CCND1 TCTGTTCCTCGCAGACCTCC
Cyclin D3 (CCND3) ACTGGCACTGAAGTGGACTG
Rev-CCND3 GGGCTACAGGTGTATGGCTG
Lactate dehydrogenase A (LDHA) CTTGACCTACGTGGCTTGGA
Rev-LDHA CCAGCCTTTCCCCCATTAGG
Ribosomal protein L5 (RPL5) CAGCGTATGCACACGAACTG
Rev-RPL5 ACCTATTGAGAAGCCTGCGG
Ribosomal protein L14 (RPL14) TTGGACCTCATGCCGGAAAA
Rev-RPL14 GCACTGTGCGGAAACTTGAG
Ribosomal protein L28 (RPL28) CTCTTTCCGTCTCAGGTCGC
Rev-RPL28 TCTTGCGGTGAATCAGTCCG
Ribosomal protein P1 (RPLP1) TGAAAACTGCACTGGGGTGG
Rev-RPLP1 AGGGTAAATACCCAGGAGGCT
GAPDH CATGAGAAGTATGACAACAGCCT
Rev-GAPDH AGTCCTTCCACGATACCAAAGT
MYC GGCACTTTGCACTGGAACTT
Rev-MYC AGGCTGCTGGTTTTCCACTA

2.6. Inhibitor Treatments

To analyze the influence of the proto-oncogenes MYC and NMYC as well as transcrip-
tion factor NF-kB, we treated cells with MYC/NMYC inhibitor KJ-Pyr-9 (Merck) and/or
dexamethasone (Dexa; Sigma Aldrich), lenalidomide (Sigma Aldrich), and PDTC (Sigma
Aldrich). Cell viability was assayed using Orangu Cell Counting Solution (Cell Guidance
Systems) and were performed in triplicates according to the manufacturer’s instructions.
For the standard curve, 1000, 2500, 5000, 7500, and 10,000 cells and for the treatment of
3000 cells per 100 puL respective medium supplemented with 10% FCS were seeded in a
0.1% gelatin-coated 96 well-plate. After adherence of the cells (4-6 h), cell viability was
measured for the standard curve and treatment was started by applying the respective
inhibitor combinations. KJ-Pyr-9 was applied in the concentrations of 1, 5, 10, and 20 uM,
and DMSO was used as control. Lenalidomide was used in concentrations of 30, 100, and
300 uM, and DMSO was applied as solvent control [35,36]. For the co-treatment, 10 ng/mL
TNF-«, 100 pM PDTC [37,38], and 300 uM Dexa [39,40] were applied in the following
conditions: (1) TNF-«, (2) TNF-« + Dexa, (3) TNF-a + PDTC, (4) TNF-« + Dexa + PDTC,
(5) Dexa, (6) PDTC, (7) Dexa + PDTC. Each condition was tested with and without 10 uM
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KJ-Pyr-9 as well as solvent controls were carried along. After 5 days of treatment, cell via-
bility was measured using again Orangu Cell Counting Solution (Cell Guidance Systems),
and cell count was quantified using the respective standard curve. Relative survival rate
was calculated by normalizing each cell count to the mean of controls for the respective
cell population. Additionally, the half maximal inhibitory concentrations (ICsg) of KJ-Pyr-9
were calculated from the log(concentration) versus normalized survival rate non-linear
regression fit using Prism V5.01 software (GraphPad Software, Inc., San Diego, CA, USA).

2.7. Statistical Analysis

Data were raised at least in triplicate and were statistically analyzed using the Prism
V5.01 software (GraphPad Software, Inc., San Diego, CA, USA). Test for normality was
conducted using D’ Agnostino and Pearson omnibus normality test. To evaluate differences
between multiple groups, we performed unpaired t-test or the non-parametric Mann-—
Whitney test. A significance value of p < 0.05 was considered as statistically significant.
The data are presented as means + standard error of the mean (SEM).

3. Results
3.1. Squamous Cell Carcinoma- and Adenocarcinoma-Derived Cells Depicted Stemness-like Phenotype

In this study, we aimed for the isolation of LCSC-like cells from various NSCLC
tumors. Therefore, tumor material from six NSCLC patients was sampled and used for the
establishment of adherently growing cells as well as cancer spheroids. Cell populations
BKZ-4, BKZ-5, and BKZ-6 were isolated from male donors aged 67, 79, and 74, respectively,
all suffering under squamous cell carcinomas GII (Supplementary Figure S1IA-C, Table S1).
The source of BKZ-7, BKZ-8, and BKZ-9 were female patients depicting invasive adeno-
carcinomas of the lung (Supplementary Figure S1D-F, Table S1). Analysis of clinically
relevant mutations of donors of BKZ-7, -8, and -9, which were inoperable, revealed an
epidermal growth factor receptor (EGFR) mutation for the tumor tissue of the donor of
BKZ-7, with no mutation for KRAS proto-oncogene (KRAS), B-Raf proto-oncogene (BRAF),
or serine/threonine kinase 11 (STK11). Donor of BKZ-8 did not reveal any therapeutic
relevant mutation, while the tumor material of BKZ-9 donor showed mutations in the
KRAS gene and in STK11 (Table S2).

Using chemically defined media, we successfully cultivated adherently growing
cells with the addition of FCS as well as cancer organoids in the form of free-floating
spheres in serum-free media for all six donors (Figure 1A-L). Cells cultured in 2D on the
surface of tissue culture plates depicted an elongated spindle form morphology, with no
obvious difference in cells derived from SCC (Figure 1A—C) in comparison to cells from AC
(Figure 1G-I). Moreover, quantification of nuclear sizes revealed heterogeneity for all six
populations (Supplementary Figure S2). All cell populations formed cancer organoid-like
structures in serum-free media with sizes up to 100 pm (Figure 1D-E]-L). Measurements of
the population doubling time (Equations (1) and (2)) of SCC-derived cells depicted BKZ-4
as the slowest, with a mean population doubling time of 27.90 h (£0.17), whereas BKZ-6
had a doubling time of 19.56 h (£0.14) (Figure 1M). Similarly, the AC group consisted of
slowly proliferating cells, such as BKZ-7, with a mean population doubling time of 35.20 h
(£0.62), and those showing fast proliferation such as BKZ-8 with a population doubling of
18.76 h (£0.23) (Figure 1N).
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Figure 1. Successful isolation of squamous cell carcinoma (SCC)-derived lung cancer stem cell
(LCSC)-like cell populations: (A) BKZ-4, (B) BKZ-5, and (C) BKZ-6. (D-F) Serum-free cultivation
of the isolated cell populations led to the formation of free-floating cancer organoids for all three
SCC-derived cell populations. Isolated adenocarcinoma (AC)-derived lung cancer stem cell-like
cell populations could be also grown as (G-I) adherent culture as well as (J-L) sphere culture. (M)
Analysis of the population doubling times of the adherent SCC-LCSCs revealed a higher population
doubling time for BKZ-4 in comparison to BKZ-5 and BKZ-6, with BKZ-6 revealing the lowest
doubling time. (N) Quantification of the population doubling times for the different AC-LCSC
depicted a significantly higher population for BKZ-7 in comparison to BKZ-8 and BKZ-9. Further,
population doubling time of BKZ-9 was significantly higher when compared to BKZ-8. Unpaired
t-test (p < 0.05). n =9, *** p < 0.001. Mean + SEM (standard error of the mean).
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Next, we analyzed the presence of known CSC markers CD133, CD44, and Nestin on
protein level and detected robust expression of CD133 and CD44 in SCC cell populations
BKZ-4 (100% double-positive cells, Figure 2A) and BKZ-5 (99.13% double-positive cells,
Figure 2C). Expression of CD133 and CD44 was lower but still well recognizable in BKZ-6
(100% double-positive cells Figure 2E). High expression of CD133 and CD44 was likewise
observable in all three AC-derived cell populations of BKZ-7 (100% double-positive cells,
Figure 2G), BKZ-8 (100% double-positive cells, Figure 2I), and BKZ-9 (99.75% double-
positive cells, Figure 2K). Further, all SCC- and AC-derived cell populations likewise
showed robust levels of Nestin protein (Figure 2B,D,FH,J,L). Inmunocytochemical stain-
ing of the respective CSC markers in the well-established lung adenocarcinoma-derived
cell line LXF-289 revealed no expression for cancer stem cell markers CD133 and Nestin
and only low expression of CD44 in comparison to LCSC-like cells (Figure 2M,N). As no
expression for CD133 could be detected the percentage of CD133/CD44 double-positive
cells was zero for LXF-289 cell line. Representative immunocytochemical staining for
CD133 and CD44 also revealed strong expression in NSCLC-derived spheroids, as exem-
plarily shown in BKZ-5-derived spheres (Supplementary Figure S3). HDFs additionally
served as biological negative control for immunocytochemical stainings of CSC markers
(Supplementary Figure S4).

3.2. Tumor Necrosis Factor-a Stimulation Activated NF-xB RelA in Squamous Cell Carcinoma-
and Adenocarcinoma-Derived Lung Cancer Stem Cell-like Cells

Since NF-«B directs pathways linking cancer with inflammation, we analyzed ex-
pression of transactivating NF-«kB subunits c-Rel, RelB, and RelA in CSC-like cells. All
subunits were expressed in our established SCC- and AC-derived LCSC-like cell popula-
tions, with NF-kB RelA showing the most robust protein levels compared to RelB and cRel
(Supplementary Figures S5 and S6). As NF-«kB RelA was predominantly located within the
cytoplasm of all six LCSC-like cells, translocation in the nucleus and thus activation of RelA
was stimulated using TNF-o. Immunocytochemical analysis of the nuclear fluorescence
intensity of RelA revealed its nuclear translocation in SCC-derived cells (Figure 3A-D) as
well as in AC-derived cell populations (Figure 3F-I) after exposure to TNF-x. Quantifi-
cation of the fold change of nuclear fluorescence intensity of all three SCC-derived cell
populations showed a significant increase after only 10 min TNF-« exposure compared
to the control (Equation (3), Figure 3E). Moreover, fold change of nuclear fluorescence
intensity of RelA significantly increased with longer TNF-o incubation time (Figure 3E).
Statistical analysis of the fold change of nuclear RelA in AC-derived cell populations
showed a significant increase after TNF-x-stimulation longer than 30 min compared to the
control, with a time-dependent increase from 10 min to 30 min (Figure 3]). Further analysis
of the ratio of the fluorescence intensity of nuclear RelA to total RelA depicted a shift from
predominantly cytoplasmic RelA with basal nuclear expression in the control towards a
solely nuclear expression after 60 min of TNF-« exposure for SCC- and AC-derived cells
(Supplementary Figure S7).
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Figure 2. Isolated squamous cell carcinoma-derived and adenocarcinoma-derived lung cancer stem

50 pm

Adenocarcinoma-derived LCSCs

LXF-289

cell-like cells express higher amounts of cancer stem cell markers CD133, CD44, and Nestin in
comparison to lung adenocarcinoma-derived cell line LXF-289. Immunocytochemistry revealed the
presence of cancer stem cell markers CD133 and CD44 as well as the stem cell marker Nestin on
protein level in (A-F) BKZ-4, BKZ-5, and BKZ-6 as well as (G-L) BKZ-7, BKZ-8, and BKZ-9. (M,N)
Well-established lung adenocarcinoma-derived cell line LXF-289 did not express CD133 and Nestin
and only express CD44 in low amounts in comparison to BKZ populations.
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Figure 3. Tumor necrosis factor c (TNF-«) stimulation of non-small cell lung cancer-derived lung
cancer stem cell (LCSC)-like cells activated NF-«B subunit RelA. Representative pictures of im-
munocytochemical staining for RelA of (A) untreated squamous cell carcinoma-derived BKZ-5 cells
(control) and BKZ-5 cells after stimulation with TNF-« for (B) 10 min, (C) 30 min, and (D) 60 min.
(E) Merged quantification of immunocytochemical assays for BKZ-4, BKZ-5, and BKZ-6 revealed
a statistically significant increase of the fold change of nuclear fluorescence intensity after stimu-
lation with TNF-« for all four time points in comparison to the control. Moreover, fold change of
nuclear fluorescence intensity significantly increased with stimulation time. Accordingly, TNF-«
stimulation activated NF-kB subunit RelA within adenocarcinoma (AC)-derived LCSC-like cells
BKZ-7, BKZ-8, and BKZ-9. (F-I) Representative pictures of the immunocytochemical staining of
RelA for AC-derived BKZ-7. (J) Quantification of nuclear fluorescence intensity of RelA after TNF-a
stimulation for BKZ-7, BKZ-8, and BKZ-9 showed a statistically significant increase of the fold change
of nuclear fluorescence intensity after stimulation with TNF-« for all four time points in comparison
to the control. Unpaired t-test (p < 0.05). n =3, *p < 0.05, * p < 0.01, ** p < 0.001. Mean £+ SEM
(standard error of the mean).
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3.3. Inhibition of MYC and NMYC in Squamous Cell Carcinoma- and Adenocarcinoma-Derived
Lung Cancer Stem Cell-like Cells Significantly Impaired Cell Survival

The MYC family members are tightly regulated transcription factors that are responsible for
the coordination of cell growth and proliferation and are thus commonly deregulated in a wide
range of cancers. Immunocytochemical analysis of MYC showed nuclear localization in BKZ-4
as well as BKZ-6, with BKZ-5 only depicting slight nuclear localized MYC (Figure 4A,C,E). Next
to MYC, NMYC protein was robustly expressed in all cell populations, even though expression
was predominantly cytoplasmatic (Figure 4B,D,F). Analyzing MYC protein in AC-derived
cells depicted nuclear protein expression in BKZ-7 and BKZ-8, but only a slight expression in
BKZ-9 (Figure 4G,LK). Of note, all three AC-cell populations were shown to robustly express
mainly cytosolic NMYC (Figure 4H,J,L). Immunocytochemical analysis of the MYC and NMYC
expression of the well-established lung adenocarcinoma cell line LXF-289 revealed similar
expressions for MYC and a slightly lower amount NMYC in comparison to BKZ populations
(Figure 4M-N). Additionally, representative immunocytochemical stainings for MYC and NMYC
depicted conserved protein expression in spheroids, as exemplarily shown in BKZ-5-derived
spheres (Supplementary Figure S8). Further analysis concerning MYC and NMYC protein levels
using Western blot from whole-cell lysates revealed expressions within all BKZ cell populations
and LXF-289 cells for MYC and NMYC, respectively (Supplementary Figure SOA). However,
BKZ populations revealed additional signals for NMYC in comparison to LXF-289, possibly
suggesting the presence of further isoforms of this protein in LCSC-like cells. Additionally,
quantification of the relative expression levels revealed higher expression of MYC and NMYC
for most of the BKZ populations in comparison to LXF-289 cells, with only BKZ-4 revealing
less MYC protein. Still, some BKZ populations at least depicted up to 15-fold NMYC and
2.2-fold MYC expression. In general, NMYC expression levels varied more in AC-derived
BKZ populations than in SCC-derived cells, which depicted generally lower level of NMYC.
Contrarily, MYC levels varied more in SCC-derived BKZ populations in comparison to AC-
derived BKZ populations (Supplementary Figure S9B). Additional investigation of the haploid
copy number of MYC and NMYC of all six cell populations revealed a normal copy number
(Supplementary Figure S10).

On the basis of the consistent expression of MYC and NMYC in all NSCLC-derived cells,
we examined the influence of the small molecule KJ-Pyr-9, an inhibitor of the protein—protein
interaction of MYC/NMYC with MAX. Usage of KJ-Pyr-9 doses higher than 5 uM significantly
decreased survival rates for BKZ-4, BKZ-5, and BKZ-6. However, for BKZ-6, even a concentration
of 1 uM KJ-Pyr-9 impaired survival. Treatment with 10 uM KJ-Pyr-9 led to a significant decrease
of the survival rates of BKZ-4 with 72.42% (4-8.43), BKZ-5 with 80.01% (41.4), and BKZ-6 with
70.23% (+4.62). Nevertheless, especially the treatment with 20 pM KJ-Pyr-9 showed a potential
therapeutically relevant effect on survival of BKZ-4, -5, and -6, as survival rates were impaired to
4.92% (£0.16), 3.58% (£0.32), and 3.09% (£0.19), respectively (Figure 5A-C). Statistical analysis
of merged data of all three SCC populations showed a highly significant effect of KJ-Pyr-9
values greater than 5 uM on cell survival, even though only 20 uM of KJ-Pyr-9-treatment led
a reduction of more than 95% survival (Figure 5G). Calculation of the half maximal inhibitory
concentration (ICsp) of KJ-Pyr-9 revealed ICsq values of 10.33 uM for BKZ-4, 11.40 uM for BKZ-5,
and 11.48 uM for BKZ-6 (Figure 5]). In accordance with SCC-derived cells, KJ-Pyr-9-treatment of
AC-derived cells showed similar results. Nevertheless, for AC-derived cells, only concentrations
greater than 10 uM KJ-Pyr-9 revealed a significant effect on cell survival compared to control.
Again, usage of 20 uM KJ-Pyr-9 reduced cell survival significantly for BKZ-7 to 5.98% (£0.93),
BKZ-8 to 2.02% (£0.33), and BKZ-9 to 3.36% (£0.28) (Figure 5D-F). Analysis of the merged
data of all three AC-derived LCSC-like cells showed significant reductions of cell survival after
the exposure to KJ-Pyr-9 concentrations greater than 10 uM with survival of 88.38% (£4.11).
However, only application of 20 uM KJ-Pyr-9 impaired cell survival in a highly significant way,
with final survival of only 3.79% (£0.65) (Figure 5H). Analysis of the half maximal inhibitory
concentration (ICsp) of KJ-Pyr-9 depicted ICs; values of 10.89 uM for BKZ-7, 11.57 uM for BKZ-8,
and 11.08 uM for BKZ-9 (Figure 5K). Investigation of the influence of KJ-Pyr-9 on LXF-289 cells
revealed significant reductions in cell survival after exposure to 10 uM KJ-Pyr-9 with 69.78%
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(£3.62) and 20 uM KJ-Pyr-9 with 9.877 (£4.94) survival left (Figure 5I). Calculated ICsy was
10.64 1M (Figure 5L). Interestingly, 24 h treatment of NSCLC-derived cell populations with 10 or
20 uM KJ-Pyr-9 led to heterogeneous nuclear localization of MYC for SCC- and AC-derived cell
populations (Supplementary Figure S11).
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Figure 4. Squamous cell carcinoma- and adenocarcinoma-derived lung cancer stem cell-like cells all
expressed myc proto-oncogene (MYC) and N-myc proto-oncogene (NMYC) at the protein level. Anal-
ysis of the protein expression of the oncogenes via immunocytochemical staining depicted a nuclear
expression of (A,C,E,G,ILK) MYC and a predominantly cytosolic expression of (B,D,F,H,J,L) NMYC
for all cell populations. Immunocytochemical analysis of the well-established lung adenocarcinoma-

Squamous Cell Carcinoma-derived LCSCs

Adenocarcinoma-derived LCSCs

LXF-289

derived cell line LXF-289 depicted nuclear (M) MYC expression, as well as slight cytosolic expression
of (N) NMYC.



Cells 2021, 10, 1024

14 of 25

>
o
©
=
N
A
o
(9}
@
=
N
o

BKZ-4

g

g

Survival rate [%]
g
Survival rate [%]

o N N N
0\{’ AY oY oY oY .\\3} ‘,\? \@“ mﬁs
KJ-Pyr-9 KJ-Pyr-9
D BKZ-7 E BKZ-8 F BKZ-9

Survival rate [%]

o 8 8 8
Y %
Yy

Survival rate [%]
. 8 8 B
*
}(- *
I
Survival rate [%]

N N o & & & 8
0‘{? RS BN N 0& I RS SRS S
KJ-Pyr-9 KJ-Pyr-9 KJ-Pyr-9
G Merged data of SCC-derived LCSCs H Merged data of AC-derived LCSCs | LXF-289

—* *%k
.3 ) )
3 S
100 100 00

g

Survival rate [%]

°
Survival rate [%]

° 8
Survival rate [%]

> g

o N N N S N N N N o S
o‘f’ IS BN SN o‘{)o S SRS BN SN o‘{v A Y \gs @\3‘
KJ-Pyr-9 KJ-Pyr-9 KJ-Pyr-9
J skza ||K ekz7 | L
BKZ5 BKZ-8
= LoBKkze | m o, BKZ-9
'%' 1004 i % 1001 ﬁ 1004
= ] sE
5 50 35 50 " 50
2] n _g W
3 3 53
5 5 is
£ o E 0 S o
o r T T J T T )
Z o0 05 0 s || £ oo 05 10 15 00 05 10 15
log (KJ-Pyr-9) uM log (KJ-Pyr-9) uM log (KJ-Pyr-9) uM
BKZ-4:IC,,: 10.33 pM BKZ-7:IC,: 10.89 uM LXF-289: IC,,: 10.64 pM
BKZ-5: IC,,; 11.40 uM BKZ-8: IC,; 11.57 uM
BKZ-6: IC,,: 11.48 uM BKZ-9: IC,,: 11.08 uM

Figure 5. Inhibition of myc proto-oncogene (MYC) and N-myc proto-oncogene (NMYC) protein interac-
tion with Myc-associated factor X significantly decreased survival of squamous cell carcinoma (SCC)- and
adenocarcinoma (AC)-derived lung cancer stem cell (LCSC)-like cells. Metabolism was measured using
Orangu, and cell count was determined by using a standard curve. Quantification of the normalized
survival rate of SCC-derived (A) BKZ-4, (B) BKZ-5, and (C) BKZ-6 showed a significantly decreased
survival after exposure to values greater than 5 uM of the MYC/NMYC inhibitor KJ-Pyr-9 in comparison
to the control. Calculation of the normalized survival rate for AC-derived (D) BKZ-7, (E) BKZ-8, and (F)
BKZ-9 showed a significantly decreased survival after exposure to 20 uM of KJ-Pyr-9 in comparison to
the control. However, BKZ-8 and BKZ-9 seemed to be more sensitive in comparison to BKZ-7 as they
also revealed a significantly decreased survival after the treatment with 10 uM K]J-Pyr-9. (G) Merged data
of SCC-derived LCSC-like cells showed a significantly reduced survival after treatment with KJ-Pyr-9,
with values higher than 5 uM for and (J) half maximal inhibitory concentration (ICsg) values between
10.33 and 11.48 uM. (H) Quantification of merged data of AC-derived LCSC-like cell populations showed
significantly reduced survival upon KJ-Pyr-9 values higher than 10 pM. (K) IC5; values ranged between
10.89 uM and 11.57 uM KJ-Pyr-9 for AC-derived LCSC-like cells. (I) Quantification of the survival of lung
adenocarcinoma cell line LXF-289 showed significantly reduced survival after exposure to 10 uM KJ-Pyr-9
with an (L) ICs( of 10.64 uM. Non-parametric Mann-Whitney test (A-G,L, p < 0.05). Unpaired t-test (H,
p <0.05).n=3,*p <0.05 * p <0.01, **p < 0.001. Mean £ SEM (standard error of the mean).
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Analysis of potential target genes of MYC involved in the KJ-Pyr-9-induced survival
decrease revealed a decrease of cyclin D1 (CCND1) after 24 h treatment with 20 pM KJ-Pyr-
9 for BKZ-6 and BKZ-8 as representative cell populations for squamous cell carcinoma-
and adenocarcinoma-derived LCSC-like cells. Additionally, BKZ-8 exhibited significantly
reduced mRNA expression levels of ribosomal protein lateral stalk subunit P1 (RPLPI) and
ribosomal protein L28 (RPL28), both involved in ribosomal biosynthesis. Not regulated
in LCSC-like cells but regulated in the lung adenocarcinoma cell line LXF-289 were lac-
tate dehydrogenase A (LDHA) and MYC mRNA expressions, as LDHA was significantly
reduced and MYC significantly increased after KJ-Pyr-9 application (Figure 6). Further
tested but not regulated MYC target genes were cyclin D3 (CCND3), ribosomal protein
L5 (RPL5), and ribosomal protein L14 (RPL14) (Supplementary Figure S12). Additional
analysis of the number of senescent cells after treatment with 20 uM KJ-Pyr-9 for 24 h led
to a significant increase in SCC-derived senescent cells, but not in AC-derived senescent
cells (Supplementary Figure S13).
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Figure 6. Myc proto-oncogene (MYC)-regulated target genes in lung cancer stem cell (LCSC)-like
cells. Quantitative polymerase chain reaction of different target genes of MYC revealed a significant
reduction of Cyclin D1 (CCND1) after the application of 20 pM KJ-Pyr-9 for BKZ-6 and BKZ-8 as
representative cell populations for squamous cell carcinoma- and adenocarcinoma-derived LCSC-like
cells. Further, BKZ-8 exhibited significantly reduced mRNA expressions of ribosomal protein lateral
stalk subunit P1 (RPLP1) and ribosomal protein L28 (RPL28). Additionally, lung adenocarcinoma cell
line LXF-289 showed a significantly decreased mRNA level of lactate dehydrogenase A (LDHA) and
a significantly increase in MYC expression after KJ-Pyr-9 treatment. Non-parametric Mann-Whitney-
test (p < 0.05). n =3, * p < 0.05. Mean + SEM (standard error of the mean).

3.4. Inhibition of NF-xB Signaling Decreased Survival of Squamous Cell Carcinoma- and
Adenocarcinoma-Derived Lung Cancer Stem Cell-like Cells

Next to the influence of MYC/NMYC inhibition, we investigated NSCLC-derived
cell survival after inhibition of NF-«kB signaling utilizing dexamethasone and PDTC. Ad-
ditionally, the influence of possible synergistic effects on the impairment of cell survival
was determined by utilizing different combinations of these inhibitors with TNF-oc and
KJ-Pyr-9. Here, treatment with dexamethasone (300 tM) and PDTC (100 uM) led to sig-
nificant reductions of SCC- and AC-derived cell survival (Figure 7A,B). On the contrary,
application of the NF-«kB inhibitor lenalidomide only slightly impaired cell survival of
SCC-derived cells with nearly no effect on AC-derived LCSC-like cells (Supplementary
Figure S14). PDTC-treatment in SCC-derived LCSC-like cells led to a significantly elevated
reduction with only 14.60% (£2.17) cell survival left in comparison to dexamethasone
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with 27.17% (£5.17) survival (Figure 7A). This effect was not detectable for AC-derived
LCSC-like cells, as 26.24% (£5.12) survival was observable after dexamethasone treatment
and still 24.16% (£6.04) survival after the exposure to PDTC (Figure 7B). No additional
effect on survival reduction of NSCLC-derived cells was detectable after application of
dexamethasone and PDTC, even though a tendency could be seen for AC-derived LCSC-
like cells (Figure 7A,B). In addition, treatment of SCC- and AC-derived LCSC-like cells
with PDTC resulted in a significant increase in senescence in comparison to the control
(Supplementary Figure S13). Interestingly, nuclear RelA localization was only slightly
affected by PDTC-treatment for 24 h, although a tendency showing a decrease in the ratio
of nuclear RelA to total RelA was observable after exposure of LCSC-like cells to PDTC
compared to control (Supplementary Figure S15).
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Figure 7. Co-inhibition of MYC and NF-«B signaling did not synergistically affect survival of NSCLC-derived LCSC-like
cells. To analyze possible synergistic effects of MYC and NF-«B signaling inhibition on cell survival, we treated cells with
dexamethasone (Dexa; 300 pM), PDTC (100 pM), TNF-o (10 ng/mL), and KJ-Pyr-9 (10 pM), and cellular viability was
analyzed using Orangu. (A) Statistical analysis of normalized survival rates of SCC-derived LCSC-like cells revealed a
significantly reduced survival upon all treatment combinations but did not show any synergistically effect of the different
reagents. There was no difference in cell survival upon the usages of dexamethasone and PDTC in combination with TNF-«,
KJ-Pyr-9, or TNF-« with KJ-Pyr-9 together. (B) Quantification of the normalized AC-derived cell survival also revealed no
synergistical effect of inhibition of MYC and NF-kB signaling. However, TNF-« alone did not influence cell survival of
AC-derived cells in contrast to SCC-derived ones. Unpaired f-test (p < 0.05). n =3, * p < 0.05, ** p < 0.01, *** p < 0.001.
Mean + SEM (standard error of the mean).

Analysis of the influence of TNF-« (10 ng/mL) on NSCLC-derived LCSC-like cells
exhibited a survival-decreasing effect only on SCC-derived LCSC-like cells (75.51% (£4.92)
survival), but no effect for AC-derived cells. Nevertheless, no synergistic depletion of
cellular survival of NSCLC-derived LCSC-like cells was detectable by co-treatments using
TNF-o with dexamethasone and/or PDTC together. Accordingly, combined MYC/NMYC
and NF-«B inhibition using 10 uM KJ-Pyr-9 with dexamethasone and/or PDTC did not
result in synergistic reductions in survival of NSCLC-derived LCSC-like cells. Of note,
MYC/NMYC inhibition using only 10 uM KJ-Pyr-9 alone decreased survival of SCC- and
AC-derived LCSC-like cells significantly. The use of TNF-«, KJ-Pyr-9, dexamethasone, and
PDTC in parallel did not impair NSCLC-derived LCSC-like cell survival synergistically
(Figure 7A,B). In summary, the inhibition of MYC/NMYC signaling using KJ-Pyr-9 as well
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as the inhibition of NF-«B signaling utilizing dexamethasone or PDTC significantly reduced
survival of SCC- and AC-derived LCSC-like cells with no synergistic effects (Table 2).

Table 2. Survival rates of squamous cell carcinoma (SCC)- and adenocarcinoma (AD)-derived lung cancer stem cell

(LCSC)-like cells after the application of different NF-«B inhibitors and the MYC inhibitor KJ-Pyr-9.

Survival Rate of SCC-Derived

Survival Rate of AD-Derived

Treatment Concentration Target LCSC-Like Cells LCSC-Like Cells
KJ-Pyr-9 1uM MYC 96.35% (+1.23) 103.0% (£1.99)
KJ-Pyr-9 5uM MYC 91.77% (£2.86) 102.1% (£2.16)
KJ-Pyr-9 10 uM MYC 74.22% (£3.17) 88.38% (£4.11)
KJ-Pyr-9 20 uM MYC 3.86% (£0.30) 3.80% (£0.65)
PDTC! 100 uM NF-«B 14.60% (£2.17) 24.16% (£6.04)

Dexa 2 300 uM NF-«B 27.17% (£5.17) 26.24% (£5.12)

PDTC + Dexa 100 uM /300 uM NF-«B 14.61% (£1.91) 16.33% (£3.29)
KJ-Pyr-9 + PDTC 10 pM /100 uM MYC/NF-«B 11.18% (£1.48) 18.84% (£5.25)
KJ-Pyr-9 + Dexa 10 uM /300 uM MYC/NEF-«B 22.53% (42.95) 20.09% (41.90)
KJ-Pyr-9 + PDTC + Dexa 10 pM/100 uM/300 uM MYC/NEF-«B 13.40% (£1.60) 16.84% (+£3.61)

1PDTC = pyrrolidinedithiocarbamate; 2 Dexa = dexamethasone.

4. Discussion

In this study, we present six novel LCSC-like cell populations derived from three
SCC and three AC of the lung as promising in vitro models for LCSC-like cells. Usage
of low doses of the MYC signaling inhibitor KJ-Pyr-9 led to a significant depletion in
survival of SCC- as well as AC-derived LCSC-like cells, representing the impairment of
protein—protein interaction of MYC/NMYC, with MAX as a promising target in treating
NCSLC, particularly by engaging MYC high-expressing LCSC. One possibly relevant MYC
target gene, which we detected to be regulated by KJ-Pyr-9, was cyclin D1. Nevertheless,
the whole picture of the underlying working mechanism still remains elusive.

Cancer stem cells are defined by the expression of a set of different markers such as
CD133 [41], CD44 [42], and Nestin [43]. In primary NSCLC cell lines, Chen and colleagues
demonstrated that CD133" cells displayed higher ability for self-renewal and tumor ini-
tiation, as well as higher resistance to chemotherapy in comparison to CD133" cells [44].
This in vivo tumorigenicity and the correlation of the expression of stemness-related genes
of CD133* cells was confirmed additionally by Tirino and Huang [45,46]. Further, CD44
expression was shown to correlate with stem cell-like properties such as chemotherapy
resistance, enhanced spheroid formation and tumor-initiating capacities [47,48]. Moreover,
CD44 expression was demonstrated to be linked to drug resistance [49], NSCLC occur-
rence, and metastasis [50,51]. Double-positive CD133" /CD44* primary AC-derived lung
cancer cells revealed higher colony formation units than CD133"/CD44" ones. Further,
Wang and colleagues depicted that IL6 pretreatment of CD133* /CD44* cells assisted in
entering into the cell cycle in quiescent lung cancer stem cells and significantly increased
chemosensitivity [52]. Nestin initially served as stem cell marker especially for the central
nervous system [53], although its role as CSC marker became more prominent in recent
years. Regarding NSCLC, a knockdown of Nestin protein using short hairpin RNA not
only decreased proliferation but also affected migration, invasion, and sphere formation of
AC-derived cells [54]. This stands in accordance with Liu and coworkers, who indicated
that a CRISPR/Cas9-mediated knockout of Nestin led to reduced proliferation, invasion,
and colony formation of H1299 and A549 cell lines [55]. Even though, some studies of
NSCLC-derived cancer stem cells exist, most of them are based on sorted well-established
cell lines and not on primary ones. Thus, the herein presented co-expression of CSC mark-
ers CD133 and CD44, as well as the expression of Nestin in the novel BKZ-4, -5, -6, -7, -8,
and -9 cell populations, strongly suggests their LCSC-like character and represents these
as promising new in vitro models for studying NSCLC-derived stem cells. Additionally,
immunocytochemical investigation of the well-established lung adenocarcinoma cell line
LXF-289 revealed no expression for CD133 and Nestin and lower expression of CD44,
underpinning the presence of a CSC phenotype in the here-presented BKZ cell populations.
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Tumor spheroid formation of all six BKZ cell populations further substantiated LCSC
properties, as cell populations with tumor-sphere-forming-properties are constantly shown
to form tumors in xenograft models of LCSC-like cells [56].

Myc family members are key regulators of cell proliferation, self-renewal, and differ-
entiation and are known to play an important role in tumor initiation and progression [57].
Recently, we reported a significant survival-decreasing effect in primary human colon can-
cer stem-like cells by the inhibition of MYC signaling using KJ-Pyr-9 [29]. While KJ-Pyr-9
is a small molecule with highest activity in MYC inhibition, it is interesting to note that
recent efforts in drug development led to new derivates with similar activity but higher
solubility and better stability [58]. Regarding NSCLC, the working group around Tao
reported that viability, self-renewal, and invasion of A549-derived LCSC-like cells was
decreased by affecting MYC signaling [18]. Targeting MYC also enhanced chemothera-
peutic efficacy of cisplatin in NSCLC cells [59]. In accordance with these results, we here
observed a high protein amount of MYC and NMYC in all six NSCLC-derived LCSC-like
cells, further underlining their stem-like characteristics. Notably, inhibition of MYC by
application of 20 pM small molecule KJ-Pyr-9 [28] resulted in strong inhibition of cell
survival in LCSC-like cells, while concentration of up to 10 pM KJ-Pyr-9 led to a slight yet
significant decrease in survival. Calculation of the half maximal inhibitory concentrations
(ICs5p) revealed ICsg values between 10.33 and 11.57 uM KJ-Pyr-9 for the here-established
LCSC-like cells. Accordingly, recombinant MYC-MAX-DNA interaction was reported to
be inhibited with an ICs( of approximately 10 and 30 pM [28,60]. On the contrary, KJ-Pyr-9
was described to have no effect on MYC-MAX in an SPR assay up to 10 uM, with the
reason for this discrepancy being unclear [61]. Investigation of lung adenocarcinoma cell
line LXF-289 revealed similar results concerning the influence of MYC inhibition on cell
survival, suggesting a conserved working mechanism on lung adenocarcinoma cells with
MYC expression. Nevertheless, MYC and NMYC expression of LXF-289 were principally
lower in comparison to BKZ populations, except for BKZ-4 for MYC protein. Furthermore,
LCSC-like cells revealed additional signals within the NMYC blot, suggesting the presence
of further isoforms of this protein in LCSC-like cells in comparison to LXF-289. However,
the characteristics and role of these possible new isoforms have to be investigated in future
studies. To gain first insights into the working mechanism of KJ-Pyr-9-induced survival
decrease in MYC expressing lung cancer cells, we tested for alterations in mRNA levels
of several known MYC target genes, such as CCND1, CCND3, and MYC itself. Further,
we recently published high expressions of genes involved in ribosomal biosynthesis in
different CSC-like populations, including the here-presented BKZ-7, BKZ-8, and BKZ-9
(there referred to as LCSC_a, LCSC_b, and LCSC_c [62]). Here, we focused on known
MYC target genes, such as RPLP1, RPL5, RPL14, RPL28, and LDHA [63-67]. Quantification
revealed significant reductions in CCNDI mRNA levels for the representative LCSC-like
cell populations BKZ-6 and BKZ-8 after KJ-Pyr-9 application, possibly explaining the
survival-decreasing effects. This stands in line with studies of Zhou et al. and Chen
et al. that reported MYC-dependent cell cycle regulation in NSCLC cell lines [68,69]. Fur-
thermore, RPLP1 and RPL28 expression in BKZ-8 was affected by KJ-Pyr-9 application,
suggesting an involvement of MYC signaling in ribosomal biosynthesis of AC-derived
LCSC-like cells, as already shown for several cancer types (reviewed in [70,71]). However,
lung adenocarcinoma cell line LXF-289 and SCC-derived LCSC-like cell population BKZ-6
did not reveal differences in the investigated genes involved in ribosomal biosynthesis,
highlighting a cell line-specific response. These variances could also be seen in the response
of LDHA, as it was only downregulated in LXF-289 cells but not in BKZ-6 or BKZ-8. In
pancreatic and prostate cancer, a correlation of MYC with LDHA expression was detected
and linked to the regulation of aerobic glycolysis while promoting tumor progression
and decreasing apoptosis [67,72]. Thus, downregulation of LDHA may be one cause for
KJ-Pyr-9-mediated decrease in cell survival of LXF-289. Nevertheless, this effect could not
be detected in the two representative BKZ populations, suggesting a difference between the
here-established LCSC-like cells and the LXF-289 cell line. Further, the in 1995 established
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lung adenocarcinoma-derived cell line LXF-289 [30] showed atypical effects upon MYC
inhibition, as mRNA levels of the transcript were increased by KJ-Pyr-9 treatment. Gener-
ally, it is postulated that MYC creates a positive auto-regulatory circuit, which is essential
for sustaining mutual high expression in tumor cells [73]. However, the data presented in
this manuscript revealed a more complex mechanism involved in the regulation of MYC
signaling, suggesting the need for large-scale target gene analysis to fully understand the
signaling cascade. In conclusion, our observations strongly emphasized MYC inhibition as
an auspicious therapy for treating NSCLC by targeting cyclin D1 expression in LCSC-like
cells, while the whole underlying mechanism still remains unclear.

Next to MYC, NF-kB signaling is broadly described to be involved in multiple steps
of lung carcinogenesis, to mediate therapy resistance [74], and to be active in lymph node
metastasis [27], providing an important linkage between the pathogenesis of pulmonary
inflammation and lung cancer [75]. Accordingly, the presence of NSCLC cells positive for
NF-«B RelA was reported to be correlated with shorter overall survival time, suggesting
RelA expression as a prognostic factor for NSCLC [27,76] (reviewed in [77]). Regarding its
role in LCSCs, NF-«kB was also reported to be highly associated with the CSC gene expres-
sion signature of NSCLC cells [10]. Depletion of NF-«kB RelA utilizing the kinase inhibitor
BMS-345541 effectively reduced stemness and EMT markers, self-renewal, and migratory
properties of LCSCs [78], suggesting NF-kB as a promising target for CSC depletion in
NSCLC (reviewed in [77]). Accordingly, we observed RelA protein in high amounts in
SCC- and AC-derived LCSC-like cells and thus conclude that RelA expression seems to
be a unifying factor of all NSCLC-derived cell populations described here. Application of
TNF-« led to nuclear translocation and thus to the activation of RelA in all six LCSC-like
cells. TNF-a-mediated signaling in NSCLC cell lines was shown to be favorable for cancer
initiation, as TNF-a-induced NF-kB signaling led to the protection from cell death [79]
and was shown to have a metastasis-promoting effect associated with tumor recurrence
and drug resistance [80]. On the other hand, TNF-« expression was reported to be un-
favorable as it was involved in necroptosis of NSCLC cells [81]. Additionally, there is a
concept of pro-tumor inflammation being present in cancer [82]. Regarding NSCLC, anti-
inflammatory therapy targeting the interleukin-1 innate immunity pathway was shown
to significantly reduce lung cancer mortality [83]. In the present study, we investigated this
concept of pro-inflammatory cytokines as growth factors for CSCs by using TNF-«, but
could not detect any increase in cell number in comparison to control. Accordingly, analysis
of cell survival after TNF-a-stimulation revealed no change in survival of AC-derived
LCSC-like cells, but a significant reduction in survival of SCC-derived LCSC-like cells,
reflecting differences in the dependence on TNF-&/NF-kB-mediated pathways between
NSCLC-derived LCSC-like cells.

Inhibitors of pro-inflammatory signaling such as dexamethasone, lenalidomide, or
PDTC are known to influence the production of cytokines and growth factors, which in
turn enhances the immune response against tumor cells and inhibits tumor angiogen-
esis [84]. Even though proliferation of some NSCLC cell lines have been shown to be
affected by lenalidomide [85], we here observed fivefold higher doses to marginally impair
survival of NSCLC-derived LCSC-like cells in comparison to the study around Kim and
colleagues [85]. This kind of lenalidomide resistance possibly highlights their enrichment
for stem-like properties. Lenalidomide was shown to affect NF-kB-induced apoptosis by
modulating the production of cytokines and growth factors such as TNF-o and insulin-like
growth factor—1 [86], thus acting more upstream in comparison to PDTC and dexametha-
sone. Hence, the here-presented LCSC-like cells potentially evade the immunomodulatory
effects of lenalidomide by a mechanism more downstream of the respective signaling path-
way. Nevertheless, underlying mechanisms have to be clarified. Contrarily, application
of the immunomodulatory synthetic glucocorticoid dexamethasone resulted in a more
elevated reduction in cell survival of NSCLC-derived LCSC-like cells. Dexamethasone
was shown to interfere with NF-kB activation and reduced TNF-« production [87,88]. In
NSCLC cells it was shown to inhibit TGF-f1-induced migration as well as EMT via the
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AKT/ERK signaling pathways [89], suggesting a modulatory effect on CSC properties.
Nevertheless, dexamethasone is also suggested to impair chemotherapy efficacy, as co-
administration was shown to decrease chemosensitivity in NSCLC xenograft models [90].
Next to dexamethasone, PDTC is commonly known to inhibit the IkBx degradation and
p65 nuclear import [91], and was likewise shown to reduce survival of NSCLC-derived
LCSC-like cells in the present study. Accordingly, Zhang and coworkers demonstrated
that PDTC regulates metastasis of A549 cells in co-culture with lymphatic endothelial cells,
possibly representing a link between NF-«kB and the lymphocytic metastasis of NSCLC
cells [92]. In this study, PDTC treatment was more effective in decreasing cell survival of
SCC-derived LCSC-like cells in comparison to high doses of dexamethasone. However,
this difference could not be detected in AC-derived LCSC-like cells, suggesting a more
chemoresistant phenotype compared to SCC-derived cells. Two of three parental tissues of
AC-derived LCSC-like cells revealed clinically relevant mutations, one for EGFR and one
for KRAS and STK11, possibly explaining the observed reduction in sensitivity for PDTC.
However, SCC-derived cells were not tested for potential mutations, as no clinical rele-
vance was existent. Generally, co-treatment with PDTC and dexamethasone, and especially
application of KJ-Pyr-9 seem to be more effective in targeting NSCLC-derived LCSC-like
cells in comparison to various standard chemotherapeutics such as cisplatin, docetaxel,
pemetrexed, paclitaxel or vinorelbine as investigated by Herreros-Pomares and colleagues.
Those chemotherapeutics were shown to impair CSC survival only marginally with 83.5%,
86.9%, 76.2%, 68.2%, and 56.9% cells alive after treatment, respectively. More effective, but
still not as effective as KJ-Pyr-9 and co-treatment with PDTC and dexamethasone, was
salinomycin with 21.7% survival left [93] (Table 2). Salinomycin was already identified as
highly active drug, reducing breast CSCs more than 100-fold in comparison to standard
drug treatment with paclitaxel [94]. Further, it was shown to inhibit NF-«B activity in
prostate cancer cells, which was reported by Ketola and coworkers [95]. Thus, we conclude
that targeting of the NF-kB pathway with drugs such as PDTC or salinomycin might be a
new route for post-surgical treatment of NSCLC. Nevertheless, MYC seems to also play a
pivotal role, as its expression was also impaired by salinomycin [95]. Interestingly, PDTC
was reported to induce cytotoxic effects against SCLC cells by suppressing MYC expression
and inducing S phase arrest [96], suggesting a role of PDTC in MYC modulation in NSCLC
cells. Still, direct inhibition of MYC/NMYC using low doses of KJ-Pyr-9 was shown to be
more effective than PDTC-treatment for both SCC- and AC-derived LCSC-like cells. Addi-
tionally, no synergistic effect of the inhibition of NF-kB and MYC signaling was detectable
in NSCLC-derived LCSC-like cells, suggesting either inhibition of MYC signaling or NF-«B
signaling to inhibit survival of LCSCs without a cross-coupling between the two pathways.
In summary, we successfully isolated six novel NSCLC-derived lung cancer stem-like
cells as promising in vitro models to further study CSC—driven tumor growth, treatment
resistance, and cancer relapse. Expression of the prominent CSC markers CD133, CD44, and
Nestin as well as successful formation of spherical cancer organoids confirmed a CSC-like
phenotype. Additionally, all three AC- as well as SCC-derived LCSC-like cells expressed
proto-oncogenes MYC and NMYC, further emphasizing their stem-like characteristics.
Application of inhibitors of NF-kB and MYC signaling led to significant reductions in
survival of both AC- and SCC-derived cells. Nevertheless, inhibition of MYC/NMYC
using KJ-Pyr-9 was observed to impair LCSC-like cells most effectively, suggesting MYC
signaling as a possible object for targeting LCSC. Even though MYC signaling could be
identified to play a crucial role in LCSC-like survival, underlying mechanisms involved in
this signaling pathway still remain unclear, and MYC-inhibiting drugs have to be clinically
approved to be able to use them against NSCLC. In contrast, dexamethasone and the
PDTC derivative zinc diethyldithiocarbamate are already in clinical use and thus more
rapidly applicable against NSCLC. Overall, both signaling pathways are promising targets
in NSCLC-derived LCSC-like cells, but molecular signaling needs further investigation.
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Abstract:

Objective: Cancer stem cells (CSC) are a small subpopulation of tumor cells harboring
properties like self-renewal, multi-lineage differentiation, tumor reconstitution, drug
resistance and invasiveness, making them key players in tumor relapse. Here, we
developed new CSC models and analyzed molecular pathways involved in survival to

identify targets for the establishment of novel therapies.



1.

Methods: Endometrial carcinoma-derived stem-like cells (ECSCs) were isolated from
carcinogenic gynecological tissue and subsequently analyzed regarding their
expression of prominent CSC markers. Further, they were treated with MYC-signaling
inhibitor KJ-Pyr-9, chemotherapeutic agent carboplatin and type Il diabetes medication

metformin.

Results: ECSC populations express common CSC markers like Prominin-1, CD44
antigen and Nestin and exhibit the ability to form free floating spheres. Inhibition of
MYC-signaling and treatment with carboplatin as well as metformin significantly
reduced cell survival of ECSC-like cells. Further, treatment with metformin significantly
decreased the mitochondrial membrane potential of ECSC-like cells while the

extracellular lactate concentration was increased.

Conclusions: The here established ECSC-like cell populations represent promising in
vitro models to further study the contribution of ECSCs on endometrial carcinogenesis.
Targeting MYC-signaling as well as mitochondrial bioenergetics has shown promising
results in the diminishment of ECSCs, although molecular signaling pathways need

further investigations.

Keywords: Cancer Stem Cells, Endometrial Cancer, primary Endometrial Cancer

Stem Cells, MYC, metformin, mitochondria

Introduction

Endometrial carcinoma (EC) is the most common gynecological tumor and accounts

for about 3% of worldwide mortality among women [1]. Main risk factors are obesity or

diabetes mellitus, thus incidence rates are generally higher in high-income countries than

in low- and middle-income countries [2]. Since 1983, EC has been broadly classified into

two types, based on molecular profiling, histopathology and clinical behavior [3]: Type |

endometrial cancer accounting for 70-80% of all ECs is typically less aggressive, estrogen-

2



related and highly to moderately differentiated with an endometrioid morphology. Type I
endometrial cancer summarizes estrogen-independent non-endometrioid carcinomas [4].
ECs are usually diagnosed at an early stage due to symptoms like postmenopausal uterine
bleeding and have a good prognosis with a 5-year survival rate of 81.1% [5]. With current
cancer treatments, extensive and even complete cancer regression can be achieved,
however this is often followed by relapse [6].

A key player driving tumor relapse is a small subpopulation of cells that harbor
properties like self-renewal, multi-lineage differentiation, tumor reconstitution, drug
resistance and invasiveness [7]. The presence of these so-called cancer stem cells (CSCs)
has been assumed for several decades, as tumors recapitulate their corresponding tissue
and hold a hierarchical organization with CSCs at the top. Endometrial carcinoma-derived
stem-like cells (ECSCs) are commonly identified using specific cell surface markers like
CD44-antigen (CD44) and Prominin-1 (CD133), as their expression is associated with
tumorigenicity, invasiveness and metastasis [8-10]. Further, ECSCs were characterized
by expressing stemness-related genes such as MYC, SOX2, OCT4, ABCG2 and Nestin
[11]. Accordingly, increased expression of ALDH1, OCT4, SOX2 and MYC was reported
in a CD133* cell subpopulation isolated from an endometrioid adenocarcinoma [12].
Consistently, downregulation of MYC in EC was shown to significantly reduce cell invasion
as well as drug resistance [13]. In recent years, several studies investigated the metabolic
plasticity of CSCs as they are able to switch between increased oxidative mitochondrial
metabolism and anaerobic glycolysis [14]. Accordingly, high mitochondrial mass correlates
with ALDH activity, tumor-initiating activity and chemoresistance of CSCs [15].

Within this study, we established three ECSC-like cell populations named BKZ-10,
BKZ-11 and BKZ-12 expressing various stemness-related proteins and harboring the
ability to form spherical cancer organoids. Inhibition of protein-protein interaction of
MYC/NMYC with MY C-associated factor X (MAX) as well as the application of metformin

3



and carboplatin significantly decreased cell survival of ECSCs. Further, metformin
treatment significantly reduced mitochondrial membrane potential, representing metformin

as a promising drug targeting the mitochondrial metabolism of ECSCs.

2. Methods

2.1. Endometrial Cancer Stem-like Cell Establishment and Cell Culture

The cancer tissue samples used for the isolation of ECSCs were obtained during
surgical resection after assuring routine histopathological analysis and kindly provided by
the Forschungsverbund BioMedizin Bielefeld/ OWL FBMB e. V. (Bielefeld, Germany) at the
Protestant Hospital of Bethel Foundation (Bielefeld, Germany). Informed consent
according to local and international guidelines was signed by all patients and further
experimental procedures were ethically approved (Ethics committee Miinster, Germany,

2017-5224-S).

For the isolation of primary cells, a cubic tumor material sample measuring 5 mm was
collected from each tumor and transferred to ice-cold Dulbecco’s Phosphate Buffered
Saline (PBS; Sigma-Aldrich, Munich, Germany), repeatedly washed with PBS,
mechanically disintegrated and enzymatically digested with collagenase for 2h at 37°C as
previously described [16—18]. The minced tissue was cultivated in CSC medium containing
Dulbecco’s Modified Eagle’s medium/Ham’s F-12 (Sigma-Aldrich), 2 mM L-Glutamin
(Sigma-Aldrich), Penicillin/Streptomycin (100 pg/mL; Sigma-Aldrich), epidermal growth
factor (EGF) (20 ng/mL; Miltenyi Biotec, Bergisch Gladbach, Germany), fibroblast growth
factor 2 (FGF-2) (40 ng/mL; Miltenyi Biotec), B27 supplement (Gibco, Thermo Fisher
Scientific, Bremen, Germany), supplemented with 10% fetal calf serum (FCS, Sigma-

Aldrich) on T75-culture flasks coated with 0.1% gelatin from bovine skin (type-B; Sigma-



Aldrich). CSCs were enriched through serial trypsin treatment, as described by Walia and
coworkers and Morata-Tarifa and colleagues [19,20]. Briefly, after washing with PBS, cells
were treated with 0.05% Trypsin-EDTA solution (0.5 mg/mL; Sigma-Aldrich) for 5min and
transferred onto a new gelatin-coated culture flask. To assure stem-like characteristics,
trypsinization was repeated every 48 to 72h for at least three cycles. For sphere formation,
0.5x10° cells were cultured in serum-free CSC medium supplemented with 4 ug/mL
heparin (Sigma-Aldrich) in low adhesion culture flasks. All cells were cultured at 37°C and

5% CO: in a humidified incubator.

Population doubling times were determined using the Orangu™ Cell Counting Solution
(Cell Guidance Systems, Cambridge, UK) according to the manufacturer's guidelines. As
a standard curve, 1000, 2500, 5000, 7500 and 10000 cells and to determine the population
doubling time 3000 cells per 100 yL CSC medium supplemented with 10% FCS were
seeded in a 0.1% gelatin-coated 96 well-plate. After adherence, cell viability was measured
for the standard curve and after 72h for the growing cells. Cell count was quantified using
the respective standard curve, growth rate and populations doubling times were

determined by the following equations:

In(xt)—In(x0)

growthrate =
t—to0

(1)

In(2)
growth rate

).

population doubling time =

To quantify the volume of spheres, at least five pictures were taken and every sphere
was measured in length and width using Fiji ImageJ [21]. The volume of spheres was

calculated according to the following equation:

sphere diameter

V= 3w (BN 3).



2.2.  Immunocytochemistry

For immunocytochemical staining, pre-cultured cells were harvested and seeded on
etched cover slips in a 24-well plate at a density of 1.5x10* cells per 500 uL CSC medium
supplemented with 10 % FCS. At 80% confluency, cells were fixated with 4% phosphate-
buffered paraformaldehyde (lab-made) for 15min at room temperature (RT), washed with
PBS, blocked/permeabilized using 0.02% Triton-X 100 (Sigma-Aldrich) with 5% goat
serum (Dianova, Hamburg, Germany) for 30min at RT and incubated with the primary
antibody for 1h at RT. Antibodies used were anti-CD44 (1:400; 156-3C11; Cell Signaling,
Frankfurt am Main, Germany), anti-CD133 (1:100; NB120-16518; NovusBio, Bio-Techne,
Wiesbaden-Nordenstadt, Germany), anti-Nestin (1:200; MAB5326; Sigma-Aldrich), anti-
MYC (0,1 ug/mL; Y69; Abcam, Cambridge, UK), anti-NMYC (2,5 ug/mL; NCM 1l 100;
Abcam), anti-Synaptophysin (1:250; MAB5258; Sigma-Aldrich) and anti-Slug (1:100;
C19G7; Cell Signaling). Secondary fluorochrome-conjugated antibodies (1:300; goat anti-
mouse Alexa 555, goat anti-rabbit Alexa 555, goat anti-mouse Alexa 488; Life
Technologies, Thermo Fisher Scientific) were incubated for 1h at RT in the dark. Nuclear
counterstaining was performed with 4’,6-diamidino-2-phenylindole (1 pg/mL; Sigma-
Aldrich) for 10min at RT. Fluorescence imaging was performed using a confocal laser
scanning microscope (LSM 780; Carl Zeiss, Jena, Germany) and analyzed using ZEN

software from the same provider or Fiji ImageJ [21].

Immunohistochemical stainings were performed at the Institute of Pathology of KRH
Hospital Nordstadt (Hannover, Germany) using the automated immunohistochemistry and
in situ hybridization platform Dako Omnis (DAKO, Agilent, Santa Clara, USA) according to
the manufacturer’s instructions. The used antibody was anti-PDL1 (22C3; DAKO, Agilent).

For visualization, the EnVision FLEX, High pH (DAKO, Agilent) visualization system was



used according to the manufacturer’s instructions. Analysis of the expression of PDL1 was

done according to international standards [22]:

PDL1 positive vital tumor cells
TPS = b (4)

PDL1 positive+negative vital tumor cells

PDL1 positive vital tumor cells+lymphocytes+macrophages

CPS =

x100 (5)

PDL1 positive+negative vital tumor cells

IC =

PDL1 positive lymphocytes+macrophages+dendritic cells+granulocytes (6)
tumor area '

2.3.  Flow cytometry

Cultured cells were harvested and stained with anti-CD44 FITC (P-glycoprotein 1; 1:50;
REA690; Miltenyi Biotec) anti-CD273 APC-Vio®770 (PDCD1-L2; 1:50; REA985; Miltenyi
Biotec), anti-CD274 PE (PDCD1-L1; 1:10; MIH1; BD Biosciences, Heidelberg, Germany).
Dead cells were excluded via Propidium lodide (PI; 1ug/ml; Thermo Fisher Scientific).
Analysis was performed using a Gallios Flow Cytometer and the Kaluza 1.0 software (both
Beckman Coulter Life Sciences, Krefeld, Germany) using appropriate Fluorescence Minus
One controls and automatic compensation. Unspecific binding was controlled for using
appropriate isotype controls beforehand. Measurements of ALDH activities were
performed utilizing the ALDEFLUOR™ Kit (STEMCELL Technologies, Vancouver, BC,
Canada) according to the manufacturer’'s guidelines and Pl (1pg/ml; Thermo Fisher

Scientific) for dead-cell discrimination with the instrument and software mentioned above.

2.4.  Inhibitor and Drug treatments

ECSCs were treated with the MYC/NMYC inhibitor KJ-Pyr-9 (Merck, Darmstadt,

Germany), diabetes medication metformin (Merck) and chemotherapeutic agent



carboplatin (Sigma-Aldrich). Cell viability was assayed using Orangu™ Cell Counting
Solution according to the manufacturer’s instructions. For the standard curve, 1000, 2500,
5000, 7500 and 10000 cells and for the treatment 3000 cells per 100 pL CSC medium
supplemented with 10% FCS were seeded in a 0.1% gelatin-coated 96 well-plate. After
adherence, cell viability was measured for the standard curve and the treatment started by
applying KJ-Pyr-9 in the concentrations of 10 uM, 20 uM, 40 uM and 60 uM, metformin in
the concentrations of 1, 5, 10 and 20 mM and carboplatin in the concentrations of 50, 100
and 300 puM. After treatment with metformin and carboplatin for 72h and KJ-Pyr-9 for 96h,
cell viability was measured and cell count quantified using the respective standard curve.
Relative survival rates were determined by normalizing each cell count to the mean of
controls for the respective cell population and the half maximal inhibitory concentration
(ICs0) calculated from a log(concentration) versus normalized survival rate non-linear

regression fit using Prism V5.01 software (GraphPad Software, Inc., San Diego, CA, USA).

2.5.  Mitochondrial membrane potential assay and lactate concentration

To analyze the mitochondrial membrane potential and assess the lactate concentration,
3000 cells per 100 pL CSC medium supplemented with 10% FCS were seeded in a 0.1%
gelatin-coated 96 well-plate and after adherence 10 and 20 mM metformin applied. After
72h, the mitochondrial membrane potential was assessed using the TMRE-Mitochondrial
Membrane Potential Kit (Abcam) according to the manufacturer’s instructions. Briefly, 20
1M FCCP was added to the respective control wells 10min prior to TMRE staining with 400
nM TMRE for 25 min. The medium was discarded, the cells were washed with 100 pL 0.2%
BSA/PBS (Sigma-Aldrich), 100 pL 0.2% BSA/PBS was added to the cells and the

fluorescence read at Ex525/Em580. To measure lactate concentration of the media of



ECSCs, 25 pL of the medium was applied on the Accutrend® Plus using the BM-Lactate

test strips (Roche, Mannheim, Deutschland).

2.6.  Statistical analysis

Data were raised at least in triplicated and statistically analyzed using the Prism V5.01
software (GraphPad Software, Inc., San Diego, CA, USA). Test for normality was
conducted using D’Agostino & Pearson omnibus normality test. To evaluate differences
between multiple groups, Student’s t-test or non-parametric Mann—-Whitney-test were
performed. A significance value of p < 0.05 was considered as statistically significant. The

data are presented as means + standard error of the mean (SEM).

3. Results

3.1. Successful isolation of endometrial carcinoma-derived stem-like cells

In this study, we aimed to isolate cancer stem-like cells from carcinogenic endometrial
tissues. Therefore, the samples were mechanically and enzymatically digested followed by
cultivation in chemically defined CSC medium with added EGF and bFGF (Fig. 1A). Using
serial trypsin treatment, we successfully cultivated adherently growing cells (Fig. 1B-D)
with the addition of FCS as well as free floating spheres (Fig. 1E-G) in serum free media
for all three donors. Isolated ECSC populations depicted an elongated spindle form
morphology when cultured on 2D surfaces (Fig. 1B-D). Calculation of population doubling
times revealed significant differences between each cell population. BKZ-10 depicted the
highest population doubling time with 33.10h (£ 0.65), which was slightly but significantly
higher than the doubling time of BKZ-11 with a doubling time of 30.72h (£ 0.76). BKZ12

proliferated significantly faster than the other two cell populations with an average
9



population doubling time of 18.69h (+ 0.34) (Fig. 1H). Further, all cell populations were able
to form organoid-like structures in the form of free-floating spheres with average sizes of

84255, 61164 and 149576 um? for BKZ-10, BKZ-11 and BKZ-12, respectively (Fig. 1I).

To confirm the isolation of ECSC populations, the protein expression of established
CSC markers like CD44, CD133 and Nestin was analyzed using immunocytochemistry and
detected robust expression of each marker for all three ECSC populations (Fig. 2A-F).
Additional analysis via flow cytometry revealed 100% CD44-positive cells for BKZ-10 and
BKZ-12 (Fig. 2G, 1) as well as 99.88% CD44-positive cells for BKZ-11 (Fig. 2H).
Fluorescence minus One controls can be found in the supplement (Fig. S1 A-C). Further
investigations of the expression of the epithelial-to-mesenchymal transition (EMT)-related
transcription factor Slug and the neuroendocrine CSC marker Synaptophysin on protein
level revealed a moderate expression of predominantly nuclear Slug and Synaptophysin
for BKZ-10 (Fig. S2A-B). Expression of Slug in BKZ-11 was predominantly cytosolic, while
Synaptophysin expression was predominantly nuclear (Fig. S2C-D). BKZ-12 expressed a
high amount of predominantly nuclear Slug and Synaptophysin (Fig. S2E-F). Further
analysis of ALDH activity of ECSCs revealed 6.13% ALDH high expressing BKZ-10 cells,
11.51% ALDH high expressing BKZ-11 cells and 11.06% ALDH high expressing BKZ-12

cells (Fig. S3).

3.2. Endometrial carcinoma-derived stem-like cells reveal immune-evasive

characteristics

Histopathological examination of a bioptic sample retrieved from each parental tumor
of the ECSC populations revealed immune checkpoint ligand programed death ligand 1
(PD-L1)-expressing cells in each sample. Analysis of PD-L1 expression was done

according to international standards by calculating combined positive score (CPS), tumor
10



proportion score (TPS) and immune cell score (IC) (Formulas 4-6). Quantification revealed
0% PD-L1-positive vital tumor cells for the parental tissue of BKZ-10, but analyzing the
percentage of PD-L1-positive lymphocytes, macrophages and non-necrotic tumor cells by
calculating the CPS displayed a score of 5%. Quantifying PD-L1-positive lymphocytes,
macrophages, dendritic cells and granulocytes per tumor area depicted an IC score of 2
(Fig. 3A). Similar to the parental tissue of BKZ-10, analysis of PD-L1 expression of the
parental tissue of BKZ-11 revealed no PD-L1-positive vital tumor cells. However, the CPS
score for this tissue was 1% and the IC score was 1 (Fig. 3B). Contrary to the first two ECs,
the parental tissue of BKZ-12 depicted 20% PD-L1-positive vital tumor cells and a CPS

score of 20% with an IC of 1 (Fig. 3C).

Additional analysis of the expression of both PD-L1 and PD-L2 in ECSCs using flow
cytometry revealed 94.06% PD-L1-positive BKZ-10, 93.55% PD-L1-positive BKZ-11 and
93.35% PD-L1-positive BKZ-12 cells (Fig. 3D-F). Likewise, every ECSC-like cell population
contained over 99% PD-L2-positive cells (Fig. 3G-I). Fluorescence minus One controls can

be found in the supplement (Fig. S1 D-I).

3.3. Impairment of endometrial carcinoma-derived stem-like cells by targeting MYC

The proto-oncogenes MYC and NMYC are tightly regulated transcription factors and
master regulators of various cellular processes. Analysis of MYC expression on protein
level revealed nuclear expression of MYC for each cell population (Fig. 4A-C). Similarly,
robust expression of NMYC was detected for each cell population, even though expression
was predominantly cytosolic (Fig. 4D-F). To assess the influence of MYC and NMYC, cells
were treated with an inhibitor of the protein-protein interaction of MYC/NMYC with MAX.
Therefore, the small molecule KJ-Pyr-9 was applied and resulted in significantly decreased

cell survival upon concentrations higher than 20 uM (Fig. 4G). Further, calculation of 1Cso
11



values for each cell population revealed BKZ-11 as the most sensitive cell population, with
an ICso value of 14.25 uM, followed by BKZ-10 with an ICso value of 17.49 uM. High

proliferative BKZ-12 cells were the most resistant with an 1Cso value of 19.01 uM (Fig. 4H).

3.4. Metformin targets the mitochondrial metabolism of endometrial carcinoma-derived

stem-like cells

Next to the influence of MYC/NMYC inhibition, the effect of standard type 2 diabetes
medication metformin and chemotherapeutic agent carboplatin was assessed in ECSC
populations. Already the lowest tested concentration of each drug significantly reduced cell
survival of ECSC populations (Fig. 5A). In general, both drugs affected cell survival of
ECSC populations in a dose-dependent manner. Cells treated with 1 mM metformin
showed a survival rate of 79.92% (x 2.47), while application of 5 and 10 mM led to survival
rates of 62.47% (x 1.93) and 50.96% (+ 4.26), respectively, and treatment with 20 mM
depicted the most elevated survival decreasing effect with a survival rate of 15.65% (z
2.67) (Fig. 5A). Treatment with 50 uM carboplatin revealed an ECSC survival rate of
40.32% (+ 5.96), 100 PM of 21.98% (+ 5.13) and 300 UM of 7.61% (+ 1.07) (Fig. 5A).

Calculation of ICso for metformin depicted similar ICso values for each cell population,
as BKZ-10 depicted an ICso value of 6.79 mM, BKZ-11 an ICsp value of 5.99 mM and BKZ-
12 an ICs value of 6.00 mM (Fig. 5B). The ICso values for carboplatin were more
heterogeneous, as highly proliferative BKZ-12 was more sensitive with an ICso value of
16.41 pM than BKZ-10 and BKZ-11 with ICso values of 46.79 pM and 49.24 uM,
respectively (Fig. 5B). Even though carboplatin revealed the most effective survival-
decreasing impact concerning the cumulated ECSC populations, metformin-mediated

impairment was more consistent considering the different ECSC populations.
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As metformin is known to modulate mitochondrial bioenergetics, we assessed the
mitochondrial membrane potential of metformin-treated and untreated cells using the
mitochondrial membrane potential detecting TMRE staining. Treatment with 10 and 20 mM
metformin significantly reduced the mitochondrial membrane potential of ECSCs (Fig. 5C).
Further, we measured the lactate concentration of the media of ECSCs, which was
significantly enhanced after treatment with 10 mM metformin and significantly decreased

after application of 20 mM metformin (Fig. 5D).

4. Discussion

Within this study, endometrial cancer-derived stem-like cell populations were successfully
isolated and initially characterized as promising in vitro models to study ECSC-like cells.
Treatment with the MYC-signaling inhibitor KJ-Pyr-9, diabetes medication metformin and
chemotherapeutic agent carboplatin significantly reduced cell survival of ECSCs. However,
MYC inhibition and the usage of metformin depicted more coherent survival decreasing
effects, demonstrating these as promising therapeutics in EC.

CSCs are a small subpopulation of highly-tumarigenic cells that are characterized by the
expression of markers like CD133, CD44 [9] and Nestin (reviewed in [23]). CD133" EC cells
showed an aggressive proliferation potential, colony formation and migration ability as well
as higher chemoresistance [12]. Further, CD133* ECSCs depicted an upregulation of CD44
[10], which is associated with infiltrating patterns and proliferation [8]. In addition to CD44,
highly tumorigenic CD133* ECSCs were shown to express Nestin [11] and knockdown of
Nestin inhibited cell growth, invasive potential and colony formation of EC cell lines while
overepression enhanced their malignant phenotype [24]. Another recently studied CSC
marker is the neuroedocrine marker Synaptophysin, whose expression was observed in
CSCs derived from lung and colorectal cancer, as we recently published [16,25]. The here
presented co-expression of CSC-markers CD133 and CD44 as well as Nestin and nuclear
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Synaptophsin strongly indicates ECSC-like character and their potential as novel in vitro
models to study EC-derived stem cells. The ability of all tested ECSC populations to form
spheres further affirms their CSC-like phenotype, as ECSCs capable of forming sphere-like
structures have an increased self-renewal and chemoresistance capacity as well as tumor
initiating abilities in xenograft studies [10]. A study around Mori and coworkers revealed that
ALDH-induced glycolysis mediates stemness and chemoresistance of EC-derived spheres
[26]. However, the here isolated ECSC populations only exhibited ALDH"9" expressing cells
at ranges between 6 and 11%. Accordingly, it was shown that breast CSCs balance
between CD24/CD44*-mesenchymal-like and ALDH"9" epithelial-like stem cell populations,
enabling reversible EMT/MET transitions [27]. This concords with the here shown
predominant expression of CD44 and the nuclear expression of a key EMT transcription
factor namely Slug. In contrast to other obervations describing EMT transcription factor
TWIST even as potential target for vaccination against CSCs, Slug was the predominant
transcription factor in ECSCs (data not shown) [28]. EMT is a crucial process involved in
embryonic development, which also contributes to cancer progression as cells gain
stemness and chemoresistance as well as invasive characteristics (reviewed in [29]).
Moreover, it has been suggested that CSCs arise from differentiated cancer cells through
dedifferentiation mediated by EMT [30]. The here presented expression of Slug emphasizes
the correlation of EMT, stemness and the expression of PD-L1, as EMT has been suggested
to induce PD-L1 mediated immune evasion of CSCs [31]. Accordingly, flow cytometric
analysis of the here isolated ECSC populations revealed over 93% positive PD-L1 and 99%
PD-L2 expressing cells, substantiating the ability of ECSCs to evade immune surveillance.
Next to EMT, MYC has been shown to contribute to immunosuppression by directly inducing
PD-L1 expression, while downregulation of MYC led to immune cell infiltration (reviewed in

[32]).
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The MYC family consisting of MYC, NMYC and LMYC is a master regulator of various
important cellular processes, thus playing a crucial role in tumorigenesis of various cancer
types (reviewed in [33]). Expression of MYC was already observed in ECSC-like cells as
well as EC-derived spheres [11,12,26], which concords with the here detected robust
expression of MYC and NMYC. Depletion of MYC in EC cells has been shown to reverse
Sal-like protein 4 (SALL4)-induced EMT, invasion and drug resistance [13]. Accordingly, we
detected an EMT phenotype in the here presented MY C-expressing ECSC populations, too.
Further, we recently published a significant survival-decreasing effect through MYC-
signaling inhibition utilizing small molecule KJ-Pyr-9 [34] in primary human colon and lung
CSCs [16,17]. Consistently, inhibition of MYC-signaling in the here established ECSC
populations by application of KJ-Pyr-9 in concentrations greater than 10 uM significantly
reduced cell survival. KJ-Pyr-9 has been shown to interfere with heterodimerization of MYC
and MAX by directly interacting with MYC, therefore disrupting its transcriptional activity
[34]. Calculation of the ICso revealed values between 14.25 and 19.01 uM, which stands in
line with recently reported ICso values [17]. However, molecular signaling regarding KJ-Pyr-
9 induced survival decrease needs further investigation to understand the underlying
mechanism.

Next to KJ-Pyr-9, the effect of chemotherapeutic agent carboplatin and standard type 2
diabetes medication metformin on the here established ECSC populations was assessed.
A promising effect of the already clinically used carboplatin in combination with paclitaxel
was already shown in the treatment of advanced and recurrent EC [35]. Here, we
demonstrate a significant survival decreasing effect of solely carboplatin on ECSCs.
However, response was relatively heterogeneous with 1Cs values differing between 16.41
MM for the highly proliferative BKZ-12 and 49.24 uM for BKZ-11. In line with carboplatin,
application of metformin impaired ECSC survival significantly and coherently. Metformin has
been shown to radiosensitize cancer cells and predominantly eradicate CSCs by
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downregulation of genes like CD44 and EPCAM [36] or inhibition of EMT [37]. Notably, here
calculated ICso values around 6 mM are in accordance with reported ICso values of 3.72 and
6.77 mM [38]. Further, metformin has been shown to inhibit cancer cell growth and induce
apoptosis by suppressing mitochondrial-dependent biosynthetic activity [39]. Recently, we
assessed global transcriptomes of CSCs derived from various tissues including the here
established ECSC populations (there referred to as ECSC_a, ECSC_b and ECSC_c) and
detected upregulation of genes associated with mitochondrial activity [18]. Application of
metformin significantly impaired the mitochondrial membrane potential, highlighting the
importance of mitochondrial respiration for ECSCs. As CSCs are able to switch to anaerobic
glycolysis upon inhibition of mitochondrial metabolism [14], the increase of extracellular
lactate concentration after application of 10 mM metformin of ECSCs suggests a flexible
metabolism to some extent. Nevertheless, they initially seem to prefer energy production
through mitochondrial respiration, in contrast to the Warburg effect described in cancer cells
[40].

In summary, we successfully established three novel primary ECSC-like cell populations
as promising in vitro models to study CSC-mediated endometrial carcinogenesis. CSC-like
phenotype was confirmed by their expression of CD133, CD44, Nestin and Synaptophysin
as well as sphere formation. Additionally, ECSCs exhibited ALDH activity and expressed
EMT marker Slug as well as proto-oncogenes MYC and NMYC, further emphasizing stem-
like properties. Inhibition of MYC-signaling as well as application of metformin and
carboplatin led to a significant reduction of cell survival of ECSCs, while the usage of the
MYC inhibitor and metformin acted more uniformly on the different ECSC populations.
Inhibition of MYC-signaling at low doses of KJ-Pyr-9 led to similar survival rates as
application of metformin and carboplatin at much higher concentrations. Further, metformin
was shown to significantly decrease mitochondrial membrane potential and increase lactate
concentration, indicating metabolic plasticity of ECSCs. Thus, targeting MYC-signaling and
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mitochondrial bioenergetics represent promising novel treatment options for the treatment

of EC affecting ECSCs.
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Figure 1: Establishment of endometrial carcinoma-derived stem-like cell populations. (A)
For the isolation of endometrial carcinoma-derived stem-like cell populations, endometrial
carcinoma tissue samples were obtained, mechanically and enzymatically digested and
cultivated in cancer stem cell medium either supplemented with 10 % fetal calf serum
leading to (B/C/D) adherent growing cells or 4 ug/mL heparin for (E/F/G) sphere formation.
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(H) Quantification of population doubling time of BKZ-10, BKZ-11 and BKZ-12 revealed a
significantly lower population doubling time for BKZ-12 in comparison to BKZ-10 and BKZ-
11. Moreover, BKZ-10 exhibited a significantly higher population doubling time than BKZ-
11. Quantification of the (I) volume of spheres showed a higher sphere volume for BKZ-12
in comparison to BKZ-10 and BKZ-11. Unpaired t-test (p £ 0.05). n =3, *p <0.05, "™ p <

0.001. Mean + SEM (standard error of the mean).
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Figure 2: Isolated endometrial carcinoma-derived stem-like cell populations express cancer

stem cell markers. Immunocytochemical staining revealed a high amount of cancer stem

cell markers (A/B/C) Prominin-1 (CD133), CD44 antigen and (D/E/F) Nestin. Flow

cytometric analysis of CD44 positive cells depicted 100% CD44 positive cells for (G) BKZ-

10 as well as for (I) BKZ-12 and 99.884% CD44 positive cells for (H) BKZ-11.
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Figure 3: Isolated endometrial carcinoma-derived stem-like cell populations are enriched in
PD-L1 and PD-L2 expression. (A) Immunohistochemical analysis of PD-L1 expression in
the parental tissue of BKZ-10 revealed a tumor proportion score (TPS) of 0%, a combined
positive score of 5% and an immune cell score (IC) of 2. (B) Analysis of PD-L1 expression
in the parental tissue of BKZ-11 displayed a TPS of 0%, a CPS of 1% and an IC of 1. (C)
For the parental tissue of BKZ-12, a TPS of 20%, a CPS of 20% and an IC of 1 was
assessed. Analysis of PD-L1 (D/E/F) and PD-L2 (G/H/I) expression of endometrial
carcinoma-derived cancer stem-like cell populations using flow cytometry revealed over 93

% PD-L1-positive and 99% PD-L2-positive cells.
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Figure 4: Inhibition of the MYC and NMYC protein interaction with MY C-associated factor
X (MAX) decreases survival of endometrial carcinoma-derived stem-like cell populations.
Immunocytochemical staining revealed (A/B/C) predominantly nuclear MYC expression as
well as (D/E/F) cytosolic NMYC expression for all three ECSC-populations, respectively. To
analyze the influence of the MYC/NMYC inhibitor KJ-Pyr-9, cells were treated with different
concentrations or the respective control for 120 h. Subsequent, viability was measured using

OranguTM (Cell Guidance Systems, Cambridge, UK) and cell count was determined by
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using a standard curve. (G) Statistical analysis revealed a significantly impaired survival of
ECSCs upon application of 20, 40 and 60 puM KJ-Pyr-9. (H) Analysis of the half maximal
inhibitory concentration (IC50) revealed an IC50 value of 17.49 uM KJ-Pyr9 for BKZ-10,
14.25 uM KJ-Pyr9 for BKZ-11 and 19.01 uM KJ-Pyr9 for BKZ-12. Means+SEM (standard
error of the mean) were statistically analyzed by a non-parametric Mann-Whitney-test (n=3,

*p < 0.05, ***p < 0.001).
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Figure 5. Treatment with metformin and carboplatin significantly decreases survival of
endometrial carcinoma-derived stem-like cell populations. To analyze the influence of
carboplatin and metformin, cells were treated with different concentrations of the reagents
for 72h. Afterwards, cellular viability was measured using OranguTM (Cell Guidance
Systems, Cambridge, UK) and cell count was determined by using the respective standard

curve. (A) Statistical analysis of survival rates of pooled ECSCs revealed a significantly
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decreased survival of ECSCs for every tested concentration of carboplatin and metformin
in a dose-dependent manner. (B) Analysis of the half maximal inhibitory concentration
(IC50) for carboplatin revealed an IC50 value of 46.79 uM for BKZ-10, 49.24 uM for BKZ-
11 and 16.41 uM for BKZ-12. The IC50 value for metformin was assessed as 6.787 mM for
BKZ-10, 5.996 mM for BKZ-11 and 6.002 mM for BKZ-12. (C) Membrane Potential of
ECSCs was measured using TMRE, and the mitochondrial oxidative phosphorylation
uncoupler FCCP was used as technical control. Treatment with 10 and 20 mM metformin
significantly reduces the membrane potential of ECSCs in comparison to untreated cells.
(D) The lactate concentration of the media of untreated and treated cells was determined
using Accutrend® Plus, which revealed a significantly enhanced lactate concentration after
treatment with 10 mM metformin and a significantly decreased concentration after treatment
with 20 mM Metformin. Means=SEM (standard error of the mean) were statistically analyzed

by an Unpaired t-test (n=3, *p < 0.05, ***p < 0.001).
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Supplementary Figures:
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Figure S1: Fluorescence minus One controls for flow cytometric analysis. Fluorescence
minus One (FMO) controls for flow cytometric analysis of (A/B/C) CD44-antigen expression,

(D/E/F) programmed death ligand (PD-L) 1 expression and (G/H/I) PD-L2 expression.
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Figure S2: Endometrial carcinoma-derived stem-like cell populations express Slug and
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50 pm

Synaptophysin. Immunocytochemical staining of Slug revealed a moderate nuclear protein
expression in (A) BKZ-10 and (C) BKZ-11 as well as high nuclear expression in (E) BKZ-
12. Expression of neuroendocrine and cancer stem cell marker Synaptophysin was slightly
detected in (B) BKZ-10, moderately detected in (D) BKZ-11 and highly detected in (F) BKZ-

12.
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Figure S3: Established endometrial carcinoma-derived stem-like cell populations exhibit
aldehyde dehydrogenase (ALDH) activity. Flow cytometric analysis of ALDH1 activity

revealed (B) 6.133% ALDH high cells for BKZ-10, (D) 11.515% ALDH high cells for BKZ-11
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and (F) 11.058% ALDH high cells for BKZ-12 in comparison to the respective control (A/C/E)

with the specific ALDH inhibitor diethylaminobenzaldehyde (DEAB).
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