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Summary

Summary

Pancreatic ductal adenocarcinoma (PDAC) remains a fatal disease with a five-year
overall survival rate of only 12%. This is mainly because the efficacy of existing therapies
is strongly restricted by tumor heterogeneity, emphasizing the importance of identifying
robust therapeutic targets and applicable combinational treatment approaches.
Oncogene-driven cancers often display hyperactivation of ribosome biogenesis (RiBi),
allowing the cells to meet their increased demand for protein synthesis and thus
maintain their abnormal proliferation rate. The present study investigated the level of
RiBi in different PDAC model systems, including conventional PDAC cell lines, primary
patient-derived cells (PDC), and a genetically engineered mouse model (CKP), and also
analyzed gene expression data from PDAC patients. It was evaluated whether the
inhibition of RNA polymerase | (Pol I)-mediated transcription of ribosomal DNA, as the
first and rate-limiting step of RiBi, presents a potential treatment strategy for PDAC. High
expression levels of multiple RiBi regulators were related to poor survival of PDAC
patients, indicating that aggressive tumors may present a stronger dependence on RiBi.
Conventional PDAC cell lines showed remarkable differences in the expression of
ribosomal proteins (RP) and 45S ribosomal (r)RNA as well as in the nucleolar
morphology depending on their molecular characteristics. In turn, pronounced nucleolar
heterogeneity was observed within individual PDC populations as well as within
endogenous tumors of CKP mice, pointing to RiBi as a highly dynamic process in PDAC.
However, despite the observed variations in RP expression, 45S rRNA levels, and
nucleolar organization, the RNA Pol | inhibitor BMH-21 effectively reduced cell viability
in all investigated conventional PDAC cell lines and PDCs. As expected, BMH-21
treatment decreased the expression of 45S rRNA in PDAC cell lines and consequently
caused nucleolar stress, as indicated by the translocation of multiple nucleolar proteins
into the nucleoplasm or nuclear spots, respectively. This was followed by the activation
of different stress response pathways, including apoptosis, cell cycle arrest, and pro-
death autophagy. Additionally, RNA Pol | inhibition induced transcriptional and/or
functional alterations in various metabolic pathways, including glycolysis, oxidative
phosphorylation, and the tricarboxylic acid cycle. This suggests a potentially targetable
connection between RiBi and metabolic reprogramming. Together, the findings of the
study support RNA Pol | inhibition as a potential treatment approach in PDAC and open

a perspective for future co-targeting strategies.



Zusammenfassung

Zusammenfassung

Das duktale Adenokarzinom des Pankreas (PDAC) hat mit einer Funfjahresuberlebens-
rate von nur 12% eine schlechte Prognose, vor allem weil die Heterogenitat der Tumore
die Wirksamkeit verfigbarer Therapien stark einschrankt. Daher ist die Identifikation
robuster Angriffsziele und geeigneter Kombinationstherapien essenziell. Onkogen-
gesteuerte Krebsarten weisen haufig eine hohe ribosomale Biogenese (RiBi)-Rate auf,
welche es den Zellen erlaubt, ihren erhohten Bedarf an Proteinbiosynthese zu decken
und so ihr schnelles Wachstum aufrechtzuerhalten. Die vorliegende Arbeit untersuchte
das RiBi-Level in verschiedenen PDAC-Modellsystemen wie konventionellen PDAC-
Zelllinien, aus Patientenproben abgeleiteten Zellen (PDC) sowie einem gentechnisch
veranderten Mausmodell (CKP). Zudem wurden Genexpressionsdaten von PDAC-
Patienten analysiert. Es wurde untersucht, ob die Inhibition der RNA Polymerase |
(Pol I)-vermittelten Transkription ribosomaler DNA, als erster und geschwindigkeits-
bestimmender Schritt der RiBi, eine mogliche Behandlungsstrategie fur PDAC darstellt.
Hohe Expressionslevel einiger RiBi-Faktoren sind mit einer verminderten Uberlebens-
rate von PDAC-Patienten assoziiert, was auf eine starkere Abhangigkeit aggressiver
Tumore von einer entsprechenden RiBi-Aktivitat hindeutet. Konventionelle PDAC-
Zelllinien zeigten je nach Subtyp deutliche Unterschiede in der Expression ribosomaler
Proteine und der 45S ribosomalen (r)RNA sowie in der Morphologie des Nukleolus.
Unterdessen wiesen PDC-Populationen sowie endogene CKP-Tumore eine starke
nukleolare Heterogenitat auf, was darauf hindeutet, dass die RiBi im PDAC einen
aulerst dynamischen Prozess darstellt. Trotz der beobachteten Unterschiede in der
RiBi reduzierte der RNA Pol | Inhibitor BMH-21 effektiv die Zellviabilitat aller getesteten
konventionellen Zelllinien und PDCs. Die Behandlung mit BMH-21 fuhrte zu einer
verminderten Expression der 45S rRNA in PDAC-Zelllinien sowie zu einer nukleolaren
Stressantwort, die sich durch die Translokation nukleolarer Proteine abzeichnete.
Infolgedessen kam es zur Aktivierung verschiedener Stress-assoziierter Signalwege
(Apoptose, Zellzyklusarrest und Autophagie). Zudem fuhrte die RNA Pol I-Inhibition zu
einer transkriptionellen und/oder funktionellen Veranderung metabolischer Signalwege
wie der Glykolyse, der oxidativen Phosphorylierung oder des Citratzyklus. Dies spricht
fur einen Zusammenhang zwischen RiBi und Stoffwechsel, welcher ein mogliches
Angriffsziel fur neue Behandlungen darstellt. Insgesamt deuten die vorliegenden
Ergebnisse darauf hin, dass die Hemmung der RNA Pol | ein vielversprechender
Therapieansatz flr das PDAC ist und er6ffnen zudem eine Perspektive fur zukinftige

Kombinationstherapien.



Introduction

1 Introduction

1.1 The human pancreas

1.1.1 Structure and function of the pancreas

The pancreas is a glandular organ, which is located in the upper abdominal cavity
behind the stomach and is anatomically subdivided into the pancreatic head, body, and
tail (Roder et al., 2016) (Figure 1-1 A). The gland executes both an exocrine and
endocrine function, which is reflected in its histological architecture. The exocrine part,
which constitutes the majority of pancreatic tissue and consists mostly of acinar and
ductal cells, plays an important role in the digestion of nutrients (Shih et al., 2013).
Acinar cells account for around 85% of the organ's mass and produce digestive
enzymes and zymogens which are secreted into the duodenum via a complex network
of pancreatic ducts (Atkinson et al., 2020) (Figure 1-1 B, C). Ductal cells additionally
produce fluids and bicarbonate ions, essential for the neutralization of gastric acid in
the duodenum (Chandra & Liddle, 2009).

A Gall bladder B
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Common bile duct
Pyloric sphincter
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D Islet of
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Figure 1-1 Organization of the human pancreas

(A) Schematic overview of the pancreatic anatomy. (B) The exocrine part of the pancreas is formed by
a complex network of acini and ducts. (C) Cross section of a single acinus. (D) Pancreatic endocrine
cells are organized in the islets of Langerhans, surrounded by a capillary network. Adapted from
Bardeesy & DePinho, 2002; reproduced with permission from Springer Nature.
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The endocrine cells of the pancreas account for only 1-2% of the organ and produce
various hormones (e.g., insulin and glucagon) that are important modulators of glucose
homeostasis (Roder et al., 2016). The cells are organized in island-like structures,
termed islets of Langerhans, which scatter through the exocrine tissue and are
surrounded by a dense capillary network, allowing for the quick release of hormones
into the bloodstream (Chandra & Liddle, 2009) (Figure 1-1 D). According to the
hormone secreted, five different types of pancreatic endocrine cells can be
distinguished, the most prominent being glucagon-secreting a-cells (15-20% of islet
cells) and insulin-secreting B-cells (65-80% of islet cells) (Roder et al., 2016). Both the
endocrine and exocrine functions of the pancreas are regulated by external stimuli
(e.g., food intake) via humoral, hormonal, or neural signaling pathways (Réder et al.,
2016). Exocrine secretion is stimulated by the hormones cholecystokinin and secretin
which are released by enteroendocrine cells in the duodenum in response to ingested
lipids and proteins or a drop in the pH level, respectively (Logsdon, 2004; Karpinska &
Czauderna, 2022). On the other hand, the (endocrine) secretion of insulin from B-cells

is mainly stimulated by increased glucose levels in the blood (Roder et al., 2016).

1.1.2 Tumors of the pancreas

Neoplastic growth can occur in both endocrine and exocrine structures of the
pancreas. Pancreatic neuroendocrine tumors (PanNETs) account for only 2% of all
pancreatic neoplasms (Werle et al., 2023). They are primarily grouped into functional
and non-functional PanNETs, depending on whether they show excessive hormone
production that results in the manifestation of clinical symptoms (Metz & Jensen,
2008). Furthermore, the tumors are categorized according to the produced hormone,
for example, into insulinoma or glucagonoma (Klimstra, 2007). Exocrine neoplasms of
the pancreas comprise, among others, acinar cell carcinoma and pancreatic ductal
adenocarcinoma (PDAC). While acinar cell carcinoma is very rare and accounts for
only 1-2% of pancreatic malignancies, PDAC represents the most common type of
pancreatic cancer, constituting 90% of all cases (Klimstra, 2007; Orth et al., 2019).

1.2 Pancreatic ductal adenocarcinoma

1.2.1 Epidemiology of PDAC

Pancreatic cancer accounts for only 2.6% of new cancer cases and is ranked as the
14" most common cancer worldwide, with incidence rates being significantly higher in
industrial compared to developing countries (Wong et al., 2017; Sung et al., 2021).

Pancreatic cancer exhibits a very poor prognostic outcome with a median survival of
10
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10-12 months and a five-year overall survival rate of only 12% (Principe et al., 2021;
Siegel et al., 2023). Therefore, pancreatic cancer accounts for almost 5% of all cancer-
related deaths worldwide, ranking it as the seventh most common cause of cancer
mortality despite its relatively low incidence (Sung et al., 2021). Furthermore, due to a
continuous increase in the incidence- and mortality rates over the past decades,
pancreatic cancer is predicted to become the second leading cause of cancer-related
death in the US by 2030 (Rahib et al., 2014; Grossberg et al., 2020). The increasing
incidence can be partly explained by an improved life expectancy, followed by
population aging, and a higher occurrence of obesity and diabetes, as these are among
the main risk factors for PDAC development (Grossberg et al., 2020). Additional risk
factors include lifestyle factors like cigarette smoking and heavy alcohol consumption,
but also non-modifiable risk factors like male gender or inherited genetic predisposition
(McGuigan et al., 2018). It is estimated that approximately 5-10% of all PDAC patients
carry a cancer-promoting pathogenic germline mutation, most often affecting DNA
damage repair genes like BRCA1/2, ATM, or PALB2 (McGuigan et al., 2018). One of
the main reasons for the poor prognosis of PDAC is a delayed diagnosis due to the
lack of effective screening methods or reliable biomarkers, and the occurrence of only
non-specific symptoms like abdominal pain, fatigue, jaundice, and weight loss
(Grossberg et al., 2020; Pereira et al., 2020). Consequently, only 15-20% of PDAC
patients present with localized (resectable) disease at the time of diagnosis, while most
patients already show locally advanced (30-40%) or metastatic disease (50-60%),

respectively (Principe et al., 2021).

1.2.2 PDAC pathogenesis and mutational landscape

PDAC is assumed to arise from the ductal epithelium, undergoing stepwise malignant
transformation into invasive cancer through different stages of pre-neoplastic lesions
(Bardeesy & DePinho, 2002; Connor & Gallinger, 2022). However, due to recent
understandings, pancreatic acinar cells are also considered a potential cell-of-origin
for PDAC (Orth et al., 2019; Halbrook et al., 2023). Various stimuli can trigger acinar-
to-ductal metaplasia, meaning the differentiation of acinar into ductal-like cells that
harbor progenitor-like characteristics (Orth et al., 2019). Initial genetic events, like
oncogenic KRAS mutations, lead to the formation of precursor lesions, including
pancreatic intraepithelial neoplasia (PanINs) and intraductal papillary mucinous
neoplasms (IPMNs). Through their sequential progression from low-grade to high-

grade lesions, these precursors consecutively acquire genetic alterations, often
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affecting oncogenes and tumor suppressor genes (Halbrook et al., 2023) (Figure 1-2).
Given that activating mutations of KRAS are observed in the majority of PDAC patients
(>90%) and already exist in low-grade precursor lesions, they are considered essential
for PDAC development and progression (Kanda et al., 2012; Fujikura et al., 2021;
Halbrook et al., 2023). Other key alterations include loss of CDKNZ2A in intermediate-
grade lesions, as well as loss-of-function mutations in SMAD4 and TP53 in high-grade
lesions (Waddell et al., 2015; Orth et al., 2019). Additionally, epigenetic reprogramming

highly contributes to PDAC carcinogenesis, progression, and metastasis, for example,

by modulating the expression of oncogenes and tumor suppressor genes (Iguchi et al.,
2016).

59 Jﬂllb Yo

Increasing desmoplasia

L N ) 0 o [ J
| ) R
e |0 S e
| \ N
0 0 \®
\

Acinar Acinar-ductal  Pancreatic intraepithelial Pancreatic intraepithelial Pancreatic intraepithelial Pancreatic ductal
cells metaplasia (ADM) neoplasia (PanlIN) 1 neoplasia (PaniIN) 2 neoplasia (PaniIN) 3 adenocarcinoma (PDAC)
d— (RS — TP53
SMAD4
< CDKN2A —

<.,  Cpigenctic dysregulation

Figure 1-2 Hypothesized gradual development of PDAC

PDAC gradually develops from acinar or ductal cells through different stages of precursor lesions,
accompanied by the successive accumulation of genetic alterations in oncogenes and tumor suppressor
genes as well as epigenetic dysregulation. Adopted from Orth et al., 2019, Radiation Oncology,
distributed under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).

1.2.3 Molecular and metabolic heterogeneity in PDAC

Tumor heterogeneity is one of the main reasons for therapy resistance and poor
prognosis associated with PDAC. It is modulated by various cell-intrinsic and -extrinsic
factors, including epigenetic and transcriptional regulation as well as interaction with
the tumor microenvironment (Espinet et al., 2022). In different transcriptional profiling
approaches two major molecular subtypes were identified, namely the quasi-
mesenchymal (QM)/ squamous / basal-like subtype and the classical / pancreatic

12
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progenitor subtype (Collisson et al., 2011; Moffitt et al., 2015; Bailey et al., 2016;
Cancer Genome Atlas Research Network, 2017; Chan-Seng-Yue et al., 2020)
(Figure 1-3). Hereafter, the subtypes are referred to as QM and classical, respectively.
While the classical subtype is associated with high expression of epithelial-,
differentiation-, and adhesion-associated genes, the poorly differentiated QM subtype
is characterized by high expression levels of mesenchymal gene sets (Collisson et al.,
2011). Importantly, the molecular subtype can also predict the clinical outcome and the
treatment efficacy (Collisson et al., 2011; Aung et al., 2018). For PDAC cell lines,
Collisson et al. showed that classical cells are, on average, more sensitive to the
tyrosine kinase inhibitor erlotinib but less sensitive to the chemotherapeutic agent
gemcitabine when compared to QM cell lines (Collisson et al., 2011). Furthermore, in
a study from Aung et al., PDAC patients with classical tumors showed prolonged
overall survival as well as a better response to the standard-of-care treatment with
FOLFIRINOX or with a combination of gemcitabine and nanoparticle albumin-bound

(nab-) paclitaxel compared to patients with QM tumors (Aung et al., 2018).

PDAC also presents molecular heterogeneity at an intratumoral level, as
subpopulations of QM and classical cells were found to co-exist in primary tumors and
metastases of individual patients (Chan-Seng-Yue et al., 2020; Hayashi et al., 2020;
Juiz et al., 2020). Current evidence suggests that this intratumor heterogeneity is
facilitated both by cancer cell plasticity and clonal evolution, and highly contributes to
tumor progression and metastasis (Connor & Gallinger, 2022). Prominent examples of
cellular plasticity are the dynamic processes of epithelial-mesenchymal transition
(EMT) and mesenchymal-epithelial transition (MET). EMT can be induced by different
stimuli, resulting in a variety of transcriptional, morphological, and behavioral changes.
These include upregulation of EMT-associated transcription factors (e.g., Zeb1 and
Snail) as well as mesenchymal markers (e.g., Vimentin and N-cadherin), with
simultaneous downregulation of epithelial markers (e.g., E-cadherin and claudins).
Furthermore, cells undergo a shift from an epithelial to a more spindle-like morphology
and show an increased invasive capacity (Evan et al., 2022). In PDAC, upregulation
of EMT-related genes correlates with the more aggressive QM subtype and is
associated with a worse prognosis (Bronsert et al., 2014; Moffitt et al., 2015).
Nevertheless, cancer cells can also exist in a hybrid state in which they exhibit both
epithelial and mesenchymal features (Aiello et al., 2018; Chan-Seng-Yue et al., 2020).

13
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Metabolic reprogramming is considered a hallmark of cancer, as malignant cells often
show alterations in metabolic pathways, allowing them to meet their energetic and
biosynthetic needs (DeBerardinis et al., 2008; Hanahan & Weinberg, 2011). Those
alterations are mainly driven by dysregulated oncogenes or tumor suppressors,
including KRas, MYC, and p53 (DeBerardinis & Chandel, 2016). Additionally,
metabolic flexibility allows the cancer cells to adapt to environmental constraints and
nutrient limitations, thus maintaining their abnormal growth and proliferation rates
(Boroughs & DeBerardinis, 2015). In PDAC, metabolic reprogramming plays a pivotal
role as the desmoplastic stroma restricts tumor vascularization, thereby creating
especially harsh environmental conditions with limited nutrient and oxygen availability
(Encarnacion-Rosado & Kimmelman, 2021; Sherman & Beatty, 2023). Understanding
the metabolic dependencies of cancer cells is fundamental in the context of analyzing
complex treatment effects as well as developing targeted therapy approaches.

Correlating subtypes Other subtypes
Collisson et al., 2011 Classical Quasi-mesenchymal Exocrine-like
Moffitt et al., 2015 Classical Basal-like Normal, activated stroma molecular
Bailey et al., 2016 Pancreatic progenitor Squamous ADEX, Immunogenic subtypes
Chan-Seng-Yue et al., 2020 |Classical-A| Classical-B' Basal-like-A Basal-like-B Hybrid
Daemen et al., 2015 Lipogenic Glycolytic Slow proliferating metabolic
Karasinska et al., 2020 Cholesterogenic Glycolytic Quiescent, Mixed subtypes

Figure 1-3 Overview of molecular and metabolic subtypes in PDAC

Analysis of transcriptional characteristics identified two main molecular PDAC subtypes, namely the
classical / pancreatic progenitor subtype and the quasi-mesenchymal (QM)/ basal-like / squamous
subtype. Additionally, analysis of transcriptional and metabolic profiles identified two main metabolic
subtypes, namely the lipogenic / cholesterogenic and the glycolytic subtype, which transcriptionally align
with the classical and the QM subtypes, respectively. ADEX, aberrantly differentiated endocrine
exocrine. Adapted from Espiau-Romera et al., 2020.

Metabolite profiling in PDAC cell lines identified three distinct metabolic subtypes,
namely the slow proliferating, the glycolytic, and the lipogenic subtypes (Daemen et
al., 2015). The observed differences in metabolite levels were further accompanied by
alterations in the transcriptional profile, the functional utilization of glucose and
glutamine, and the sensitivity toward metabolic inhibitors (Daemen et al., 2015).
Similarly, transcriptional analysis of glycolytic and cholesterogenic gene sets in PDAC
patient samples identified four different subtypes: glycolytic, mixed, quiescent, and
cholesterogenic (Karasinska et al., 2020). This classification provides prognostic value,
as the cholesterogenic subtype is associated with prolonged median survival

compared to the glycolytic subtype (Karasinska et al., 2020). Additionally, Daemen et
14
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al. as well as Karasinska et al. report a correlation between the identified metabolic
subtypes and previously described transcriptional subtypes (Daemen et al., 2015;
Espiau-Romera et al., 2020; Karasinska et al., 2020). The glycolytic subtype strongly
aligns with the QM transcriptional program while lipogenic / cholesterogenic samples
are associated with the classical subtype (Daemen et al., 2015; Karasinska et al.,
2020) (Figure 1-3).

1.2.4 PDAC therapy

For PDAC, the selection of an appropriate treatment strategy as well as the therapy
efficacy and outcome largely depend on the disease stage and the patient's
performance status. Surgical resection, followed by adjuvant chemotherapy, is so far
the only potentially curative treatment. However, only 15-20% of all PDAC patients are
diagnosed with resectable disease, while the majority already present a locally
advanced or metastatic status at the time of diagnosis (Principe et al.,, 2021).
Furthermore, up to 80% of patients undergoing curative resection experience local or
distant recurrence, which limits the five-year overall survival after surgery to 25%
(Groot et al., 2018; Principe et al.,, 2021). First-line therapy for patients with
unresectable disease is the systemic administration of chemotherapeutic agents like
gemcitabine and FOLFIRINOX. Gemcitabine is a deoxycytidine analog that induces
cell cycle arrest and cell death via inhibition of DNA replication (Luo et al., 2019).
Depending on the patient’s performance status, gemcitabine can be applied as a single
drug or in combination with nab-paclitaxel, which inhibits microtubule function during
mitosis (Schiff & Horwitz, 1980). The multi-drug regimen FOLFIRINOX comprises
5-Fluorouracil (5-FU), leucovorin, irinotecan, and oxaliplatin, and can be applied to
patients with a good performance status (Conroy et al., 2011). Both FOLFIRINOX as
well as the combination of gemcitabine and nab-paclitaxel result in prolonged disease-
free and overall survival compared to treatment with gemcitabine alone (Conroy et al.,
2011; Von Hoff et al., 2013). However, PDAC is characterized by strong intrinsic and
acquired chemoresistance, which occurs through various mechanisms that influence
drug transport, -metabolism, or -response pathways, eventually impeding treatment
efficacy (Sally et al., 2022).

Emerging knowledge about PDAC characteristics and tumor heterogeneity promoted
the development of targeted therapies. Approximately 5-10% of all PDAC cases are
associated with an inherited genetic predisposition, often involving BRCA1/2 or PALB2
mutations that result in homologous repair deficiency (Zhen et al., 2015). Therefore,
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respective patients specifically benefit from treatments that induce DNA double-strand
breaks, including platin-based chemotherapeutics (e.qg., cisplatin) and PARP inhibitors
(e.g., Olaparib) (Golan et al., 2019; Halbrook et al., 2023). On the other hand,
oncogenic KRAS, a key driver of PDAC development, was long considered
undruggable due to the absence of suitable binding sites for pharmacologic
compounds. Just recently, two KRAS®'2C inhibitors (Adagrasib and Sotorasib) have
been developed, which disable the mutated KRAS by covalent binding to the C12
residue (Fell et al., 2020; Lanman et al., 2020). For Sotorasib, clinical studies revealed
a partial response in 21% of the patients with advanced PDAC (Strickler et al., 2023),
and trials for Adagrasib are currently ongoing (NCT03785249). However, the eligibility
of KRASC'2C a5 a therapeutical target in PDAC is limited by the fact that KRAS®12C
accounts for only 1-2% of all PDAC-related KRAS mutations (Luo, 2021). Another
KRAS inhibitor, MRTX1133, selectively inhibits KRAS®'?P, which is the most common
KRAS mutation in PDAC and is associated with poor outcome (Qian et al., 2018; Luo,
2021; Wang et al., 2022). Although the inhibitor shows promising effects in pre-clinical
studies, its efficacy as well as potential resistance mechanisms remain to be elucidated
(Wang et al., 2022).

1.3 Ribosome biogenesis

1.3.1 The human ribosome

The ribosome is a ribonucleoprotein complex that catalyzes the translation of
messenger (mM)RNA templates into protein sequences. The human 80S ribosome
consists of a small (40S) and a large (60S) ribosomal subunit and comprises four
ribosomal (r)RNA molecules and ~80 distinct ribosomal proteins (RPs), some of which
also occur in tissue-specific paralog forms (Anger et al., 2013; Ferguson et al., 2015;
Norris et al., 2021). The 40S small subunit consists of a single rRNA molecule (18S
rRNA) and 33 RPs, referred to as RPSs (Dorner et al., 2023). It is part of the translation
pre-initiation complex, which binds the mRNA template and scans the base sequence
for the start codon AUG (Sonenberg & Hinnebusch, 2009). Furthermore, the small
subunit contains the decoding center, facilitating the recognition and binding of the
correct transfer (f)RNA via codon-anticodon interaction between mRNA and tRNA
(Ramakrishnan, 2002). The 60S large ribosomal subunit consists of three rRNA
molecules (5S, 5.8S, and 28S rRNA) and 47 RPs, referred to as RPLs (Dérner et al.,
2023). It carries the peptidyl transferase center and catalyzes the formation of peptide
bonds, thereby adding amino acids to the emerging polypeptide chain that co-
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translationally exits the ribosome through the peptide exit tunnel (Ramakrishnan, 2002;
Kramer et al., 2009). Communication between the two subunits, which is important to
control structural rearrangements throughout the process of translation, is mediated,
for example, by the binding of common ligands (e.g., tRNAs) at respective sites present
in both subunits or via intersubunit bridges (Spahn et al., 2001). Different studies
indicate that ribosomes exhibit cell type- or context-dependent structural heterogeneity
which can relate to differences in rRNA processing or modification, as well as variations
in the modification or composition of RPs (Shi et al., 2017; Li & Wang, 2020). This
heterogeneity can affect the translational specificity of ribosomes, leading to
preferential translation of certain transcripts both in a natural context (e.g., organismal
development) as well as in the context of malignant transformation (e.g., cancer)
(Bastide & David, 2018; Li & Wang, 2020; Gao & Wang, 2023).

1.3.2 Process and regulation of ribosome biogenesis

RiBi is a highly coordinated cascade-like process that requires the activity of three RNA
polymerases (RNA Pol |, -Pol Il, and -Pol Ill) and involves several hundred ribosome
biogenesis factors (RBFs), functioning as chaperones as well as modification-,
processing-, and remodeling factors (Dérner et al., 2023; Hurt et al., 2023). The
process of RiBi largely occurs in the nucleolus, a membrane-less subnuclear structure
forming around tandemly arranged clusters of ribosomal (r)DNA which are referred to
as nucleolar organizing regions and are located on the five acrocentric chromosomes
(Boisvert et al., 2007; Lafontaine et al., 2021). The nucleolus assembles via
concentration-dependent liquid-liquid phase separation (LLPS), whereby nascent
rRNA functions as a seed for nucleation (Falahati et al., 2016; Lafontaine et al., 2021).
Subsequently, interactions between the rRNA and various RBFs, as well as respective
protein-protein interactions lead to the formation of different liquid phases (Yao et al.,
2019; Lafontaine et al., 2021). This results in a segmentation of the nucleolus into three
functionally distinct sub-compartments termed fibrillar center (FC), dense fibrillar
component (DFC), and granular component (GC) (Feric et al., 2016). Each of the three
compartments is enriched in processing and regulation factors involved in the different
steps of RiBi, namely rDNA transcription, pre-rRNA processing, and maturation of pre-

ribosomal particles (Lafontaine et al., 2021; Dorner et al., 2023) (Figure 1-4).

RNA Pol I-mediated transcription of rDNA into the early 47S pre-rRNA is the first, rate-
limiting step of RiBi and takes place in the FC or at the interface between FC and DFC
(Laferte et al., 2006; Boisvert et al., 2007) (Figure 1-4). Transcription initiation requires
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the formation of a pre-initiation complex, with the transcription factors UBF-1 and
selectivity factor-1 (SL1) cooperatively binding to the rDNA promotor, followed by
TIF-IA-mediated recruitment of RNA Pol | (Bell et al., 1988; Miller et al., 2001). The
47S pre-rRNA is a polycistronic molecule that contains the 18S, 5.8S, and 28S rRNAs,
flanked by external transcribed spacers (5’ETS, 3’ETS) and internal transcribed
spacers (ITS1, ITS2), respectively (Henras et al., 2015). The 5S rRNA, on the other
hand, is separately transcribed by RNA Pol lll in the nucleoplasm and subsequently
imported into the nucleolus (Ciganda & Williams, 2011). Similarly, genes encoding for
RPs and RBFs are transcribed by RNA Pol Il in the nucleoplasm, the resulting mRNAs
are translated at cytoplasmic ribosomes, and the functional proteins are then imported
into the nucleolus (Xue & Barna, 2012). The 47S pre-rRNA molecule co-
transcriptionally assembles with RBFs and RPs to form the 90S pre-ribosomal particle
(Tschochner & Hurt, 2003). Within the DFC, early rRNA processing steps occur
(Figure 1-4), which include posttranscriptional modifications such as pseudouridylation
or ribose 2'-O-methylation (Henras et al., 2008). These specific modifications are
facilitated by Dyskerin and Fibrillarin, respectively, both exerting their function as
components of small nucleolar ribonucleoprotein complexes (snoRNPs) (Lafontaine et
al., 1998; Fatica et al., 2000). Furthermore, the pre-rRNA molecule undergoes endo-
and exonucleolytic cleavage at the internal and external transcribed spacers, resulting
in the separation of the 90S complex into the small pre-40S and the large
pre-60S particles (Tschochner & Hurt, 2003). In the GC, those ribosomal subunit
precursors undergo further maturation, including structural remodeling as well as the
incorporation of the 5S rRNA into the pre-60S particle (Chaker-Margot & Klinge, 2019;
Dorner et al., 2023) (Figure 1-4). This is followed by an independent nuclear export of
the pre-mature particles into the cytoplasm where final maturation steps for the
functional small 40S and large 60S ribosomal subunits occur (Johnson et al., 2002)
(Figure 1-4). Importantly, the multifunctional protein Nucleolin is involved in the
regulation of almost every step of RiBi. It not only supports the transcription of rDNA
by maintaining the euchromatic state of rDNA (Cong et al., 2012) but also contributes
to pre-rRNA processing and ribosome assembly (Bouvet et al., 1998; Ginisty et al.,
1998). In addition, due to its ability to shuttle between the nucleus and the cytoplasm,
Nucleolin is suggested to also play a role in the nuclear export of ribosomal particles
(Ginisty et al., 1999).
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Figure 1-4 Process of ribosome biogenesis

Ribosome biogenesis mainly occurs in the nucleolus, a tripartite subnuclear condensate. Ribosomal
(r)RNA is synthesized at the border between the fibrillar center (FC) and dense fibrillar component (DFC)
by RNA polymerase I-mediated transcription of ribosomal (r)DNA gene clusters. In the DFC, nascent
rRNA molecules undergo early processing steps, mediated by small nucleolar ribonucleoprotein
complexes (snoRNPs), and assemble with ribosomal proteins to form pre-ribosomal particles. Further
maturation of the pre-ribosomal subunits takes place in the granular component and the cytoplasm,
where the small 40S and the large 60S subunits assemble to form the functional 90S ribosome. Adapted
from Boisvert et al., 2007; reproduced with permission from Springer Nature.

Expression of the different structural and regulatory components involved in RiBi
accounts for the majority of total cellular transcription, considering RiBi one of the most
energy-demanding processes in the cell (Warner, 1999). Therefore, the level of RiBi is
regulated by various pathways responding to nutrient availability, energy supply,
growth factors, or stress signals, and thus dynamically adapts to changes in metabolic-
and environmental conditions (Grummt, 2010; Orsolic et al., 2016). Many of those
pathways target the 47S rRNA synthesis as the first and rate-limiting step of RiBi,
although regulation also occurs at other levels of ribosome production (e.g., RP
expression). The level of rDNA transcription is mainly controlled via two different
strategies, either by regulating the number of active rRNA genes or by regulating the
transcription rate of active gene loci (Grummt, 2010). The (in-)activation of rRNA genes
is largely mediated by the transcription factor TTF-I that binds a terminator element
(To) upstream of the rDNA promotor and interacts with activating or silencing protein

complexes to recruit respective histone- and DNA-modifying enzymes (Santoro et al.,
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2002; Yuan et al., 2007; Grummt & Langst, 2013). In eukaryotes, about half of the

rRNA genes are epigenetically silenced by the repressive nucleolar chromatin

remodeling complex (NoRC), therefore appearing in a heterochromatic state which is
essential for rDNA stability (Guetg et al., 2010). Epigenetic modulation of rRNA gene
activity is mainly considered a long-term regulatory mechanism involved in
development and differentiation (Grummt, 2010), although several studies show that
the chromatin structure of rDNA loci can also be regulated in an energy-dependent
manner (Murayama et al., 2008; Zhou et al., 2009). On the other hand, regulation of
the transcription rate at active rRNA gene loci represents a short-term regulatory
mechanism, often mediated by the dynamic modulation of basal RNA Poll
transcription factors (Grummt, 2010). Activation of JNK2 or AMPK in response to
environmental stressors or low cellular energy levels, respectively, inhibits rRNA
synthesis via inactivating phosphorylation of TIF-IA, thereby impairing its interaction
with SL1 and RNA Pol | (Mayer et al., 2005; Hoppe et al., 2009). Conversely, upon
nutrient or growth factor availability, mTORC1- and MAPK/ERK-signaling promote the
activating phosphorylation of UBF-1 and TIF-IA, thereby supporting rDNA transcription
initiation and elongation (Stefanovsky et al., 2001; Hannan et al., 2003; Zhao et al.,
2003; Mayer et al.,, 2004). Next to its activating role in 47S rRNA transcription,
mTORC1 also positively regulates the RNA Pol Ill-mediated transcription of 5S rRNA
via inactivating phosphorylation of the RNA Pol Ill repressor MAF1 (Kantidakis et al.,
2010; Shor et al., 2010). Additionally, mTORC1 supports RiBi via its positive effect on
global protein synthesis, thereby sustaining an adequate supply of RPs and RBFs
(Gentilella et al., 2015). Noteworthy, mRNAs of RPs and several translation-related
proteins are characterized by a 5 Terminal Oligopyrimidine tract (5’ TOP) at their
5'm’G cap transcriptional start site, which puts the translation of respective mRNAs
under the control of MTORC1 (Levy et al., 1991; Jefferies et al., 1997).

1.3.3 Role of ribosome biogenesis in cancer

An increase in the nucleolar size and number has been identified in various cancer
types, considering hyperactivation of RiBi a hallmark of highly proliferative malignant
cells (Pianese, 1896; Derenzini et al., 2009). An elevated level of RiBi not only supports
the abnormal proliferation of cancer cells by providing an adequate translation
capacity, but also acts as a key driver in cancer initiation, progression, and metastasis
(Orsolic et al., 2016; Elhamamsy et al.,, 2022). Multiple oncogenes and tumor

suppressors are well-described to modulate RiBi and protein synthesis via different
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mechanisms (Ruggero & Pandolfi, 2003; Pelletier et al., 2018) (Figure 1-5). Gain-of-
function mutations in KRAS and the resulting constitutive activation of the
RAS/RAF/MEK/ERK pathway promote RNA Pol I-dependent transcription through
ERK-mediated phosphorylation of TIF-IA and Nucleolin (Zhao et al., 2003; Azman et
al., 2023). Furthermore, MYC promotes the transcriptional activity of all three RNA
polymerases, thereby supporting the expression of rRNAs, RPs, and RBFs for
ribosome production (van Riggelen et al., 2010). On the other hand, loss-of-function
mutations in the tumor suppressor gene TP53 contribute to increased activity of the
RNA Pol | machinery by abrogating the inhibitory effect of p53 on the interaction
between UBF-1 and SL1 (Zhai & Comai, 2000).
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. RP loss RP missense RP paralogue rRNA
= ? . mutations exchange modifications
Quality
AKT-mTORCLD-® Poll |__ control — @ O ¢
G transcription mechanisms \/_/// &) B N
(€ @n-netrn-D> p )
Rate of protein e Translational infidelity -
1 synthesis * Altered pattern of translation RIS eSS
Cancer development and progression

Figure 1-5 Ribosome biogenesis in cancer

Hyperactivity of RNA Pol | transcription, caused by dysregulation of oncogenic- and tumor-suppressive
pathways, results in an increased level of RiBi, consequently promoting cancer development and
progression by enhancing the rate of protein synthesis and affecting the translational quality. Similarly,
qualitative changes in RiBi, due to aberrant modification or composition of rRNAs and RPs, can also
result in translational infidelity or altered translational patterns, thereby contributing to cancer initiation
and progression. Adopted from Pelletier et al., 2018; reproduced with permission from Springer Nature.
The resulting increase in ribosome concentration not only provides increased levels of
protein synthesis but also leads to translational reprogramming and infidelity (Orsolic
et al., 2016). The translation of protooncogenes is often modulated by cis-regulatory
elements in the mRNA, which limit their ribosome affinity and thus their translation rate
to maintain cellular homeostasis (Ruggero, 2013). An increased ribosome
concentration may eliminate the competitive regulation by mRNAs with higher
ribosome affinity, resulting in an elevated translation of oncogenic mRNAs that
promotes cancer development and progression (Orsolic et al., 2016). Furthermore,
mutations in RPs or aberrant modifications of rRNA molecules drive ribosome
heterogeneity and the emergence of “onco-ribosomes”, which execute a preferential

translation of oncogenes and pro-survival genes, thereby promoting malignant
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transformation (Bastide & David, 2018; Elhamamsy et al., 2022). In breast- and
colorectal cancer cell lines, loss of p53 is associated with an increased expression of
Fibrillarin, entailing an elevated level of ribose 2'-O-methylation of rRNA molecules
(Marcel et al., 2013). This interferes with translational fidelity and results in enhanced
internal ribosome entry site (IRES)-dependent translation of distinct oncogenic mMRNAs
(Marcel et al., 2013; Pelletier et al., 2018).

1.3.4 Inhibition of ribosome biogenesis

Given that hyperactive RiBi is a key element for driving malignant transformation and
for maintaining the abnormal proliferation rate of cancer cells, the inhibition of RiBi is
considered an applicable approach for cancer treatment (Pelletier et al., 2018).
Different chemotherapeutic agents interfere with rDNA transcription (e.g., Oxaliplatin,
Actinomycin D) or rRNA processing (e.g., 5-FU), suggesting that their anticancer effect
is at least partially due to inhibition of RiBi (Burger et al., 2010). However, given that
most of the classic chemotherapeutics function as DNA/RNA intercalators and
therefore cause substantial side effects, recent studies aim to more specifically inhibit
RiBi by targeting RNA Pol | activity. Multiple small-molecule inhibitors have been
identified to impede RNA Pol I-mediated rRNA synthesis, thereby causing restriction
of cell viability and proliferation in different cancer model systems. CX-5461 inhibits the
initiation of rDNA transcription by hampering the interaction between SL1 and the rDNA
promotor, which is pivotal for the pre-initiation complex formation (Drygin et al., 2011).
CX-3543, on the other hand, inhibits rDNA transcription elongation by disrupting the
Nucleolin-mediated stabilization of G-quadruplexes (G4), i.e. guanine-rich secondary
DNA structures that prevent renaturation of the rDNA template (Drygin et al., 2009).
Another small-molecule inhibitor, BMH-21, intercalates into the GC-rich regions of
rDNA gene clusters, thereby hindering RNA Pol | activity at the levels of transcription

initiation, promotor escape, and elongation (Peltonen et al., 2014; Jacobs et al., 2022).

Inhibition of rDNA transcription results in decreased levels of nascent 47S pre-rRNA
and subsequently in a quantitative imbalance between ribosomal components. This
imbalance promotes a redistribution of RPs and RBFs from the nucleolus into the
nucleoplasm, thus, disintegrating the nucleolar structure (Boulon et al., 2010; Yang et
al., 2018). Such changes in nucleolar morphology and function are summarized as
‘ribosomal stress” or “nucleolar stress”, which is associated with various downstream
response pathways, often activated in a p53-dependent manner (Yang et al., 2018). A

well-described p53-dependent mechanism is the impaired ribosome biogenesis
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checkpoint (IRBC): Upon RNA Pol | inhibition, the disequilibrium between 47S rRNA
and other ribosomal components triggers the formation of the IRBC-complex,
comprising 5S rRNA as well as RPL5 and RPL11. This complex binds the E3 ubiquitin

ligase HDM2, thereby preventing the ubiquitylation and proteasomal degradation of

p53. The following accumulation of p53 promotes, among others, cell cycle arrest and
apoptosis (Bursac et al., 2012; Donati et al., 2013). However, given that more than
70% of all PDAC cases present with loss of p53 function (Waddell et al., 2015), it
should be noted that inhibition of RNA Pol | can activate stress response pathways
also in the absence of functional p53 (James et al., 2014). Some of these mechanisms
are triggered by RPs which, in their free form, can exert various extra-ribosomal
functions like regulation of oncogene expression or induction of apoptosis, without prior
activation of p53 (Russo & Russo, 2017). Specifically, for the small molecule inhibitor
BMH-21, Peltonen et al. showed that cell growth is effectively repressed in both p53
mutant and wild-type cell lines of the NCI-60 cancer cell line panel (Peltonen et al.,
2014).
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1.4 Aim of the study

Hyperactivation of RiBi is considered a hallmark of various cancers as it increases the
translational capacity, thereby supplying the cancer cells’ increased demand for protein
synthesis. An emerging strategy for targeting RiBi is the selective inhibition of RNA
Pol I-mediated transcription of rDNA genes as the first and rate-limiting step of RiBi.
CX-5461, developed as one of the first RNA Pol I-specific inhibitors, was already
shown to restrict the viability of different PDAC cell lines. Nevertheless, one of the main
reasons for the limited efficacy of various PDAC treatment approaches is the strong
inter- and intratumoral heterogeneity, promoting therapy resistance and tumor

recurrence.

Therefore, the present study aimed to further characterize the suitability of RNA Pol |
inhibition as a treatment strategy for PDAC, considering potential differences in the
level of RiBi activity between tumors or intratumoral subpopulations of cancer cells, as
well as the interaction between RiBi and other cellular pathways. The investigation
involved different PDAC model systems, namely conventional PDAC cell lines, primary
patient-derived cells (PDCs), and a genetically engineered PDAC mouse model.
Additionally, publicly available transcription data of 204 PDAC patients were included
in the analysis. The level of RiBi is mainly influenced by the availability of required
building blocks, including rRNAs and RPs. Furthermore, the nucleolar morphology,
meaning the size and number of nucleoli per cell, is considered a reliable parameter
for the level of RNA Pol | activity in different cancer types. Therefore, transcriptional
analysis of RPs and rRNA precursors as well as nucleolar staining were performed to
determine the level of RiBi in different PDAC samples and estimate the associated

heterogeneity.

Inhibition of rRNA synthesis results in a disequilibrium between ribosomal components
and consequently in a disintegration of the nucleolar structure, including the
translocation of nucleolar proteins into the nucleoplasm. Some of these proteins are
described to exert extra-ribosomal functions associated with different stress response
pathways. In this study, the effect of the selective RNA Pol | inhibitor BMH-21 on the
viability of PDAC cell lines was investigated, focusing on the role of the nucleolar stress
response and respective downstream pathways (e.g. apoptosis, cell cycle regulation,
autophagy) for the anticancer effect of BMH-21 in PDAC cells. Moreover, the effect of
RiBi inhibition was analyzed in the context of cellular metabolism, aiming to identify
potential candidates for combinational treatment approaches.
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2 Materials and methods

2.1 Cell culture

2.1.1 Cultivation of conventional PDAC cell lines

The eight conventional PDAC cell lines used in this study (Table 2-1) were obtained
from the American Type Culture Collection and regularly authenticated by single
nucleotide polymorphism (SNP)-profiling (Multiplexion, Heidelberg, Germany). Cells
were grown in DMEM with glucose levels adapted to human plasma-like conditions;
the term Low Glucose DMEM is used hereafter. For preparation, glutamine-
supplemented DMEM (#11966025, Thermo Fisher Scientific, Waltham, MA, USA) and
DMEM without additives (#A1443001, Thermo Fisher Scientific) were mixed at a 1:1
ratio, thereby achieving a final L-glutamine concentration of 2 mM. Additionally, the
medium was supplemented with 5 mM D-glucose (#A2494001, Thermo Fisher
Scientific), 5% v/v fetal bovine serum (FBS, #10500-064, Thermo Fisher Scientific),
and 1% v/v penicillin/streptomycin (#15140122, Thermo Fisher Scientific). Cells were
cultivated at 37 °C and 5% COz in a humidified atmosphere, provided with fresh
medium every 2-3 days, and passaged at a confluency of 70-80%. Enzymatic
detachment during passaging was achieved using 0.05% or 0.25% Trypsin/EDTA
(#25300096 / #25200056, Thermo Fisher Scientific). All cell lines were monthly tested

for mycoplasma contamination.

Table 2-1 Conventional PDAC cell lines

Cell line Research Resource Identifier Molecular subtype
HPAC CVCL_3517 Classical

HPAF-II CVCL_0313 Classical

HuP-T4 CVCL_1300 Classical

PaTu 8988s CVCL_1846 Classical

KP-4 CVCL_1338 QM

MIA PaCa-2 CVCL_0428 QM

PaTu 8988t CVCL_1847 QM

PSN1 CVCL_1644 QM
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2.1.2 Cultivation of primary patient-derived cells

The patient-derived cells (PDC) used in this study (Table 2-2) were previously isolated
from patient-derived xenografts (PDX) and, based on their transcriptional profile,
assigned to the QM or classical PDAC subtype, respectively (Karakaya, 2020; Heid et
al., 2022). PDCs were grown in a 1:1 mixture of Low Glucose RPMI and Keratinocyte
medium. Low Glucose RPMI was prepared from glutamine-containing RPMI 1640
(#11879020, Thermo Fisher Scientific) by adding 4 mM D-glucose, 10% v/v FBS, and
1% v/v penicillin/ streptomycin. Keratinocyte medium was prepared from Keratinocyte
serum-free medium (#17005075, Thermo Fisher Scientific) by adding 50 ug/mL Bovine
pituitary extract (BPE), 5 ng/mL recombinant human epidermal growth factor (hEGF),
2% viv FBS, and 1% v/v Antibiotic-Antimycotic (#15240-062, Thermo Fisher
Scientific). Nutrient concentrations in the final medium were the following: 5 mM
D-glucose, 4.5 mM L-glutamine, 0.26 mM sodium pyruvate, 6% v/v FBS, 0.5% v/v
penicillin/ streptomycin, and 0.5% v/v Antibiotic-Antimycotic. Cells were cultivated and
passaged as described for the conventional cell lines and equally tested for

mycoplasma contamination once a month.

Table 2-2 Primary patient-derived cells

Cell line Molecular subtype
PDC2 Classical
PDC4 Classical
PDC5 Classical
PDC6 Classical
PDC8 Classical
PDC11 Classical
PDCA1 QM
PDC3 QM
PDC7 QM
PDC9 QM
PDC10 QM
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2.1.3 siRNA transfection

For silencing of POLR1A gene expression, cells were transfected with Silencer Select
small interfering (si)RNA (#4392420, Thermo Fisher Scientific) directed against human
POLR1A (siRNA IDs: s405 (termed siRNA #1) and s223666 (termed siRNA #2)).
Silencer Select Negative Control #1 (#4390843, Thermo Fisher Scientific) was used
as control. The indicated siRNAs were diluted in Opti-MEM reduced serum medium
(#31985047, Thermo Fisher Scientific) and cells were transfected at a final
concentration of 10 nM using HiPerfect transfection reagent (#301705, Qiagen, Hilden,
Germany). Cells were analyzed 72 h after transfection.

2.2 Cell viability assays

2.2.1 CellTiter-Glo® luminescent cell viability assay

Cell culture plates were equilibrated at room temperature (RT) for approximately
30 min before the measurement. CellTiter-Glo® reagent (#G7573, Promega,
Mannheim, Germany), diluted 1:2 or 1:4 in phosphate-buffered saline (PBS,
#14190169, Thermo Fisher Scientific), was added to the cells at a 1:1 ratio and plates
were shaken to achieve cell lysis. The reaction mixture was further incubated for 5-
10 min at RT in the dark. The intensity of the luminescent signal was recorded by the
Spark 10M microplate reader (Tecan, Mannedorf, Switzerland) with the respective

SparkControl software (version 1.2, Tecan).

2.2.2 Proliferation assay

Cells were seeded to white 96-well microplates (#3917, Corning, Corning, NY, USA)
at a density of 2,000 cells/well and cultivated for up to 5 days. Each measurement was
performed on an individual cell culture plate. Cells were provided with fresh medium
every 48 h and cell viability was determined by CellTiter-Glo® luminescent cell viability
assay at intervals of 24 h. A detailed description of the measurement procedure is
given in 2.2.1. The increase in cell viability was calculated relative to the luminescent

signal measured 24 h after cell seeding (t = 0).

2.2.3 Dose-response analysis

Dose-response analyses were performed in a 96-well format. Desired concentrations
of BMH-21 (#S7718, Selleckchem, Houston, TX, USA) or CX-5461 (#S2684,
Selleckchem) were printed to white microplates (#3917, Corning) using the D300
digital dispenser (Tecan) and the corresponding D300eControl Software

(version 3.3.3, Tecan). The inhibitor concentrations were applied in technical
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triplicates, and dimethyl sulfoxide (DMSO)-treated cells were used as control. All wells
were normalized to the highest DMSO volume and plates were stored at -80 °C until
further processing. Plates were equilibrated at RT for approximately 1 h before cell
seeding. Cells were automatically seeded to the inhibitor-containing microplates by the
reagent dispenser Multidrop Combi (Thermo Fisher Scientific) and incubated for 72 h
under normal growth conditions. Cell viability was measured using the CellTiter-Glo®
luminescent cell viability assay as described in 2.2.1. Data analysis and calculation of
the absolute 1Cso were performed using the R Software with the drc package (Ritz et
al., 2015).

2.2.4 Drug interaction studies

For drug interaction studies between BMH-21 and the autophagy inhibitor
3-Methyladenine (3-MA; #189490, Sigma-Aldrich, St. Louis, MO, USA) or the mTOR
inhibitor Rapamycin (#51039, Selleckchem), respective printing layouts were designed
using the synergy wizard of the D300eControl Software. The DMSO-based inhibitors
BMH-21 and Rapamycin as well as pure DMSO for normalization were automatically
printed to the microplates as described before, while the water-based 3-MA and pure
water for normalization were added manually. The inhibitor concentrations were
applied in technical duplicates, and DMSO/water-treated cells were used as control.
All wells were normalized to the highest volume of DMSO/water. Cells were
automatically seeded to the inhibitor-containing microplates and incubated for 72 h as
described before. Cell viability was measured using the CellTiter-Glo® luminescent cell
viability assay as described in 2.2.1. Data analysis was performed using the
SynergyFinder web application (version 3.0, synergyfinder.fimm.fi) (lanevski et al.,
2022) with the Bliss/Loewe consensus synergy scoring method. Synergy scores were
interpreted as suggested by the SyngeryFinder user documentation: synergy score
< -10 = antagonism; synergy score from -10 to 10 = additive effect; synergy score > 10

= synergism.

2.2.5 Crystal violet staining

For determination of cell viability by crystal violet staining, cells were fixed with ice-cold
methanol for 10 min on ice and subsequently stained with crystal violet solution
(#CO0775, Sigma-Aldrich) (0.1% in 25% methanol) for 30 min at RT. The excessive
staining solution was removed by rinsing the cells with water, and the plates were air-
dried overnight. Crystal-violet stained cells were imaged using the GelCount colony

counter (Oxford Optronix, Abingdon, UK) with the respective GelCount software
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(version 1.2.4.2, Oxford Optronix). Cell confluency was measured using the NyONE
automated cell imager (Synentec, Elmshorn, Germany) with the respective NyONE

Reader software (version 1.5.8267, Synentec).

2.3 Gene expression analysis

2.3.1 Quantitative real-time polymerase chain reaction

RNA was isolated with the Maxwell RSC Automated Nucleic Acid Purification System
(Promega) and the corresponding Maxwell RSC simplyRNA Cells Kit (#AS1390,
Promega) according to the manufacturer's manual. RNA concentrations were
measured using the NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific)
with the respective NanoDrop 2000 software (version 1.6.198, Thermo Fisher
Scientific). PrimeScript™ reverse transcriptase (#RR036A, TaKaRa, Kusatsu, Japan)
was used for cDNA synthesis with an input of 1 ug total RNA, and the resulting cDNA
was diluted at a ratio of 1:5 with nuclease-free water. For quantitative real-time
polymerase chain reaction (QRT-PCR), the GoTag gPCR Master Mix (#A6002,
Promega) or a 2x EvaGreen gPCR master mix, prepared from the PrimeTag DNA-
polymerase Kit (#1801, Primetech ALC, Minsk, Belarus), EvaGreen dye (#31019,
Linaris, Dossenheim, Germany), and dNTPs (#R0192, Thermo Fisher Scientific), was
used. All primers used in this study (Table 2-3) were designed with NCBI Primer-
BLAST (Ye et al.,, 2012), if not stated otherwise, and purchased from Eurofins
Genomics (Ebersberg, Germany). Samples were measured in triplicates with 4 uL
cDNA, 0.3 yM primers, and 10 yL master mix in a total reaction volume of 20 pL.
Measurements were performed using the qPCR platform LightCycler 480 (Roche,
Basel, Switzerland) and the respective LightCycler 480 Software (version 1.5.1.62,
Roche). PCR conditions were the following: 5 min at 95 °C followed by 45 cycles with
95 °C for 15's, 59 °C for 20 s, and 72 °C for 20 s. Gene expression was analyzed via
relative quantification using the 2-22CT-method (Livak & Schmittgen, 2001), with GUSB

as the reference gene.

Table 2-3 Primer sequences

Target gene Primer sequence (5" — 3)) Reference
45S rRNA (5’°ETS) Fwd: CAGGTGTTTCCTCGTACCG (Metge et al.,
Rvs: GCTACCATAACGGAGGCAGA 2021)

45S rRNA (ITS1) Fwd: CTCGCCAAATCGACCTCGTA
Rvs: GCAAGTGCGTTCGAAGTGTC
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Target gene Primer sequence (5’ — 3)) Reference

CDH1 Fwd: CGCATTGCCACATACACTCT
Rvs: TTGGCTGAGGATGGTGTAAG

GUSB Fwd: TGCAGGTGATGGAAGAAGTG
Rvs: TTGCTCACAAAGGTCACAGG

POLR1A Fwd: CTGAGCCCCTGGGAATTGAG
Rvs: CTTCCACAGGGCAGAAAGGT

UBTF Fwd: AAACCACCGAATCACACATGG
Rvs: TCTGTCAATGTACGGAACTTCCT

VIM Fwd: AATGGCTCGTCACCTTCGTGAAT
Rvs: CAGATTAGTTTCCCTCAGGTTCAG

ZEB1 Fwd: TTACACCTTTGCATACAGAACCC
Rvs: TTTACGATTACACCCAGACTGC

The primer product of the 45S rRNA (ITS1) primers reaches from the ITS1 region into
the 5.8S region.

2.3.2 RNA sequencing and lllumina bead array

Analysis of ribosome biogenesis-associated genes in conventional PDAC cell lines and
PDCs was performed based on previously published data (Karakaya, 2020; Heid et
al., 2022). For gene expression analysis of HPAF-II cells with and without BMH-21
treatment, the cells were seeded to 10 cm dishes. After 24 h, the medium was replaced
with Low Glucose DMEM supplemented with 0.5 yM BMH-21 or the respective volume
of DMSO, and cells were cultivated for 72 h in total. After 48 h, the cells were supplied
with fresh medium containing BMH-21 or DMSO. RNA was isolated as described
above and 3'mRNA sequencing was performed at Life & Brain GmbH (Bonn,
Germany). The analysis of RNA sequencing data was performed by Dr. Sven T. Liffers
(Bridge Institute of Experimental Tumor Therapy and Division of Solid Tumor
Translational Oncology (DKTK/DKFZ partner site Essen/Dusseldorf), West German
Cancer Center, University Hospital Essen, Germany), who also kindly provided the
following method section. FASTQ reads were aligned to the human reference genome
(GRCh38) using the STAR aligner v. 2.7 (Dobin et al., 2013) with the gene annotation
file (GCA_000001405.28) from the Ensembl database. Differential gene expression
was estimated using the packages DESeq2 v. 1.33 (Love et al., 2014) and sva v. 3.40
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(Leek et al., 2012) in the RStudio v. 1.4 (RStudio Team, 2022) environment for Rv.4.1.
Lowly expressed genes were filtered in a group-wise manner with at least one
count/500,000 transcripts. After data was batch corrected using the Combat_seq
function from the sva-package, differential genes were estimated by comparing
BMH-21 treated cells with the DMSO control group.

2.3.3 STRING analysis

STRING analysis was performed using the Cytoscape software (version 3.10.1) with
the stringApp (version 2.0.1), the yFiles layout algorithms app (version 1.1.3, yWorks
GmbH, Tubingen, Germany), and further integrated analysis tools (Shannon et al.,
2003; Assenov et al., 2008; Morris et al., 2014; Doncheva et al., 2019; Raudvere et al.,
2019). A molecular network based on differential gene expression data was created
using the STRING: protein query data source with confidence (score) cut-off = 0.4 and
without displaying additional interactors. All genes used for the analysis fulfilled the
following criteria: |log2-fold change| > 1.5 and padjusted < 0.05. The analysis was limited
to the largest subnetwork and functional enrichment analysis was performed using the
GO biological process, the KEGG pathways, and the REACTOME pathways
databases. For better visualization, overlaps between multiple nodes were removed

using the yFiles remove overlaps algorithm.

2.3.4 Hierarchical clustering
Heatmaps were generated using the R Software with the gplots and the dendextend
packages (Galili, 2015; Warnes et al., 2022). Unsupervised hierarchical clustering

analysis was based on a complete linkage method with Euclidean distance.

2.3.5 Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed based on normalized expression
values using the GSEA software (version 4.3.2, UC San Diego and Broad Institute)
(Mootha et al., 2003; Subramanian et al., 2005). The permutation type Gene Set was
used with the number of permutations being set to 1000. A pathway was considered
significantly enriched with [INES| > 1.5 and FDR < 0.05.

2.3.6 Survival analysis
Gene expression data used for the analysis of patient overall survival were obtained
from the human protein atlas (proteinatlas.org) (Uhlen et al., 2017). FPKM cut-off

values were defined as suggested by proteinatlas.org. Kaplan-Meier plots were
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generated using R software with the survminer (Kassambara et al., 2021) and survival
(Therneau, 2022) packages.

2.4 Protein related assays

241 Western blot

Cell lysis was achieved with RIPA buffer (#9806, Cell Signaling Technology, Danvers,
MA, USA) containing protease- (#4693124001, Merck, Darmstadt, Germany) and
phosphatase inhibitors (#4906837001, Merck). The BCA Protein Assay Kit (#23225,
Thermo Fisher Scientific) was used according to the manufacturer’s instructions to
determine the protein concentration of the lysates. Protein samples were separated on
6-12% polyacrylamide gels and subsequently transferred to nitrocellulose membranes
(#1704270, BIO-RAD Laboratories, Hercules, CA, USA) via the semi-dry blot transfer
system Trans-Blot Turbo (BIO-RAD Laboratories). The membrane was blocked with
5% w/v skim milk powder (#70166, Sigma-Aldrich) or 5% w/v bovine serum albumin
(BSA, #8076, Carl Roth, Karlsruhe, Germany), resolved in Tris-buffered saline (TBS)
containing 0.1% v/v Tween 20 (#9127, Carl Roth), for 1 h at RT. Primary antibodies
(Table 2-4) were diluted in antibody diluent comprising 5% w/v BSA resolved in 0.1%
Tween/TBS and applied at 4 °C overnight. Incubation with anti-rabbit (#111-035-003,
Jackson ImmunoResearch, West Grove, PA, USA; 1:25,000) or anti-mouse
(#115-035-003, Jackson ImmunoResearch; 1:10,000) secondary antibody, diluted in
antibody diluent, was performed for 1 h at RT. SuperSignal West Dura Extended
Duration Substrate (#34076, Thermo Fisher Scientific) was used for signal detection.

Actin was used as the housekeeper to verify equal protein loading.

Table 2-4 Primary antibodies for western blot

Target protein ~ Supplier Catalog Research Resource Dilution
number Identifier

B-Actin Abcam ab8227 AB_2305186 1:10,000

Fibrillarin Novus NB300-269 AB_2100980 1:2,000
Biologicals

Nucleolin Cell Signaling 14574 AB_ 2798519 1:2,000/
Technology 1:4,000

RPA194 Santa Cruz sc-48385 AB_671403 1:200
Biotechnology
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Target protein ~ Supplier Catalog Research Resource Dilution
number Identifier

UBF-1 Santa Cruz sc-13125 AB_671403 1:200
Biotechnology

cleaved PARP Cell Signaling 9544 AB_2160724 1:1,000
Technology

cleaved Cell Signaling 9664 AB_2070042 1:1,000

Caspase 3 Technology

LC3B Sigma-Aldrich L7543 AB_796155 1:1,000

p62 Cell Signaling 5114 AB_10624872 1:1,000
Technology

E-cadherin Cell Signaling 3195 AB_2291471 1:1,000
Technology

Vimentin Novus NBP1-92687 AB_11017879 1:10,000
Biologicals

4E-BP1 Cell Signaling 9452 AB_331692 1:1,000
Technology

Phospho- Cell Signaling 2855 AB_560835 1:1,000

4E-BP1 Technology

p70 S6 Kinase Cell Signaling 2708 AB_390722 1:1,000
Technology

Phospho-p70  Cell Signaling 9234 AB 2269803 1:1,000

S6 Kinase Technology

2.4.2 Immunofluorescence

For immunofluorescent (IF) staining of cultivated cell lines, the cells were grown in

p-slide 8 well chambers (#80826, ibidi) upon respective culturing conditions. Cells were
fixed with 4% paraformaldehyde (PFA)/PBS (#sc-281692, Santa Cruz Biotechnology)

for 15 min at RT, permeabilized using 0.2% Triton X-100 (#3051, Carl Roth)/PBS for

10 min at RT, and blocked in 3% BSA (#05479, Sigma-Aldrich)/PBS for 30 min at RT.
Primary antibodies (Table 2-5) were diluted in SignalStain Antibody Diluent (#8112,
Cell Signaling Technology) and applied at 4 °C overnight. Cells were incubated with
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mouse-specific secondary antibody (#SA5-10173, Thermo Fisher Scientific; 1:400),
diluted in 1% BSA/PBS, for 1 h at RT. Counterstaining was performed by applying
DAPI (#D1306, Thermo Fisher Scientific) at a concentration of 1 ug/mL for 5 min at
RT. For IF staining of Nucleolin, an adapted protocol was used. Cells were cultivated
in 8 well culture slides (#354108, Corning). Fixation was performed using 4% PFA/PBS
as described before. For blocking, cells were incubated with 10% normal goat serum
(NGS, #G9023, Sigma-Aldrich) in PBS with 0.05% Triton X-100 (PBS-T), for 1 h at RT.
The primary antibody (Table 2-5) was diluted in 1% NGS/PBS-T and applied for 1 h at
RT. The rabbit-specific secondary antibody (#SA5-10033/#35553, Thermo Fisher
Scientific; 1:400), diluted in 1% NGS/PBS-T was applied as described before. Between
each step, cells were washed three times with PBS for 5 min each. After mechanical
removal of the chamber, slides were mounted using Vectashield Antifade Mounting
Medium with DAPI (#H-1200, Vector Laboratories; Burlingame, CA, USA). IF stainings
were imaged using the fluorescent microscope Axio Observer.Z1 (Zeiss, Oberkochen,
Germany). If necessary, the signal intensity was uniformly adjusted for better
visualization of the structures shown. However, quantification of the nuclear signal
intensity was performed based on the original images using the ZEN software (version
3.0, blue edition, Zeiss).

For IF staining of formalin-fixed, paraffin-embedded (FFPE) tissue, the sections were
first deparaffinized with xylene and a decreasing ethanol row using the AutoStainer XL
(Leica Biosystems, Wetzlar, Germany). For epitope retrieval, slides were heated to
110 °C for 15 min in a decloaking chamber (Biocare Medical, Pacheco, CA, USA),
covered with citrate- (#H 3300, Vector Laboratories, Burlingame, CA, USA) or Tris-
based (#H-3301, Vector Laboratories) antigen unmasking solution. Slides were
blocked with 10% NGS in TBS with 0.1% v/v Triton X-100 for 1 h at RT. Primary
antibodies (Table 2-5) were diluted in antibody diluent, comprising 1% NGS in TBS
with 0.1% v/v Triton X-100, and applied for 1 h at RT. Sections were covered with
rabbit- (#35553, Thermo Fisher Scientific) or mouse-specific (#SA5-10173, Thermo
Fisher Scientific) secondary antibody, diluted in antibody diluent at a ratio of 1:400, and
incubated for 1 h at RT. Between each step, slides were washed in TBS containing
0.1% v/v Triton X-100 for 5 min each and rinsed with TBS. Slides were mounted using
Fluoromount-G with DAPI (#00-4959-52, Thermo Fisher Scientific). IF stainings were
imaged using the fluorescent microscope Axio Observer.Z1 (Zeiss, Oberkochen,

Germany).
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Table 2-5 Primary antibodies for immunofluorescence

Target protein Supplier Catalog Research Resource  Dilution
number Identifier

Fibrillarin Novus NB300-269 AB_2100980 1:100
Biologicals

Nucleolin Cell Signaling 14574 AB_ 2798519 1:300/
Technology 1:500

RPA194 Santa Cruz sc-48385 AB 671403 1:250
Biotechnology

UBF-1 Santa Cruz sc-13125 AB_671403 1:50
Biotechnology

pan-Cytokeratin Abcam ab6401 AB 305450 1:200

2.4.3 Immunohistochemistry

Immunohistochemistry (IHC) was performed on FFPE sections. Before staining,
deparaffinization of the sections as well as epitope retrieval were performed as
described above. Endogenous peroxidase activity was inhibited by incubation with
3% hydrogen peroxide solution for 15 min at RT. Slides were blocked with
ready-to-use blocking solution (#ZYT-ZUCO007-100, Zytomed, Berlin, Germany) for
5 min at RT. Primary antibodies (Table 2-6), diluted in SignalStain Antibody Diluent,
were applied at 4 °C overnight. Sections were covered with horseradish peroxidase
(HRP) one-step polymer (#zuc053-100, Zytomed) and incubated for 30 min at RT.
Between each step, slides were washed in TBS containing 0.1% v/v Triton X-100 for
5 min each and rinsed with TBS. Staining was developed using the Liquid DAB+
Substrate Chromogen System (#K3468, Agilent Technologies, Santa Clara, CA, USA)
and slides were counterstained with Hematoxylin solution (#105174, Sigma-Aldrich).
Sections were dehydrated with an increasing ethanol row and xylene. Subsequently,
slides were mounted with pertex mounting medium (#41-4010-00, MEDITE, Orlando,
FL, USA) and air-dried at RT overnight. Slide imaging was performed using the Zeiss
Axio Scan.Z1 (Zeiss).
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Table 2-6 Primary antibodies for immunohistochemistry

Target protein  Supplier Catalog Research Resource Dilution
number Identifier

Fibrillarin Novus NB300-269 AB_ 2100980 1:100/
Biologicals 1:200

Nucleolin Cell Signaling 14574 AB_2798519 1:1,000
Technology

RPA194 Santa Cruz sc-48385 AB_671403 1:200
Biotechnology

244 GFP-LC3 assay

The GFP-LC3 assay was performed and quantified by Dr. Silvia Vega-Rubin-de-Celis
and Matthias Kudla (Institute of Cell Biology (Cancer Research), University Hospital
Essen, Germany), and the following method section was kindly provided by Dr. Silvia
Vega-Rubin-de-Celis. Cells were seeded to 24-well black imaging plates
(#0030741021, Eppendorf, Hamburg, Germany) at a density of 10,000 cells/well and
transfected with a pBabe-GFP-LC3 plasmid (Vega-Rubin-de-Celis et al., 2018) using
the Mirus LT1 reagent (#MIR2300, Mirus, Madison, WI, USA) according to
manufacturer’s instructions. After 24 h, the medium was replaced with fresh Low
Glucose DMEM supplemented with BMH-21 at the indicated concentrations, 0.25 uM
Torin 1 (#4247, Tocris Bioscience, Bristol, UK), or DMSO as control. The cells were
further cultivated for the indicated time periods, and subsequently fixed in 4% PFA/PBS
(Will et al.,, 2022). Three hours prior to fixation, Bafilomycin A1 (#HY-100558,
MedChemExpress, Monmouth Junction, NJ, USA) was added to respective cells at a
concentration of 100 nM. Autophagosome numbers were counted in a Zeiss AxioCam
MRm microscope (Zeiss).

2.4.5 Autophagy LC3 HiBiT reporter assay

The LC3 HiBIT reporter assay was performed by Dr. Silvia Vega-Rubin-de-Celis, who
also kindly provided the following method section. Stable cell lines expressing the
HiBiT-LC3 reporter (#GA255A, Promega) were generated by transient transfection of
Hup-T4 and PSN1 cells and further selection with 250 ug/ml of G418 (#10131035,
Thermo Fisher Scientific), as described before (Hegedus et al., 2022). Cells were
seeded into white 96-well plates (#sc-204449, Santa Cruz Biotechnology) at a density
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of 5,000 cells/well. The next day, the media was replaced with fresh Low Glucose
DMEM containing BMH-21 at the indicated concentrations, 0.25 yM Torin 1, or DMSO
as control. The cells were further cultivated for the indicated time periods before HiBiT
luminescence was measured as previously described (Will et al., 2022). Treatment
with 100 nM Bafilomycin A1 for 3 h was used as an additional control.

2.5 Metabolic assays

2.5.1 Seahorse metabolic flux analysis

Using the Seahorse XF96 metabolic flux analyzer (Agilent Technologies), the influence
of BMH-21 on metabolic processes was investigated. Cells were pretreated with
BMH-21 (HPAF-II: 0.5 yM, PSN1: 0.17 uM) or the respective volume of DMSO for
48 h. Then, the pretreated cells were trypsinized and seeded into an XF96 cell culture
microplate, treated with BMH-21 or DMSO, and further incubated for 24 h. An XFe96
sensor cartridge was hydrated with 200 yL Seahorse XF Calibrant Solution per well
and kept in a non-CO2 incubator at 37 °C overnight. XF96 cell culture microplates,
XFe96 sensor cartridges, and the Seahorse XF Calibrant Solution are part of the
Seahorse XFe96 FluxPak (#102416-100, Agilent Technologies). In addition, the heater
of the Seahorse analyzer was set to 37 °C to establish a stable temperature overnight.
Before the assay, cells were washed once with Seahorse XF DMEM assay medium
(#103575-100, Agilent Technologies) containing 5 mM glucose (#103577-100, Agilent
Technologies), 2 mM glutamine (#103579-100, Agilent Technologies), and BMH-21 or
DMSO, respectively. Cells were incubated in a non-COz2 incubator for 45 min and
calibration of the hydrated sensor cartridge was performed. Cells were washed again
with the assay medium containing BMH-21 or DMSO, and provided with a final volume
of 180 uL/well before starting baseline measurements of the oxygen consumption rate
(OCR) and the extracellular acidification rate (ECAR).

To ensure comparability between the treatment conditions, absolute OCR and ECAR
values were normalized to the DNA content. Following the assay, cells were fixed with
4% PFA/PBS and stained with DAPI nucleic acid stain (#D1306, Thermo Fisher
Scientific) at a concentration of 2.5 ug/mL in PBS for 10 min at RT. The resulting
fluorescent signal was measured using the Spark 10M Microplate Reader (excitation
wavelength: 385 nm, emission wavelength: 461 nm). Values of five technical replicates
per condition were averaged. Relative fluorescent units (RFU) with a scale factor of

10,000 were used as normalization units.
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2.5.2 lIsocitrate dehydrogenase activity assay

Cells were pretreated with BMH-21 (HPAF-II: 0.5 yM, PSN1: 0.17 yM) or the
respective volume of DMSO for 72 h. After 48 h, cells were supplied with fresh medium
containing BMH-21 or DMSO, respectively. The activity of isocitrate dehydrogenase
(IDH) was measured using the IDH Activity Assay Kit (#MAK062, Sigma-Aldrich)
according to the manufacturer’'s manual. In brief, cells were homogenized in ice-cold
IDH Assay Buffer at a concentration of 1x10%6 cells / 200 yL and centrifuged at
13,000xg for 10 min. Determined as the optimal sample amount in a pilot experiment,
30 yL (HPAF-II) or 50 pL (PSN1) of the supernatant was used as input for the assay.
Only NAD* was added to the reaction mix, limiting the measurement to the activity of
the NAD*-dependent IDH3. Using the Spark 10M microplate reader, optical density at

450 nm was measured in kinetic mode over a period of 20 min at 5 min intervals.

2.6 Cell cycle analysis

Cell cycle analysis was performed based on propidium iodide staining after 72 h of
treatment without occasional medium exchange. Cells were enzymatically detached
using 0.05% Trypsin/EDTA and fixed with 70% ethanol for 2 h on ice or at 4 °C for at
least 16 h. Fixed cells were rehydrated and stained with DNA staining solution
comprising 0.1% Triton X-100, 0.5 mg/mL RNase A (#1007885, Qiagen), and
0.06 mg/mL propidium iodide (#P3566, Thermo Fisher Scientific) for 30 min at RT.
Measurements were performed using the BD FACSCelesta™ Multicolor Flow
Cytometer (BD, Franklin Lakes, NJ, USA) and the respective FACSDiva™ Software
(version 8.0.1.1, BD). Data analysis was performed using the FlowJo™ Software
(version 10.8.1, BD).

2.7 Animal handling

Animal experiments and tissue preparation were organized and conducted by
Dr. Kristina Althoff, Dr. Marija Trajkovic-Arsic, Rui Fang, Konstantinos Savvatakis, and
Vuk Dinovic (Bridge Institute of Experimental Tumor Therapy and Division of Solid
Tumor Translational Oncology (DKTK/DKFZ partner site Essen/Dusseldorf), West
German Cancer Center, University Hospital Essen, Germany). Animal experiment
applications were prepared by Dr. Kristina Althoff, who also kindly provided the
following method section. Animal experiments were approved by the appropriate
national authorities. Animal care protocols were as prescribed in the national laws and
regulations as well as the European Federation of Animal Science Associations

(FELASA; http://www.felasa.eu). Orthotopic and subcutaneous transplantations were
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conducted by Rui Fang and Dr. Marija Trajkovic-Arsic, respectively. For orthotopic
transplantation, a suspension of human PDAC cells was transplanted orthotopically
into the pancreas of immunosuppressed NMRI nude mice under ultrasound image
guidance. For subcutaneous transplantation, a suspension of human PDAC cells was
transplanted subcutaneously into the flank of immunosuppressed NMRI nude mice. At
the endpoint, tumors and organs were collected and fixed in 4% PFA/PBS. Further
tissue preparation was performed by Konstantinos Savvatakis and Vuk Dinovic. After
fixation, the tissue was dehydrated and embedded in paraffin, and subsequently
sectioned at 3 ym thickness. Tissue sections were then further processed by IF and

IHC as described in 2.4.2 and 2.4.3, respectively.

2.8 Data analysis and visualization

Data- and statistical analysis were performed using GraphPad PRISM (version 9),
R Software (version 4.2.1), and R Studio (version 2022.07.0+548) (R Core Team,
2022; RStudio Team, 2022). In addition to analysis-specific packages stated in the
respective sections, the tidyverse package, the RColorBrewer package, and the
ggpattern package were used for general data analysis and graphical representation
(Wickham et al., 2019; FC et al., 2022; Neuwirth, 2022).

Shapiro-Wilk test was used to test for the normality of data and the F- or Levene test
was used to assess the equality of variances. The appropriate test for statistical
analysis was selected accordingly. Mann-Whitney-U test was used to compare the RP
expression levels between PDAC- and normal pancreatic tissue samples, as well as
the nuclear intensity of nucleolar markers in BMH-21-treated and control cells. Kruskal-
Wallis test with Dunn’s multiple comparison test was used for statistical analysis of the
GFP-LC3B assay. The chi-square test with Bonferroni post-hoc analysis was used to
compare the cell cycle distribution of cells with and without BMH-21 treatment. For all
other experiments, p-values were calculated by Student’s t-test (unpaired, two-sided)
or by One-way ANOVA with Bonferroni’s multiple comparison test. In the case of fold
change data, statistical tests were applied on log2-transformed ratios. Differences

were considered statistically significant with p-values < 0.05.

Figures were arranged using the Inkscape software and illustrations were prepared
using building blocks from Servier Medical Art. Servier Medical Art (Servier, Suresnes,
France) is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).
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3 Results
3.1 Ribosome biogenesis in PDAC

3.1.1 PDAC patients exhibit differences in ribosomal gene expression

The expression of ~90 RPs and emerging paralogs (Guimaraes & Zavolan, 2016) was
analyzed in PDAC patient samples (n = 204) and normal pancreatic tissue (n =41)
based on previously published Illumina bead chip array data (E-MTAB-1791). The
comparison of the median RP expression levels revealed no overall difference
between the two groups (Figure 3-1 A). Nevertheless, hierarchical cluster analysis
resulted in a nearly complete separation of PDAC- and normal pancreatic tissue
samples and unveiled a complex and heterogeneous expression pattern of RPs in
PDAC (Figure 3-1 B). For a large number of RPs (e.g., RPL34, RPL32), generally
increased expression levels were detected in normal- compared to PDAC tissue
samples. On the other hand, individual RPs, including RPL10L and RPL39L, exhibited
higher expression in a subgroup of tumor samples compared to normal pancreatic
tissue (Figure 3-1 B and Annexed Figure 1). However, high variation in the expression
of RP-encoding genes was found not only between PDAC- and normal tissue but also
between different tumor samples. Next to PDAC samples that presented with a
generally increased or decreased RP expression, others exhibited deregulation of only
individual RPs in the global comparison (Figure 3-1 B). These findings indicate that
RPs may play a complex role in the context of PDAC tumorigenesis.
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Figure 3-1 Ribosomal proteins are heterogeneously expressed in PDAC samples and
normal pancreatic tissue

Expression analysis for ~90 ribosomal protein-encoding genes in PDAC patient samples (n = 204) and
normal pancreatic tissue (n = 41) based on lllumina bead chip array data (E-MTAB-1791). (A) Boxplots
presenting the median RP expression in normal pancreatic tissue (green) and PDAC samples (red).
ns not significant. (B) Hierarchical cluster analysis strongly separated PDAC- from normal pancreas
samples.
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MYC oncogene, which is frequently overexpressed in PDAC (Schneider et al., 2021),
was described to promote RiBi by upregulating the transcriptional activity of RNA
polymerases as well as the translational capacity of the cell, thereby contributing to a
favorable supply with rRNAs, RPs, and RBFs (van Riggelen et al., 2010). PDAC patient
samples were grouped according to their MYC expression level, with the cut-off values
being defined as the average log2-expression + one standard deviation. In this way,
38 PDAC patient samples were classified as MYChsh and 30 samples as MYC'o¥,
respectively. Subsequent gene set enrichment analysis (GSEA) showed significant
enrichment of gene sets associated with rRNA processing and -modification, ribosomal
subunit maturation, and translational processes in MYChdh samples (Figure 3-2 and
Annexed Table 1). These findings point to a correlation between high levels of MYC

expression and an increased RiBi activity in PDAC.

A

cytoplasmic translation

rRNA processing

ribosome

ribosomal large subunit biogenesis
ribosome biogenesis

regulation of rRNA processing

maturation of SSU rRNA

MYChigh vs, MYC'o¥

i FDR
0.04
0.03
0.02
0.01

B

0.7

@ 06
u
®05

8 04
B
€ 03
()

Enrichment plot: KEGG_RIBOSOME

NES = 2.32
FDR < 0.001

[ TR

high low
maturation of LSU rRNA 0.00 04| MYCTE mYc

rRNA modification in the nucleus and cytosol 4 ero cross at 8725

ribosomal small subunit biogenesis

0 2,000 4,000 6000 8000 10,000 12,000 14,000 16,000 18,000
Rank in Ordered Dataset
[— Enrichment profile ~ — Hits

Ranked list metric (Signal2Noise)
566 o
>
N

16 2.0 2.4
NES

Ranking metric scores

Figure 3-2 MYC expression influences the transcription of ribosome biogenesis- and
translation-associated gene sets

Gene set enrichment analysis for PDAC patient samples (MYChigh yvs, MYClow). Samples were classified
based on MYC expression with mean + SD being used as cut-off values. (A) Normalized enrichment
scores (NES) and false discovery rates (FDR) are presented for a selection of ribosome biogenesis-
and translation-associated pathways enriched in MYChdh samples. (B) Enrichment plot of one
exemplary gene set (KEGG_RIBOSOME) found to be enriched in MY Chigh samples.

Furthermore, publicly available TCGA datasets were used to evaluate whether the
expression of nucleolar proteins, involved in different steps of RiBi, is related to the
survival of pancreatic cancer patients. The transcription factors UBF-1 (UBTF) and
TIF-IA (RRN3), together with the RNA Pol | catalytic subunit RPA194 (POLR1A), are
essential for the synthesis of 47S pre-rRNA. Fibrillarin (FBL) and Nucleophosmin
(NPM1) are involved in rRNA modification and ribosome assembly, respectively, while
Nucleolin (NCL) plays a role in rDNA transcription as well as rRNA processing (Dorner

et al., 2023). The analysis revealed differences in the prognostic impact between the
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investigated genes. Higher expression levels of FBL, NCL, NPM1, and RRN3 were
associated with significantly reduced overall survival in PDAC patients. In contrast,
high expression levels of UBTF and POLR1A were linked with better prognosis
(Figure 3-3).
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Figure 3-3 Gene expression of individual ribosome biogenesis regulators is associated
with poor survival in PDAC

Kaplan-Meier plots presenting the overall survival of PDAC patients grouped by gene expression level
for different RiBi regulators: FBL (nhigh = 76, n'ov = 100), NCL (nhigh = 134, nlow = 42), NPM1 (nhigh = 65,
nlow = 111), POLR1A (nhigh = 133, nlow = 43), RRN3 (nhigh = 92, nlow = 84), UBTF (nhish = 86, n'ow = 90).
Data and FPKM cut-off values were obtained from www.proteinatlas.org.

3.1.2 PDAC cells show variation in ribosome biogenesis activity

Based on the transcriptional profile, conventional human PDAC cell lines (n = 8) were
previously assigned to the two main molecular PDAC subtypes, namely the classical
(HuP-T4, HPAC, HPAF-II, PaTu 8988s) or the QM subtype (KP-4, PaTu 8988t, PSN1,
MIA PaCa-2) (Collisson et al., 2011; Daemen et al., 2015). While classical cell lines
are characterized by high expression levels of epithelial genes like E-cadherin (CDH7),
QM cells show strong expression of mesenchymal genes, for example, Vimentin (VIM)
(Figure 3-4 A). High levels of Vimentin and E-cadherin expression in QM and classical
cell lines, respectively, have previously been validated by gPCR analysis (Heid et al.,
2022). To compare the level of RiBi in these cell lines, the expression of RP-encoding
genes was analyzed via hierarchical clustering using previously obtained RNA
sequencing data (Karakaya, 2020; Heid et al., 2022). The analysis revealed a clear
separation into two clusters, whereby QM cell lines presented higher expression of RP

genes while lower expression levels were observed in cell lines of the classical subtype
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(Figure 3-4 B). A similar result was observed in GSEA comparing QM and classical
cells. The QM subtype showed significant enrichment of gene sets associated with the
three main steps of RiBi, namely rDNA transcription, rRNA modification, and ribosome
assembly (Figure 3-4 C and Annexed Table 2).
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Figure 3-4 PDAC cell lines show subtype-specific differences in the expression of
ribosome biogenesis-associated genes

(A) Expression levels (RNA sequencing) for E-cadherin (CDH1) and Vimentin (VIM) in classical (blue)
and QM (red) PDAC cell lines. (B) Hierarchical cluster analysis for ~90 ribosomal protein-encoding
genes in PDAC cell lines based on RNA sequencing data. (C) Gene set enrichment analysis for PDAC
cell lines (QM vs. Classical). Left: Normalized enrichment scores (NES) and false discovery rates (FDR)
are presented for ribosome biogenesis-related gene sets enriched in the QM subtype. Right: Enrichment
plot of one exemplary gene set (GOBP_RIBOSOME_BIOGENESIS) found to be enriched in QM PDAC
cell lines.

Given that various gene sets related to RNA Pol I-mediated transcription were enriched
in the QM subtype, the level of rRNA synthesis in PDAC cell lines was evaluated via

gPCR for the 5’ETS and ITS1 regions of the nascent 45S pre-rRNA (Figure 3-5 A).
43



Results

ETS and ITS regions are present in the pre-rRNA molecule and removed via exo- and
endonucleolytic cleavage in early processing steps. Therefore, their expression is used
as a parameter for nascent rRNA synthesis and RNA Pol | activity. For both the 5’ETS
and the ITS1 region, relative expression levels were significantly higher in QM
compared to classical cells, with the QM cell line PSN1 presenting the highest
expression (Figure 3-5 B). Taken together, this indicates a higher RiBi activity in QM

compared to classical PDAC cell lines.

Furthermore, hyperactivation of RiBi is tightly related to abnormal cell growth and
proliferation observed in cancer, as upregulation of ribosome production supports the
cells’ increased demand for protein synthesis. Therefore, to estimate the proliferation
of different PDAC cell lines, the increase in cell viability over time was followed by
CellTiter-Glo® assay. Proliferation rates were generally higher in QM compared to
classical cells, with the fastest increase in cell viability being detected in QM PSN1
cells and the slowest in classical HPAF-II cells (Figure 3-5 C). These observations
suggest a link between high levels of RiBi and an increased proliferative capacity in
PDAC.
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Figure 3-5 Subtype-dependent variation in the RNA polymerase | activity is present in
PDAC cell lines

(A, B) gPCR analysis for the expression of 45S rRNA in conventional PDAC cell lines. (A) Schematic
representation of the 45S rRNA structure with primer binding sites (red arrows) in the 5’ETS and ITS1
region. (B) Expression levels, normalized to GUSB, are presented relative to the expression levels in
PSN1 cells as mean + SD of three independent experiments. (C) Relative increase in cell viability for
PDAC cell lines over a 96 h period. Data presented as mean + SD of two independent experiments.
ns not significant, * p < 0.05, ** p < 0.01.
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The nucleolus strongly adapts its morphology according to changes in the level of
ribosome production and especially rDNA transcription (Derenzini et al., 2009).
Therefore, the nucleolar organization in QM and classical PDAC cell lines was
compared by IF for four nucleolar marker proteins, namely Fibrillarin, RPA194,
Nucleolin, and UBF-1. According to their role in the different steps of RiBi, the proteins
are located in distinct nucleolar subcompartments. While RPA194 and UBF-1 play a
role in rDNA transcription and are therefore enriched in the FC, Fibrillarin is associated
with early rRNA modification in the DFC, and Nucleolin is mainly involved in rRNA
processing and ribosome assembly in the DFC and the GC (Biggiogera et al., 1990;
Raska et al., 2006; Boisvert et al., 2007). Staining with all four markers revealed a
pronounced difference in the nucleolar organization between the two molecular
subtypes. While in classical cell lines with lower RNA Poll activity, a more
scattered/dispersed nucleolar pattern was observed, QM cell lines with comparatively
higher levels of rRNA expression mainly presented compact macronucleoli

(Figure 3-6).
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Figure 3-6 Variation in the level of ribosome biogenesis is reflected in the nucleolar
structure

Immunofluorescence for the nucleolar markers Fibrillarin (A), Nucleolin (B), RPA194 (C), and UBF-1 (D)
in conventional PDAC cell lines showing more compact macronucleoli in QM cells and a rather scattered
nucleolar pattern in classical cell lines. Scale bar = 10 ym.

Additionally, the nucleolar appearance of the respective cells in subcutaneous and
orthotopic xenografts was evaluated via IHC. Staining for Fibrillarin, Nucleolin, and

RPA194 on tumor sections from subcutaneous xenografts showed mainly large
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compact nucleoli in QM PSN1 tumors, but a more scattered nucleolar pattern in
classical HPAF-II tumors (Figure 3-7 A). Similarly, Fibrillarin staining on orthotopic
xenografts revealed mostly prominent macronucleoli in QM tumors of PaTu 8988t and
PSN1 cells but a rather dispersed nucleolar pattern in classical tumors of HPAC and
HPAF-II cells (Figure 3-7 B). This demonstrates that the subtype-specific nucleolar

morphology of PDAC cell lines is maintained in an in vivo setting.
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Figure 3-7 Subtype-specific nucleolar organization of PDAC cell lines is maintained in
VIivO

(A) Immunohistochemistry (IHC) for Fibrillarin, Nucleolin, and RPA194 on FFPE sections of HPAF-I|
and PSN1 tumors (subcutaneously injected xenografts). Scale bar = 20 ym (detail = 10 ym). (B) IHC for
Fibrillarin on FFPE sections of HPAC, HPAF-II, PaTu 8988t, and PSN1 tumors (orthotopically injected
xenografts). Scale bar = 20 ym (detail = 10 ym).

Similarly, analyses of RP gene expression, RNA Pol | activity, and the nucleolar
organization were performed for PDCs (n=11), which were transcriptionally
characterized as classical (PDC2, PDC4, PDC5, PDC6, PDC8, PDC11) or QM (PDCA1,
PDC3, PDC7, PDC9, PDC10) in previous studies (Karakaya, 2020; Heid et al., 2022).
For RPs, a heterogeneous expression pattern was observed between different PDCs
that was independent of the molecular subtype. Moreover, individual RPs were up- or
downregulated in the respective PDCs (Figure 3-8 A), again suggesting that the
deregulation of RP gene expression is highly dynamic in PDAC. PDCs further
displayed a rather uniform RNA Pol | activity (Figure 3-8 B) and similar proliferation
rates (Figure 3-8 C). Interestingly, although PDC3 showed a substantially lower
proliferation rate, its RiBi activity was still comparable to other primary cells when
considering the expression levels of RP genes and 45S rRNA (Figure 3-8 A-C).

Furthermore, in contrast to conventional cell lines, PDCs did not exhibit a predominant
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nucleolar organization in the respective cell lines, be it a scattered or compact
morphology. Instead, IF staining for all four tested nucleolar markers (Fibrillarin,
Nucleolin, RPA194, and UBF-1) revealed the presence of both structure types, i.e.

dispersed nucleoli as well as compact macronucleoli, in individual cells of the same

cell line.
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Figure 3-8 Patient-derived cells do not present subtype-dependent differences in RNA
polymerase | activity or nucleolar organization

(A) Hierarchical cluster analysis for ~90 ribosomal protein-encoding genes in primary patient-derived
cells (PDC) based on lllumina microarray data. (B) gPCR analysis for the expression of 45S rRNA in
PDCs. Expression levels of the 5’ETS and ITS1 regions, normalized to GUSB, are presented relative to
the expression levels in PDC7 cells as mean + SD of three independent experiments. (C) Relative
increase in cell viability for PDCs over a 96 h period. Data presented as mean = SD of two independent
experiments. ns not significant. (D) Immunofluorescence for the nucleolar markers Fibrillarin, Nucleolin,
RPA194, and UBF-1 in PDCs showing heterogeneity in the nucleolar morphology with compact nucleoli
(red arrows) and scattered nucleoli (white arrows) present within one cell line. Scale bar = 10 ym.

3.1.3 Nucleolar heterogeneity is present in murine PDAC samples

To further investigate the nucleolar organization in an in vivo context, IHC staining for
the nucleolar marker proteins was performed on tumor tissue of a genetically
engineered PDAC mouse model (Ptf1a“Cre KrasWLSL-G12D Typ53loxiox termed CKP
hereafter). CKP mice carry a pancreas-specific heterozygous Kras®'?P mutation
together with a homozygous deletion of Trp53, resulting in spontaneous PDAC
development (Bardeesy et al., 2006; Mazur et al., 2015). IHC for the nucleolar markers
Fibrillarin and Nucleolin revealed region-dependent differences in the nucleolar
morphology, with compact and scattered nucleoli being present in different cancer cell
populations throughout the tumor tissue (Figure 3-9 A). To validate the heterogeneous
nucleolar morphology specifically in cancer cells, co-IF for Nucleolin and
pan-Cytokeratin (pan-CK) was performed, the latter being considered a marker for
tumor cells (Cheung et al., 2022). Among pan-CK-positive cancer cells, both those with
a more scattered and those with a more compact nucleolar pattern were observed,
respectively (Figure 3-9 B). These findings validate that heterogeneity in the size and

the number of nucleoli is indeed present in different populations of tumor cells.
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Figure 3-9 Tumors of a genetically engineered PDAC mouse model are characterized by
intratumoral heterogeneity in the nucleolar organization

palaness

Q
o
3

°
I}
s}
Q

FFPE tissue sections were derived from tumors of a genetically engineered PDAC mouse model
(Ptf1awiCre KrasWwilSL-G12D Typ53loxiox: CKP). (A) Immunohistochemistry for Fibrillarin and Nucleolin.
Scale bar = 50 ym (detail = 10 ym). (B) Immunofluorescence for Nucleolin (green) and pan-CK (red)
with DAPI-counterstaining (blue). Scale bar = 50 ym (detail = 10 um). Heterogeneity in the nucleolar
organization was detectable, with compact nucleoli (red arrows) and scattered nucleoli (white arrows)
being present in pan-CK-positive tumor cells.

3.2 Antitumor effects of ribosome biogenesis inhibition

3.2.1 RNA polymerase | inhibition decreases cell viability in PDAC cells
Analysis of RP encoding genes, rRNA synthesis, and the nucleolar appearance in
PDAC cell lines and PDCs revealed substantial differences between individual cell
lines, pointing to varying levels of RiBi activity. Therefore, the effect of RNA Pol |
inhibition on cell viability was determined for the described cell lines and PDCs, and
potential correlations between the level of RiBi and the treatment response were
evaluated.

Conventional PDAC cell lines and PDCs were treated with the small-molecule inhibitor
BMH-21, which inhibits RNA Pol I-mediated transcription by intercalating into the GC-
rich regions of rDNA gene clusters (Peltonen et al., 2010; Peltonen et al., 2014).
BMH-21 effectively reduced the cell viability of nearly all tested cell lines with half
maximal inhibitory concentrations (ICso) in the nano- or low micromolar range
(Figure 3-10). Conventional cell lines showed a subtype-dependent difference in the
response toward BMH-21 with QM cell lines presenting stronger treatment responses
compared to classical cell lines (Figure 3-10 A and B). Specifically, PSN1 cells
exhibited the strongest sensitivity toward BMH-21 treatment with an 1Cso of 0.46 uM
(Figure 3-10 A). Compared to conventional PDAC cell lines, PDCs in general showed
a slightly lower sensitivity toward BMH-21. Notably, the primary cell line PDC3
exhibited some degree of treatment resistance with an 1Cso of 11.52 yM
(Figure 3-10 C). For PDCs, no correlation between the molecular subtype and the

treatment efficiency was observed (Figure 3-10 D).
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Figure 3-10 BMH-21 treatment reduces cell viability in PDAC cells

Dose-response analysis for conventional PDAC cell lines and primary patient-derived cells (PDCs)
treated with BMH-21 (1 nM — 25 uM) for 72 h. (A, C) Dose-response curves and absolute I1Cso values
for conventional cell lines (A) and PDCs (C). Cell viability was normalized to untreated control cells and
is presented as mean = SD of two independent experiments. (B, D) Dot plots for the absolute ICso values
of conventional cell lines (B) and PDCs (D) grouped by the molecular subtype. ns not significant,
**p <0.01.

Another first-in-class inhibitor, CX-5461, was described to impair RNA Pol | activity by
interfering with the transcription factor binding of SL1 to the rDNA promotor, thereby
preventing the interaction with RNA Pol | and the initiation of rDNA transcription (Drygin
et al., 2011). Similar to the effects observed for BMH-21, treatment with CX-5461 also
caused a dose-dependent decrease in the cell viability of all PDAC cell lines tested
(Figure 3-11). Again, the treatment sensitivity largely correlated with the level of RiBi
activity observed for the respective cell lines. MIA PaCa-2 and PSN1 cells, both
associated with the QM subtype, showed the strongest response toward CX-5461 with
an ICso of ~0.2 yM, while the classical cell line HPAF-II showed the lowest sensitivity
with an ICso of 4.14 uM (Figure 3-11). Importantly, given that it is still a subject of
discussion whether inhibition of RNA Pol | activity is the primary mechanism of
CX-5461-mediated cytotoxicity (Xu et al., 2017; Bruno et al., 2020), the present work
focuses on the small-molecule inhibitor BMH-21 to evaluate the consequences of

specifically targeting RiBi in PDAC.

50



Results

>
o

Conventional Cell Lines ns
44 °
=
© 48 HPAC 1.83 |O
‘S -@- HPAF-I| 414 |9 _3
2 —A- HuP-T4 1.00 |2 =
- - PaTu8988s | 1.47 |9 =
= W KP4 0.64 S °
2 -8~ MIAPaCa-2 | 0.20 |p = °
> —A- PaTu 8988t | 1.02 [= 14 ° °
3 - PSN1 0.21 o
(3]
04 [_ ]
Classical am

dose [uM]

Figure 3-11 CX-5461 treatment reduces cell viability in PDAC cells

Dose-response analysis for conventional PDAC cell lines treated with CX-5461 (1 nM — 25 pM) for 72 h.
(A) Dose-response curves and absolute 1Cso values for conventional cell lines. Cell viability was
normalized to untreated control cells and is presented as mean + SD of three independent experiments.
(B) Dot plots for the absolute ICso values of conventional cell lines grouped by the molecular subtype.
ns not significant.

Furthermore, siRNA-mediated knockdown of POLR1A (RPA194) was performed for
classical HPAF-II and QM PSN1 cells, aiming to inhibit the activity of RNA Pol | by
targeting its catalytic subunit. Initially, knockdown efficiency was validated by gPCR
and western blot analysis, revealing a downregulation of the relative POLR1A mRNA
level as well as a decreased RPA194 protein abundance in both cell lines
(Figure 3-12 A and B). Notably, the knockdown efficiency was higher in PSN1
compared to HPAF-II cells, potentially because the epithelial-like character of HPAF-II
cells and the resulting formation of cell clusters impede the uptake of transfection
complexes. HPAF-II cells showed an unexpected fluctuation in the expression of 45S
rRNA (5’ETS and ITS1 region) upon POLR1A knockdown (Figure 3-12 C), suggesting
that the detected downregulation of RPA194 is not sufficient to effectively decrease
RNA Pol | activity in this cell line. In PSN1 cells, only treatment with siRNA#1 but not
siRNA#2 resulted in a significant downregulation of 45S rRNA (Figure 3-12 C),
although the knockdown efficiency was comparable as shown at the level of mRNA
and protein (Figure 3-12 A and B).

Additionally, the effect of POLR1A knockdown on cell viability was analyzed by
comparing the cell confluency of siRNA-transfected and respective control cells.
Neither for HPAF-II nor PSN1 cells, cell confluency considerably decreased upon
knockdown of POLR71A (Figure 3-12D and E). Taken together, these findings
implicate that the pharmacologic inhibition of the rDNA transcription process, but not
the partial knockdown of the RNA Pol | catalytic subunit can effectively hamper the
synthesis of 45S pre-rRNA in the tested PDAC cells.
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Figure 3-12 Knockdown of POLR1A partially inhibits RNA polymerase | activity

Analysis of HPAF-II and PSN1 cells transfected with 10 nM siRNA against POLR1A (RPA194) or
negative control (NC) siRNA, cultivated for 72 h after transfection. (A, B) Validation of an effective
knockdown via gPCR and western blot. (A) gPCR for POLR1A. Expression levels are presented as fold
change data normalized to GUSB and relative to control cells as mean + SD of three independent
experiments. (B) Western blot for RPA194. Exemplary images of one representative experiment (n = 2).
(C) gPCR analysis for the expression of 45S rRNA (5’ETS and ITS1). Expression levels are presented
as fold change data normalized to GUSB and relative to control cells as mean + SD of three independent
experiments. (D, E) Crystal violet staining of HPAF-Il and PSN1 cells 72 h after transfection.
(D) Exemplary images of one representative experiment (n = 3). (E) Cell confluency of crystal violet-
stained cells is presented relative to control cells as mean + SD of three independent experiments. ns
not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2.2 BMH-21 causes 45S rRNA downregulation and nucleolar disruption

The effect of BMH-21 on the RNA Pol | activity of PDAC cells was evaluated by
analyzing changes in the 45S rRNA (5’ETS and ITS1) expression via qPCR for
HPAF-Il and PSN1 cells. HPAF-II cells were chosen as a representative of the classical
PDAC subtype with comparatively lower RiBi activity and a scattered nucleolar pattern,
while PSN1 cells represent the QM subtype with higher RiBi activity and a compact
nucleolar morphology (Figure 3-4 — Figure 3-6). Notably, due to the observed

differences in the sensitivity toward BMH-21, treatment concentrations for subsequent
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experiments were defined based on the cell line-specific ICso0. Independent of the cells’
basal RNA Pol | activity or the nucleolar organization, treatment with BMH-21 at sub-
ICs0 concentrations induced a strong dose-dependent decrease in the expression of
45S rRNA (5’ETS) in both cell lines (Figure 3-13 A). Similarly, HPAF-II cells exposed
to defined doses of BMH-21 for different time periods showed progressive reduction of
45S rRNA (ITS1) expression with increasing treatment dose and -duration
(Figure 3-13 B). Thus, BMH-21 treatment results in a dose- and time-dependent
inhibition of RNA Pol | activity in PDAC cell lines.
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Figure 3-13 BMH-21 inhibits rDNA transcription in a time- and dose-dependent manner
gPCR analysis for 45S rRNA in HPAF-Il and PSN1 cells. GUSB was used as the housekeeper gene for
normalization. (A) 5’ETS expression in HPAF-Il and PSN1 cells after treatment with BMH-21 at indicated
concentrations for 48 h. Fold change + SD of three independent experiments. ** p < 0.01, *** p < 0.001.
(B) ITS1 expression in HPAF-II cells after treatment with 0.25 -1 yM BMH-21 for 24 or 72 h. Fold
change + SD of two independent experiments. * p < 0.05 and ** p < 0.01 for comparison to control cells
(24 h). # p < 0.01 and ## p < 0.001 for comparison to control cells (72 h).

Furthermore, RNA sequencing was performed for HPAF-II cells treated with 0.5 uM
BMH-21 for 72 h and respective control cells. GSEA comparing treated vs. control
samples revealed that RNA Pol | inhibition leads to significant downregulation of
various gene sets associated with RiBi sub-processes, including rRNA transcription
and -processing as well as biogenesis of ribosomal subunits (Figure 3-14 A and B and
Annexed Table 3). In particular, transcriptional downregulation of multiple RPs was
observed upon treatment (Figure 3-14 C). Additionally, BMH-21 also reduced the
expression of translation-associated gene sets (e.g., tRNA processing and translation
initiation) as well as target genes of MYC (Figure 3-14 A and B and Annexed Table 3),
which acts as a central node in the regulation of RiBi and translation. Together, this
suggests a regulatory connection between the level of rRNA synthesis and the
transcription of various components involved in the RiBi- and translational machinery,

although the exact mechanism of this connection remains to be elucidated.
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Figure 3-14 BMH-21 treatment results in transcriptional downregulation of ribosome
biogenesis- and translation-associated gene sets

Gene set enrichment analysis (GSEA) for HPAF-II cells (BMH-21 vs. control). (A) Normalized
enrichment scores (NES) and false discovery rates (FDR) are presented for ribosome biogenesis-,
translation-, and MYC-associated gene sets significantly downregulated in BMH-21-treated cells.
(B) Enrichment plot of two exemplary gene sets (KEGG_RIBOSOME, REACTOME_EUKARYOTIC_
TRANSLATION_INITIATION) downregulated upon BMH-21 treatment. (C) GSEA-derived heatmap for
the KEGG_RIBOSOME gene set, displaying a downregulation of several ribosomal proteins in response
to BMH-21.

The nucleolus is considered a sensor for various cellular stresses and an impaired
rRNA synthesis was previously associated with loss of nucleolar integrity (Boulon et
al., 2010). Therefore, the effect of BMH-21 on the nucleolar structure in HPAF-II and
PSN1 cells was investigated by evaluating the expression and localization of individual

nucleolar marker proteins via IF staining, western blot, and qPCR. For Fibrillarin and
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Nucleolin, the overall nuclear intensity and total protein level remained mostly
unaltered upon BMH-21 treatment, with only a slight increase in the intensity of
Fibrillarin being detected in HPAF-II cells (Figure 3-15 A and B). However, IF staining
revealed BMH-21-induced alterations in the protein localization and distribution of both
markers, with Fibrillarin accumulating in nuclear spots and Nucleolin translocating into
the nucleoplasm (Figure 3-15 A). Staining for RPA194 and UBF-1, on the other hand,
showed a significantly reduced nuclear intensity upon treatment, with only isolated
nuclear spots remaining after treatment (Figure 3-15 A). This was in line with western
blot analysis presenting downregulation of the total protein level for RPA194 and, upon
treatment with higher concentrations of BMH-21, also for UBF-1 (Figure 3-15 B).
Simultaneously, the relative mRNA levels of POLR1A were slightly upregulated in
BMH-21-treated HPAF-II cells and nearly unaffected in PSN1 cells (Figure 3-15 C),
indicating that the reduced RPA194 protein level was not caused by an impaired
transcription but potentially by protein degradation as previously described (Peltonen
et al., 2014). For UBTF, however, BMH-21 treatment induced a slight decrease in the
mRNA level (Figure 3-15 C), suggesting that transcriptional deregulation may be
partially responsible for the reduced abundance of UBF-1 protein. Collectively,
inhibition of RNA Pol | transcription by BMH-21 caused alterations in the expression
and spatial organization of various nucleolar proteins, consequently resulting in the
dispersion of the nucleolar structure. This points to a BMH-21-mediated activation of

the nucleolar stress response in PDAC cell lines.
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Figure 3-15 Inhibition of RNA polymerase | causes nucleolar disruption

(A) IF for nucleolar markers (Fibrillarin, Nucleolin, RPA194, and UBF-1) in HPAF-Il and PSN1 cells
incubated with 0.5 yM (HPAF-II) or 0.17 yM (PSN1) BMH-21 for 72 h. Left: Exemplary images of
HPAF-II and PSN1 cells with and without BMH-21 treatment. Scale bar = 5 ym. Right: Quantification of
the nuclear intensity in treated and control cells. Mean + SD of 50 evaluated cells per condition.
(B, C) Western blot and qPCR analysis for nucleolar marker expression in HPAF-II and PSN1 cells
treated with BMH-21 at indicated concentrations for 48 h. (B) Western blot analysis for Fibrillarin,
Nucleolin, RPA194, and UBF-1. Exemplary images of one representative experiment (n = 3). (C) gPCR
analysis for POLR1A (RPA194) and UBTF (UBF-1). Expression levels are presented as fold change
data normalized to GUSB and relative to untreated control cells as mean + SD of three independent
experiments. ns not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2.3 BMH-21 treatment induces various stress response pathways

An impaired rRNA synthesis and the resulting nucleolar segregation were shown to
cause an activation of various cellular stress response pathways that can interfere with
cell proliferation and survival (Boulon et al., 2010). Apoptosis and cell cycle arrest were
analyzed as two potential mechanisms contributing to the restriction of cell viability
detected in BMH-21-treated PDAC cell lines. Western blot analysis for the cleaved
protein forms of caspase 3 and poly-ADP ribose polymerase | (PARP) showed an
increased abundance of both markers in response to BMH-21 (Figure 3-16 A),
indicative of a treatment-mediated induction of apoptotic cell death. Notably, the
observed upregulation of apoptotic markers was more pronounced in PSN1 compared

to HPAF-II cells (Figure 3-16 A).

Furthermore, RNA sequencing data of BMH-21-treated HPAF-II cells and respective
control cells pointed to a correlation between an impaired RNA Pol | activity and
alterations in cell cycle regulation. STRING analysis for the top 150 genes significantly
downregulated upon treatment revealed a considerable involvement of respective
genes in the regulation of cell cycle progression (Figure 3-16 B and Annexed Table 4).
Concomitantly, GSEA unveiled a BMH-21-induced downregulation of gene sets
associated with various processes involved in cell cycle regulation, including the E2F
pathway, cell cycle phase transition, and checkpoint signaling (Figure 3-16 C and
Annexed Table 3).
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To functionally validate the effect of RNA Pol | inhibition on cell cycle progression, flow

cytometric analysis of propidium iodide-stained cells was performed. For HPAF-Il and

PSN1 cells, significant changes in the cell cycle phase distribution were detected in

response to BMH-21. In particular, the proportion of cells in the G2/M phase was

markedly increased in treated cells, with a stronger treatment effect being present in

PSN1 cells (Figure 3-16 D). Taken together, these findings identified apoptotic cell

death and cell cycle deregulation, specifically G2/M arrest, as two mechanisms

contributing to the decrease in cell viability observed upon RNA Pol I inhibition.
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Figure 3-16 BMH-21 treatment leads to induction of apoptotic cell death and cell cycle
arrest

(A) Western blot analysis for the apoptotic markers cleaved caspase-3 and cleaved PARP in HPAF-I|
and PSN1 cells treated with indicated concentrations of BMH-21 for 48 h. Exemplary images of one
representative experiment (n =2). (B) STRING analysis for the top 150 genes, downregulated in
BMH-21-treated HPAF-II cells, showed a strong association with cell cycle regulation. (C) Gene set
enrichment analysis of HPAF-II cells (BMH-21 vs. control). Normalized enrichment scores (NES) and
false discovery rates (FDR) are presented for cell cycle-related gene sets downregulated in BMH-21-
treated cells. (D) Flow cytometric analysis of propidium iodide-stained HPAF-II and PSN1 cells after
treatment with 0.5 yM (HPAF-II) or 0.17 uM (PSN1) BMH-21 for 72 h. Left: Bar plots showing the
percentage of cells in the respective cell cycle phases. Mean + SD of three independent experiments.
Right: Exemplary histograms of one representative experiment (n = 3). ns not significant, *** p < 0.001.

In addition to its role in apoptosis and cell cycle arrest, nucleolar stress is further
associated with the induction of autophagy (Pfister, 2019). Therefore, it was assessed
whether BMH-21 treatment promotes autophagy in PDAC cell lines. To evaluate
changes in autophagosome formation and the autophagic flux, LC3B I-to-LC3B Il
conversion and p62 levels were analyzed by western blot for classical HuP-T4 cells
(scattered nucleolus) and QM PSN1 cells (compact nucleolus). Both cell lines showed
a BMH-21-mediated increase in the LC3B Il level as well as further LC3B Il
accumulation upon treatment with the lysosomal inhibitor Bafilomycin A1
(Figure 3-17 A), pointing to an upregulation of autophagosome formation in response
to RNA Pol | inhibition. Additionally, BMH-21 treatment led to a downregulation of the
autophagosome cargo receptor p62 in PSN1 cells, which was rescued by

Bafilomycin A1 (Figure 3-17 A). These observations suggest that BMH-21 causes an
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increase in the autophagic flux, although the downregulation of p62 was not detectable
in HUP-T4 cells (Figure 3-17 A).

Treatment-induced alterations in autophagosome formation were further analyzed
using a GFP-LC3 reporter assay. The assay allows following the autophagy-
associated recruitment of LC3B to autophagosomal membranes, indicated by the
appearance of GFP-LC3 puncta. HuP-T4 and PSN1 cells, expressing a GFP-LC3
reporter protein, were cultivated with or without BMH-21 and the number of GFP-LC3
puncta per cell was quantified. HuP-T4 cells showed a BMH-21-mediated increase in
the number of GFP-LC3 puncta per cell that was further enhanced by Bafilomycin A1
(Figure 3-17 B), again indicating that RiBi inhibition causes an upregulation of
autophagosome formation. In PSN1 cells, however, the number of GFP-LC3 puncta
did not change upon treatment (Figure 3-17 B), although a substantial increase in the
LC3B Il levels, indicative of autophagosome formation, was observed in response to
BMH-21 (Figure 3-17 A). Furthermore, a luminescent HiBiT-LC3 reporter assay was
performed to quantify changes in the total LC3 levels as a parameter for lysosomal
degradation and the autophagic flux. Both HuP-T4 and PSN1 cells showed a decrease
in the luminescent signal in response to BMH-21, comparable to the signal reduction
triggered by the mTOR-inhibitor Torin 1, a well-known autophagy inducer
(Figure 3-17 C). This demonstrates that the treatment with BMH-21 causes an
upregulation of lysosomal LC3 degradation and consequently an increase in the
autophagic flux. Collectively, the results of all three performed assays support the idea

that RNA Pol I inhibition promotes autophagy induction in PDAC cells.
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Figure 3-17 Ribosome biogenesis inhibition causes autophagy induction in PDAC cells
(A) Western blot analysis for the autophagy marker p62 and LC3B in HuP-T4 and PSN1 cells treated
with 1.5 yM (HuP-T4) or 0.5 yM (PSN1) BMH-21 for 48 h. The autophagy inhibitor Bafilomycin A1
(BafA1) was applied to the medium 6 h before harvesting. Exemplary images of one representative
experiment (n = 3). (B) GFP-LC3 assay for quantitative analysis of autophagosome formation. Number
of GFP-LC3 puncta in HuP-T4 and PSN1 cells after 48 h treatment with BMH-21 at indicated
concentrations presented as mean + SD of 25-50 evaluated cells per condition. Data are representative
of three independent experiments. (C) LC3 HiBiT reporter assay for HuP-T4 and PSN1 cells incubated
with BMH-21 at indicated concentrations for 48 h. The intensity of the luminescence signal was
normalized to untreated control cells. Mean + SD of two (HuP-T4) or three (PSN1) independent
experiments. ns not significant, * p < 0.05, ** p < 0.01, *** p < 0.001. The GFP-LC3 assay and the LC3
HiBiT reporter assay were kindly conducted by Silvia Vega-Rubin-de-Celis and Matthias Kudla.

Nevertheless, it is still insufficiently understood whether the induction of autophagy in
response to RNA Pol | inhibition has a positive or negative effect on cell viability
(Pfister, 2019). To further investigate the functional role of autophagy in the response
of PDAC cells toward BMH-21, the viability of BMH-21-treated HuP-T4 and PSN1 cells
was evaluated in the presence and absence of the phosphoinositide 3-kinase (PI3K)
inhibitor 3-Methyladenine (3-MA). Inhibition of PI3K via 3-MA hinders autophagy by
blocking the class lll PI3K complex activity that is essential for autophagosome
formation (Petiot et al., 2000). In both cell lines, treatment with BMH-21 in combination
with 3-MA resulted in a moderate reduction (up to 10%) of the fraction affected,
compared to treatment with respective concentrations of BMH-21 alone (Figure 3-18).
Consequently, a global antagonistic relation between the compounds was detected in
HuP-T4 cells (synergy score: -15.22) as well as in PSN1 cells (synergy score: -16.32)
(Figure 3-18). Thus, 3-MA-mediated inhibition of autophagy partially reduced the
inhibitory effect of BMH-21 on cell survival, suggesting that autophagy induction

triggers a pro-death effect upon impaired RNA Pol | activity in PDAC.
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Figure 3-18 BMH-21-induced autophagy has a pro-death effect

Multi-drug analysis for classical HuP-T4 (A) and QM PSN1 (B) cells treated with BMH-21 and 3-MA at
the indicated concentrations for 72 h. The status of drug interaction was analyzed using the
SynergyFinder web application (version 3.0, synergyfinder.fimm.fi) with the Bliss/Loewe consensus
synergy scoring method. Synergy score (2D synergy plot) and fraction affected (heat map) are shown
for one representative experiment (n = 3). Synergy score: <-10 = antagonism, -10 to 10 = additive
effect, > 10 = synergism.

3.3 Functional consequences of targeting ribosome biogenesis

3.3.1 BMH-21 treatment influences the phenotypic state of PDAC cells

Prior studies identified an upregulation of rRNA synthesis during EMT in breast cancer
and demonstrated that inhibition of RiBi can reverse or overcome various cancer-
promoting effects of EMT, including cancer cell de-differentiation, metastasis, and

chemoresistance (Prakash et al., 2019; Ban et al., 2023).

Intriguingly, GSEA for HPAF-II cells showed significant enrichment of the HALLMARK
“‘EMT” gene set in BMH-21-treated cells compared to control cells (Figure 3-19 A). This
was further validated by analyzing the expression of the mesenchymal marker
Vimentin (VIM), the EMT-associated transcription factor zinc finger E-box-binding
homeobox 1 (ZEB17), and the epithelial marker E-cadherin (CDH1) via qPCR and/or
western blot. For HPAF-II cells, a dose-dependent increase in the mRNA level was
observed for both VIM and ZEB1 (Figure 3-19 B), further supporting the idea that
BMH-21 treatment induces a transcriptional EMT program in this cell line. PSN1 cells,
on the other hand, did not show any significant change in the expression of VIM or
ZEB1 (Figure 3-19 B), potentially because this cell line already presents a
mesenchymal-like phenotype along with comparatively high basal expression levels of
EMT transcription factors and mesenchymal markers. Interestingly, both cell lines also

showed a slightly increased mRNA expression of the epithelial marker gene CDH1,
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especially at higher doses of BMH-21 (Figure 3-19 B). Correlating with the observed
changes in gene expression, western blot analysis revealed a dose-dependent
increase in the abundance of Vimentin in HPAF-II but not in PSN1 cells. The protein
level of E-cadherin, however, was nearly unaffected in both cell lines upon BMH-21
treatment (Figure 3-19 C).

Alterations in the phenotypic cell state were further reflected in the cellular morphology.
Under basal conditions, classical HPAF-II cells are characterized by an epithelial-like
phenotype with close cell-cell interactions and the formation of island-like structures.
Treatment with BMH-21 initially resulted in a less tightly packed cellular organization
and, at higher treatment concentrations, in the formation of cell protrusions
(Figure 3-19 D). Although for QM PSN1 cells no increase in the EMT marker
expression was detectable, RNA Pol | inhibition enhanced the more spindle-like
cellular morphology (Figure 3-19 D). Collectively, the findings indicate that RNA Pol |
inhibition influences the phenotypic plasticity of PDAC cells and, especially in classical

HPAF-II cells, causes a shift toward a more mesenchymal cell state.

A Enrichment plot:
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
NES =2.09
0.4 FDR < 0.01

Enrichment score (ES)

AURIEAT A0 T ILEL A

BMH-21 control

4
2
0 Zero cross at 6594
2
4

0 2,000 4,000 6,000 8000 10000 12,000
Rank in Ordered Dataset

Ranked list metric (Signal2Noise)

[— Enrichment profile — Hits Ranking metric scores

(o]

VIM ZEB1 CDH1
125 A 4.54 3.0
N .
25 4 *
g 257 £ 30-
S S
he] 10 A he} ns ns
L 5 £ 159 ns

ns
1 ns
0 -—-.-.—--—— 0.0-

BMH-21 Q » O NN BMH-21 Q B O O A O BMH.-21 Q % O Q A o
[“M] O Q7 N Q'Q Q"\ be [FM] Q7 Q7 N Q.Q Q'.\ Qr.’-" [l-lM] NN Q'Q Q'~\ Q’b
HPAF-II PSN1 HPAF-II PSN1 HPAF-II PSNA1

Figure 3-19 Continued

62



o

HPAF-II PSN1
0 0.5 1 0 017 03 BMH-21[uM]

1.0 pM BMH-21

HPAF-II

|- o— -”'— — —l E-cadherin

| — ﬂ W - | Vimentin

|— pr— ‘”— — -I Actin

PSN1

v - J o
control 0.17 uM BMH-21 0.30 yM BMH-21

Figure 3-19 BMH-21 treatment leads to an upregulation of EMT-associated markers

(A) Gene set enrichment analysis of HPAF-II cells (BMH-21 vs. control). Enrichment plot of the
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION gene set significantly enriched in BMH-21-
treated HPAF-II cells. (B, C) gPCR and western blot analysis for markers of epithelial-mesenchymal
transition in HPAF-Il and PSN1 cells treated with BMH-21 at indicated concentrations for 48 h. (B) gPCR
analysis for VIM (Vimentin), ZEB1 (Zinc finger e-box binding homeobox 1), and CDH1 (E-cadherin).
Expression levels are presented as fold change data normalized to GUSB and relative to untreated
control cells as mean + SD of three independent experiments. ns not significant, * p < 0.05, ** p < 0.01,
***p <0.001. (C) Western blot analysis for Vimentin and E-cadherin. Exemplary images of one
representative experiment (n = 3). (D) Bright-field images of HPAF-Il and PSN1 cells treated with
BMH-21 at indicated concentrations for 48 h.

3.3.2 Ribosome biogenesis is closely linked to mMTORC1 signaling

The PISBK-AKT-mTOR pathway is one of the most important signaling networks in
PDAC and strongly links RiBi and protein synthesis (Gentilella et al., 2015). Addressing
this interconnection by combining RiBi- and translation-targeting approaches was
previously shown to improve the treatment effect in Myc-driven B-cell lymphoma

(Devlin et al., 2016; Kusnadi et al., 2020).

The influence of RNA Poll inhibition on mTORC1 signaling was assessed by
determining the phosphorylation status of RP S6 kinase 1 (p70-S6K) and protein
initiation factor 4E-binding protein 1 (4E-BP1), two main downstream targets of
mTORCH1. In both HPAF-II and PSN1 cells, an increase in the phosphorylation of the
two substrates was observed in response to BMH-21 (Figure 3-20 A), pointing to a
treatment-induced upregulation of mTORC1 activity. Based on these results, it can be
hypothesized that an elevated mTORC1 signaling may function as a compensatory
mechanism in response to RNA Pol | inhibition in PDAC cells. Therefore, the interplay
between BMH-21 and the mTORC1 inhibitor Rapamycin was addressed in a
combinational treatment. While in HPAF-II cells, the combination of BMH-21 and
Rapamycin resulted in a slight additive effect (synergy score: -8.99), an antagonistic
relation between the two compounds was observed in PSN1 cells (synergy
score: -12.15) (Figure 3-20 B). Particularly, the inhibitory effect of BMH-21 on cell
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viability of PSN1 cells was moderately reduced in the presence of Rapamycin
(Figure 3-20 B), suggesting that inhibition of mTORC1 limits the cellular sensitivity
toward RNA Pol I inhibition via BMH-21 in this cell line.
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Figure 3-20 RNA Pol | inhibition causes deregulation of mTORC1 activity

(A) Western blot for the mTORC1 downstream targets (phospho-)4E-BP1 and (phospho-)p70-S6K in
HPAF-Il and PSN1 cells treated with BMH-21 at indicated concentrations for 48 h. (B) Multi-drug
analysis for HPAF-II and PSN1 cells treated with BMH-21 and Rapamycin at the indicated
concentrations for 72 h. The status of drug interaction was analyzed using the SynergyFinder web
application (version 3.0, synergyfinder.fimm.fi) with the Bliss/Loewe consensus synergy scoring method.
The synergy score (2D synergy plot) and fraction affected (heat map) are shown for one representative
experiment (n = 3). Synergy score: < -10 = antagonism, -10 to 10 = additive effect, > 10 = synergism.
3.3.3 PDAC cells show metabolic reprogramming in response to BMH-21

The correlation between the PI3K-AKT-mTOR axis, RiBi, and translation further plays
a pivotal role in the regulation of cellular energy metabolism. Previous studies
demonstrated that translational- and metabolic rewiring, including upregulation of
oxidative phosphorylation (OxPhos) and glycolysis, are key players in the cellular
response and the development of treatment resistance upon RiBi-targeting therapies

(Kusnadi et al., 2020).

GSEA for HPAF-II cells revealed a BMH-21-mediated transcriptional downregulation
of various metabolic pathways (Figure 3-21 and Annexed Table 3), suggesting that
PDAC cells undergo metabolic reprogramming in response to an impaired RiBi.
Affected were, among others, glycolysis and OxPhos as the two major energy-
providing pathways of the cell, as well as interconnected metabolic pathways such as
the tricarboxylic acid (TCA) cycle, fatty acid oxidation, and the pentose phosphate
pathway (Figure 3-21).
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Figure 3-21 RNA Pol | inhibition leads to transcriptional downregulation of metabolic
pathways

Gene set enrichment analysis of HPAF-II cells (BMH-21 vs. control). (A) Normalized enrichment scores
(NES) and false discovery rates (FDR) are presented for a selection of metabolic pathways
downregulated in BMH-21-treated cells. (B)Enrichment plot of one exemplary gene set
(HALLMARK_OXIDATIVE_PHOSPHORYLATION) found to be significantly downregulated in response
to BMH-21.
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However, since the transcriptional profile does not always reflect the effective
metabolic behavior, the influence of RNA Pol | inhibition on metabolic processes was
also functionally investigated via seahorse metabolic flux analysis. By measuring the
oxygen partial pressure and the pH of the medium in direct proximity to the cell layer,
this method determines the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) as surrogate parameters for OxPhos and glycolysis,
respectively. BMH-21 induced a substantial decrease in the ECAR for both HPAF-II
and PSN1 cells (Figure 3-22 A), suggesting that, in accordance with the observed
transcriptional alterations, glycolysis is functionally downregulated in response to
treatment. The OCR was however upregulated in BMH-21-treated HPAF-II cells,
resulting in a markedly increased OCR/ECAR ratio (Figure 3-22 A and B) which points
to an enhanced metabolic dependency on OxPhos upon RNA Pol | inhibition. Similarly,
a BMH-21-mediated increase in the OCR/ECAR ratio was detected for PSN1 cells,
even though the OCR was slightly reduced upon treatment in this cell line
(Figure 3-22 A and B).

In addition, the effect of RNA Pol | inhibition on the TCA cycle was evaluated by
determining the activity of isocitrate dehydrogenase 3 (IDH3) for BMH-21-treated and
respective control cells. IDH3 catalyzes the NAD®*-dependent oxidative
decarboxylation of isocitrate into a-ketoglutarate, a rate-limiting step during the TCA
cycle. However, BMH-21 did not significantly affect the IDH3 activity in HPAF-II or
PSN1 cells (Figure 3-22 C). Thus, despite a transcriptional downregulation of various
metabolic pathways in response to BMH-21 treatment, a considerable functional
reduction was only observed for glycolysis, while the functionality of OxPhos and the
TCA cycle appeared to be largely retained.

A B
10

— 801 80 - -
=) .
L 8
% 60 601 o Il
= 8 <
© 40 404 T w
£ 4 e,
= %)
o 20 20 © -
(&) 24
(o]

0 01 0

0 10 20 30 0 10 20 30 control  BMH-21 control  BMH-21
ECAR [mpH/min/RFU] ECAR [mpH/min/RFU] HPAF-II PSN1
-8-HPAF-II control -8-PSN1 control
HPAF-II + BMH-21 PSN1 + BMH-21

Figure 3-22 Continued

66



Results

C
HPAF-II PSN1
ns ns

— 0.84 0.2
-
£
]
E
: T
E 0.44
°
©
I
a

0.0-

control BMH-21 ' control BMH-21

Figure 3-22 BMH-21 treatment causes alterations in cellular energy metabolism

(A, B) Seahorse metabolic flux analysis of HPAF-Il and PSN1 cells after treatment with 0.5 yM
(HPAF-II) or 0.17 uM (PSN1) BMH-21 for 72 h. (A) Energy maps for one representative experiment
(n = 3). Extracellular acidification rates (ECAR) and oxygen consumption rates (OCR) were normalized
to the DNA content determined by DAPI staining (scale factor: 10,000). Data represented as mean + SD
of five technical replicates. (B) OCR/ECAR ratios of BMH-21 treated and control cells. Data represented
as mean + SD of three independent experiments. (C) Isocitrate dehydrogenase (IDH) 3 activity in
HPAF-II and PSN1 cells after treatment with 0.5 yM (HPAF-II) or 0.17 yM (PSN1) BMH-21 for 72 h.
Data represented as mean + SD of three independent experiments. ns not significant, ** p < 0.01,
***p < 0.001. RFU relative fluorescent unit.
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4 Discussion

4.1 Ribosome Biogenesis is heterogeneous among PDAC models

RiBi is a tightly regulated process that requires the coordinated expression and
interplay of different structural components (i.e., RPs, rRNAs) and several hundred
RBFs (Dorner et al., 2023; Hurt et al., 2023). In a variety of cancer entities (e.g.,
cholangiocarcinoma, colon adenocarcinoma, and kidney renal clear cell carcinoma),
the average expression of RPs and emerging paralogs was shown to be upregulated
compared to corresponding normal tissue (Guimaraes & Zavolan, 2016). In the present
work, analysis of publicly available array data from bulk tissue revealed no significant
difference in the averaged expression of RPs between PDAC and normal pancreatic
tissue. However, it must be considered that bulk tumor tissue is a heterogeneous
collection of different cell types, including cancer cells, immune cells, and fibroblasts.
Gene expression data of bulk tissue therefore reflect the contribution of all those
individual cell types, making it difficult to obtain information about the role of RiBi
specifically in cancer cells. Previous studies on bulk PDAC samples reported a
decrease in the protein expression of RPs, as well as substantially lower rates of
protein synthesis compared to the normal pancreas (van Dijk et al., 2019; Silwal-Pandit
et al., 2022). However, in a different approach, Chan et al. specifically investigated
cancer cells instead of bulk tumor tissue and observed that PDAC cells show increased
levels of protein synthesis when directly compared to normal pancreatic ductal
epithelial cells as the potential cell type-of-origin for PDAC (Chan et al., 2019). These
opposed results are probably due to the striking differences in the cellular composition
between PDAC and healthy pancreatic tissue that affect the comparative analysis of
bulk material. In the normal pancreas, 85% of the organ’s mass are acinar cells, which
are responsible for the exocrine secretion of digestive enzymes and therefore exhibit
high levels of protein synthesis (Case, 1978; van Dijk et al., 2019; Atkinson et al.,
2020). On the other hand, acinar cells are rarely present in PDAC bulk tissue, which
mainly comprises extracellular matrix, epithelial cancer cells, cancer-associated
fibroblasts, and immune cells (Avsar & Pir, 2023). Consequently, when analyzing bulk
tissue, differences in the RiBi- and protein synthesis rate between normal ductal
epithelial cells and PDAC cells may be masked by the extremely high protein synthesis

rates of acinar cells in the normal tissue.

Although the averaged expression of RPs was comparable between PDAC and normal

pancreatic tissue samples, the analysis revealed that different groups of RPs exist,
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which show comparatively increased (e.g., RPL39L, RPL10L) or reduced (e.g., RPL34,
RPL32) expression in PDAC samples, respectively. This was in line with the findings
of Guimaraes and Zavolan, who identified three distinct RP clusters that display either
consistent upregulation (e.g., RPL36A, RPS2) or downregulation (e.g., RPL34, RPL9)
across the tested cancer types, or presented with a rather variable dysregulation
pattern (Guimaraes & Zavolan, 2016). Importantly, they also discovered that
transcriptional up- or downregulation of individual RPs significantly correlated with the
influence of respective RPs on the survival of melanoma cells (Shalem et al., 2014,
Guimaraes & Zavolan, 2016). For instance, the knockdown of RPL21, which was
shown to be downregulated in breast- and uterine cancer, caused a survival benefit in
melanoma cells (Shalem et al., 2014; Guimaraes & Zavolan, 2016). These findings
indicate that not only the overexpression of RPs and correspondingly increased RiBi
activity but also the dysregulation of specific RPs and their partially extra-ribosomal
functions may contribute to tumor development (Wool, 1996; Kang et al., 2021).
RPL15, for example, is considered to act as a tumor suppressor in PDAC since low
expression levels were associated with an increased invasive capacity of PDAC cells
and poor overall survival in patient cohorts (Yan et al., 2015).

Furthermore, qualitative alterations in the RiBi- and translational machinery, i.e.
changes in the composition or modification of ribosomal components, can lead to the
formation of “onco-ribosomes” that drive a pro-oncogenic and growth-promoting
translational pattern (Elhamamsy et al.,, 2022). Such alterations include loss of
individual RPs, missense mutations that affect proper RP function, or exchange of RPs
by respective paralogs (Pelletier et al., 2018). For instance, the here performed
expression analysis of RP-encoding genes in PDAC and normal pancreatic tissue
revealed higher expression levels of RPL39L in a subgroup of tumor samples
compared to normal pancreatic tissue. RPL39L was originally described as a testis-
specific protein but was found to be upregulated in various cancer types, including
breast- and lung cancer (Nadano et al., 2002; Wong et al., 2014; Guimaraes & Zavolan,
2016). Recent studies indicate that the exchange of RPL39 by RPL39L in the peptide
exit tunnel of the 80S ribosome can cause alterations in the co-translational protein
folding, thus, affecting translational fidelity and proteome homeostasis (Gao & Wang,
2023). It should however be kept in mind that in the present work, only the mRNA
expression of RPs was analyzed, which may differ from the respective protein levels.

In breast cancer, for example, a relatively low correlation between mRNA- and protein
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levels has been observed for RPs (Johansson et al., 2019) and it is therefore
conceivable that significant differences between the gene expression and protein level
of RPs are also present in PDAC. Thus, a comprehensive analysis of RPs at the
proteome level is necessary to shed light on whether the heterogeneous dysregulation
of RPs has a role in PDAC tumorigenesis.

It is well known that both oncogenes and tumor suppressors play an important role in
the regulation of RiBi as they influence the transcription and function of ribosomal
components and RBFs (Ruggero & Pandolfi, 2003; Pelletier et al., 2018). Here,
analysis of PDAC patient samples revealed that MYCM9" samples are enriched for the
expression of RiBi- and translation-associated gene sets, suggesting that oncogenic
deregulation of MYC has an impact on ribosome production in PDAC. MYC is
considered one of the most important positive regulators of RiBi as it promotes the
activity of all three RNA polymerases (RNA Pol I-lll) as well as the translational
capacity, resulting in enhanced availability of rRNAs, RPs, and RBFs (van Riggelen et
al., 2010; Jiao et al., 2023). Furthermore, MYC supports RiBi by specifically promoting
the expression of multiple factors involved in rRNA synthesis and -processing,
including Fibrillarin, Nucleolin, Nucleophosmin, UBF-1, and TIF-IA (van Riggelen et al.,
2010; Campbell & White, 2014). Deregulation of various RBFs, also resulting from
deregulation of oncogenes and tumor suppressors, was observed in different cancer
types and is often associated with poor prognosis (Marcel et al., 2013; Tafforeau et al.,
2013; Cangelosi et al., 2022). Correspondingly, the here performed analysis of publicly
available datasets revealed that high expression levels of Fibrillarin, Nucleolin,
Nucleophosmin, and TIF-IA correlated with reduced overall survival of PDAC patients.
On the other hand, for UBF-1 and RPA194, high expression levels were intriguingly
associated with a better prognosis. It should however be noted that the function of the
RiBi apparatus and especially the RNA Pol I machinery is not only regulated at the
transcriptional level but also by post-translational modifications. These modifications
play an important role in the dynamic adjustment of RiBi in response to alterations in
cellular homeostasis or oncogenic signaling (Zhai & Comai, 2000; Stefanovsky et al.,
2001; Zhao et al., 2003; Azman et al., 2023).

The sensitivity of cancer cells to RNA Pol | inhibition is thought to partially depend on
their rate of RiBi. Thus, given the pronounced heterogeneity of PDAC, it was further
addressed whether differences in the molecular subtype are associated with variations

in RiBi regulation. The expression of RiBi-associated genes and 45S pre-rRNA, as well
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as the nucleolar morphology, were analyzed in conventional PDAC cell lines and
PDCs, which were transcriptionally characterized as classical or QM in prior studies
(Collisson et al., 2011; Daemen et al., 2015; Heid et al., 2022). In conventional PDAC
cell lines, the QM subtype was associated with an enrichment of RiBi-related gene sets
and higher expression levels of 45S pre-rRNA, concurrent with faster proliferation
rates. An increased rDNA transcription was previously shown to be essential for the
induction of EMT, suggesting that RiBi plays an important role in the establishment of
the more aggressive mesenchymal cell state and during cancer progression (Prakash
et al., 2019). Together, these findings indicated that the level of RiBi may characterize
different PDAC cell states in terms of molecular features, proliferative capacity, and

aggressiveness.

The level of rRNA synthesis influences the nucleolar appearance, as nascent rRNA
molecules are considered to function as a seed for the LLPS-driven nucleoli formation
(Derenzini et al., 2009; Lafontaine et al., 2021). Among conventional PDAC cell lines,
QM cells with comparatively higher RNA Pol | activity mainly displayed compact
macronucleoli, whereas classical cell lines with lower rRNA expression levels
presented a rather scattered nucleolar pattern. Thus, the difference in the nucleolar
morphology between QM and classical PDAC cell lines is potentially a consequence
of differences in the rRNA synthesis level. Importantly, the organization of nucleolar
marker proteins was also preserved in orthotopic and subcutaneous xenografts of the
respective PDAC cell lines, demonstrating that the subtype-specificity in the nucleolar
morphology is maintained in an in vivo setting as well. Similar to the observation that
PDAC cell lines present with a different nucleolar organization depending on their
molecular subtype, Nicolle et al. described a correlation between the nucleolar
appearance, the level of differentiation, and the transcriptional profile in PDAC PDXs
(Nicolle et al., 2020). Well-differentiated tumors with high expression of classical genes
had no histologically visible nucleolus, while poorly differentiated tumors were
associated with a basal-like transcriptional profile and more prominent nucleoli (Nicolle
et al., 2020). However, it should be noted that these findings are based on histological
examination only and not on nucleolus-specific staining methods. Interestingly, results
of previous studies suggest that epigenetic modulation of the rDNA chromatin state,
which represents one of the two major mechanisms regulating the rRNA synthesis rate,
has an impact on the nucleolar organization (Meshorer & Misteli, 2006; Grummt, 2010).

In pluripotent embryonic stem cells, characterized by high levels of rRNA synthesis, an
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open chromatin state of rDNA loci was linked with the appearance of a single large
nucleolus (Meshorer & Misteli, 2006; Savic et al., 2014). On the other hand,
differentiated cell states were associated with an increased abundance of repressive
histone marks at rDNA regions, decreased levels of rRNA synthesis, and multiple
smaller nucleoli that are surrounded by clusters of compact heterochromatin (Meshorer
& Misteli, 2006; Savic et al., 2014). Additionally, Prakash et al. discovered that in breast
cancer cells, upregulation of RiBi during EMT correlates with NORC release from rDNA,
accompanied by reduced methylation of rDNA promoter regions as well as induction
of the activating epigenetic modifications H3K4Me3 and H3K27Ac (Prakash et al.,
2019). Thus, epigenetic modulation of the rRNA gene loci may contribute to the
observed differences in the rRNA synthesis rate and the nucleolar pattern between
QM and classical PDAC cell lines, although validation of this theory requires further

investigation.

For primary PDCs, comparable levels of RP expression and 45S rRNA synthesis, as
well as similar proliferation rates were observed in almost all tested cell lines. One
exception was the cell line PDC3, which had a substantially lower proliferation rate, yet
did not differ greatly from the other cell lines regarding the RiBi activity. In brief,
subtype-specific differences in RiBi as they were observed in conventional cell lines
(i.e., higher levels of RiBi in QM compared to classical cells), were not present in PDCs.
It should however be taken into account that, in tumors, the classification into classical
and QM follows a gradual pattern. The conventional cell lines used in the present study
represent the extremes of the classical or QM subtype and thus show strong
expression of the respective molecular characteristics (Daemen et al., 2015). In turn,
primary PDCs generally show a less clear manifestation of the classical- and QM-
specific characteristics, which is potentially due to polyclonality and the presence of
hybrid-state cells in primary cultures. While the conventional cell lines have been in
culture for several decades and therefore probably underwent clonal selection, which
resulted in rather uniform cell populations, PDCs are in relatively early passages (< 30)
and therefore probably still contain different cell clones. This could be, in part,
responsible for the lack of subtype-specific differences in RiBi activity in this model
system. Moreover, both compact and dispersed nucleoli were present in different cells
of one PDC population, supporting the idea that polyclonality exists in the primary cell

cultures.
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Tumors of CKP mice present as moderately to poorly differentiated and rich in stromal
components, thus, representing human PDAC histology relatively well (Bardeesy et
al., 2006; Trajkovic-Arsic et al., 2017). In the present work, staining for different
nucleolar markers revealed that the tumors are characterized by regional variation in
the nucleolar organization throughout the tissue, with both scattered and compact
nucleoli being observed. On the one hand, this variation could be attributed to the
presence of different cell types (e.g., fibroblasts, immune cells, etc.) in the tumor.
Nevertheless, both scattered and compact nucleoli were also detected when only
pan-CK-positive cancer cells were considered, suggesting that both nucleolar structure
types are present in cancer cells. Such nucleolar heterogeneity among cancer cells
was previously described as a common phenomenon in tumor tissue, for example, in
breast cancer specimens (Derenzini et al., 2009; Weeks et al., 2021). This
heterogeneity reflects differences in the proliferation rate and cell doubling time
between cancer cells, two parameters that are strongly linked to the level of RiBi and
nucleolar size (Derenzini et al., 2009). Especially in highly dynamic tumor tissues,
different factors, such as nutrient and oxygen availability, can influence the RiBi activity
of cancer cells and thus their nucleolar appearance (Boulon et al., 2010).

4.2 Ribosome biogenesis inhibition has anticancer effects in PDAC

RNA Pol I-mediated transcription is the first and rate-limiting step of RiBi and its
normally strict regulation is lost in cancer cells due to dysregulation of oncogenes and
tumor suppressors (Sharifi & Bierhoff, 2018). Therefore, it is considered a promising
target to specifically address highly proliferative cancer cells that present with
hyperactive RiBi. Non-malignant cells, in turn, are thought to remain largely unaffected
by RiBi-targeting approaches as they exhibit lower dependency on ribosome
production, potentially due to the relatively long half-life of cytoplasmic ribosomes
(Peltonen et al., 2014; Penzo et al.,, 2019). Multiple small-molecule inhibitors like
CX-3543, CX-5461, and BMH-21 have been developed to impede RNA Pol | activity.
CX-5461 and CX-3543 were originally described to inhibit rDNA transcription initiation
or elongation, respectively, and showed promising effects in (pre-)clinical studies for
different cancer entities, including hematologic malignancies, melanoma, breast-,
prostate-, and pancreatic cancer (Drygin et al., 2009; Drygin et al., 2011; Rebello et
al., 2016; El Hassouni et al., 2019; Khot et al., 2019; Hilton et al., 2022). In the present
work, CX-5461 effectively inhibited the cell viability of all eight conventional PDAC cell

lines tested, whereby the sensitivity correlated with the level of rRNA synthesis but did
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not significantly differ between classical and QM cells. However, recent studies
suggested that CX-3543 and CX-5461 exert their cytotoxic effect on cancer cells
primarily by inducing replication-dependent DNA damage as a consequence of G4
stabilization (Xu et al., 2017). Therefore, alterations in the homologous repair pathway
were proposed to cause synthetic lethality upon treatment with CX-5461, and
consistently, an antitumor effect of CX-5461 was observed primarily in solid tumor

patients with homologous repair deficiencies (Hilton et al., 2022).

To circumvent these extra-ribosomal effects, the present study focused on the small-
molecule inhibitor BMH-21, which was shown to affect RNA Pol I-mediated
transcription without activation of DNA damage sensing- and repair mechanisms (Colis
et al.,, 2014). BMH-21 intercalates into GC-rich DNA regions, which are highly
abundant in rRNA genes, thereby hindering RNA Pol I-mediated transcription at the
level of initiation, promotor escape, and elongation. In the present study, BMH-21
treatment reduced the 45S rRNA expression in HPAF-Il and PSN1 cells in a time- and
dose-dependent manner and led to a strong reduction of cell viability in all conventional
PDAC cell lines and PDCs tested. Importantly, Peltonen et al. previously showed that
BMH-21 exerts low toxicity in non-malignant cells, although the treatment caused
nucleolar stress in normal human fibroblasts (Peltonen et al., 2014). Similarly, ongoing
studies from Ahmad et al. show that BMH-21 does not cause any cytotoxic effect in
normal pancreatic ductal epithelial cells at twice the effective dose that was determined
in respective PDAC cell lines (Ahmad et al., 2022).

Although originally identified as a p53 activator, the anticancer effect of BMH-21 was
shown to be independent of the p53 status (Peltonen et al., 2014). This is essential in
the context of PDAC therapy since p53 is mutated and thus non-functional in more
than 70% of all PDAC cases (Waddell et al., 2015). The observed inhibitory effect of
BMH-21 in PDAC cell lines was independent of the cellular p53 status as the treatment
response of HPAC and KP-4 cells, characterized as p53-wild-type (Bairoch, 2018),
was comparable to the response of the remaining conventional cell lines, all
characterized as p53-mutant (Bairoch, 2018). Among conventional cell lines, stronger
sensitivity toward BMH-21 was observed in QM compared to classical cells. This
corresponded well with higher expression levels of RiBi-associated genes and
47S pre-rRNA as well as a higher proliferative capacity being detected for the QM
subtype. For PDCs, on the other hand, treatment sensitivity did not correlate with the

molecular subtype, which was in line with the more heterogeneous and subtype-
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independent levels of RiBi activity observed in this model system. Importantly, PDC3
showed a certain resistance toward BMH-21 treatment potentially due to its
comparatively low proliferation rate and correspondingly lower dependence on RiB..
Nevertheless, it can be concluded that, despite the observed differences in rRNA

expression rates, BMH-21 treatment is efficient in both phenotypic states.

In addition to pharmacologic RNA Pol | inhibition via CX-5461 and BMH-21, siRNA-
mediated knockdown was performed for the RNA Pol | catalytic subunit RPA194
(POLR1A). Although RPA194 was downregulated at the mRNA- and protein level, the
knockdown was not sufficient to reliably inhibit rRNA transcription. Especially in
HPAF-II cells, 45S pre-rRNA expression was nearly unaffected by POLR1A-
knockdown. This suggests that either the remaining RPA194 is sufficient to maintain
the normal cellular rRNA synthesis rate or the cells can compensate for the decreased
RPA194 protein level. In PSN1 cells, one of the tested siRNAs caused a reduction of
the 45S rRNA abundance but no restriction of cell viability, potentially because the
remaining rRNA transcription is sufficient to maintain a normal cellular proliferation
rate. Another possible reason is that alterations in the translational efficiency of
proliferation-promoting mMRNAs allow the cells to preserve an unaffected proliferation
rate upon reduced 45S rRNA expression (Priyadarshini et al., 2023). Taken together,
in contrast to the almost total withdrawal of RNA Pol | activity by pharmacologic
targeting, incomplete inhibition of 45S rRNA transcription via partial elimination of the
RNA Pol | catalytic subunit RPA194, is not sufficient to effectively restrict cell viability
of PDAC cells. However, further research is required to understand the functional

mechanisms leading to these results.

The nucleolus is considered a central stress response hub that changes its morphology
in response to different environmental factors, especially when associated with
reduced rRNA expression (Derenzini et al., 2009). This is because, according to the
LLPS model, nascent pre-rRNA is an essential factor for the proper arrangement of
RBFs and consequently for nucleolus formation (Lafontaine et al., 2021).
Correspondingly, nucleolar disruption concurrent with the translocation of Fibrillarin,
Nucleolin, Nucleophosmin, and UBF-1, was observed upon CX-5461- or BMH-21-
mediated RNA Pol | inhibition in different cancer entities, including lymphoma,
colorectal cancer, and melanoma (Bywater et al., 2013; Peltonen et al., 2014; Otto et
al., 2022). Similarly, in the present study, loss of nucleolar integrity was observed in

BMH-21-treated PDAC cell lines, as indicated by translocation or downregulation of
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the nucleolar proteins Fibrillarin, Nucleolin, UBF-1, and RPA194, respectively. Given
that the decrease in RPA194 was present at the protein- yet not at the mRNA level,
post-transcriptional or post-translational regulation mechanisms can be suggested,
especially since BMH-21 is known to induce proteasomal degradation of RPA194
(Peltonen et al., 2014). Additionally, a mild downregulation of UBF-1 at the mRNA- and
protein level was present in BMH-21-treated PDAC cells. Such changes were,
however, not observed in previous studies by Peltonen et al. who described a BMH-21-
induced translocation of UBF-1 without alterations in the overall protein expression
(Peltonen et al., 2014). Importantly, while in the present work, cells were analyzed after
48 and 72 h of BMH-21 treatment, the observations described by Peltonen et al. were
made after a maximum of three hours. Thus, downregulation of UBF-1 may be a rather

long-term treatment effect of BMH-21.

Nucleolar stress activates various downstream signaling pathways that can act in a
p53-dependent or -independent manner and are primarily triggered by nucleolar
proteins and RPs, including RPL3, RPL5, RPL11, RPS14, RPL23, Nucleophosmin,
and ARF, once the association with the nucleolus is lost (Maehama et al., 2023). A
well-described mechanism of p53 activation in response to RNA Pol | inhibition is the
formation of the IRBC-complex that comprises 5S rRNA, RPL5, and RPL11 and binds
to HDMZ2. This binding prevents the HDM2-mediated ubiquitylation of p53, resulting in
reduced degradation and subsequent accumulation of p53 (Bursac et al., 2012; Donati
et al., 2013). Other nucleolar proteins that contribute to an accumulation of p53 by
binding HDM2 are RPL23, ARF, and Nucleophosmin, although Nucleophosmin was
also shown to stabilize p53 via direct binding (Colombo et al., 2002; Jin et al., 2004;
Kurki et al.,, 2004; Gjerset & Bandyopadhyay, 2006). Increased p53 levels
consequently result in the activation of cell cycle arrest and cell death. However, given
that various cancer types, including PDAC, are characterized by loss of p53 function
(Waddell et al., 2015; Kastenhuber & Lowe, 2017) and that RNA Pol | inhibitors were
shown to act independently of the cellular p53 status (Drygin et al., 2011; Peltonen et
al., 2014), it was proposed that other mechanisms exist to modulate the nucleolar

stress response in a p53-independent manner.

Initially, transcriptional analysis of BMH-21-treated HPAF-II cells revealed a substantial
downregulation of various gene sets associated with MYC signaling, RiBi, and
translation. These findings are in line with a previous study determining a suppression

of RiBi- and translation-related genes upon BMH-21 treatment in glioma cells (Zisi et
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al., 2023). Given that several components of the RiBi- and translation machinery are
transcriptional targets of MYC (Ruggero, 2009), it is conceivable that the observed
alterations in the expression pattern may be functionally related. Previous studies
revealed that, in turn, multiple RPs (e.g., RPL5, RPL11, RPS14) can inhibit the
expression or transcriptional activity of MYC, respectively (Zhou et al., 2013; Liao et
al., 2014). This autoregulatory feedback mechanism is thought to sense abnormal RiBi
in normal cells and exert a corresponding negative effect on ribosome production and
proliferation to prevent tumor development (Dai et al., 2007; Liao et al., 2014).
Consequently, MYC is considered a key factor in the nucleolar stress response since
its downregulation in response to RiBi inhibition and the concomitant translocation of
RPs is associated with cell cycle arrest, apoptosis, and senescence (van Riggelen et
al., 2010; Maehama et al., 2023).

In the present study, apoptosis and an impaired cell cycle progression were identified
as two mechanisms contributing to the BMH-21-mediated restriction of cell viability in
PDAC cell lines. The HALLMARK “E2F targets” gene set was the most downregulated
gene set in BMH-21-treated HPAF-II cells and cell cycle-associated genes were most
represented among the top downregulated genes. At the functional level, FACS-based
cell cycle analysis revealed a treatment-induced arrest in the G2/M phase, and
simultaneously, increased protein levels of cleaved PARP and cleaved caspase-3
pointed to a BMH-21-mediated induction of apoptotic cell death. As modulators of cell
cycle progression and apoptosis, E2F-1 and p21 are considered to play key roles in
the p53-independent nucleolar stress response (Maehama et al., 2023). While under
normal conditions, E2F-1 is protected from proteasomal degradation by its binding to
HDMZ2, the binding of RPL5 and RPL11 to HDM2 inhibits this protective effect and
results in E2F-1 downregulation (Zhang et al., 2005; Donati et al., 2011). Furthermore,
RPL3 was described to cause an upregulation of p21 by transcriptional activation and
direct protein stabilization, respectively (Russo et al., 2013; Russo et al., 2016). Thus,
increased p21 activity and reduced E2F-1 signaling are considered two routes leading
to induction of cell death and cell cycle arrest upon RNA Pol | inhibition (Maehama et
al., 2023).

In this work, BMH-21 further caused an increase in the autophagic activity in PDAC
cell lines, as indicated by elevated levels of autophagosome formation together with
an enhanced autophagic flux. Various studies have previously described a link

between nucleolar stress and autophagy, although the exact mechanisms are still
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poorly understood (Pfister, 2019; Pfister, 2023). In cervical cancer- and osteosarcoma
cell lines, for example, CX-5461-mediated nucleolar stress caused an increase in the
expression of various autophagy core regulators, including ATG7 and ATG16L1
(Dannheisig et al., 2021). However, in the present study, BMH-21 treatment also led
to an upregulation of MTORC1 activity, as shown by increased phosphorylation levels
of p70-S6K and 4E-BP1. Simultaneous activation of autophagy and mTORC1 appear
contradictory given that active mTORC1 is a well-described negative regulator of
autophagy (Saxton & Sabatini, 2017). Nevertheless, in breast cancer cells, the
nucleolar stress-related translocation of Nucleophosmin into the nucleoplasm was
shown to induce a non-canonical autophagy pathway that was independent of
starvation-associated autophagy (Katagiri et al., 2015). These findings demonstrate
that in the context of nucleolar stress, autophagy can be induced via an mTORC1-
independent mechanism, potentially explaining why autophagy induction and

mTORC1 activation can occur simultaneously in BMH-21-treated PDAC cell lines.

To further investigate the functional role of autophagy in the cellular response to
impaired RiBi, combinational treatment with BMH-21 and the autophagy inhibitor 3-MA
was performed. More specifically, 3-MA functions as a PI3K inhibitor and hinders
autophagosome formation by blocking the required PI3K complex activity (Petiot et al.,
2000). In both HuP-T4 and PSN1 cells, an antagonistic relation between the two
compounds was observed, indicating that autophagy exerts a pro-death function in
response to an impaired rRNA synthesis in the present setting. Initially, autophagy
induction upon nucleolar stress was considered a compensatory mechanism to recycle
endogenous material, thereby exerting a pro-survival effect (Pfister, 2019). However,
autophagy induction and cell death activation can also occur simultaneously, either in
the context of apoptotic cell death or, more commonly, when autophagy supports the
induction of apoptotic or necrotic cell death programs (Marino et al., 2014). Similar to
the observations of the present study, nucleolar stress was indeed associated with pro-
death autophagy in different settings. For example, treatment with the RNA Pol |
inhibitors CX-5461 and Actinomycin D caused cell death-inducing autophagy in
osteosarcoma-, cervical cancer-, and neuroblastoma cells, respectively (Drygin et al.,
2011; Cortes et al., 2016; Duo et al., 2018). Furthermore, overexpression of the RNA
Pol I-inhibiting nucleolar factor PICT-1 was associated with pro-death autophagy in
glioblastoma- and breast cancer cells (Chen et al., 2016). Importantly, the PICT-1-

mediated autophagy was independent of nucleolar disruption and requires inhibition of

78



Discussion

mTORC1/p70-S6K signaling (Chen et al., 2016), suggesting that different mechanisms
exist that trigger autophagy in response to RNA Pol | inhibition. It should however be
noted that in the present work, the antiproliferative effect of BMH-21 was only partially
reduced upon the addition of 3-MA, suggesting that autophagy is not the primary cell
death-inducing mechanism activated upon RNA Pol | inhibition in PDAC cells.

4.3 Impairment of ribosome biogenesis affects other cellular processes

EMT is considered one of the key drivers of PDAC progression and the development
of treatment resistance and is therefore associated with poor prognosis (Palamaris et
al., 2021). Among conventional PDAC cell lines, those assigned to the QM subtype
displayed greater RP- and 45S pre-rRNA expression as well as stronger sensitivity
toward BMH-21. This suggests a higher dependency on RiBi in QM compared to
classical cells. Previous studies discovered that, in breast cancer cells, EMT induction
is accompanied by an upregulation of rDNA transcription and that inhibition of RNA
Pol | activity halts the execution of the EMT process (Prakash et al., 2019).
Furthermore, it was found that the incorporation of additional ribosomes, purified from
Escherichia coli cultures, into breast cancer cells causes the induction of an EMT-like
phenotype (Kudo et al., 2022). These findings suggested that upregulation of RiBi is
essential to implement the metabolic plasticity needed for EMT completion and that
modulations of rRNA synthesis can cause a shift in the phenotypic state of cancer cells
(Elhamamsy et al., 2022). Therefore, it was investigated whether BMH-21-mediated
inhibition of RNA Pol | activity affects the phenotypic state of classical and QM PDAC

cell lines.

Intriguingly, RNA sequencing analysis showed an enrichment of EMT-related genes in
BMH-21-treated HPAF-II cells. These results were validated by gPCR and western blot
analysis showing a BMH-21-mediated upregulation of the mesenchymal marker
Vimentin and the EMT-associated transcription factor Zeb1 at the mRNA and/or protein
level. In PSN1 cells, on the other hand, no upregulation of Vimentin or Zeb1 was
observed in response to BMH-21, potentially because PSN1 cells, given their QM
character, exhibit a generally high expression of mesenchymal markers. However, in
both HPAF-II and PSN1 cells, expression of the epithelial marker E-cadherin was
preserved upon treatment, with mRNA levels being even moderately increased at
higher concentrations of BMH-21. The observed BMH-21-induced upregulation of
EMT-associated genes was surprising given that RNA Pol I-inhibition was previously
described to impede the execution of the EMT program (Prakash et al., 2019). It should
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however be noted that the experimental settings of the studies were significantly
different. Prakash et al. used a concentration of CX-5461 that inhibits rDNA
transcription in cells undergoing EMT but not in proliferating cells (Prakash et al.,
2019). In contrast, the BMH-21 concentrations used in the present study resulted in
strongly decreased levels of rRNA expression in the tested PDAC cell lines.
Furthermore, a recent study revealed that upregulation of RiBi is not only required for
the execution of an EMT program but also for the reverse process of MET (Ban et al.,
2023). Therefore, it can be speculated that upon BMH-21-mediated RNA Pol |
inhibition, the cells do not exhibit the metabolic plasticity required for the completion of
an EMT or MET program, respectively. Consequently, the simultaneous upregulation
of epithelial and mesenchymal markers in BMH-21-treated PDAC cells may be stress-
induced deregulation rather than a switch in the phenotypic cell state. Nevertheless, it
should be further elucidated whether the observed alterations are accompanied by

functional consequences such as changes in the migratory capacity.

RiBi is considered one of the most energy-demanding processes of the cell and is
therefore tightly connected to cellular metabolism and translation (Warner, 1999;
Grummt, 2010; Orsolic et al., 2016). Given the role of mMTOR in the complex regulation
of these processes (Gentilella et al., 2015; Saxton & Sabatini, 2017), the influence of
RNA Pol | inhibition on mTORC1 activity was investigated in PDAC cell lines. In
BMH-21-treated HPAF-IIl and PSN1 cells, upregulation of mTORC1 signaling was
observed, which may function as a compensatory mechanism upon impaired rRNA
synthesis. Similarly, Liu et al. showed that alterations in the PES1-BOP1-WDR12-
complex, which is involved in rRNA processing, led to increased activity of mTORC1
in human embryonic kidney cells (Liu et al., 2014). Therefore, they postulated that upon
RiBi inhibition, cells upregulate mTORC1 signaling, aiming to overcome the limited
ribosome capacity by increasing the translation efficiency (Liu et al., 2014). To further
investigate the connection between RiBi inhibition and upregulation of mTORC1,
PDAC cell lines were simultaneously treated with BMH-21 and the mTOR inhibitor
Rapamycin. Intriguingly, the combination approach revealed an antagonistic
interaction between the two inhibitors in PSN1 cells, with Rapamycin mildly reducing
the BMH-21-mediated decrease in cell viability. This observation was in line with
ongoing research by Fan et al. who describe Torin 1-mediated inhibition of mMTORC1
as an inducer of resistance toward BMH-21 treatment in colorectal cancer, associated

with an elevated translation of RP-encoding mRNAs (Fan et al., 2022). Conversely,
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upon acute inhibition of RNA Pol | via CX-5461 in B-cell lymphoma, additional
treatment with the mTOR inhibitor Everolimus led to a reduced translation of mMRNAs
encoding for translational regulators and concomitantly increased the treatment effect
of CX-5461 (Devlin et al., 2016; Kusnadi et al., 2020). Nevertheless, similar to the
mechanism described by Fan et al., long-term treatment with CX-5461 and Everolimus
resulted in the development of treatment resistance, with an elevated translation of
MRNAs encoding for various RPs as well as factors involved in translation initiation

and -elongation (Kusnadi et al., 2020).

Proteome profiling would be necessary to assess whether the antagonistic interaction
between BMH-21 and Rapamycin, observed in PSN1 cells, is due to alterations in the
translation efficiency of RiBi- and translation-associated mRNAs. Additionally, it should
be noted that the antagonistic effect between the inhibitors is moderately pronounced
in PSN1 cells but absent in HPAF-II cells. This suggests that the related mechanism
relies on cellular characteristics that require further investigation, with cellular mTOR
dependency representing a potential investigative approach (Utomo et al., 2014).
Nevertheless, since translational reprogramming in response to mTOR inhibition
appears to follow different dynamics depending on the tumor model (Devlin et al., 2016;
Kusnadi et al., 2020; Fan et al., 2022), caution needs to be taken when considering

the combination of mMTOR- and RiBi-targeting strategies.

Importantly, Kusnadi et al. further observed considerable metabolic alterations upon
inhibition of RiBi and translation. While acute treatment with CX-5461 and Everolimus
caused a decrease in the translation efficiency of metabolism-related mRNAs,
acquired resistance toward CX-5461 alone or in combination with Everolimus was
associated with functional upregulation of metabolic pathways (Kusnadi et al., 2020).
These findings suggested that metabolic reprogramming plays an important role in the
development of treatment resistance in the context of RiBi-targeting approaches. The
present study showed that BMH-21 treatment caused a strong transcriptional
downregulation of various metabolic pathways, including glycolysis, OxPhos, and the
TCA cycle. Nonetheless, this decrease in the expression of metabolic genes did not
fully match the functional metabolic alterations observed upon BMH-21 treatment.
Seahorse metabolic flux analysis revealed a BMH-21-induced decrease in the ECAR
in both HPAF-II and PSN1 cells, which could point to reduced glycolysis upon RNA
Pol I inhibition. On the other hand, the OCR was only marginally affected by BMH-21
in PSN1 cells and even slightly increased in HPAF-II cells. Together with the
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observation that the activity of IDH3, a rate-limiting enzyme in the TCA cycle, remained
unaltered upon BMH-21 treatment, this indicated that the functionality of OxPhos and
the TCA cycle is largely maintained. Thus, RNA Pol | inhibition potentially causes a
shift in metabolic dependency toward OxPhos. Although similar metabolic alterations,
i.e. reduced glycolysis and increased oxygen consumption, were previously described
in the context of nucleolar stress, the underlying mechanisms were p53-dependent
(Deisenroth & Zhang, 2011). Conversely, p53-independent mechanisms behind the
interdependency between RNA Pol | inhibition and deregulations in cellular energy
metabolism have so far been little investigated.

However, caution needs to be taken when drawing conclusions regarding glycolytic
flux and OxPhos based on alterations in ECAR and OCR. Especially for the ECAR,
previous publications pointed out that a) not all the lactate produced during glycolysis
is necessarily effluxed but can also be oxidized in the mitochondria and b) extracellular
acidification can also result from alternative anion/H* exchange mechanisms or carbon
dioxide, derived from respiration (Schmidt et al., 2021). The observed BMH-21-
mediated decrease in ECAR may therefore result from increased oxidation of
glycolysis-derived pyruvate/lactate in the mitochondria rather than general
downregulation of glycolysis. Metabolite profiling and isotype-labeling studies could
provide further information about which metabolic changes occur in the course of RiBi
inhibition. Nevertheless, together with previous findings, the observations from the
present study suggest that combinational therapies, addressing the interplay between
an impaired RiBi and metabolic alterations, are potentially a promising strategy for

improving treatment outcomes (Kusnadi et al., 2020).

82



Conclusion and Outlook

5 Conclusion and Outlook

Although previous studies suggested an important role of RiBi in PDAC, the effect of
RNA Pol I inhibition in this cancer entity has been scarcely explored so far. The results
of the present work further support the notion that oncogenic dysregulation may
contribute to an increased RiBi activity in PDAC. Furthermore, BMH-21 exhibited
notable efficacy in all conventional PDAC cell lines and PDCs tested, despite
remarkable heterogeneity in RNA Pol | activity and nucleolar organization being
present across the PDAC model systems. These findings consider RNA Pol | inhibition
a promising approach for PDAC therapy. Additionally, the observed deregulation in
mTORC1 signaling and metabolic pathways upon BMH-21 treatment presents an

attractive base for investigating combinational treatment strategies.

Conclusions of the present work are limited by the fact that the implications of RNA
Pol | inhibition were mainly investigated at the transcriptional level. Given that prior
studies describe substantial alterations in the translational efficiency in response to
RiBi-targeting therapies, effort should be dedicated to investigating how BMH-21
affects the ribosomal function in PDAC. In addition, it should be further explored which
individual gene functions or pathways interact with RiBi or are affected in response to
impaired RiBi. On the one hand, this would help to determine resistance mechanisms
that allow cancer cells to circumvent the inhibitory effect of RiBi inhibition.
Consequently, this knowledge could be used to override corresponding resistance
mechanisms through the application of suitable combinational treatment approaches.
On the other hand, it would also help to identify specific mutations or characteristics
that render cells sensitive toward inhibition of RiBi, thereby supporting patient
stratification and allowing the application of the respective treatment with the highest
possible benefit. Furthermore, in the present work, the consequences of BMH-21
treatment were exclusively assessed based on in vifro models. Therefore, potential
side effects and toxicity need to be further investigated in vivo, especially when
considering that healthy pancreatic tissue is characterized by high levels of protein
synthesis. In this context, it would be worthwhile to put effort into the development of
novel compounds to improve specificity for RNA Pol | or to target RiBi via different
mechanisms (e.g. RNA Pol Il activity, ribosome assembly). Another future approach
to facilitate selective targeting of cancer cells would be to use small molecules that

specifically address alterations of ribosomes occurring in a tumor context.
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List of Abbreviations

Abbreviation Description

% Percent

% viv Volume percent

% wiv Weight percent

°C Degree celsius

ML Microliter

UM Micromolar

5-FU 5-Fluorouracil

BCA Bicinchoninic acid

BPE Bovine pituitary extract

BSA Bovine serum albumin

cDNA Complementary DNA

DAPI 4' 6-diamidino-2-phenylindole
DFC Dense fibrillar component

DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

ECAR Extracellular acidification rate
EDTA Ethylenediaminetetraacetic acid
EMT Epithelial-mesenchymal transition
ETS External transcribed spacer

FBS Fetal bovine serum

FC Fibrillar center

FDR False discovery rate

FFPE Formalin-fixed, paraffin-embedded
Fwd Forward

100



Appendix

Abbreviation Description

G4 G-quadruplex

GC Granular component

GFP Green fluorescent protein

GSEA Gene set enrichment analysis

h Hour

hEGF Human epidermal growth factor
HRP Horseradish peroxidase

ICs0 Half maximal inhibitory concentration
IF Immunofluorescence

IHC Immunohistochemistry

IPMN Intraductal papillary mucinous neoplasm
IRBC Impaired ribosome biogenesis checkpoint
IRES Internal ribosome entry site

ITS Internal transcribed spacer

LLPS Liquid-liquid phase separation

MET Mesenchymal-epithelial transition
min Minute

mL Milliliter

mM Millimolar

MmRNA Messenger RNA

Nab-paclitaxel
NC

NES

ng

NGS

nM

NoRC

OCR

Nanoparticle albumin-bound paclitaxel
Negative control

Normalized enrichment score

Nanogram

Normal goat serum

Nanomolar

Nucleolar chromatin remodeling complex

Oxygen consumption rate
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Abbreviation Description

OxPhos Oxidative phosphorylation

PanIN Pancreatic intraepithelial neoplasia

PanNET Pancreatic neuroendocrine tumor

PBS Phosphate-buffered saline

PBS-T PBS + 0.05% Triton X-100

PDAC Pancreatic ductal adenocarcinoma

PDC Patient-derived cells

PDX Patient-derived xenografts

PFA Paraformaldehyde

QM Quasi-mesenchymal

4(RTPCR Quan.titative (real-time) polymerase chain
reaction

RBF Ribosome biogenesis factor

rDNA Ribosomal DNA

RFU Relative fluorescent unit

RiBi Ribosome biogenesis

RNA Ribonucleic acid

RNA Pol RNA polymerase

RP Ribosomal protein

RPL Ribosomal protein (large subunit)

RPMI Roswell Park Memorial Institute

RPS Ribosomal protein (small subunit)

rRNA Ribosomal RNA

RT Room temperature

Rvs Reverse

S Svedberg unit

S Second

SD Standard deviation

102



Appendix

Abbreviation Description

siRNA Small interfering RNA

snoRNP Small nucleolar ribonucleoprotein complex
SNP Single nucleotide polymorphism

TBS Tris-buffered saline

TCA Tricarboxylic acid

TCGA The Cancer Genome Atlas

tRNA Transfer RNA

5 TOP 5 Terminal Oligopyrimidine tract
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Annexed F|gure 1: Related to Figure 3-1

Enlarged image of the heatmap for ribosomal protein (RP) gene expression in PDAC patient samples and normal pancreatic tissue (E-MTAB-1791) shown in Figure 3-1.
Multiple RPs, for example, RPL34 and RPL32 (dark blue arrows) tend to show higher expression levels in normal pancreatic tissue compared to PDAC samples. Other
RPs, including RPL10L and RPL39L (dark red arrows), show in turn higher expression levels in a subset of PDAC samples compared to normal pancreatic tissue.
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Annexed Tables

Annexed Table 1: GSEA - Selection of ribosome biogenesis- and translation-associated gene sets enriched in PDAC patient samples
classified as MYChiah

Database Gene set Size Normalized False
Enrichment  discovery
Score rate
HALLMARK MYC_TARGETS V1 199 2.46 0.00E+00
GOBP CYTOPLASMIC _TRANSLATION 152 2.41 0.00E+00
REACTOME EUKARYOTIC_TRANSLATION_INITIATION 117 2.37 0.00E+00
REACTOME RRNA _PROCESSING 196 2.35 0.00E+00
KEGG RIBOSOME 85 2.32 0.00E+00
REACTOME EUKARYOTIC TRANSLATION ELONGATION 92 2.17 2.72E-04
GOBP RIBOSOMAL LARGE_SUBUNIT_BIOGENESIS 63 2.16 2.37E-04
GOBP RIBOSOME_BIOGENESIS 270 2.02 2.85E-03
REACTOME TRANSLATION 289 2.00 3.92E-03
GOBP RIBONUCLEOPROTEIN_COMPLEX_ BIOGENESIS 406 2.00 4.06E-03
HALLMARK MYC_TARGETS V2 56 1.95 6.85E-03
GOBP RRNA_PROCESSING 194 1.93 9.11E-03
GOBP REGULATION_OF _RRNA_PROCESSING 15 1.84 2.15E-02
GOBP TRANSLATIONAL_INITIATION 117 1.82 2.72E-02
GOBP MATURATION_OF _SSU_RRNA 45 1.81 2.86E-02
GOBP MATURATION_OF LSU RRNA 20 1.76 4.50E-02
REACTOME TRNA PROCESSING 101 1.76 4.56E-02
REACTOME RRNA_MODIFICATION IN_ THE NUCLEUS AND CYTOSOL 55 1.75 4.60E-02
GOBP RIBOSOMAL_SMALL SUBUNIT_BIOGENESIS 68 1.75 4.62E-02
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Annexed Table 2: GSEA - Selection of ribosome biogenesis- and translation-associated gene sets enriched in PDAC cell lines of the QM

subtype
Database Gene set Size Normalized False
Enrichment  discovery
Score rate
GOBP RRNA_PROCESSING 195 2.96 0.00E+00
GOBP RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS 437 2.90 0.00E+00
GOBP RIBOSOME_BIOGENESIS 297 2.86 0.00E+00
GOBP CYTOPLASMIC_TRANSLATION 155 2.76 0.00E+00
GOBP RRNA_METABOLIC_PROCESS 258 2.67 0.00E+00
GOBP EUKARYOTIC_TRANSLATION _INITIATION 115 2.66 0.00E+00
GOBP RIBOSOMAL LARGE_SUBUNIT_BIOGENESIS 73 2.63 0.00E+00
GOBP RIBOSOME 83 2.61 0.00E+00
GOBP RIBONUCLEOPROTEIN_COMPLEX SUBUNIT_ORGANIZATION 199 2.54 0.00E+00
GOBP TRANSLATION 285 2.53 0.00E+00
GOBP RIBOSOMAL_SMALL SUBUNIT_BIOGENESIS 74 2.53 0.00E+00
GOBP RRNA_MODIFICATION IN_THE_NUCLEUS AND CYTOSOL 59 244 0.00E+00
GOBP MATURATION_OF _SSU_RRNA 52 242 0.00E+00
GOBP g/ISAJiJRRRA[;II"IO\O_l;:é)SF__SRS)[l\lJKiRSNUA__;RR[\(l)A\/I_TRICISTRONIC_RRNA_TRANSCRIPT_ 37 233 9 55E-05
GOBP RIBOSOME_ASSEMBLY 57 2.31 8.81E-05
GOBP MATURATION_OF LSU RRNA 26 2.28 1.23E-04
GOBP AMINOACYL_TRNA BIOSYNTHESIS 41 2.26 1.57E-04
GOBP TRNA_ METABOLIC _PROCESS 190 2.14 5.70E-04
GOBP CLEAVAGE_INVOLVED IN_RRNA PROCESSING 27 212 6.57E-04
GOBP RIBOSOMAL _LARGE_SUBUNIT_ASSEMBLY 24 2.09 1.01E-03
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Database Gene set Size Normalized False
Enrichment  discovery
Score rate
GOBP RNA_POLYMERASE | TRANSCRIPTION_INITIATION 45 2.06 1.42E-03
GOBP MATURATION_OF 5 8S RRNA 35 2.06 1.45E-03
GOBP PROTEIN_FOLDING 185 2.06 1.55E-03
GOBP RIBOSOMAL_SUBUNIT_EXPORT_FROM_ NUCLEUS 15 2.03 2.00E-03
GOBP POSITIVE_REGULATION_OF TRANSCRIPTION_BY_ RNA POLYMERASE | 31 2.02 2.22E-03
GOBP REGULATION_OF _RRNA_PROCESSING 16 1.98 3.59E-03
GOBP TRANSCRIPTION_BY_ RNA POLYMERASE | 58 1.98 3.60E-03
GOBP CYTOPLASMIC TRANSLATIONAL_INITIATION 40 1.97 4.09E-03
KEGG REGULATION_OF _TRANSCRIPTION BY RNA POLYMERASE | 41 1.96 4.56E-03
REACTOME RNA_POLYMERASE_ | TRANSCRIPTION_TERMINATION 29 1.95 4.91E-03
REACTOME EAéASTllJJ_RI_\:AI_\;I'[L(')A\IjE%FS__SI_\_)S?\UiIEgC:;I;(l\)l'IXI_TRICISTRONIC_RRNA_TRANSCRIPT o4 192 6.98E-03
REACTOME TRNA PROCESSING 129 1.90 8.44E-03
REACTOME TRANSCRIPTION_BY RNA POLYMERASE Il 51 1.86 1.12E-02
REACTOME RRNA _TRANSCRIPTION 36 1.85 1.22E-02
REACTOME NUCLEOLUS ORGANIZATION 18 1.83 1.44E-02
REACTOME RNA_POLYMERASE_IlII. TRANSCRIPTION 41 1.79 1.98E-02
REACTOME RNA_POLYMERASE_ Il TRANSCRIPTION_TERMINATION 23 1.77 2.28E-02
REACTOME TRANSLATIONAL_ INITIATION 110 1.72 3.08E-02
REACTOME RNA_POLYMERASE | TRANSCRIPTION 65 1.70 3.82E-02
REACTOME POSITIVE_REGULATION_OF TRANSLATION 123 1.68 4.10E-02
REACTOME FORMATION OF CYTOPLASMIC TRANSLATION_INITIATION _COMPLEX 16 1.66 4.55E-02
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Annexed Table 3: GSEA - Selection of gene sets downregulated in response to RNA polymerase | inhibition in HPAF-II cells

Database Gene set Size  Normalized False
Enrichment  discovery
Score rate
Ribosome biogenesis and translation
HALLMARK MYC_TARGETS_V1 199 -2.85 0.00E+00
HALLMARK MYC_TARGETS V2 57 -2.46 0.00E+00
KEGG RIBOSOME 82 -2.44 0.00E+00
REACTOME TRANSLATION 281 -2.43 0.00E+00
GOBP CYTOPLASMIC_TRANSLATION 149 -2.33 0.00E+00
REACTOME EUKARYOTIC_TRANSLATION_INITIATION 112 -2.26 3.77E-05
REACTOME RRNA_PROCESSING 193 -2.24 7.17E-05
GOBP RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS 435 -2.01 1.63E-03
GOBP TRNA_METABOLIC_PROCESS 189 -2.00 1.87E-03
GOBP RIBONUCLEOPROTEIN_COMPLEX_SUBUNIT_ORGANIZATION 196 -1.94 3.55E-03
GOBP TRNA_PROCESSING 129 -1.91 4.43E-03
GOBP POSITIVE_REGULATION_OF_TRANSCRIPTION_BY_RNA_ POLYMERASE | 29 -1.87 6.90E-03
GOBP CYTOPLASMIC_TRANSLATIONAL_INITIATION 38 -1.83 9.53E-03
REACTOME RRNA_MODIFICATION_IN_THE_NUCLEUS_AND_CYTOSOL 57 -1.83 9.54E-03
GOBP RIBOSOME_BIOGENESIS 297 -1.82 1.07E-02
GOBP RIBOSOMAL_LARGE_SUBUNIT_BIOGENESIS 73 -1.71 2.40E-02
GOBP RIBOSOMAL_SMALL_SUBUNIT_BIOGENESIS 76 -1.68 3.00E-02
GOBP RRNA_METABOLIC_PROCESS 258 -1.67 3.17E-02
GOBP TRNA_MODIFICATION 91 -1.64 3.81E-02
GOBP MATURATION_OF_5 8S_RRNA 36 -1.62 4.38E-02
GOBP NUCLEOLAR_LARGE_RRNA_TRANSCRIPTION_BY_RNA_POLYMERASE_| 21 -1.61 4.68E-02
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Database Gene set Size Normalized False

Enrichment  discovery

Score rate

Cell cycle regulation

HALLMARK E2F TARGETS 199 -3.46 0.00E+00
HALLMARK G2M_CHECKPOINT 196 -3.13 0.00E+00
GOBP CHROMOSOME_SEGREGATION 312 -2.94 0.00E+00
GOBP REGULATION_OF CHROMOSOME_SEGREGATION 113 -2.92 0.00E+00
GOBP METAPHASE_ANAPHASE TRANSITION_OF CELL CYCLE 86 -2.85 0.00E+00
REACTOME CELL _CYCLE _CHECKPOINTS 257 -2.81 0.00E+00
REACTOME CELL_CYCLE_MITOTIC 493 -2.80 0.00E+00
GOBP REGULATION_OF MITOTIC_SISTER_CHROMATID SEGREGATION 50 -2.79 0.00E+00
REACTOME S PHASE 155 -2.71 0.00E+00
REACTOME MITOTIC_G1_PHASE_AND G1_S TRANSITION 144 -2.70 0.00E+00
KEGG CELL _CYCLE 113 -2.64 0.00E+00
GOBP REGULATION_OF CELL _CYCLE_CHECKPOINT 44 -2.61 0.00E+00
GOBP POSITIVE_ REGULATION_OF CELL_CYCLE_PHASE_TRANSITION 93 -2.59 0.00E+00
REACTOME G2 M _CHECKPOINTS 140 -2.54 0.00E+00
REACTOME M _PHASE 355 -2.48 0.00E+00
GOBP REGULATION_OF CELL _CYCLE_PHASE_TRANSITION 364 -2.47 0.00E+00
REACTOME GO _AND EARLY_G1 25 -2.46 0.00E+00
GOBP POSITIVE_REGULATION_OF CELL _CYCLE_PROCESS 198 -2.45 0.00E+00
GOBP CELL_CYCLE_CHECKPOINT _SIGNALING 173 -2.43 0.00E+00
GOBP CELL_CYCLE_PHASE_TRANSITION 467 -2.41 0.00E+00
GOBP REGULATION_OF MITOTIC_CELL_CYCLE_PHASE_TRANSITION 282 -2.40 0.00E+00
GOBP MITOTIC_CELL_CYCLE_PHASE_TRANSITION 382 -2.39 0.00E+00
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Database Gene set Size Normalized False
Enrichment  discovery
Score rate
GOBP MITOTIC _CELL_CYCLE_CHECKPOINT_SIGNALING 130 -2.39 0.00E+00
GOBP POSITIVE_ REGULATION_OF CELL _CYCLE 258 -2.35 0.00E+00
GOBP CELL _CYCLE_G2 M _PHASE_TRANSITION 139 -2.34 0.00E+00
GOBP POSITIVE_ REGULATION_OF MITOTIC CELL_CYCLE 100 -2.31 0.00E+00
REACTOME CYCLIN_A B1 B2 ASSOCIATED EVENTS DURING_ G2 M _TRANSITION 24 -2.29 8.33E-06
GOBP NEGATIVE_REGULATION_OF MITOTIC CELL _CYCLE_PHASE_TRANSITION 154 -2.26 3.80E-05
GOBP NEGATIVE_REGULATION_OF CELL _CYCLE_PROCESS 260 -2.26 3.74E-05
GOBP POSITIVE_ REGULATION_OF CELL CYCLE_G2 M PHASE_TRANSITION 28 -2.22 8.88E-05
GOBP REGULATION_OF MITOTIC_CELL_CYCLE 409 -2.22 8.69E-05
GOBP POSITIVE_ REGULATION_OF CELL_CYCLE_CHECKPOINT 17 -2.16 2.70E-04
GOBP REGULATION_OF CELL CYCLE _G2 M _PHASE_TRANSITION 98 -2.16 2.68E-04
REACTOME G2 _M_DNA DAMAGE_CHECKPOINT 70 -2.11 5.23E-04
GOBP NEGATIVE_REGULATION_OF MITOTIC CELL _CYCLE 194 -2.10 5.94E-04
GOBP NEGATIVE_REGULATION _OF CELL_CYCLE 321 -1.93 3.68E-03
GOBP POSITIVE_ REGULATION_OF CELL _CYCLE_G1_S PHASE_TRANSITION 43 -1.90 4.93E-03
REACTOME MITOTIC G2 G2 M _PHASES 182 -1.85 7.71E-03
GOBP CELL _CYCLE_G1_S PHASE_TRANSITION 205 -1.78 1.43E-02
GOBP g(\?CS;II:FEIVE_REGULATION_OF_G1_S_TRANSITION_OF_MITOTIC_CELL_ 33 175 1 81E-02
GOBP MITOTIC_G2_DNA DAMAGE_CHECKPOINT_SIGNALING 33 -1.72 2.26E-02
GOBP MITOTIC_G2_M_TRANSITION_CHECKPOINT 48 -1.69 2.76E-02
GOBP NEGATIVE_REGULATION _OF CELL CYCLE_G2 M PHASE_TRANSITION 60 -1.62 4.44E-02
GOBP REGULATION_OF CELL CYCLE _G1_S PHASE TRANSITION 149 -1.60 4.88E-02
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Database Gene set Size Normalized False
Enrichment  discovery
Score rate
Cellular metabolism
GOBP $2§N(élggll_\()3_r_ACID_TCA_CYCLE_AND_RESPIRATORY_ELECTRON_ 167 213 4 25E-04
GOBP OXIDATIVE_PHOSPHORYLATION 197 -2.06 1.02E-03
GOBP ELECTRON_TRANSPORT_CHAIN 149 -1.95 3.11E-03
GOBP RESPIRATORY_ELECTRON_TRANSPORT_CHAIN 109 -1.93 3.67E-03
KEGG CITRATE_CYCLE_TCA CYCLE 27 -1.91 4.45E-03
GOBP PYRUVATE_METABOLISM_AND CITRIC_ACID_TCA CYCLE 50 -1.90 5.17E-03
GOBP TRICARBOXYLIC ACID _CYCLE 28 -1.89 5.31E-03
GOBP ATP_SYNTHESIS COUPLED ELECTRON_TRANSPORT 91 -1.87 6.48E-03
GOBP CELLULAR_RESPIRATION 208 -1.85 7.72E-03
HALLMARK MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_ ASSEMBLY 98 -1.82 1.07E-02
KEGG ATP_BIOSYNTHETIC_PROCESS 95 -1.80 1.27E-02
REACTOME RESPIRATORY_ELECTRON_TRANSPORT 101 -1.76 1.69E-02
REACTOME ACETYL_COA_METABOLIC PROCESS 27 -1.75 1.79E-02
REACTOME PENTOSE PHOSPHATE_PATHWAY 21 -1.75 1.82E-02
REACTOME LIPID_OXIDATION 84 -1.72 2.25E-02
REACTOME OXIDATIVE_PHOSPHORYLATION 113 -1.71 2.35E-02
REACTOME FATTY_ACID _CATABOLIC PROCESS 81 -1.69 2.73E-02
REACTOME MITOCHONDRIAL_FATTY_ACID BETA_ OXIDATION 31 -1.65 3.64E-02
REACTOME GLUCOSE_METABOLISM 78 -1.65 3.73E-02
REACTOME GLYCOLYSIS 62 -1.63 4.07E-02

REACTOME FATTY_ACID_METABOLIC_PROCESS 258 -1.63 4.24E-02
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Annexed Table 4: STRING analysis — Pathways enriched in the top 150 genes downregulated in response to BMH-21 in HPAF-II cells

Database Gene set Number of genes  False discovery rate
GOBP Cell cycle 38 4.10E-24
GOBP Mitotic cell cycle 26 8.37E-18
GOBP Cell cycle process 27 3.17E-16
GOBP Mitotic cell cycle process 23 7.11E-16
GOBP Regulation of cell cycle 29 1.38E-15
GOBP Regulation of cell cycle process 23 2.13E-13
GOBP Chromosome organization 23 9.83E-11
GOBP Regulation of cell cycle phase transition 17 1.45E-10
GOBP Regulation of mitotic cell cycle 17 1.04E-09
GOBP Cell division 17 2.64E-09
GOBP Nuclear division 14 6.65E-09
GOBP Regulation of mitotic cell cycle phase transition 14 8.69E-09
GOBP DNA metabolic process 19 1.06E-08
GOBP Chromosome segregation 13 1.65E-08
GOBP Organelle organization 36 1.65E-08
GOBP Microtubule cytoskeleton organization 16 2.82E-08
GOBP DNA repair 15 8.99E-08
GOBP Negative regulation of cell cycle process 12 1.25E-07
GOBP Negative regulation of cell cycle 13 1.97E-07
GOBP Nuclear chromosome segregation 11 2.86E-07
GOBP Mitotic nuclear division 10 3.70E-07
GOBP Positive regulation of cell cycle process 11 6.37E-07
GOBP DNA replication 10 1.28E-06
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Database Gene set Number of genes  False discovery rate
GOBP Cellular component organization 40 1.08E-05
GOBP Cytoskeleton organization 18 3.20E-05
GOBP Nucleic acid metabolic process 24 3.20E-05
GOBP Cellular response to stress 20 4.62E-05
GOBP Heterocycle metabolic process 26 2.80E-04
GOBP Nucleobase-containing compound metabolic process 25 3.30E-04
GOBP Cellular aromatic compound metabolic process 26 3.50E-04
GOBP Cellular component assembly 23 7.10E-04
GOBP Cellular macromolecule metabolic process 23 9.20E-04
GOBP Organic cyclic compound metabolic process 26 1.30E-03
GOBP Cellular nitrogen compound metabolic process 27 1.70E-03
GOBP Regulation of DNA metabolic process 10 2.60E-03
GOBP Macromolecule metabolic process 34 1.91E-02
GOBP Regulation of organelle organization 13 2.07E-02
GOBP Nitrogen compound metabolic process 37 2.30E-02
GOBP Cellular process 61 4.39E-02
GOBP Organelle assembly 10 4.42E-02
REACTOME Cell Cycle 29 8.36E-22
REACTOME Cell Cycle, Mitotic 26 1.48E-20
REACTOME Cell Cycle Checkpoints 13 6.97E-09
REACTOME M Phase 14 2.29E-08
REACTOME Mitotic Anaphase 10 2.08E-06
REACTOME  Gene expression (Transcription) 14 1.93E-02
REACTOME RNA Polymerase Il Transcription 13 2.45E-02

116



Acknowledgments

Acknowledgments

First and foremost, | would like to express my sincere gratitude to Prof. Dr. Jens T.
Siveke for granting me the opportunity to undertake my studies in his group and to be
part of this interesting research project. | am thankful for the support over the past four
years and for the chance to participate in many project-related as well as

interdisciplinary training.

Moreover, | would like to offer my special thanks to Dr. Marija Trajkovic-Arsic for her
exceptional guidance and supervision during my doctoral studies, for her patience and
feedback, and for providing expertise and advice with every theoretical and practical

question. Thank you also for carefully proofreading this thesis.

My gratitude further extends to Prof. Dr. Alexander Schramm and Prof. Dr. Bjorn
Scheffler for being part of my Thesis Advisory Committee. Thank you for the valuable
discussions, remarks, and suggestions that decisively shaped and improved my
project.

| am also deeply grateful to Prof. Dr. Perihan Nalbant for agreeing to be the second

examiner for my dissertation.

Special thanks also to Dr. Sven T. Liffers for analyzing the RNA sequencing data
generated in the course of the present work, and for providing the corresponding

method section.

Moreover, | very much appreciate the support from PD Dr. Smiths S. Lueong who

provided the gene expression data of conventional cell lines and PDCs.

| am also very thankful to Dr. Silvia Vega-Rubin-de-Celis who generously shared her
knowledge and expertise on the topic of autophagy. | would like to thank her as well
as Matthias Kudla for performing the Autophagy LC3 HiBiT reporter assay and the
GFP LC3 assay, and also for providing the respective method sections.

Furthermore, | would like to thank Dr. Kristina Althoff, Rui Fang, Konstantinos
Savvatakis, and Vuk Dinovic for their indispensable organizational and technical
support in conducting the animal experiments and tissue preparation. Special thanks

to Dr. Kristina Althoff also for providing the corresponding method section.

| would further like to gratefully mention the team at Life & Brain GmbH who performed
RNA sequencing of our samples.

117



Acknowledgments

Additionally, | would like to express my deepest appreciation to all current and former
members of our group for their professional and moral support. Thank you for the
enjoyable activities outside the laboratory and for making the past four years such an
inspiring and memorable time.

Finally, | wish to extend my heartfelt gratitude to my family and friends for their
unconditional love and faith, for their patience and understanding, as well as for their
support and encouragement throughout my PhD studies.

118



Curriculum Vitae

Curriculum Vitae

Der Lebenslauf ist in der Online-Version aus Grinden des Datenschutzes nicht
enthalten.

119



Curriculum Vitae

Der Lebenslauf ist in der Online-Version aus Grinden des Datenschutzes nicht
enthalten.

120



Declarations

Declarations

In accordance with § 6 (para. 2, clause g) of the Regulations Governing the Doctoral
Proceedings of the Faculty of Biology for awarding the doctoral degree Dr. rer. nat., |
hereby declare that | represent the field to which the topic “Characterization and
targeting of ribosome biogenesis in cellular and tissue subtypes of pancreatic ductal
adenocarcinoma” is assigned in research and teaching and that | support the

application of Corinna Munch.

Essen, 15.02.2024

Prof. Dr. Jens T. Siveke

In accordance with § 7 (para. 2, clause d and f) of the Regulations Governing the
Doctoral Proceedings of the Faculty of Biology for awarding the doctoral degree Dr.
rer. nat., | hereby declare that | have written the herewith submitted dissertation
independently using only the materials listed, and have cited all sources taken over

verbatim or in content as such.

Essen, 15.02.2024

Corinna Minch

In accordance with § 7 (para. 2, clause e and g) of the Regulations Governing the
Doctoral Proceedings of the Faculty of Biology for awarding the doctoral degree Dr.
rer. nat., | hereby declare that | have undertaken no previous attempts to attain a
doctoral degree, that the current work has not been rejected by any other faculty, and

that | am submitting the dissertation only in this procedure.

Essen, 15.02.2024

Corinna Minch

121



	Table of contents
	Summary
	Zusammenfassung
	1 Introduction
	1.1 The human pancreas
	1.1.1 Structure and function of the pancreas
	1.1.2 Tumors of the pancreas

	1.2 Pancreatic ductal adenocarcinoma
	1.2.1 Epidemiology of PDAC
	1.2.2 PDAC pathogenesis and mutational landscape
	1.2.3 Molecular and metabolic heterogeneity in PDAC
	1.2.4 PDAC therapy

	1.3 Ribosome biogenesis
	1.3.1 The human ribosome
	1.3.2 Process and regulation of ribosome biogenesis
	1.3.3 Role of ribosome biogenesis in cancer
	1.3.4 Inhibition of ribosome biogenesis

	1.4 Aim of the study

	2 Materials and methods
	2.1 Cell culture
	2.1.1 Cultivation of conventional PDAC cell lines
	2.1.2 Cultivation of primary patient-derived cells
	2.1.3 siRNA transfection

	2.2 Cell viability assays
	2.2.1 CellTiter-Glo® luminescent cell viability assay
	2.2.2 Proliferation assay
	2.2.3 Dose-response analysis
	2.2.4 Drug interaction studies
	2.2.5 Crystal violet staining

	2.3 Gene expression analysis
	2.3.1 Quantitative real-time polymerase chain reaction
	2.3.2 RNA sequencing and Illumina bead array
	2.3.3 STRING analysis
	2.3.4 Hierarchical clustering
	2.3.5 Gene set enrichment analysis
	2.3.6 Survival analysis

	2.4 Protein related assays
	2.4.1 Western blot
	2.4.2 Immunofluorescence
	2.4.3 Immunohistochemistry
	2.4.4 GFP-LC3 assay
	2.4.5 Autophagy LC3 HiBiT reporter assay

	2.5 Metabolic assays
	2.5.1 Seahorse metabolic flux analysis
	2.5.2 Isocitrate dehydrogenase activity assay

	2.6 Cell cycle analysis
	2.7 Animal handling
	2.8 Data analysis and visualization

	3 Results
	3.1 Ribosome biogenesis in PDAC
	3.1.1 PDAC patients exhibit differences in ribosomal gene expression
	3.1.2 PDAC cells show variation in ribosome biogenesis activity
	3.1.3 Nucleolar heterogeneity is present in murine PDAC samples

	3.2 Antitumor effects of ribosome biogenesis inhibition
	3.2.1 RNA polymerase I inhibition decreases cell viability in PDAC cells
	3.2.2 BMH-21 causes 45S rRNA downregulation and nucleolar disruption
	3.2.3 BMH-21 treatment induces various stress response pathways

	3.3 Functional consequences of targeting ribosome biogenesis
	3.3.1 BMH-21 treatment influences the phenotypic state of PDAC cells
	3.3.2 Ribosome biogenesis is closely linked to mTORC1 signaling
	3.3.3 PDAC cells show metabolic reprogramming in response to BMH-21


	4 Discussion
	4.1 Ribosome Biogenesis is heterogeneous among PDAC models
	4.2 Ribosome biogenesis inhibition has anticancer effects in PDAC
	4.3 Impairment of ribosome biogenesis affects other cellular processes

	5 Conclusion and Outlook
	References
	Appendix
	List of Abbreviations
	List of Figures
	List of Tables
	Annexed Figures
	Annexed Tables

	Acknowledgments
	Curriculum Vitae
	Declarations

