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Summary

Pancreatic ductal adenocarcinoma (PDAC) has one of the highest mortality rates of all
cancers and will become the second leading cause of cancer-related deaths until the
end of this decade. Despite huge medical efforts, the 5-year survival rate is still
unacceptably low with less than 10 %. Beside late diagnosis, one major challenge is
the resistance to current chemotherapy. Especially tumor subtypes with activating
aberrations of the oncogene MYC show high resistance to conventional treatment
approaches and therefore, have an even worse clinical prognosis.

This work aimed to characterize MYC-associated epigenetic vulnerabilities to target
MYC deregulated PDAC subtypes. These MYC-associated vulnerabilities were
targeted with the protein-arginine N-methyltransferase 5 (PRMT5) inhibitor JNJ-
64619178. Gain- and loss-of-function models confirmed an increased sensitivity of the
PRMT5 inhibitor in cell lines with an upregulated MYC network. Furthermore, the
existence of an especially sensitive PDAC subtype was demonstrated via the use of
primary patient-derived cell and organoid lines. Mechanistically, PRMTS5 inhibition
induced DNA-damage, decreased the glycolytic activity, and arrested the cells in the
G2M-phase of the cell cycle. Although all PDAC cell lines had a G2M-phase arrest,
apoptotic death and inhibition of glycolysis were predominantly induced in cells with a
high MYC expression. An upregulation of the alternative splicing network was also
linked to a higher sensitivity, which is supported by a synergistic drug response of
splicing inhibitors and PRMT5 inhibitors. In addition, it was shown that targeting of
several PRMTs exceeds the therapeutic response of a PRMT5 monotherapy.

Taken together, this work characterizes a PRMTS inhibitor sensitive PDAC subtype
and investigates the underlying mechanisms in a variety of different cell models,
suggesting the further development of PRMT5 inhibitor-based therapies for PDACs
with aberrant MYC activity.



Zusammenfassung

Das Pankreaskarzinom ist eine der todlichsten Krebsarten weltweit und es ist
prognostiziert, dass es bis Ende dieses Jahrzehnts die zweithaufigste durch Krebs
bedingte Todesursache wird. Trotz groBer medizinischer Bemiuhungen verbleibt die 5-
Jahrestberlebensrate bei weniger als 10 %. Neben einer oftmals spaten Diagnose
stellt die Resistenz gegen gegenwartige Chemotherapien eine gro3e Schwierigkeit bei
der Behandlung von Pankreaskarzinomen dar. Vor allem Tumor-Subtypen mit einem
stark aktivierten MYC-Netzwerk zeigen eine erhdhte Resistenz gegen Therapien und
haben eine schlechtere klinische Prognose.

Das Ziel dieser Arbeit war es, MYC-assoziierte epigenetische Vulnerabilitidten zu
charakterisieren, um Pankreaskarzinom-Zelllinien mit Gberregulierter MYC Expression
zu behandeln. Der Inhibitor JNJ-64619178 der Protein Arginin N-Methyltransferase 5
(PRMT5) zeigte, dass diese Vulnerabilitaten gezielt ausgenutzt werden kénnen. Gain-
und Loss-of-function Modelle konnten verdeutlichen, dass die Sensitivitdt des PRMT5
Inhibitors JNJ-64619178 mit der Aktivitdt des MYC-Netzwerks korreliert. AuBerdem
konnte die Existenz einer besonders sensitiven Subgruppe des Pankreaskarzinoms in
primaren humanen Zelllinien gezeigt werden. Die Inhibition von PRMTS induzierte
Schaden an der DNA, reduzierte die Aktivitat der Glykolyse und setzte die Zellen in
der G2M-Phase des Zellzyklus fest. Obwohl alle Pankreaskarzinom-Zelllinien in der
G2M-Phase festgesetzt wurden, wurde Apoptose und die Inhibition der Glykolyse
hauptsachlich in Zellen mit erhéhter MYC-Expression festgestellt. Eine Hochregulation
des alternativen Splicing-Netzwerks Kkorrelierte ebenfalls mit einer erhdhten
Sensitivitat, was durch Kombinationstherapien mit Splicing- und PRMT5-Inhibitoren
untermauert wurde. Ebenfalls konnte gezeigt werden, dass eine Inhibition von
mehreren PRMTs die therapeutische Wirkung einer PRMT5 Monotherapie tGbersteigt.
Zusammenfassend charakterisiert diese Arbeit eine PRMT5-Inhibitor-sensitive
Untergruppe des Pankreaskarzinoms und untersucht die zugrundeliegenden
Mechanismen in einer Vielzahl verschiedener Zellmodelle. Dadurch wird aufgezeigt,
dass die Entwicklung von Therapieoptionen mit PRMTS5 Inhibitoren einen wesentlichen
Schritt flir die bessere Behandlung von Patient*innen mit Pankreaskarzinom darstellen

kann.
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1. Introduction

1.1. Pancreatic Ductal Adenocarcinoma

Cancer is a major public health problem in the entire world and one of the leading
causes of death in the US and Europe '-3. Although the mortality rates are declining,
the number of cancer deaths is still increasing due to population growth and aging
45 Pancreatic ductal adenocarcinoma is still one of the cancers with the poorest
prognosis and a dismal 5-year survival rate of lower than 10%, which is partly
because of a late diagnosis already at an advanced tumor stage %87. Despite the
extensive effort in research, it is estimated that PDAC will become the second
leading cause of cancer-related deaths in the US and Germany by 2030 8. The
causes which lead to pancreatic cancer are still not sufficiently understood, but
some of the known risk factors are alcohol consumption, smoking, obesity, and
diabetes mellitus °. These risk factors could also explain the worldwide distribution
of PDAC incidences, with the highest incidence rates in western countries like
Northern America and Europe and the lowest rates in Middle Africa and South-
Central Asia 310.

So far, surgical resection of early and localized PDAC remains the only curative
option, however, the diagnosis often comes at an advanced stage where the tumor
is not resectable ''. PDAC classified as “primary resectable” has no contact with
arterial or venous vessels. The term “borderline resectable” was introduced by the
National Comprehensive Cancer Network (NCCN) guidelines in 2006 '2 and
describes a tumor with contact to the superior mesenteric artery (SMA) of <180° and
contact to the superior mesenteric vein (SMV) or portal vein of >180° with the ability
of resection and reconstruction. “Irresectable” describes PDAC with already distant
metastasis, contact to the SMA of >180° infiltration of the aorta, a not
reconstructable invasion of the SMV or the portal vein, and contact to the first jejunal
branch 314,

Recent insights in PDAC therapy demonstrate that neoadjuvant treatment can raise
the chances of surgical tumor resection in up to 50% of the patients, even for
borderline resectable and locally advanced PDAC 12146 The state-of-the-art
neoadjuvant therapy includes the FOLFIRINOX (Folinic acid, 5-Flurouracil,
Irinotecan, and Oxaliplatin) regime or a combination of chemoradiotherapy with
Gemcitabine 4.
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Although current poly-chemotherapies like FOLFIRINOX or gemcitabine plus nab-
paclitaxel improved the outcome for metastatic PDAC patients with a good
performance status ', the survival rates remain unacceptably low. In contrast to
other solid tumors, where targeted therapies are already well established and show
pronounced survival benefit 1819, trials for targeted therapies in pancreatic cancer
are not successful. It is reported that different subgroups of PDAC have significantly
different chemotherapy responses and treatment outcomes 2°. Moreover, the tumor-
specific context needs to be taken into account when investigating new therapeutic
targets and developing novel therapies, since the therapy response in one tumor
entity cannot be extrapolated to another entity 2'. In the case of tumor progression,
there are very limited options for a second-line therapy in the metastatic setting.
After first-line therapy, the options that are approved by the European medicine
agency and recommended by the S3-guideline consist of a combination of
nanoliposomal-Irinotecan in combination with 5-FU and Leucovorin, and PARP-
inhibitor maintenance therapy for gBRCA mutated patients. This indicates the need
for developing new targeted therapies in the fight against PDAC.

1.1.1. Pathogenesis of pancreatic cancer

PDAC is the most frequent form of all pancreatic tumors, which encompass cancers
of the endocrine and exocrine pancreas ’. The current status of research suggests
that PDAC originates from precursor lesions, which are intraepithelial neoplasias
(PanINs), intraductal papillary mucinous neoplasms, or mucinous cystic neoplasms
22-24 The majority of PDAC originates from PanINs. These are small, less than 5
mm, flat or papillary lesions, arising in the small intralobular pancreatic ducts 252,
PanINs are further classified with the attachment of -1, -2, and -3 based on their
morphologic changes. The ductal epithelium transforms in PanIN-1 lesions into tall
columnar cells with intracellular mucin. PanIN-2 lesions additionally acquired
nuclear abnormalities which may include loss of polarity, nuclear crowding, or
enlarged nuclei. PanIN-3 lesions are characterized by extensive nuclear crowding,
a loss of nuclear polarity, luminal necrosis, and budding off of small clusters of
epithelial cells into the lumen 242527 Since the Baltimore consensus meeting in
2014, PanIN-1 and PanIN-2 are summarized as “Low grade PanIN” and PanIN-3
lesions are called “High grade PanIN” 27,
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During carcinogenesis and the progression throughout the different PanIN stages,
genetic events accumulate. The carcinogenesis of PDAC in PanIN-1 usually starts
with telomere shortening and activating mutations in KRAS and continues in PanIN-
2 lesions with the inactivation of the CDKN2A tumor suppressor gene. The high-
grade PanlIN-3 lesions often exhibit a genetic inactivation in TP53 and SMAD4 282°
(Fig. 1). Another often found characteristic of PDAC is the aberrantly high MYC
activation by a copy-number-variation of the MYC locus 8g24 303!, The main tumor-
drivers KRAS, TP53, and MYC are challenging therapeutic targets and were
considered “undruggable” in the last decades. However, several new drugs which
target these “undruggable” tumor drivers have recently entered clinical trials and will
perchance make this term obsolete 3234,

Despite KRAS being the main driver of PDAC, it is a very heterogeneous disease.
Efforts to categorize PDAC grouped the cancer into four molecular subtypes based
on differentially expressed gene signatures and histopathological characteristics .
The four subtypes are called: squamous, pancreatic progenitor, immunogenic, and
aberrantly differentiated endocrine exocrine (ADEX). The squamous subtype is
associated with the histological characteristics of adenosquamous carcinomas and
patients with squamous PDAC have the poorest median survival with only 13.3
months 5. The pancreatic progenitor and the immunogenic subtype are associated
with mucinous carcinomas, whereas the ADEX is associated with rare acinar cell
carcinomas. The median survival of these subtypes ranges from 23.7 to 30.0
months 3.

Genetic data of pancreatic cancer metastases reveals that genetically evolved
clonal populations of the original parental tumor are found in the metastasis. Further
analysis of the timing of the genetic evolution indicates that the development of the
precursor lesion to parental, non-metastatic founder cells takes more than 10 years
36,37 This time frame would allow early detection of the cancer and thereby, prevent
the death of patients from metastatic disease. However, the options for early
screening tests, which could also be performed on patients with a low risk level, are
only slowly emerging .

12
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Figure 1: PDAC progression model

Progression model from pancreatic epithelial cells to PanIN-lesion. Often occurring
mutations and morphological features are labeled. The color scheme indicates the
proliferation rate.

1.2. MYCs physiological functions and impact on pancreatic
cancer

MYC belongs to a family of oncogenic transcription factors with the three members
c-MYC, N-MYC, and L-MYC which are estimated to regulate about 15% of the entire
genome 3. To bind to specific DNA sequences, MYC needs to dimerize with its
partner, the basic helix-loop-helix protein MAX 4. The main binding target of the
MYC/MAX heterodimer is the Enhancer Box (E-Box) sequence CACGTG #'. The
expression of MYC strongly correlates with cell proliferation. Therefore, MYC is
highly expressed during embryogenesis and in tissue compartments that are
characterized by a high proliferative capacity 42. On the other hand, a low MYC
expression can be found in normal adult, uninjured, and nonproliferating pancreas
cells 3. In its physiological role, MYC is extensively involved in promoting cell-cycle
progression 4445 by activating or repressing target genes that are involved in cell-
cycle regulation. Some of the first described cell cycle genes upregulated by MYC
are CCND2 (Cyclin D2), CCNE1 (Cyclin E1), CDK4, and E2F1 “¢ while MYC
represses CDK inhibitors such as P15 (CDKNZ2B), P21 (CDKNZ2A), and P27
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(CDKN1B) 47. Furthermore, it can inhibit cell differentiation and, counterintuitively,
it can also induce apoptosis “8.

Due to its impact on cell proliferation, MYC is often deregulated in human cancers.
In PanIN epithelial cells in mice, acute activation of Myc alone is sufficient to drive
the transition to PDAC #3. The pan-cancer analysis estimated the frequency of copy
number amplifications of the MYC gene at approximately 14% on average in
different cancer types, with the same frequency for pancreatic cancer alone 4°-51,
Interestingly, amplification of MYC is associated with the adenosquamous subtype
of PDAC, which is characterized by a worse survival and higher metastatic potential
compared to other PDAC subtypes °'%2. As mentioned above, targeting MYC
remains challenging from a therapeutic view. One way to treat PDAC with oncogenic
deregulated MYC is to take advantage of connected cellular vulnerabilities. Hassan
et al. have shown that there is a synthetically lethal interaction between MYC and
the small ubiquitin-like modifier (SUMO) in the context of PDAC %3 and another study
has shown a synthetically lethal interaction of MYC with BET inhibitors 54.

The term synthetic lethality originates from work with Drosophila melanogaster,
where it was defined as a situation in which inactivation of either of two genes had
only little effect but the loss of function of both genes simultaneously lead to death
%5, Nowadays in cancer research, the term has been broadened and describes a
state of the cell where certain perturbations of the cellular system lead to
vulnerabilities that can be targeted by drugs 6.

The work presented here will introduce a novel synthetic lethality of MYC, where an
MYC-associated vulnerability is exploited by wusing protein-arginine N-
methyltransferase 5 (PRMTS5) inhibitors.

1.3. Protein Arginine Methyltransferase 5
Protein arginine methyltransferases have a wide range of different epigenetic
functions by controlling the methylation of proteins involved in alternative splicing,
post-transcriptional regulation, proliferation, differentiation, apoptosis, and
tumorigenesis 57%°. These enzymes catalyze the transfer of methyl groups from S-
adenosylmethionine (SAM) to the guanidine nitrogen residue of the amino acid
arginine with the outcome of methylarginine and the by-product S-
adenosylhomocysteine (SAH) . The nine different members of the mammalian

PRMT family are subdivided into three distinct groups based on the final form of
14



methylarginine products. Enzymes belonging to the type | PRMTs (PRMT1, -2, -3, -
4/CARM1, -6, and PRMT8) catalyze the monomethylation and asymmetric
dimethylation of arginine. Type Il PRMTs (PRMT5, and the newest member PRMT9
61) monomethylate and symmetrically dimethylate arginine. PRMT7, the only
member of the type Il PRMTs, monomethylates arginine 2.

The regulation of PRMTs occurs mainly via cross-regulation, alternative splicing, or
modulation with metabolites and metabolic pathways %°. A common cross-regulation
is the interaction of PRMT4 and PRMT5, which ends with the asymmetric
methylation of PRMT5 at arginine 505. A lack of this methylation of PRMTS would
result in an decrease of its methyltransferase activity 3.

Another important regulation of PRMT5 is via the metabolite methylthioadenosine
(MTA). MTA is generated in the polyamine biosynthesis as a side-product in the
synthesis of spermidine and spermine. It is used in the methionine salvage pathway
to regenerate methionine as a substrate for the enzyme S-methyl-5’-thioadenosine
phosphorylase (MTAP) %4. In cancer, MTAP is frequently co-deleted with the
prevalent deletion of CDKNZ2A, on account of the close chromosomal proximity of
both genes. The deletion of MTAP leads to accumulating levels of MTA, which, if
not processed by MTAP, can interact with PRMT5 and decrease its activity by acting
as an endogenous inhibitor .

One cellular role of PRMTS is the regulation of transcription in both directions,
activation, and repression. On the one hand, the symmetrical dimethylation of
histone H2A and H4 at arginine-3 (H2AR3 and H4R3), and histone H3 at arginine-
8 (H3R8) by PRMT5 mediates transcriptional repression by reducing the levels of
H4K5ac %°. On the other hand, symmetrical dimethylation of H3R2 favors WD40-
repeat-containing protein 5 (WDRS5) recruitment to the DNA, which trimethylates
H3K4 and thereby activates transcription. Chiang et al. showed that the recruitment
and symmetrical dimethylation of H3R2 of the FOXP1 promotor via PRMT5 leads
to self-renewal, proliferation, and maintenance of breast cancer stem cells 6.
Another key function of PRMTS is the tuning of the splicing machinery via the
methylation of three subunits of the Survival of Motor Neuron (SMN) complex (SmB,
SmD1, and SmD3). The SMN complex is required for the assembly of small nuclear
ribonucleoproteins (snRNP), which are essential components of the spliceosome.
Consequently, PRMT5 depletion interferes with the spliceosome assembly and
leads to aberrant splicing due to exon skipping and retention of introns with weak
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5'-splice sites 996768, For the methylation of the SMN subunits, the methylosome
protein 50 (MEP50) binds PRMTS5 to stabilize and increase its activity while
recruiting substrate proteins ° (Fig. 2).

The depletion of PRMT5 can also cause DNA damage and genomic instability since
PRMTS is an important player in the DNA damage response. PRMT5 regulates
homologous recombination of DNA double-strand breaks (DSB) via the methylation
of the ATPase RuvB-like 1 (RUVBL1), which is a cofactor of the histone
acetyltransferase TIP60 complex. The methylation of RUVBL1 is required for the
acetylation of H4K16 by TIP60. This, in turn, promotes the displacement of the p53-
binding protein 1 (53BP1), a protein complex that is associated with non-
homologous end joining (NHEJ) dependent repair of DSBs 7°, from DSBs and
thereby allowing homologous recombination (HR) 7.

PRMT5, PRMT1, as well as PRMT4, promote oncogenesis through the control of
gene expression, RNA splicing, and DNA damage response as mentioned above.
With that in mind, it is not surprising that these three PRMTs are highly expressed
in human cancer and the high expression correlates with a worse prognosis for
patients in several different cancer types, including PDAC 7273, In addition, the
robust connection of PRMT5 and MYC, which we observe in this work, supports the
notion that PRMT5 could be a relevant target in an aggressive PDAC subtype.

The experiments in this thesis were performed with the novel PRMTS inhibitor
named JNJ-64619178. This selective and highly potent PRMT5 inhibitor binds
simultaneously to the SAM- and protein substrate- binding pockets of the
PRMT5/MEP50 complex 7475, JNJ-64619178 is currently being assessed in phase
1 clinical trials for the treatment of B cell non-Hodgkin lymphoma, myelodysplastic
syndromes, and advanced solid tumors (ClinicalTrials.gov Identifier: NCT03573310;
October 2021).
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Figure 2: Functions of PRMT5

A) The symmetrical dimethylation of H2AR3 and H4R3 (H2AR3me2s-H4R3me2s) and the
symmetrical dimethylation of H3R8 (H3R8me2s) by PRMT5 represses transcription by
reducing the levels of acetylated H4K5 (H4K5ac). B) PRMT5 dimethylates H3R2 to increase
WDRS5 recruitment and H3K4 trimethylation, which activates transcription. C) PRMT5 builds
a complex with MEP50, which symmetrically dimethylates the SM proteins to facilitate the
assembly of small nuclear ribonucleoproteins (snRNPs). D) PRMT5 methylates RUVBL1
during double strand break repair (DSB) to activate TIP60a, which acetylates H4K16
(H4K16ac) to block recruitment of 53P1 to H4K20me2. This process favors DSB repair by
homologous recombination (HR) over non-homologous end joining (NHEJ).

1.4. 3D-Cell culture models in cancer research

Research with cell culture has existed for more than 100 years with its beginning in
the year 1907 6. While Harrison used embryonic tissue of frog embryos, the
culturing of cells was extensively improved with cell lines originating from a wide
variety of different species and human tissues. Deeper insights into various research
fields including cell biology, tissue morphology, mechanisms of diseases, drug
action, protein production, and the development of tissue engineering were possible
due to the establishment of cell cultures 7778, Especially in the research of tumor
biology, the optimization of therapy, and the finding of new treatment strategies
proved the vast importance of cell culture systems 7°.
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2D cellular models are still the most common in vitro culturing approach, but 3D
culture models have been gaining popularity in recent years. This is mainly because
the 3D models offer several advantages over 2D models in terms of the
representation of epithelial tissues in vitro, response to stimuli, drug metabolism,
and protein synthesis 8°. Resembling the in vivo environment of a cell while being
cultured in vitro is made possible due to a scaffold in which the cells are embedded.
Hydrogels are used as a scaffold since they simulate the tissue-specific extracellular
matrix of the cells and thereby mimic the physiological conditions of the cells in vivo
81 The hydrogels can either be obtained from natural sources, for example Matrigel,
or they are synthesized. Matrigel sustains many physiological cell functions, due to
its natural source from Engelbreth-Holm-Swarm mouse sarcoma cells, which results
in a high viability and controlled proliferation and differentiation of the cells 8.
Although the natural source has these advantages, there are also disadvantages of
batch-to-batch variability which can alter drug responses in pharmacological studies
81 Synthetic, unnatural hydrogels can also mimic the biological properties of the
extracellular matrix and have the advantage of reproducibility due to consistency
between different batches. But in contrast to hydrogels from natural sources,
unnatural synthetic hydrogels lack adhesive moieties of extracellular matrices 8.

An important point in the discovery of new drugs is the understanding of the
interaction between cells and the extracellular matrix 82, 2D cell models are unable
to mimic the complex microenvironment of the tumor and are probably one reason
why many new drugs fail in clinical trials 8'83, Cells cultured in 3D can aid the
transition from new drug discoveries into the clinic because of the following
advantages compared to 2D models: First, 3D cell cultures can be obtained from a
variety of different tumor entities, which enables the creation of biobanks with cell
lines from different patients 8. Second, cells cultured in 2D are often all in the same
stage of the cell cycle whereas 3D models are often in different cell cycle stages like
cells in vivo 8. Third, all the cells in a 2D monolayer receive the same amount of
nutrients and growth factors from the medium. The 2D cell are mainly actively
proliferating cells since necrotic cells tend to detach from the surface and get
washed out 8. In a 3D organoid, the outer layer is highly exposed to the medium
and consists of proliferating cells, whereas the inner cells receive fewer growth
factors and oxygen. The cells in the center of the organoid tend to be in a quiescent
state with a necrotic core in the middle. This cellular heterogeneity is much closer
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to what we see in tumor tissues in vivo 8. Most importantly, it has been shown that
the response to a drug treatments in 3D cultures represents better the clinical
findings, compared to 2D cultures 8-8. These reasons highlight why 3D cultures
are a superior approach and essential for the successful discovery of novel
therapeutic targets in cancer therapy.

1.5. Aim of the thesis

This thesis aimed to find a novel strategy to therapeutically target pancreatic cancer.
Therefore, the Schneider Laboratory (Klinikum rechts der Isar, Munich) conducted
a large screen with 181 epigenetic drugs to find drugs that are especially potent in
PDAC cells with a high MYC level. It was proposed that PDAC can only be clustered
into different subgroups, when using the whole epigenomic orchestra 8. With that
in mind, the library of epigenetic drugs is a valid approach to find suitable drug
candidates to target MYC-driven PDAC. One of the top hits was a PRMT5 inhibitor,
which is in phase | clinical trials for solid cancers. This study aims to provide an in-
depth analysis of the inhibitor response in PDAC subtypes throughout different
human and murine cell models. For a better investigation of the treatment response,
loss- and gain-of-function models of PDAC cell lines were established. Finally, the
study aimed to discover the fate of cells after treatment with a PRMTS5 inhibitor.
Consequently, the mode of death and the metabolomic changes of the cells after
drug treatment were investigated.

This study will shed new light on the impact of PRMT5 inhibition in PDAC and might
in the long-term, help to improve treatment for patients with pancreatic cancer via

personalized and targeted therapy options.
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2. Material

Table 1: Technical equipment.

Instrument

Company

AS2000 Maxwell® 16 instrument

Promega, Walldorf, Germany

FC Multiscan

Thermo Fisher Scientific, Munich,

Germany

FLUOstar® OPTIMA

BMG Labtech, Champigny-sur-Marne,
France

MIKRO 220 R table centrifuge

Hettich, Kirchlengern, Germany

Mini-PROTEAN® Tetra Vertical, 1.5 mm

Bio-Rad, Munich, Germany

NB-203XL CO:2 Incubator

N-BIOTEK Co., Ltd., Gyeonggi-Do,
Korea

Odyssey® Fc

Li-cor  Biosciences GmbH, Bad
Homburg vor der Héhe, Germany

Odyssey® Infrared Imaging System
(RRID:SCR_013430)

Licor Biosciences GmbH, Bad Homburg,
Germany

PERFECTION V370 PHOTO DIN A4
Photoscanner

Epson, Suwa, Japan

Rotina 380 R Hettich, Kirchlengern, Germany
Seahorse XFe96 Analyzer Agilent, CA, USA
StepOnePlus Real-Time PCR  System Applied Biosystems, Munich, Germany
(4376357)
T100 Thermal Cycler Bio-Rad, Munich, Germany
ThermoMixer® C Eppendorf, Munich, Germany
Wet/Tank blotting system Bio-Rad, Munich, Germany

Table 2: Kits.
Kit Catalogue Company

Number

Caspase-Glo 3/7 Assay G8091 Promega, Walldorf, Germany

CellTiter-Glo® Luminescent Cell G7570 Promega, Walldorf, Germany

Viability Assay

Glucose Uptake-Glo Assay J1342 Promega, Walldorf, Germany

GoTag® qPCR Master Mix A6101 Promega, Walldorf, Germany

Maxwell® 16 LEV simplyRNA AS1280 Promega, Walldorf, Germany

Purification Kits

NucleoSpin Plasmid, Mini kit 740588.250 Macherey-Nagel GmbH,
Daren, Germany

NucleoSpin Plasmid Transfection- 740490.10 Macherey-Nagel GmbH,

grade Daren, Germany

QIAampt DNA Mini Kit 51306 Qiagen, Hilden, Germany

RNeasy Mini Kit 74106 Qiagen, Hilden, Germany
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Seahorse XF Cell Mito Stress Test 103015-100 Agilent Technologies, CA,
USA
Seahorse XF Glycolysis Stress Test 103020-100 Agilent Technologies, CA,
USA
Table 3: Compounds and reagents.
Compounds/Reagents Catalogue Company
Number

24-well Polypropylene 142475 Thermo Fisher Scientific,

Microplates, clear, Corning® Munich, Germany

384-well White/Clear Bottom 3765 Thermo Fisher Scientific,

Polystyrene Microplates, Munich, Germany

Corning®

80% Ethanol N-33635 Briggemann Alcohol,
Heilbronn, Germany

96-well Polypropylene 3343 Thermo Fisher Scientific,

Microplates, clear, Corning® Munich, Germany

ACK Lysing Buffer A1049201 Thermo Fisher Scientific,
Munich, Germany

Albumin 11930.03 Serva, Rosenheim, Germany

Bradford Reagent 39222.01 Serva, Rosenheim, Germany

BsmBI-v2 restriction enzyme R0739 New England Biolabs.,
Frankfurt a. Main, Germany

Cell Recovery Solution, 100 mL 354253 Thermo Fisher Scientific,

Corning® Munich, Germany

Cell Scraper 83.1830 Starstedt, Niimbrecht,
Germany

Cellstar Cell culture bottle 660175 Greiner BIO-ONE,
Kremsmunster, Austria

CELLSTAR® Polypropylen Tubes 227261 Greiner BIO-ONE,
Kremsmunster, Austria

cOmplete™, Mini, EDTA-free 11836170001 Roche Diagnostics GmbH,

Protease Inhibitor Cocktail Basel, Swiss

Costar® TC-Treated Multiple Well CLS3527 Sigma-Aldrich, Munich,

Plates 24-well, Corning® Germany

Costar® TC-Treated Multiple Well CLS3516 Thermo Fisher Scientific,

Plates 6-well, Corning® Munich, Germany

Crystal violet C6158 Sigma-Aldrich, Munich,
Germany

DMSO A3672 AppliChem, Darmstadt,
Germany

dNTP-Mix 331550 Biozym Scientific GmbH,
Hessisch Oldendorf, Germany

Dulbecco’s Modified Eagle’s D5030 Sigma-Aldrich, Munich,

Medium

Germany
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https://shop.gbo.com/de/germany/products/bioscience/roehrchen-mehrzweckgefaesse/roehrchen/50ml-cellstar-polypropylen-roehrchen/227261.html

Advanced DMEM 1249102 Life Technologies, Darmstadt,
Germany

Dulbecco’s PBS D8537- Sigma-Aldrich, Munich,

500 mL Germany

EDTA (Versen) 1% (w/v) in PBS L2113 Biochrom GmbH, Berlin,

w/o CA2* Germany

Eppendorf Safe-Lock Tubes, 0030120086 Eppendorf, Munich, Germany

1.5mL

Eppendorf Safe-Lock Tubes, 2mL 0030120094 Eppendorf, Munich, Germany

Ethidium promide solution E1510 Sigma-Aldrich, Munich,
Germany

Falcon® Round-Bottom 38055 STEMCELL Technologies,

Polystyrene Tubes Cologne, Germany

Falcon™ Chambered Cell Culture 10364551 Thermo Fisher Scientific,

Slides Munich, Germany

FBS Superior S 0615 Merck, Darmstadt, Munich

Filtropur 20003477 Starstedt, Nimbrecht,
Germany

Gel Saver-Tip Il GSII054R Kisker Biotech GmbH & Co.
KG, Steinfurt, Germany

Geneticin 10131035 Thermo Fisher Scientific,
Munich, Germany

GSK3368715 HY-128717 Medchem Express,USA

Hygromycin B 10687010 Thermo Fisher Scientific,
Munich, Germany

Indisulam HY-13650 Medchem Express,USA

JNJ-64619178 HY-101564 Medchem Express,USA

Lipofectamine 3000 Transfection L3000001 Thermo Fisher Scientific,

Reagent Munich, Germany

Matrigel®, Growth Factor 354230 Thermo Fisher Scientific,

Reduced (GFR) Basement Munich, Germany

Membrane Matrix, LDEV-free,

Corning®

Mini-PROTEAN Comb 1653365 Bio-Rad, Munich, Germany

MTT M5655 Sigma-Aldrich, Munich,
Germany

Multiscribe Reverse Transcriptase 4308228 Thermo Fisher Scientific,
Munich, Germany

Neubauer counting chamber 10490171 Thermo Fisher Scientific,
Munich, Germany

Nitrocellulose Blotting Membrane 10600001 Bio-Rad, Munich, Germany

Nonfat-Dried Milk Bovine M7409 GE Healthcare Life Science,
Freiburg im Breisgau,
Germany

Opti-MEM with GlutaMAX, Gibco 12559099 Thermo Fisher Scientific,

Munich, Germany
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Page RulerTM Prestained 26616 Thermo Fisher Scientific,
Munich, Germany

PCR® MICROPLATE, Axygen PCR-96-LP- Thermo Fisher Scientific,

AP-C Munich, Germany

Phosphatase-Inhibitor-mix |, 39050.03 Serva, Rosenheim, Germany

powder

Platemax CyclerSeal Sealing PCR-TS Thermo Fisher Scientific,

Film, Axygen Munich, Germany

Polybrene Infection / Transfection TR-1003 Sigma-Aldrich, Munich,

Reagent Germany

PureLink™ RNase A, 10 mL, 1772940 Thermo Fisher Scientific,

Invitrogen Munich, Germany

Puromycin ant-pr-1 Invivogen, San Diego, CA,
USA

Random Hexamers 11034731001 Hoffmann-La Roche, Basel,
Switzerland

Recovery Cell Culture Freezing 12648010 Thermo Fisher Scientific,

Medium Munich, Germany

REDTaq® ReadyMix™ PCR R2523 Sigma-Aldrich, Munich,

Reaction Mix Germany

RNase Inhibitor N8080119 Thermo Fisher Scientific,
Waltham, Massachusetts,
USA

RPMI 1640 Medium, GlutaMAX™ 61870036 Life Technologies, Darmstadt,

Supplement Germany

Safe seal tube, 1.5 mL 72.706 Starstedt, Nimbrecht,
Germany

SDS NA-salt in Pellets 20765.03 Serva, Rosenheim, Germany

Seahorse XF RPMI Medium, pH 103576-100 Agilent Technologies, USA

7.4

Seahorse XF Base Medium 102353-100 Agilent Technologies, USA

SGC707 HY-19715 MedChem Express, USA

T4 DNA Ligase M0202S New England Biolabs.,
Frankfurt a. Main, Germany

T4 DNA Ligase Reaction Buffer B0202S New England Biolabs.,
Frankfurt a. Main, Germany

TagMan RT Buffer 10x 4486220 Thermo Fisher Scientific,
Waltham, Massachusetts,
USA

tissue-culture treated culture CLS430599 Thermo Fisher Scientific,

dishes, Corning® Munich, Germany

TrypLE™ Express Enzyme (1x), 12604013 Thermo Fisher Scientific,

100 mL Munich, Germany

Tween® 20 9127.2 Carl Roth, Karlsruhe,
Germany

Zeocin ant-zn-1 Invivogen, San Diego, CA,

USA
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Table 4: Plasmids and bacteria

Plasmid/ sgRNA / Bacteria Catalouge Company
number

lenti_dCas9-KRAB-MeCP2 122205 Addgene, Watertown, MA
USA

lenti dCas9-VP64 Blast 61425 Addgene, Watertown, MA
USA

lentiCRISPRv2 puro 98290 Addgene, Watertown, MA
USA

lentiGuide-Puro 52963 Addgene, Watertown, MA
USA

lenti MS2-p65-HSF1_Hygro 61426 Addgene, Watertown, MA
USA

lenti sgRNA (MS2)_zeo 61427 Addgene, Watertown, MA

backbone USA

One Shot™ StbI3™ Chemically C737303 Thermo Fisher Scientific,

Competent E. coli Munich, Germany

pMD2.G 12259 Addgene, Watertown, MA
USA

psPAX2 12260 Addgene, Watertown, MA
USA

Table 5: sgRNA-inserts.

Name

Sequence forward primer

Function

CRISPRI-
Myc1

5-CACCGCGAAGCCCCCTATTCGCTC-3"

c-MYC
downregulation
with dCas9
System

CRISPRIi-
Myc2

5-CACCGTTAGATAAAGCCCCGAAAAC-3’

c-MYC
downregulation
with dCas9
System

CRISPRI-
Myc3

5-CACCGCGCTCCGGATCTCCCTTCCC-3°

c-MYC
downregulation
with dCas9
System

hsMyc-3

5-CACCGCTGTAGTAATTCCAGCGAG -3’

c-MYC
downregulation
with dCas9
System

hsMyc-4

5-CACCGGAATAGGGGGCTTCGCCTC -3’

c-MYC
downregulation
with dCas9
System
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MYC 1

5-CACCGAGGGTGGGGAGGGTGGGGA-3’

c-MYC
upregulation
with dCas9
system

MYC 2

5-CACCGTTCCCCCACGCCCTCTGCTT-3"

c-MYC
upregulation
with dCas9
system

Myc 3

5-CACCGAACCCGGGAGGGGCGCTTA-3"

c-MYC
upregulation
with dCas9
system

Myc A

5-CACCGAACCCGGGAGGGGCGCTTAT-3"

c-MYC
upregulation
with dCas9
system

Myc B

5-CACCGACCCTCGCATTATAAAGGGC-3’

c-MYC
upregulation
with dCas9
system

PRMTSi

5-CACCGAGCCGCGTGTCCAGCGGGA-3’

PRMT5
downregulation
with dCas9
system

Table 6: Ingredients of medium for patient-derived organoid culture.

Product Catalogu Final Company
e Number conc.

3,3,5-Triiodo-L- thyronine T2877 5nM Sigma-Aldrich, Munich,
Germany

A83-01 72022 0,5uM STEMCELL Technologies,
Cologne, Germany

Bovine Pituitary Extract P1476 25 pg/ml Sigma-Aldrich, Munich,
Germany

Cholera toxin C8052 100 ng/ml Sigma-Aldrich, Munich,
Germany

D-Glucose G8270 5 mg/mL Sigma-Aldrich, Munich,
Germany

Dexamethasone D1756 1 uM Sigma-Aldrich, Munich,
Germany

DMEM/F12-500 mL 11330032 - Thermo Fisher Scientific,
Munich, Germany

ITS + premix, Corning® 10070791 0.5% (w/v) Thermo Fisher Scientific,
Munich, Germany
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Neuregulin 100-03 100 ng/ml Pepro Tech, Hamburg,
Germany

Nicotinamide N3376 10 mM Sigma-Aldrich, Munich,
Germany

Nu-Serum IV, Corning® 355100 5% (v/v) Thermo Fisher Scientific,
Munich, Germany

Penicillin/Streptomycin 15140-122 1% (V/v) Thermo Fisher Scientific,
Munich, Germany

Primocin Ant-pm-1 100 pg/ml Invivogen, San Diego, CA,
USA

Rock inhibitor Y-27632 72304 10 uM STEMCELL Technologies,
Cologne, Germany

Table 7: Primary and secondary antibodies.

Antibody Catalogue | RRID Dilution Source Company
Number
B-ACTIN A5316 AB_476743 1:10,000 | mouse, Sigma-Aldrich,
monoclonal | Darmstadt,

Germany

Anti-mouse 5470 AB 10696895 | 1:10,000 mouse Cell Signaling,

lgG (H+L) Danvers, MA,

(DyLight™ 680 USA

Conjugate)

Anti-mouse 5257 AB_10693543 | 1:10,000 | mouse Cell Signaling,

lgG (H+L) Danvers, MA,

(DyLight™ 800 USA

4X PEG

Conjugate)

Anti-rabbit IgG | 5366 AB_10693812 | 1:10,000 | rabbit Cell Signaling,

(H+L) Danvers, MA,

(DyLight™ 680 USA

Conjugate)

Anti-rabbit IgG | 5151 AB_10697505 | 1:10,000 | rabbit Cell Signaling,

(H+L) Danvers, MA,

(DyLight™ 800 USA

4X PEG

Conjugate)

Aurora Kinase | 3094S AB_10695307 | 1:1,000 rabbit Cell Signaling,

B Danvers, MA,
USA

BRD4 13440 AB_2687578 1:1,000 rabbit Cell Signaling,
Danvers, MA,
USA

c-MYC 9402 AB 2151827 1:1,000 rabbit, Cell Signaling,

polyclonal Danvers, USA
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Cleaved PARP

51-9000017

BD
Pharmingen,
San Diego,
California, USA

1:1,000 mouse

E-Cadherin

3195

AB_2291471 1:1,000 rabbit Cell Signaling,
Danvers, MA,

USA

MTAP

4158

AB_1904054 1:1,000 rabbit Cell Signaling,
Danvers, MA,

USA

PRMT1

2449

AB_2237696 1:1,000 rabbit Cell Signaling,
Danvers, MA,

USA

PRMT5

79998S

AB 2799945 1:1,000 rabbit Cell Signaling,
Danvers, MA,

USA

Snaill

3879

AB_ 2255011 1:1,000 rabbit Cell Signaling,
Danvers, MA,

USA

TPX2

NB500-179

AB_10002747 | 1:1,000 rabbit

polyclonal

Novus
Biologicals,
CO, USA

Vimentin

5741

AB_10695459 | 1:1,000 rabbit Cell Signaling,
Danvers, MA,

USA

Table 8: Buffers, gels, and solutions.

Name

Ingredients

Freezing Medium

Dulbecco’s Modified Eagles Medium, high glucose
10% (v/v) FCS
10% (v/v) DMSO

KCM Buffer (5x)

0.5 M KClI
0.15 M MCaCl;
0.25 mL MgCl2

Laemmli Buffer (5x)

250 mM Tris-HCI (pH 6.8)

4% (w/v) SDS

40% (v/v) Glycerol

0.05% (w/v) Bromphenolblue

add 5% (v/v) B-Mercaptoethanol before usage

LB-Agar 4% (w/v) LB-Agar powder, (Luria/Miller) X.969.2, Carl Roth,
Karlsruhe, Germany
100 pM (v/v) Ampicillin

LB-Medium 2.5% (v/v) LB-Medium powder, (Luria/Miller) X968.1, Carl

Roth, Karlsruhe, Germany
50 uM Ampicillin
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PBS (1x)

137 mM Sodium chloride
270 uM Kalium chloride
4.0 mM Disodium phosphate

Resolving gel (10%)

390 mM Tris-HCI, pH 8.8
10% (v/v) Acrylamide
0.1% (v/v) SDS

0.05% (v/v) APS

0.05% (v/v) Temed

Resolving gel (15%)

300 mM Tris-HCI, pH 8.8
15% (v/v) Acrylamide
0.1% (v/v) SDS

0.05% (v/v) APS

0.05% (v/v) Temed

Resolving gel (7.5%)

390 mM Tris-HCI, pH 8.8
7.5% (v/v) Acrylamide
0.1% (v/v) SDS

0.05% (v/v) APS

0.05% (v/v) Temed

RIPA Buffer

150 mM NaCl:

1% (w/v) NP40

0.5% (w/v) Sodium Deoxychlorate (DOC)
0.1% (w/v) SDS

50 mM Tris-HCI, pH 8

Running Buffer (1x)

192 mM Gilycine
25 mM TRIS
3.47 mM SDS

SDS Lysis Buffer

2% (w/v) SDS
40 mM Tris-HCI, pH 7.6

Stacking gel (4.4%)

125 mM Tris-HCI, pH 6.8
4.4% (v/v) Acrylamide
0.1% (v/v) SDS

0.05% (v/v) APS

0.2% (v/v) Temed

TBS Buffer

100 mM Tris
150 mM NaCl
adjusted to pH 8.0

TE Buffer

1 mM Tris-HCI (pH 8.0)
0.5 M EDTA

Transfer Buffer (1x)

192 mM Gilycine
25 mM TRIS
20% (v/v) Methanol
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Table 9: 2D cell lines.

Cell line Source Disease Medium RRID number

HEK293FT Human Embryonic kidney DMEM CVCL_6911

DANG human Pancreatic RMPI CVCL 0243
adenocarcinoma

HPAC human Pancreatic DMEM CVCL 3517
adenocarcinoma

HupT3 human Pancreatic RPMI CVCL_1299
adenocarcinoma

Panc-1 human Ducts, epithelioid DMEM CVCL 0480
carcinoma

PATU8988S human Pancreatic DMEM CVCL 1846
adenocarcinoma

PATU8988T human Pancreatic DMEM CVCL_1847
adenocarcinoma

PSN1 human Pancreatic RMPI CVCL_1644
adenocarcinoma

B211 human Pancreatic RPMI Glutamax
adenocarcinoma

B290 Human Pancreatic RPMI Glutamax
adenocarcinoma

huPDAC11 human Pancreatic RPMI Glutamax
adenocarcinoma

huPDAC3 human Pancreatic RPMI Glutamax
adenocarcinoma

huPDAC1 human Ducts, epithelioid RPMI Glutamax
carcinoma

huPDAC7 human Pancreatic RPMI Glutamax
adenocarcinoma

huPDAC17 human Pancreatic RPMI Glutamax
adenocarcinoma

PDC40 human Pancreatic RPMI Glutamax
adenocarcinoma

PDC49 human Pancreatic RPMI Glutamax
adenocarcinoma

PDC56 human Pancreatic RPMI Glutamax
adenocarcinoma

PDC117 human Pancreatic RPMI Glutamax
adenocarcinoma

PDC148 Human Pancreatic RPMI Glutamax
adenocarcinoma

Pacaad119 human Ducts, epithelioid Advanced DMEM
carcinoma

Pacaad137 human Pancreatic Advanced DMEM
adenocarcinoma

Pacaad159 human Pancreatic Advanced DMEM

adenocarcinoma
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Pacaad161 human Pancreatic
adenocarcinoma

Advanced DMEM

Pacaad165 human Pancreatic Advanced DMEM
adenocarcinoma
MW1955 Murine Pancreatic DMEM

adenocarcinoma

Table 10: Software.

Software

Company

Adobe lllustrator CC 2018

Adobe Inc., San José, CA, USA

FlowJo 8.8.6

Flowdo, Becton Dickinson, Franklin
Heights, NJ, USA

GraphPad Prism Software v5/8

GraphPad Software, San Diego, CA, USA

Imaged

NIH, Bethesda, MD, USA

Image Studio Lite Software
(RRID:SCR_013715)

LiCor Biosciences, Bad Homburg,
Germany

Microsoft Office 2010 Microsoft, Redmond, WA, USA
NanoDrop ND-1000 3.1 NanoDrop, Informer Technologies, Inc.,
R software R Core Team, GNU GPL

StepOne Software V2.3 Thermo Fisher Scientific, Munich,

Germany

30




3. Methods

3.1. Cell lines, mycoplasma contamination, authentication
Depending on the cell line, human pancreatic cancer cell lines were cultured in
Dulbecco’s Modified Eagle’s Medium—-high glucose (#D5796, Sigma-Aldrich,
Darmstadt, Germany) or RPMI GlutaMAX® (#61870036, Life Technologies,
Darmstadt, Germany) medium with 10% (v/v) fetal calf serum (FCS) (#TMS-013-B,
Merck Millipore, Berlin, Germany) and 1% (v/v) Penicillin/Streptomycin (#15140122,
Life Technologies, Darmstadt, Germany). DMEM: HEK293FT (RRID:CVCL_6911)
PANC-1 (RRID:CVCL_0480), PaTu8988T (RRID:CVCL_1847), PaTu8988S (RRID:
CVCL_1846); RPMI: DanG (RRID: CVCL_0243), HPAC (RRID:CVCL_3517), PSN1
(RRID:CVCL_1644), HupT3 (RRID:CVL_1299). Authentication was performed
regularly (10/2021) by Multiplexion (Multiplexion GmbH, Heidelberg, Germany) or
Microsynth (Microsynth AG, Balgach, Switzerland). The murine pancreatic cancer
cell line MW1955 was established from Kras®'2P-driven mouse models of pancreatic
cancer. The murine cell line MW1955 was generated with the dual recombinase
System?® with the aim, to generate a murine PDAC cell line where the floxed Myc
alleles®' can be deleted by a tamoxifen activatable Cre (CREERT2). The cell line has
the following genotype: Pdx1-Flp; FSF-Kras®12P/+; FSF-R2ECAG-CreERT2/+. £fygloxfiox,
Additionally, the dTAG-System was transduced in this cell line according to the
publication by Nabet et al °2. Briefly, a vector containing the FKBP12F3V-Myc fusion
protein was transduced into the cell and in the following called MW1955-MYC-
dTAG. The cell line MW1955-dTAG-MYC expresses the endogenous Myc and the
exogenous Myc-FKBP12r36V fusion gene. To establish an additional cell line, which
expresses only the exogenous fusion protein, the cell line was treated with 4-
hydroxytamoxifen. This treatment activates the Cre recombinase which results in a
deletion of the floxed Myc exons. The cells were seeded as single cells in a 96-well
plate with murine cell culture medium. Successful deletion of the endogenous Myc
was tested on a PCR with the following primers: myc-del-fwd: 5'-
TCGCGCCCCTGAATTGCTAGGAA-3’; myc-del-rev: 5-
TGCCCAGATAGGGAGCTGTGATACTT-3". The cell line MW1955-empty-dTAG
has only a vector consisting of the gene FKBP 12736V,
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The murine cell lines were cultured in high glucose DMEM medium (Sigma-Aldrich,
Darmstadt, Germany) with 10% (v/v) FCS (Merck Millipore, Berlin, Germany) and
1% (v/v) Penicillin/Streptomycin (Life Technologies, Darmstadt, Germany).

All cell lines were split in the same way, described in the following: The cell lines
were washed with Dulbecco’s phosphate-buffered saline (PBS) (Sigma-Aldrich,
Darmstadt, Germany) and detached from the flask and plates using EDTA (1% in
PBS w/o Ca?* w/o Mg?*; #L2113, Biochrom, Darmstadt, Germany) diluted 1:20 in
PBS.

Regular contamination tests for mycoplasma were done by PCR. Therefore, cells
were seeded in 6-well plates in 3ml of their respective medium without antibiotics.
After one week, 2ml of the medium was transferred in an Eppendorf tube and
centrifuged at RT at 250xg for 2 minutes. The supernatant was pipetted into a fresh
tube and centrifuged again for 10 minutes at RT at 20000xg. The supernatant was
aspirated, and the pellet was resuspended in the remaining liquid. The pellet was
then heat-inactivated at 95°C for 3minutes. 2ul was used as a template in the
following PCR (PCR mix (1x):15ul Red-Taq Premix (Sigma-Aldrich), 2ul 5 Primer
dilution (10ul of each 5 Primer (10uM) + 30ul H20), 2ul 3 Primer dilution (10ul of
each 3 Primer (10uM) + 70ul H20), 9ul H20). The following primers were used:
5Primer1:5CGCCTGAGTAGTACGTTCGCS3;5Primer2: 5CGC
CTGAGTAGTACGTACGC3;5Primer3:5TGCCTGGGTAGTA
CATTCGC3;5Primer&:55 TGCCTGAGTAGTACATTCGCS3;
5Primer5:5CGCCTGAGTAGTATGCTCGCS3';5Primer6: 5CAC
CTGAGTAGTATGCTCGCS3;5Primer7:5CGCCTGGGTAGTA
CATTCGCS3;3Primeri:5GCGGTGTGTACAAGACCCGAS;
3 Primer2.5GCGGTGTGTACAAAACCCGAS3;3Primer3:5GCG
GTGTGTACAAACCCCGAZ3'. The PCR protocol was as followed: 95°C
15 minutes; (94°C for 1 minute, 60°C for1 minute, 74°C for 1 minute) x40; 72°C 10
minutes. The PCR product was loaded on a 2% agarose gel and separated via gel
electrophoresis for 1 hour at 100V. Visualization was performed by using the UVsolo
TS Imaging System (Biometra, Analytik Jena AG, Jena, Germany).

3.2. Human primary PDAC organoid culture
The primary human PDAC 3D organoid models were established and analyzed in

accordance with the declaration of Helsinki and were approved by the local ethical
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committee TUM, Klinikum rechts der Isar and LMU, Klinikum der Universitat
Minchen (Project 207/15, 946/07, 330/19S, 80/17S, and 17-648). Written informed
consent from the patients for research use were obtained before the investigation.
The PDAC 3D organoid lines LMU1, LMU2, LMU3, and LMU13 were a gift from the
research groups from Prof. Dr. Julia Mayerle and Dr. Georg Beyer (LMU, Klinikum
der Universitdt Minchen) Clinical parameters of the 3D lines are depicted in
Stable4.

3.2.1. Generation of organoids

Primary patient derived PDAC 3D organoids were generated from primary
pancreatic cancer. The cells or tissues for the establishment of the organoid lines
were obtained from fine needle aspiration/biopsies (FNA/B) or surgical resected
cancers. The isolation process was performed shortly after receiving the sample on
ice (less than 20 minutes). The isolation process started by washing the sample with
PBS. After a centrifugation step (5 minutes, 1000 rpm, 4°C), the supernatant was
aspirated, and the sample was transferred to a cell culture plastic dish to mechanical
dissect the specimen into small pieces with a scalpel. FNA/B samples were
transferred into a 15-ml Falcon tube filled with 5 ml PBS. Surgical samples needed
an additional digestion step and were transferred into a 15-ml Falcon tube filled with
5 ml of digestion buffer (Advanced DMEM-F12 (#12634010 Thermo Fisher
Scientific, Massachusetts, USA), 1 M Hepes, 1 x Glutamax Supplement
(#35050061, Thermo Fisher Scientific, Massachusetts, USA), 1 x Primocin (#ant-
pm-2, Invivogen), 6 mg/ml Collagenase Il (#17101-015 Thermo Fisher), 2.5% Fetal
Calf Serum (#TMS-013-B, Merck-Millipore, Berlin, Germany). The surgical sample
was then digested for 1h in a rotating mixer with 30 rpm. To allow sedimentation of
the debris, the Falcon tube was placed upright for 10 seconds. The supernatant was
transferred in a new 15-ml Falcon tube to avoid carryover of the debris. FNA/Bs and
surgical specimen were then centrifuged for 5 minutes at 1000 rpm and 4°C. To lyse
the red blood cells, the supernatant was discarded, and the tissue pellet was
resuspended in 3 ml red blood cell lysis buffer (#A1049201, ACK Lysis Buffer from
Thermo Fisher Scientific, Massachusetts, USA) for 3 to 10 minutes at room
temperature. The incubation time depended on the amount of red blood cells in the
sample. After a washing step in PBS and following centrifugation (5 minutes, 1000
rom, 4°C), the samples were digested in 3 ml TrypLE (#12604039, Thermo Fisher
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Scientific, Massachusetts, USA) for 3 — 5 minutes at 37°C. Afterward, an additional
washing and centrifugation step was performed. Then, the supernatant was
discarded, and the cell pellet was dissolved in Matrigel (#354230, Corning Life
Sciences, Corning, NY 14831 USA) and plated on a prewarmed 24-well plate
(depending on the sample size 2 — 8 wells on a 24 well plate with 50 pl Matrigel/well).
To allow stiffening of the Matrigel, 500 pl of PDO culture medium was added to each
well after incubation in the incubator for 10 minutes.

3.2.2. Passaging of the organoids
To passage the organoids, the media in the 24-well plates with the organoids was
aspirated and 250 pl of Cell Recovery Solution (#11543560, Fisher Scientific) was
added to each well. To allow a good recovery of the organoids, the PBS needs to
be ice cold to liquefy the Matrigel. The Matrigel with the organoids and Cell Recovery
solution was resuspended by adding 1 ml of ice-cold PBS w/o Ca?* w/o Mg?* (Sigma
Life Sciences), supplemented with 0.1% BSA (#11930, Serva, Heidelberg, Germany
and pipetting the solution up and down with a p1000 pipette. The resuspended
solution was then transferred into a 15-ml falcon tube and centrifuged at 1000 rpm
at 4°C for 5 minutes. Afterward, the supernatant was aspirated till 2 ml are
remaining. The organoid cell pellet was further disrupted by resuspending the pellet
in these 2 ml PBS by pipetting up and down. Afterward, the falcon tube was filled
with 6 ml ice-cold PBS and centrifuged at 1000 rpm at 4°C for 5 minutes. The
supernatant was again discarded, and the cell pellet was resuspended in 50 pl/well
of Matrigel. The amount of Matrigel depends on the planned number of wells for the
subsequent organoid culture and was decided individually for every cell line. In
general, the splitting ratio ranges from 1:1 to 1:3. The medium was changed twice

a week.

3.2.3. Detection of KRAS mutations

For this thesis, only KRAS mutated organoids were used for experiments. KRAS
mutations (see Stable 4) were determined by Sanger Sequencing. By using the
DNA/RNA Micro Kit (#80284, Qiagen, Germany), the organoid DNA was isolated
and then amplified by performing a PCR with the Q5® High-Fidelity DNA
Polymerase (#M0491S, New England Biolab) with the following primers

hKRAS_ex2_flank FW:5GGTACTGGTGGAGTATTTGATAGTGS3
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and hKRAS_ex2_flank R 5GGTCCTGCACCAGTAATATGCAS.
The purified PCR products were sent Eurofins (Ebersberg, Germany) for
sequencing. The sequencing results were analyzed via Snapgene Viewer (Version
6.0.2) and the sequences were compared with the wildtype human KRAS gene

sequence to find mutations.

3.2.4. Pharmacotyping of organoids

Pharmacotyping of organoids was conducted in between passage 5-17 in organoids
which could re-grew after a freeze and thaw cycle and according to the protocol
recently used in the publication by Orben et al. 7. To perform pharmacotyping, the
organoids were embedded in 50 pl of Matrigel and cultured with 500 pl of PDO
culture media (DMEM-F12 (#11320033, Thermo Fisher), 5mg/ml D-Glucose
(#G8270, Sigma-Aldrich), 0.5% ITS Premix (#354350, Fisher Scientific), 5 nM 3,3,5-
Triiodo-L-Thyronine (#T0821, Sigma Aldrich), 1 uM Dexamethason (#D1756, Sigma
Aldrich), 100 ng/ml Cholera Toxin (#C9903, Sigma Aldrich), 1% Pen-Strep (Thermo
Fisher), 5% NU-Serum IV (#355500, Fisher Scientific), 25 pg/ml Bovine Pituitary
Extract (#P1167, Sigma Aldrich), 10 mM Nicotinamide (#N3376, Sigma Aldrich),
100 pg/ml Primocin (#ant-pm05, Invivogen), 0.5 um A83-01 (#2939, Tocris), 10%
RSPO1-conditioned medium Primocin (#ant-pm05, Invivogen), 0.5 um A83-01
(#2939, Tocris), 10% RSPO1-conditioned medium (R-spondin-1 overexpressing
cell line HEK293FT, provided by the Hubrecht Institute (Uppsalalaan 8, 3584 CT
Utrecht, Netherlands), 100 ng/ml Recombinant Human Heregulin-1 (#100-03,
Peprotech)) in a 24-well plate. The media in the 24-well plates with the organoids
was aspirated and 250 pl of Cell Recovery Solution ((#11543560, Fisher Scientific)
was added to each well with organoids. Afterwards, 1 ml of ice-cold PBS w/o Ca?*
w/o Mg?* (Sigma Life Sciences), supplemented with 0.1% BSA (Serva, Heidelberg,
Germany) was added to each well and the mixture was resuspended by pipetting
up and down with a p1000 pipette. The Liquid was transferred into a 15-ml falcon
tube and centrifuged at 1000 rpm at 4°C for 5 min. After the centrifugation, the
supernatant was aspirated, and 2 ml ice-cold PBS was added to the organoid cell
pellet. The cell pellet was now resuspended in the PBS and then, 6 ml of ice-cold
PBS was additionally added to the falcon and then centrifuged at 1000 rpm at 4°C
for 5 min. After centrifugation, the supernatant was again aspirated to resuspend
the cell pellet with the freshly added 1 ml of TrypLE. Subsequently, the falcon was
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incubated at 37°C for 1 min. To stop further digestion, 7 ml of warm DMEM-F12
were added and the falcon tube was centrifuged at 1000 rpm at 4°C for 5 min. After
aspiration of the supernatant, the cell pellet was resuspended in 1 ml of warm PDO
culture Media supplemented with 10 uM Rho Kinase Inhibitor (#TB1254-GMP, Y-
27632, Tocris).

After all these steps, the organoid cells were now present as single cells and were
counted in a disposable Hemocytometer (#MDH-2N1-50PK, Merck, Germany).
After counting, Tthe cells were diluted to get a final cell concentration of 500
cells/well in 20 ul drug screen solution (2 ul Matrigel + 18 pl medium growth medium
+ 10 uM Y-27632). The pharmacotyping of the diluted cells was performed in a 384-
well plate, therefore, 20 pl of the diluted cell solution was added in each well
(#CLS3765, Corning Life Sciences). To prevent evaporation 50 uL of PBS was
added to all empty wells on the 384-well plate and then, the plate was centrifuged
for 10 seconds at 500 rpm. After the centrifugation, the plate was placed at 37°C
and 5% COz. The drugs were added after 24 hours of incubation to each well which
contained organoids. The drugs were diluted, so that 4 ul could be added to reach
the appropriate concentration. For the control wells and the single treatment wells,
8 ul and 4 pl of PDO Medium with DMSO were added, respectively. For the
combination treatment, 4 ul of each drug were added. The plate was then
centrifuged for 5 seconds at 500 rpm and incubated at 37°C and 5% CO:z till the
treatment ends. After a treatment period of three to six days (depending on the
drugs), 5 pl CellTiter-Glo® Luminescent Cell Viability reagent (#G7573, Promega,
Fitchburg, Wisconsin, USA) was added to each well. After 10 minutes of gentle
shaking at 300 rpm and 20 minutes of incubation at room temperature,
luminescence was measured with a FLUOstar OPTIMA microplate reader (BMG
Labtech GmbH).

3.2.5. Long-term treatment of organoids
Organoids were seeded in a dome of 50 pl Matrigel. One well per concentration was
seeded in a 24-well plate. The cell number was tested for each line individually but
was between 25.000 — 50.000 cells per well. On the next day, 20 nM JNJ-64619178
or DMSO as vehicle-control were added in 100 ul PDO-medium. The medium was
changed after additional 6 days and drugs were added freshly afterwards. To end

the experiment, 125 ul CellTiter-Glo® was added to each well after 14 days. After
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15 minutes, the plate was placed on a shaker and was shaken shortly at 450 rpm
and then incubated at room temperature. After 20 minutes, the supernatant was
transferred into 3 wells of a clear-bottom 96-well plate (#3610, Corning Life
Sciences, New York, USA). Luminescence was measured on a FLUOstar OPTIMA
microplate reader (BMG Labtech GmbH).

3.3. Human patient derived PDAC 2D lines

The human patient derived PDAC 2D cell lines were established and analyzed in
accordance with the declaration of Helsinki and were approved by the local ethical
committee TUM, Klinikum rechts der Isar (330/19S, 5542/12). Written informed
consent from the patients for research use was obtained before the investigation.

Generation and propagation of human primary 2D cell lines were conducted as
described by Conradt and colleagues 2. The lines PACADD-119, PACADD-135,
PACADD-137, PACADD-159, PACADD-161, and PACADD-165 were purchased
from the Leibniz Institute DSMZ — German Collection of Microorganisms and Cell
Cultures GmbH (Braunschweig, Germany). The human primary 2D lines were
cultured in RPMI GlutaMAX® (#61870036, Life Technologies, Darmstadt, Germany)
supplemented with 20% FCS and 1% Penicillin-Streptomycin (Merck, Sigma-
Aldrich, Darmstadt, Germany) or Advanced DMEM (#12491023, Life Technologies,
Darmstadt, Germany) + 20% FCS and 1% Penicillin-Streptomycin (Merck, Sigma-
Aldrich, Darmstadt, Germany) according to table 9. For all experiments, the cell lines

were used in-between passages 13-40.

3.4. Viability assay

The viability assays were performed on white, clear-bottom 96-well plates (#3610,
Corning Life Sciences, New York, USA) by seeding 500 — 1,000 cells per well for a
six days treatment or 1,000 — 2,000 cells per well for a treatment duration of three
days (the accurate cell number depends on the cell line). Seeding was performed
in 100ul of the cell line specific media indicated in table 9.

On the next day, the drugs were added in 20 pl medium, and the plate was placed
back in the incubator at 37°C. To end the treatment, the plate was removed from
the incubator to equilibrate to RT. Then, 25 ul CellTiter-Glo® reagent (Promega,
#G7573) (buffer and substrate mixed 1:1) were added to each well. After 10 minutes
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of gentle shaking at 300 rpm and 20 minutes of incubation at room temperature
protected from light, luminescence was measured on a FLUOstar OPTIMA
microplate reader with a gain of 1500 (BMG Labtech GmbH, Ortenberg, Germany).

3.5. Glso and AUC calculations, Synergy ZIP-score

calculation
The area-under-the-curve (AUC) and the half-maximal growth inhibitory (Glso)
concentration values (non-linear regression model) were calculated with GraphPad
Prism 5 (RRID:SCR_002798, GraphPad Software, California, USA). The
Synergyfinder platform (https://synergyfinder.fimm.fi) was used to determine
synergism between the drugs. By using the synergyfinder platform, a Zero
interaction potency (ZIP) model was applied to a dose-response matrix. The chosen
readout was “viability” with the LL4 curve fitting and the ZIP method. All the following

options were switched to “ON”: “Visualize dose-response data”, “Calculate synergy”,

“Correction”, “Detect outliers”, and “Visualize synergy scores”.

3.6. Clonogenic assay
For the clonogenic assay, 1,000 — 4,000 cells (depending on the cell line) were
seeded in 500 pl medium in 24-well plates. On the next day, the drugs were added
in different concentrations in 50 pl of medium followed by culturing for one week in
an incubator at 37°C and 5% CO:2. Subsequently, the medium was aspirated, and
cells were washed with PBS. After the washing step, the cell colonies were stained
with Crystal Violet (Sigma-Aldrich, Darmstadt, Germany) solution (2.5% (v/v) EtOH
and 4% (w/v) Crystal Violet in H20) for 30 minutes on a shaker at RT. Afterwards,
the wells were washed 3 times with tap water to remove crystal violet from the plastic
and then dried at least overnight. Visualization of the stained colonies was

performed by using a photo scanner (Seiko Epson K.K., Suwa, Nagano, Japan).

3.7. Western blotting
For the protein isolation, cells were seeded in 5ml of their respective medium in 10
cm cell culture dishes. On the next day, the cells were treated with the indicated
drugs. For determination of basal protein expression, cells were harvested at 80%
confluency. For preparing the whole cell lysates, dishes were put on ice, the medium

38



was removed, and cells were washed two times with PBS. For determination of
apoptosis markers, the supernatant was included by transferring the supernatant in
a falcon tube. After the washing steps, the PBS was aspirated and 100 pl of RIPA
lysis buffer supplemented with protease inhibitor and phosphatase inhibitor was
added to the dishes. The cells were harvested by using a cell scraper and detaching
the cells by scratching them from the plate. Afterwards, the RIPA buffer with the
cells was transferred in an Eppendorf tube and the cells were lysed by incubation
for ten minutes on ice. To remove cell debris, the samples were centrifuged for 10
min at 14,000 x g at 4°C. The supernatant, which contained the proteins, was
collected in a new 1.5 ml Eppendorf tube and subsequently frozen at -80°C. Protein
concentration was analyzed via the Bradford assay. Therefore, the samples were
diluted in 5x Laemmli buffer and heated for 5 minutes at 95°C. Protein samples were
loaded onto 7.5% - 15% polyacrylamide gels and separated using SDS-page gel
electrophoresis at 80 — 100 V for 2 — 3 hours in running buffer. Afterwards, the
proteins were transferred onto a nitrocellulose membrane using the Bio-Rad wet
blot system with transfer buffer at 350 mA for 1.5 hours. The membranes were
blocked for 45 min in 5% (w/v) skim milk in PBS on a shaker at room temperature
and incubated overnight at 4°C with a primary antibody. On the next day, the
membranes were washed three times with PBS supplemented with 0.1% Tween®
20 (PBS-T). After removing the PBS, a corresponding secondary antibody diluted in
5% skim milk in PBS was incubated with the membranes for 1 hour at room
temperature. Finally, the secondary antibody was removed, and the membranes
were washed again three times in PBS-T. Subsequently, the blots were visualized
using an Odyssey® Infrared Imaging System. Quantification of the protein bands
was performed by using the Image Studio Lite Software. Protein expression values
were normalized to the expression of the housekeeping protein B-Actin. The final
expression values were calculated out of 3 biological replicates.

3.8. Proteomics

3.8.1. Protein digestion and peptide desalting
Proteomics was performed as described in the recent publication by Orben et al. 7.
The protocol from the publication is repeated in the following. The cells were washed
with PBS twice and then lysed with lysis buffer (2% SDS and 40 mM Tris-HCI).

Afterwards, the cell lysate was heated at 95°C for 5 min. After heating, cells were
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removed from the heating block and TFA was added to the cell lysate with a final
concentration of 1% and incubated for 2 min. Afterwards, the pH value was adjusted
to about 7.5 by adding 40% NMM solution. The protein concentration was measured
by BCA method.

Protein digestion was performed following the single-pot solid-phase-enhanced
sample preparation (SP3) protocol. First, adding dithiothreitol (DTT) reduced the
disulfide bridge, and cysteines were alkylated with chloroacetamide (CAA) for 0.5h
at 37 °C in the dark. Then, trypsin was added to the digestion buffer at an
enzyme:protein ratio of 3:100 (w/w), and the digestion was performed overnight at
37 °C in a Thermo-Mixer at 1,000 rpm. On the next day, FA with a final concentration
of 1% was added to the samples. The samples were desalted using the Oasis HLB
96-well Elution Plate (Waters, 30 um). Peptides were eluted from HLB plate with a
solution consisting of 70% ACNand0.1% FA solution. The elutes were frozen and

dried in a SpeedVac centrifuge.

3.8.2. Off-line peptides fractionation

As a next step, the basic reverse phase fractionation was done with the reverse
phase (RP-S) cartridges and the AssayMAP Bravo platform (Agilent Technologies).
The cartridges were primed sequentially with 150 ul isopropanocan and solvent B
which consists 0f80% acetronnitrile (ACN), 10 mM NH4FA in water, pH=10.0. The
priming was done with a flow rate of 50 pl/min. Afterwards, the cartridges were
washed with 100 pl of solvent A (25 mM NH4FA in water, pH=10.0) with a flow rate
of 10 pl/min. To dissolve the peptides, a 100 pl of solvent A were used and loaded
onto the cartridges with a flow rate of 5 pl/min. The flow-through (FT) was collected.
The cartridges were washed with 50 pl of solvent A, the washing solution was
collected in the flow-through. The peptide was eluted with 25 mM NH4FA (pH =
10.0) and had a gradual increase in ACN (5%, 10%, 15%, 20%, 25%, 30%, 80%).
Finally, seven fractions with flow-through were combined into four fractions (5% +
25%, 10% + 30%, 15% + 80%, 20% + FT).

3.8.3. LC-MS/MS analysis

The Microflow LC-MS/MS system was set up with a modified vanish pump combined
with a Q Exactive HF-X (Thermo Fisher Scientific) mass spectrometer. The

dissolving of the peptides was done in 20 pl of 0.1% FA solution. 15 ul of the sample
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were injected onto an Acclaim PepMap100 C18 column (Thermo Fisher Scientific,
2 uym, 1 mm ID x 150 mm, Cat. No. 164711) using solvent A (0.1% FA in water, 3%
DMSO). The samples were separated by using a linear gradient of 3% - 28% solvent
B (0.1% FA, 3% DMSO in acetonitrile) at a flow rate of 50 ul/min for 60 minutes.

3.8.4. Data processing and analysis
The raw MS data files were processed with MaxQuant v1.6.2.34 and compared
against the human protein database, which contains 20,230 entries (downloaded
06/2017). The default MaxQuant parameters were used. Label-free quantification
and match-between-run matching function was enabled. The result was further
processed with Perseus v1.6.15.0. The intensity of all protein groups was uploaded
to Perseus. The potential contaminates and reverse proteins were removed. A two
samples t-test was used to compare the drug sensitive cell lines (lowest quartile
(n=6) versus drug resistant cell lines (highest quartile (n=6. All significantly

upregulated proteins were analyzed with the Enrichr web tool.

3.9. RNAseq

RNAseq was performed as described in the recent publication by Orben et al. %’.
The protocol from the publication is repeated in the following. To isolate the total
RNA, the Maxwell® 16 LEV simply RNA Purification Kit and the RNeasy Mini Kit
were used according to the manufacturer’s instructions. In the final step, RNA was
eluted into RNase-free water, which was provided by the kit, and subsequently,
concentration was measured via a NanoDrop.

RNA sequencing was performed at the Sequencing Core Unit of the TranslaTUM,
Technical University Munich (TUM). Preparation of the library for bulk-sequencing
of poly(A)-RNA was done as described 9. Briefly, the barcoded cDNA of each
sample was generated with a Maxima RT polymerase (Thermo Fisher) using oligo-
dT primer containing barcodes, unique molecular identifiers (UMIs) and an adaptor.
Via a template switch oligo (TSO), the ends of the cDNA were extended. The full-
length cDNA was amplified with primers binding to the TSO-site and the adaptor.
The cDNA was fragmented with the NEB Ultrall FS kit. After end repair and A-tailing
a TruSeq adapter was ligated, and 3’-end-fragments were amplified by using
primers with lllumina P5 and P7 overhangs. In comparison to Parekh et al. %, the
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P5 and P7 sites were exchanged to allow sequencing of the cDNA in read1 and
barcodes and UMIs in read2 to achieve a better cluster recognition. Sequencing of
the library was performed on a NextSeq 500 (lllumina) with 67 cycles for the cDNA
in read1 and 16 cycles for the barcodes and UMIs in read2. By using the published
Drop-seq pipeline (v1.0) to generate sample- and gene-wise UMI tables, the data
was processed %. Reference genome (GRCm38 or GRCh38) was used for
alignment. Transcript and gene definitions were used according to the GENCODE
Version M25. RNA-seq analysis was performed with R-Studio (R version 4.0.2
(2020-06-22), open-source license) and DEseqg2. Genes with sum (read counts) <
5 were removed and the remaining counts were normalized and transformed using
regularized log transformation (rlog) implemented in the DEseq2 package. GSEA
was performed by using the rlog normalized matrix was with the GeneTrail 3.0 web
tool with default setting. To find pathways which are associated with sensitive and
resistant PDOs, the Glso values of the JNJ-64619178 treated organoid lines were
separated into quartiles and differentially expressed genes (most sensitive (n=6)
versus least sensitive quartile (n=6)) were calculated using the DEseqg2 package.
To find pathways associated with the FKBP1236V-Myc fusion protein, four biological
replicates of MW1955-empty-dTAG and MW1955-Myc-dTAG were compared and
differential expressed genes were calculated using the DEseg2 package. The
CRISPR-cell lines were compared the same way as the dTAG-models, but only out
of three biological replicates. Briefly, replicates were collapsed and genes with sum
(read counts) < n (number of Samples) were removed. The remaining counts were
used to calculate differential expressed genes using LFC-shrink and apegim.

The log fold change was used as a rank to perform a pre-ranked GSEA via the
GeneTrail 3.0 web tool. Expression datasets for JNJ-64619178 HPAC-MYC-
CRISPRa can be accessed via ENA: PRJEB43040.

The correlation between the Glso values of the PRMT5i treated PDOs and the gene
expression based on RNA-seq was performed as followed: the gene expression
values (rlog transformed matrix) and the IC50 values of the human Organoids were
correlated by pearson correlation in RStudio (Version 1.4.1717) using the function
rcorr of the package Hmisc (Version 4.6-0) (https://CRAN.R-

project.org/package=Hmisc).
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3.10. CRISPR activation (CRISPRa) / CRISPR interference
(CRISPRI)

3.10.1. sgRNA cloning

Oligonucleotides specific to the target sequence can be found in table 5. For the
single guide RNA (sgRNA) cloning, the primers were first annealed by adding 1 pl
of the forward and reverse Primer (100 uM), 1 yl 10x T4 DNA Ligase Buffer, and 7
ul H20 together in a 1.5 ml Eppendorf Tube. After heating the solution for 5 minutes
at 95°C on a heating block, the vial was removed and slowly cooled down for 30
minutes at room temperature. Subsequent cloning was performed with a 1:50
dilution of the annealed primers. The MYC-CRISPRa-oligos were cloned into the
vector lenti_sgRNA(MS2) zeo backbone (RRID:Addgene_61427) and the PRMT5-
CRISPRi-oligos were cloned into the lentiGuide-Puro vector
(RRID:Addgene_52963). The cloning was performed by adding the following
components together in an Eppendorf tube: 1 pl vector (90 ng/ul), 1 pl annealed &
diluted oligonucleotide, 2 pl 10x T4 DNA-Ligase Buffer, 1 ul T4 DNA Ligase, 1 pl
BsmBI restriction enzyme and 14 pl H20. The mixture was incubated in a
thermocycler with the following program: 10 cycles of (37°C for 5 minutes, 16°C for
10 minutes), 55°C for 5 minutes, 80°C for 5 minutes.

Vectors were transformed into E.coli Stbl3 bacteria and selected on LB-Agar plates
with 100 pg/ml Ampicillin. The next day, single bacteria colonies were picked from
the LB-Agar plate and amplified in LB-Medium supplemented with 100 pg/ml of
Ampicillin. The plasmid was extracted and isolated from the bacteria with the
NucleoSpin Plasmid, Mini Kit for Plasmid DNA according to the manufacture’s
protocol. The successful insertion of the vectors inside the plasmids was tested by

sanger sequencing.

3.10.2. Lentivirus cell production
For the lentivirus cell production, 1x10%® HEK293FT cells (RRID:CVCL_6911) were
seeded in a 10 cm dish in DMEM + 10% FBS. The next day, the medium was
removed, and fresh medium was added. In addition, 10 ul of a Plasmid mix (1.25ug
psPAX2, 0.75 pg pMD2, and 2 ug of the lenti-vector, filled to 10 pl with H20) and
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the transfection mix (18 pl Lipofectamin, 280 upl Optimem) were mixed. After an
incubation for 5 minutes at room temperature it was added dropwise to the medium.
On the next day, the medium was aspirated and new DMEM + 30% FBS was added.
On the following day, the medium was again aspirated and collected in a 15 ml
Falcon tube. DMEM + 30% FBS was then added to the plate. On the last day, the
medium was aspirated and pooled with the medium from the previous day, filtered,
and the lentivirus-containing medium was stored at -80°C.

3.10.3. Lentiviral cell transduction

For the lentiviral cell transduction, 100,000 — 150,000 HEK293FT cells were seeded
in two wells of a 6-well plate for 24 hours. 1 ml of the lentivirus containing medium
was added to the cells together with 8 ug/ml Polybrene. After 8 hours, 1 ml of DMEM
with 10% FBS was added, and the plates were cultured overnight at 37°C and 5%
COs2. On the next day, the medium was refreshed. On the following day, a selection
reagent specific to the inserted vector was added to the cells. The concentration of
the respective reagents was as followed: 2 ug/ml Puromycin, 300 ug/ml zeocin, 400
Mg/ml Geneticin, and 800 pg/ml Hygromycin B. The cell line PaTu8988T PRMT5-
CRISPRi was transduced with  plenti_dCas9-KRAB-MeCP2 (RRID:
Addgene_122205) and plentiGuide-Puro-sgRNA-PRMTS5 (Addgene: #164637). The
cell line HPAC-MYC-CRISPRa was transduced with plenti-dCAS-VP64_Blast
(RRID:Addgene_61425), plenti MS2-P65-HSF1_Hygro (RRID:Addgene_61426)
and plenti_sgRNA(MS2)_zeo_sgRNA-MYC (Addgene: #164636).

3.11. Seahorse analysis — Mito- and Glyco-stress test
The Seahorse assay was performed by seeding 1000 — 2000 cells per well in
quadruplets in 80 ul of the respective cell line medium with 10% FCS in a Seahorse
cell culture plate. The wells at the four edges were left empty. For normalization at
the later analysis, a 96 well plate was prepared the same way and all steps were
performed the same way to measure Hoechst staining. On the next day, 20 nM JNJ-
64619178 or DMSO for the control wells were added in 20 pl of medium. One day
prior to the final measurement, the cartridge was hydrated by adding 200 ul H20 to
each well. Furthermore, the RPMI and DMEM Seahorse medium was prepared by
adding 2 mM Glutamine and 1 mM Pyruvate and adjusting the pH to 7.4. For the
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Mito Stress test, 25 mM D-glucose was added in addition to the others. The cartridge
and the calibration solution were incubated overnight at 37°C and 0% CO..

The measurement was performed 72 h after adding the drugs. The medium in the
Seahorse plate was changed to 180 ul Seahorse medium one hour before the
measurement. The H20 in the cartridge was changed to 200 ul of prewarmed
calibration solution. Both plates were incubated for 1 hour at 37°C and 0% COz2. The
loading of the Seahorse plate ports was as followed: For the mito stress test: Port
A) 20 ul of 20 pg/ml Oligomycin; Port B) 22 pl of 10 uM FCCP and 50 mM Pyruvat;
Port C) 25 pl of 25 yM Rotenon and 25 yM Antimycin-A. The ports for the glycol
stress test were loaded as followed: Port A) 20 ul of 100 mM Glucose; Port B) 22 pl
of 20 ug/ml Oligomycin; Port C) 25 ul of 1 mM 2-desoxy-D-glucose. Analysis of the
Seahorse plate was done in a Seahorse XFe96 Analyzer. The cells in the parallelly
prepared 96-well plate were stained with 25 ul of 25 yM Hoechst-Staining and
measured on a FLUOstar OPTIMA microplate reader with a gain of 1500 (BMG
Labtech GmbH, Ortenberg, Germany). The ECAR and OCR values were calculated
in relation to the cells with Hoechst-Staining to compensate for cell density.
Calculation of the different parameters was done as described by the manufacturer

(Download available at www.agilent.com).

3.12. Glucose uptake assay

To conduct the glucose uptake assay, 1000 — 2000 cells per well were seeded in
100 pl of the respective cell line medium with 10% FCS in white, clear-bottom 96-
well plates (#3610, Corning Life Sciences, New York, USA). The next day, 20 ul of
medium were added with JNJ-64619178 to receive a final concentration of 20 nM
in the medium. The glucose uptake was measured after 72 hours of treatment,
according to the Glucose Uptake Glo assay from Promega. First, the 2-
deoxyglucose-6-phosphate (2DG6P) reagent was made by mixing the following
components: 100 pl luciferase reagent, 0.5 ul reductase, 1 yl NADP* (20 mM), 2.5
pl - Glucose-6-Phosphate Dehydrogenase (G6PDH) and 0.0625 ul reductase
substrate. The 2DG6P reagent was then incubated for 1 hour at room temperature.
During the incubation time, the cells in the plate were washed with 100 ul PBS after
the medium of the wells was aspirated. Afterwards, 50 pl of 1 mM 2-deoxyglucose
(2DG) was added to each well, briefly shaken, and incubated for 10 minutes. After
adding 25 ul Stop buffer and gentle shaking for 5 seconds, 25 ul of Neutralization
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buffer were added. Finally, 100 pl of the before-prepared 2DG6P reagent was added
to each well and after 1 hour of incubation at room temperature, Glucose uptake
was measured on a FLUOstar OPTIMA microplate reader with a gain of 1500 (BMG
Labtech GmbH, Ortenberg, Germany).

3.13. Dataset analysis from cBioPortal and depmap portal

To analyze the link between gene expression and the survival of the patient, the
publicly available datasets from the website cBioPortal were used. Accurately, the
datasets for pancreatic adenocarcinoma from “TCGA, Firehose Legacy” and
“TCGA, PanCancer Atlas” were used for the analysis. The 396 samples from the
two datasets were queried by the gene MYC. The probability of overall survival
between the cohorts with altered and unaltered protein expression was compared
by a Kaplan-Meier curve.

To analyze the correlation of different genes to each other in different tumor entities,
the publicly available dataset “Expression 21Q3 Public” from the website depmap
portal was used. The correlation was performed between the indicated genes on
the figures. The visualization of the data was performed either on R-studio with the
ggplot package or on Graph-Pad Prism.

3.14. Statistics

All Experiments were conducted in the indicated number of biological replicates.
The standard deviation is depicted as error bars. Statistical significance was
investigated via the two-sided Student's t-test. p-values were calculated with
GraphPad Prism5 (RRID:SCR_002798, GraphPad Software, California, USA). For
figures in which controls were normalized to 1, statistical testing was performed on
non-normalized data taking the variation of controls into account. p-values are
indicated by the respective number or asterisk (* = p<0.05, **= p<0.01). P values <
0.05 were considered as significant.
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4. Results

4.1. Connection of MYC and PRMT5 expression to survival

A recent study shows that PDAC patients with a high expression of the oncogene
MYC, are linked to a worse survival outcome compared to patients with a normal
MYC expression %. To confirm this, the publicly available expression datasets from
cBioPortal were analyzed. In the analyzed studies, 369 patients were included with
46 patients having an altered MYC expression level. Strikingly, the patients with
altered MYC expression had a significantly reduced overall survival of only 12.03
months compared to the control group with 20.83 months (Fig. 3A), pointing to an
urgent need to find new treatment options for these patients. To unbiasedly define
MYC-associated epigenetic vulnerabilities, a drug screen with an epigenetic drug
library of cell lines with basal and deregulated MYC activity was performed in the
Schneider laboratory (Technical University Munich, Klinikum rechts der Isar). The
PRMTS5 inhibitor GSK591 was defined as a novel hit to have increased activity in
cells with a deregulated MYC expression %. To further elaborate on the importance
of PRMT5 in the context of MYC activity, the connection between the two genes
was investigated. A significant positive correlation of PRMT5 and MYC gene
expression with a Pearson r-value of 0.65 was observed when analyzing
conventional human PDAC cell lines from the dataset “Expression 21Q3 Public” on
depmap portal (Fig. 3B). The analysis of the correlation of MYC and PRMT5 across
different tumor entities revealed that the highest correlation coefficient was detected
in PDAC (Fig. 3C). The correlation coefficient for all tumor entities is listed in STable
1.

In a recent publication, the group of Mathew J. Garnett performed a CRISPR/Cas9
drop-out screen for different cancer types and genes 8. The data of the screen
revealed that 98% of the PDAC cell lines have significantly impaired fitness after
genetic inactivation of PRMT5 with an overall Loss of Fitness score below the mean
of tested tumor entities. Moreover, impaired fithess could be observed across all 17
tested tissue types (Fig. 3D).
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This corroborates that PRMT5S is a relevant therapeutic target in the context of
PDAC and the expression of PRMT5 correlates with the expression of MYC in
different tumor entities and especially in PDAC.
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Figure 3: Connection of MYC and PRMT5 across tumor entities

A) Overall survival difference between patients suffering from PDAC with altered MYC
expression (46 patients; median survival 12.03 months; red line) and unaltered MYC
expression (323 patients; median survival 20.83 months; blue line). Data from combined
Pancreatic Adenocarcinoma studies extracted from cBioPortal. B) Depicted is the Pearson
correlation coefficient and the linear regression between MYC and PRMT5 mRNA
expression in conventional human PDAC cell lines. Data were retrieved from the DepMap
portal (“Expression 21Q3 Public”’) and includes n=52 cell lines. The Pearson correlation
coefficient r and the p-value are indicated. C) The Pearson correlation coefficient R between
MYC and PRMT5 across different tumor entities in humans is illustrated. The data was
retrieved and analyzed as in B). D) Results of a CIRPSR drop-out screen across tumor
entities after PRMT5 inactivation. Data were retrieved from the Project Score portal. For
some tumor entities, the number of included cell lines is depicted. Pancreatic cell lines (red)
show a loss of fitness below the mean. A score <0 is a statistically significant effect.
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4.2. Correlation of MYC and PRMT5 in different cell models

To strengthen the already seen correlation between PRMT5 and MYC, the
correlation of the two genes was assessed in primary patient-derived organoids. A
significant Pearson correlation of R=0.5 (Fig. 4A) was calculated. A similar
correlation could also be observed on protein level in low passaged human 2D cell
lines from PDX-mice, with a Pearson correlation of R=0.71 (Fig. 4B)

These results point to a strong correlation between MYC and PRMT5 across cell

models.
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Figure 4: Correlation of PRMT5 and MYC in patient-derived cell models

A) Depicted is the Pearson correlation coefficient and the linear regression in primary
human PDAC organoids (PDO, n=33) between MYC and PRMT5 mRNA expression. B)
Depicted is the Pearson correlation coefficient and the linear regression between MYC and
PRMT5 protein expression in patient derived PDAC cell lines (PDCL, n=18). Protein
expression was assessed via western blot and indicated in the correlation as a relative
value in relation to the housekeeping protein 3-ACTIN. The Pearson correlation coefficient
R and the p-value are indicated.
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4.3. Bi-directional control of MYC and PRMT5

To prove a direct connection between MYC and PRMT5, cell lines with a CRISPR
activation (CRISPRa) complex were used. In this system, the strong transcriptional
activator VP64, which consists of four tandem copies of the protein Herpes Simplex
Viral Protein 16, is fused to an inactive Cas9 (dCas9). To receive a strong
upregulation of the target gene, the Synergistic Activation Modulator (SAM) was
cloned into the CRISPRa cells. The SAM vector consists of three transcriptional
activation modulators, namely MS2, P65, and HSF1. At last, the sgRNA with an
MS2 binding site was used with an insert to specifically bind to the target site from
the gene of interest . The single guide RNA (sgRNA) sequences can be found in
table 5. The subsequent experiments were all performed with the sgRNA Myc2, due
to the most effective MYC upregulation. For the control cell lines, single guide RNAs
(sgRNAs) without a target sequence were used, which is called empty guide in the
following. The two human PDAC cell lines HPAC-CRISPRa and PANC-1-CRISPRa
showed an upregulation of MYC protein expression, with a 3.6-fold and 3.2-fold
increase, respectively (Fig. 5A, B, and SFig. 2A). In addition, PRMT5 protein
expression was upregulated 1.6-fold in HPAC-CRISPRa and 1.9-fold in PANC-1-
CRISPRa (Fig. 5A and SFig. 2B). To investigate the connection of MYC and PRMT5
at the RNA level, RNA-seq was performed with the CRISPRa cell lines. Analyzing
the RNA-seq data of the PANC-1 and HPAC CRISPRa modified cell lines with a
Gene set Enrichment Analysis (GSEA) revealed a significant upregulation of the
Hallmark MYC TARGETS V1 and V2 in both cell lines. Depleted hallmark signatures
in both CRISPRa cell lines were epithelial to mesenchymal transition, estrogen
response early, and TNF alpha signaling via NFKB (Fig. 5C). The complete gene
set enrichment analysis can be found in STable 2 and STable 3. To test the
connection of MYC and PRMTS5 reciprocally, a cell line modulated via the use of the
CRISPR interference system (CRISPRI) was designed. Therefore, Patu8988T was
transduced with a vector containing an inactive Cas9 fused with the repressor
domain Krlppel associated Box (KRAB) and the repressive domain methyl CpG-
binding protein 2 (MeCP2) 19, Interestingly, PaTu8898T-CRISPRIi transduced with
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a guide targeting the PRMT5 gene showed reduced levels of both MYC and PRMT5
on protein level (Fig. 5A and D).

Together, these data indicate a robust and dynamic bi-directional connection
between MYC and PRMT5.
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Figure 5: Characterization of CRISPR cell lines

A) MYC and PRMT5 protein expression of the CRISPR activation cell lines. B-ACTIN
served as a loading control. One representative experiment out of three (Patu8988t and
PANC-1) or four (HPAC) are shown. B) Quantification of MYC and PRMT5 protein
expression from HPAC cell lines (n=4). Protein Expression was normalized to the sgRNA
empty guide. ** P-value of an unpaired t-test <0.01. C) RNA-seq mRNA expression between
the empty guide and Myc2-guide of untreated HPAC and PANC-1 CRISPRa cells was
analyzed with a GSEA and the HALLMARK signatures. The signatures modulated in both
lines including their FDR q value are depicted. D) Quantification of MYC and PRMTS5 protein
expression from PaTu8988T (n=3). Protein expression was normalized to the sgRNA empty
guide. * P-value of an unpaired t-test <0.01 was conducted on non-normalized data.
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4.4. MYC expression controls PRMT5 inhibitor response

To further validate the results from the drug screen that the PRMT5i response is
dependent on the MYC protein level, primary cell lines and cell models were treated
with the PRMT5 inhibitor JNJ-64619178 in a seven-point drug dilution. The cellular
ATP level as a surrogate for the drug response was measured. Primary 2D PDAC
cell lines are a well-founded model to study drug responses in vitro and are
characterized by a heterogenous background and genetic stability 9. The primary
human patient-derived cell lines (PDCL) show a heterogeneous treatment
response, with a Glso value ranging from 10 nM to 1000 nM. To investigate a
potential connection between the drug response and the MYC protein expression,
the cell lines were divided into two groups based on their Glso value. The sensitive
subgroup, consisting of cell lines with a Glso value of <30 nM was compared with all
other lines (Fig. 6A). The comparison shows that the PRMT5i sensitive subtype has
a higher mean MYC protein expression (Fig. 6B). However, the data also show a
subgroup of PRMTS5 inhibitor resistant PDCLs which have a high MYC expression.
To support the MYC effect in the PRMT5 inhibitor response, the MYC protein
expression, determined by western blot, was correlated to the Glso values, revealing
a negative correlation between the two factors (Spearman r=-0.51, p=0.03) (SFig.
2C). The corresponding Western Blots can be found in SFig. 2D. This data
demonstrates a connection between the MYC protein level and the drug response
to the PRMTS5 inhibitor in primary human cell models.
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Figure 6: PRMT5i response in PDCLs

A) Viability of eighteen primary PDCLs was measured by Cell Titer Glo assay. Cells were
treated for six days with JNJ-64619178. Glso values were determined by analyzing three
biological replicates, conducted as technical triplicates in a dosage range of 1 nm - 1000 nm.
Red: sensitive lines, blue: resistant lines. B) MYC protein expression based on western blot
analysis in PRMT5i sensitive and resistant PDCLs. The protein expression was calculated
relative to the B-actin protein expression. Shown is the mean protein expression from three
replicates. P-value of an unpaired t-test is indicated.

4.5. PRMT5i response in cell lines transduced with the
dTAG-MYC system

To further substantiate the role of MYC in the treatment response to PRMT5
inhibitors, MYC overexpression cell models were used. These overexpression
models also help to cope with intertumoral heterogeneity of the drug response
through direct control of the MYC gene expression. To create a cell model in which
the MYC expression can be conditionally adapted, the degradation TAG system
(dTAG) was used. The dTAG system is implemented into the cell, by transducing a
vector that expresses a chimera protein consisting of the protein FKBP 12736V fused
to the protein of interest. This fusion protein is continuously expressed but can be
degraded by adding dTAG-13. dTAG-13 consists of a cereblon-binding ligand,
combined with a linker to an FKBP1238V |igand. The dTAG-13 can form a complex
with the fusion protein and initiates thereby degradation of the fusion protein in the

proteasome. Degradation is initiated with the help of dTAG-13, which is bridging the
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fusion protein to the Cereblon E3 ligase complex to ubiquitinate the fusion protein.
The Myc gene was fused to FKBP 12736V and the fusion protein was inserted into the
murine PDAC cell line MW1955, which has a Cre recombinase to delete the floxed
exons 2 and 3 of the Myc gene °. In this study, this cell line is called MW1955-
MYC-dTAG and expresses the endogenous Myc and the exogenous Myc-
FKBP12f36Y fusion gene. Furthermore, an additional cell line was made by treating
the cell line MW1955-MYC-dTAG with 4-hydroxytamoxifen. This treatment activates
the Cre recombinase which results in a deletion of the floxed Myc exons.
Consequently, this cell line does not express the endogenous Myc anymore but
expresses only the exogenous Myc-FKBP12736V fusion gene and is called Clone 4
in this study. The PCR gel to confirm the successful deletion of endogenous Myc in
clone 4 can be found in SFig. 3A. On the Western Blot, the band for the exogenous
Myc-FKBP12F38V fusion protein can be clearly distinguished from the endogenous
Myc band due to its higher weight in kDa. Interestingly, the cells drastically shut
down the endogenous Myc expression when producing exogenous Myc. However,
the endogenous Myc protein expression increases again when the fusion protein is
degraded by adding dTAG-13 (Fig. 7A). To see if the Myc fusion protein is
functional, RNA-seq was performed to analyze the Hallmark gene set MYC
TARGET GENES. The RNA-seq confirmed that the Myc from the fusion protein is
functional due to the highly enriched HALLMARKs MYC TARGETS V1 and V2 in
the cell line expressing the exogenous Myc-FKBP 12736V fusion protein compared to
the line expressing only the endogenous Myc protein (Fig. 7B). In addition, also the
HALLMARK signatures connected to the pro-proliferative E2F-pathway and the
G2/M-phase of the cell cycle were enriched, whereas HALLMARKS connected to
the activation of STAT5 by IL2 and the early response to estrogen were depleted
(Fig. 5B). In accordance with the results seen in the CRISPR cell lines, Prmt5 was
also upregulated in the murine dTAG models when the Myc network was
upregulated (SFig. 3B). Myc mRNA seemed to be downregulated in MW1955-MYC-
dTAG when analyzing the rlog transformed matrix. However, the mRNA of the fusion
protein Myc-FKBP12F36V is probably not detected in the RNA-seq (SFig. 3B).
RNAseq data for the knock-out clone (Clone 4) and the cells treated with dTAG-13
are not available. When treated with a seven-point drug dilution of the PRMT5i, the
MY C-dTAG modified lines show a significant increase in the sensitivity compared to
the control line with only the endogenous Myc protein (Fig. 7C and 7D). The mean
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Glso values of the respective MW1955 cell models are 426 nM for the empty-dTAG
line, 34.3 for Clone 4, and 10.5 for the line MW-1955-MYC-dTAG (Fig. 7D). To
investigate the reverse effect, if reducing Myc protein expression leads to
resistance, 500 nM dTAG-13 in combination with the PRMT5i was given to the lines
to degrade the Myc-FKBP 12736V fusion protein. However, the effect was synergistic
instead of making the lines more resistant (SFigure 3C and Fig. 7E). The findings
observed in the CTG assay could also be confirmed in a clonogenic assay (SFig.
3C). To further examine the effect of a depletion of the fusion protein, the cells were
treated with high doses of dTAG-13. The assumption was that the knockout clones
without endogenous Myc gene will not survive if the exogenous Myc protein is
completely degraded. However, high doses of dTAG-13 alone did not lead to a
higher reduction of the Glso value in the knockout clones compared to the cell line
with endogenous and fusion Myc protein (Fig. 7F). This data shows that an
upregulation of the Myc network due to the addition of the Myc-FKBP 12736V fusion
protein results in an increased sensitivity to PRMTS5 inhibition in murine cell lines. In
contrast to this, degradation of the fusion protein Myc-FKBP 12736V results also in a
synergistic effect in combination with the PRMTS5i. Since the opposite was expected,
this effect warrants further investigation, especially because the degradation of the

fusion protein alone has only a mild effect on survival.
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Figure 7: PRMT5i response in cells transduced with the dTAG-system

A) MW1955 dTAG cell lines were treated with 500 nM dTAG-13 as indicated or were left as
vehicle-treated controls for 24h. Western blotting demonstrated expression of MYC. B3-
ACTIN served as loading control. One representative experiment out of 3 is shown. B)
Differentially expressed genes measured by RNA-seq of the two cell lines MW1955 empty-
dTAG and MW1955 MYC-dTAG were calculated. The log FC was used as a rank to perform
a pre-ranked GSEA using the GeneTrail3 web tool. Depicted are the HALLMARK signatures
with g-values <0.05. The g-value is color-coded and depicted. C) Dose-response curves
(max. concentration of 1 uM) of indicated MW1955 cell lines after six days of treatment with
JNJ-64619178. Viability was determined with Cell Titer Glo-assay. The experiment was
conducted with three biological replicates. D) Glso values of indicated MW1955 cell lines
were determined as described in C). P-value of an unpaired t-test is indicated E) The table
shows the Glso values of indicated cell lines after JNJ-64619178 treatment as described in
C), with and without the addition of 500 nM dTAG-13. F) Dose-response curves (max.
concentration of 10 uM) of indicated MW1955 cell lines after three days of treatment with
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dTAG-13. Viability was determined with Cell Titer Glo-assay. The experiment was
conducted with three biological replicates.

4.6. Endogenous MYC regulation leads to changes in the
PRMT5i drug response

In the above-described dTAG-model, an exogenous vector was used to achieve an
upregulation of the MYC network. To investigate if the upregulation of the
endogenous MYC gene has a similar effect, the CRISPR/Cas9 model was used. As
in the dTAG model, the MYC overexpression from the endogenous MYC gene led
to a higher sensitivity in the CTG measured drug response to JNJ-64619178, with
a reduction from the Glso value from 346.8 nM to 22.96 nM in the HPAC CRISPRa
(Fig. 8A) and 648.2 nM to 251.7 nM in the PANC-1 CRISPRa cell line (Fig. 8B).
Furthermore, the increased MYC protein expression resulted also in increased
proliferation in the HPAC CRISPR cells (SFig. 4A). Direct targeting of the MYC gene
with subsequent downregulation via dCas9 interference, and targeting MYC mRNA
via Cas13 192103 were unsuccessful. Therefore, the regulation of the PRMT5i
sensitivity in a loss-of-function model was addressed with the PRMT5 CRISPRI
PaTu8988T cells, which downregulated the PRMT5-MYC module (Fig.5 C). The
dose-response curve to JNJ-64619178 was right-shifted in this model with an
increase of the mean Gilso from 184.6 nM to 512.6 nM in the lines from with the
empty sgRNA compared to the PRMT5 targeting sgRNA (Fig. 8C). The reduced
PRMT5 protein expression in this model was not connected to an altered
proliferation rate of the cells (SFig. 4B). The data of the CRISPR model further
strengthens the conclusion that the regulation of MYC in human cell lines results in
altered sensitivity to PRMTS5 inhibition.
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Figure 8: PRMT5i response in CRISPR cell lines

Dose-response curves (max. concentration of 1uM) of HPAC A), PANC-1 B), and
PaTu8988T C) CRISPR cell lines after six days of treatment with JNJ-64619178. Viability
was determined with Cell Titer Glo-assay. Cell lines with empty-guide sgRNA are marked
in blue and cell lines with a guide targeting MYC (CRISPRa) and PRMT5 (CRISPRI) are
marked in red. Number of biological replicates for each cell line is as followed: HPAC: n= 4;
PANC-1: n=5; PaTu8988T: n= 6.
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4.7. Pharmacological loss of function by indirect targeting of
MYC

In addition to the aim of developing an endogenous MYC knockdown via the
CRISPR technology, a pharmacological loss-of-function model was employed. In
this inducible approach, MYC can be targeted indirectly via a bromodomain and
extra-terminal motif (BET) protein degrader ARV-771 194 efficiently degrades BRD4
and MYC in a dose-dependent manner in DanG cells (Fig. 9A). This is consistent
with the described function of BRD4 to activate MYC transcription to maintain
homeostatic MYC protein levels 9. At a concentration of 50 nM ARV-771, also
PRMT5 protein levels are decreased to 55%, whereas MYC and BRD4 are
decreased to 38% and 18%, respectively (Fig. 9A and 9B). The combination
treatment with JNJ-64619178 shows that the ARV-771 mediated decrease in MYC
protein levels was associated with reduced efficacy of the PRMT5 inhibitor (Fig. 9C
and 9D). The area under the curve is significantly higher in the combination with 50
nM ARV-771 compared to the single treatment with JNJ-64619178 (Fig. 9D). In
addition, the drug interaction was analyzed on the SynergyFinder 2.0 platform 06
with the Zero interaction potency (ZIP) model 97, This analysis resulted in a negative
overall ZIP synergy score of -16.9, which further implies an antagonistic interaction
between ARV-771 and JNJ-64619178A (Fig. 9E).

Summarizing the PRMTS5 inhibitor response in the different cell models it was shown
that across species and models, deregulated MYC expression is associated with
altered drug response. A high MYC protein level due to additional exogenous MYC
or upregulation of endogenous MYC leads to increased sensitivity, whereas
pharmacological knockdown of MYC leads to resistance.
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Figure 9: Pharmacological knock-down of MYC

A) DanG cells were treated with ARV-771 as indicated or were left as vehicle-treated
controls for 72 hours. Western blotting demonstrated expression of BRD4, MYC, and
PRMT5. B-ACTIN served as loading control. One representative experiment out of 3 is
shown. B) Protein expression based on western blot analysis from A) is depicted.
Expression is normalized to vehicle-treated control. The Statistic was conducted as an
unpaired two-sided t-test on non-normalized protein-expression data C) JNJ-64619178
dose-response curve of DanG cell, co-treated with vehicle control or ARV-771 as indicated.
D) Area under the curve (AUC) values of dose-response curves from C) were determined.
* p-value of unpaired t-test <0.05. E) Synergy map of JNJ-64619178 and ARV-771 co-
treated DanG cells.
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4.8. A PRMTS5 inhibitor sensitive subtype in human PDAC
organoids

Recent publications describe that the therapeutic profiles of patient-derived
organoids paralleled patient outcomes. Therefore, patient-derived organoids
(PDOs) are models which have the potential to predict the clinical behavior of PDAC
in patients 198199 To investigate JNJ-64619178 response in this model, PDAC
organoids were treated with the PRMTSi for 6 days with a nine-point drug dilution
and the dose-response was measured via CTG assay. The 24 tested organoid lines
showed a huge variability regarding the inhibitor response. Whereas the five most
sensitive of them showed Gilso values in a single-digit nanomolar range, 7 lines
showed a Glso value of >500 nM (Fig. 10A). Overall, a PRMT5i sensitive subtype
could be detected in the PDO model (Fig. 10A). The dose-response curves of three
resistant and three sensitive organoid lines are depicted in Figure 10B. Investigation
of selected organoids via western blot revealed, that the highest MYC protein
expression belongs to one of the PRMT5S inhibitor sensitive organoid lines (Fig.
10C). However, the existence of PRMT5i resistant lines with high MYC protein
expression could also be detected. To cope with different proliferation capabilities
and to investigate the effect of a long-term exposure to a PRMTS5 inhibitor, organoid
cell lines were treated for two weeks with JNJ-64619178. The difference between
the PRMTS inhibitor sensitive and the resistant subgroups remained even after this
prolonged treatment (Fig. 10D). In addition, also the morphological changes of the
organoids due to PRMTS5 inhibitor treatment were investigated. Organoids exposed
to JNJ-64619178 had reduced growth and had a smaller, irregularly shaped
morphology (Fig. 10E). This data demonstrates the existence of a highly PRMT5i
responsive subtype also in a primary patient-derived model.

61



A B
1100~
i - a B188
S 600+ : °o° resistant % B
[ ]
5 : : » ; v B211
© o =
S o® 2;/ 100 & B250
o)) T =
0% 101 ° 3 4 B320
3 .g m B226
g sensitive 50
Z 57 o
=
0 008 0l
n=24
JNJ-64619178 (log, nM)
C D
150
-+ B188
PDO
o ; - B211
sensitive resistant -
e r————— 100+ I -~ B226
MYC S o i o o % -+ B250
(0]
S 50
R-ACTIN . —— - 40kDa ;
0 1 1 1 1 1
0.5 1.0 1.5 2.0 25 3.0
JNJ-64619178 (log, nM)
E

JNJ-64619178

- 1nM 10 nM 100 nM

Figure 10: Treatment of PDOs with JNJ-64619178

A) JNJ-64619178 dose-response curves of twenty-four human organoids were determined
as in B). Glso values were calculated and are depicted. Red: sensitive organoids, Blue:
resistant organoids. The PRMT5i sensitivity status is indicated and was determined by Gilso
values, considering a Glso <10 nM as sensitive and >500 nM as resistant. B) Dose-response
curves (max. concentration of 1 uM) of three sensitive and three resistant human PDOs
after six days of treatment with JNJ-64619178. Viability was determined with Cell Titer Glo-
assay. Sensitive PDOs are marked in red, resistant PDOs are marked in blue. All
experiments were made in 3 biological replicates D) Dose-response curves (max.
concentration of 500 nM) of three sensitive and three resistant human PDOs after two
weeks of treatment with JNJ-64619178. Viability was determined with Cell Titer Glo-assay.
Sensitive PDOs are marked in red, resistant PDOs are marked in blue. E) Microscopy of a
sensitive PDAC organoid treated with the indicated dose of JNJ-64619178 or left as a
vehicle-treated control over six days. Scale bar = 500 uM.
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4.9. Molecular classification of PRMT5i sensitive subtype

To further investigate which pathways are potential markers for a sensitive
subgroup, the RNA-seq data of the organoid lines were analyzed with a GSEA.
Therefore, the organoid lines were grouped based on their Glso values into quartiles
and the most resistant quartile was compared to the most sensitive one. The pre-
Rank GSEA was performed by using a log-fold change as a rank. Additionally, full
proteome data of the organoids were separated the same way as for the RNA-seq
data and analyzed with the Enrichr web tool.
In both, RNA-seq and proteomics, the HALLMARKS MYC TARGETS V1, MYC
TARGETS V2, and HALLMARKS DNA REPAIR are enriched (Fig. 11A and 11B).
In addition, the GSEA of the RNA-seq data demonstrates a depletion of the
HALLMARKS MITOTIC SPINDLE and HYPOXIA in the sensitive organoid lines
(Fig. 11B). The strongest enriched HALLMARK signature in the RNA-seq data of
the sensitive subgroup is OXIDATIVE PHOSPHORYLATION, whereas the
HALLMARKS UNFOLDED PROTEIN RESPONSE and E2F TARGETS show
significant enrichment in the proteomics data (Fig. 11A and 11B).
The deletion of the methylthioadenosine phosphorylase gene (MTAP), which is
often co-deleted with CDKN2A, was linked to controlling sensitivity to PRMT5
inhibitors in pancreatic cancer organoids ''°. Despite that, five of our six sensitive
organoid lines express high MTAP mRNA levels. Only the most sensitive line B320
has low levels of the genes MTAP and CDKNZ2A (Fig. 11C). It was described that a
high ratio of the CLNS1A/RIOK gene expression is a sign of a PRMT5 inhibitor
sensitive subgroup in malignant glioma '''. However, a positive correlation between
the CLNS1A/RIOK ratio and the Glso response from the PRMT5i in our organoid
models could not be detected (SFig. 1). To further elucidate drivers for the sensitivity
against the PRMTS5 inhibitor, a correlation of all genes from the RNAseq and the
Glso values of the organoid lines was performed. Genes that transcribe proteins
involved in the assembly of the spliceosome (Serine/arginine-rich splicing factors 3
(SRSF3), SRSF4, survival of motor neuron 1(SMN1), and Survival Motor Neuron
Domain Containing 1(SMNDC1)) or that are part of the spliceosome (Splicing Factor
3a Subunit 2 (SF3A2), and Crooked Neck Pre-mRNA Splicing Factor 1 (CRNKL1))
showed a negative correlation between the gene expression and the Glso value of
the inhibitor response (Fig. 11D). In conclusion, a PRMT5i sensitive subtype exists
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in human primary organoid models, which is not connected to a co-deletion of MTAP
and CDKNZ2A. This subtype demonstrates a link to a deregulated MYC network and
a dependency on the splicing machinery.
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Figure 11: Characterization of PDO sensitive subtype

A) RNA-seq of the most sensitive (n=6) versus the most resistant quartile (n=6) of the
organoid lines was used to determine differentially expressed genes. The log2fold change
was used to perform a pre-ranked GSEA using the GeneTrail3 web tool. Depicted are the
HALLMARK signatures with g values <0.05. The g-value is color-coded and depicted. B)
Full proteome proteomics of the most sensitive (n=6) versus the most resistant quartile
(n=6) of the organoid lines was used to determine differentially expressed proteins. All
proteins upregulated in the sensitive PDOs were analyzed by using the Enrichr web tool.
Depicted are the HALLMARK signatures with q values <0.05. The g-value is color-coded
and depicted. C) mRNA expression based on an RNA-seq of the tested organoids and
genes is illustrated in a heatmap. Subgroup is indicated as blue (resistant) and red
(sensitive) D) The Correlation coefficient based on RNA-seq and the Gls values of the 24
tested organoids from A). The g-value is color-coded and depicted.
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4.10. Multi-targeting of PRMTs

To investigate if a multi-layer buffering system of the different PRMTs contributes to
the heterogeneity seen in the response to the treatment with PRMTS inhibitors, the
correlation of MYC gene expression to other PRMTs was analyzed. Not only PRMT5
(Fig. 4A) but also PRMT1 and PRMT3 have a significant positive correlation to MYC
as determined by the RNA-seq of the PDOs (Fig. 12A). This suggests that the multi-
layer buffering system may be more vulnerable when targeted by more than one
PRMT inhibitor. Therefore, the human PDAC cell line HupT3 was challenged with
a combination of PRMT inhibitors. The PRMT3 inhibitor SGC707 in combination
with the already tested PRMT5i resulted only in a mild synergistic drug response
with an overall ZIP synergy score of 4.67 (Fig. 12B). However, the class | PRMT
inhibitor GSK3368715, which targets PRMT1, PRMT3, PRMT4, PRMT6, and
PRMT8 shows a stronger synergistic effect in combination with JNJ-64619178.
Precisely, the overall ZIP synergy score between these two drugs is 15.8 (Fig. 12C).
To visualize the synergistic effect in a dose-response curve, HupT3 was treated in
a seven-point dilution of JNJ-64619178 in combination with either 50 nM
GSK3368715 or 50 nM SGC707 (Fig. 12D). As expected, the combination of JNJ-
64619178 and GSK3368715 results in a synergistic effect with a reduction of the
area under the curve value (Fig. 12E). Thus, multitargeting of several PRMTs could
boost the efficacy of PRMTS inhibition, which needs to be considered for clinical

testing.
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Figure 12: Multitargeting of PRMTs

A) Depicted is the Pearson correlation coefficient and the linear regression in primary
human PDAC organoids (PDO, n=33) between MYC and PRMT1 or PRMT3 mRNA
expression based on RNA-seq. B) Synergy map of JNJ-64619178 and SGC707 co-treated
HupT3 cells. The experiment was conducted in three biological replicates C) Synergy map
of JNJ-64619178 and SGC707 co-treated HupT3 cells. The experiment was conducted in
three biological replicates. D) JNJ-64619178 dose response curve (max. concentration 1
uM) of HupT3 cells, co-treated with vehicle control, GSK3368715 or SGC707 as indicated.
The experiment was conducted in three biological replicates. E) Area under the curve (AUC)
values of dose-response curves from D) were determined. The p-value of an unpaired t-
test is indicated.

4.11. Control of glycolysis by PRMT5

A recent publication describes a connection of PRMT5 with the aerobic glycolysis in
PDAC cells 2. High PRMT5 was connected to increased aerobic glycolysis, which
could point to a vulnerability that can be targeted with PRMT5 inhibitors. To further
investigate glycolysis under treatment with a PRMT5 inhibitor, a functional analysis
for measuring the energetic metabolism of the treated cells was performed. The
Seahorse assay uses the measured oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) of live cells as surrogates for mitochondrial
respiration and glycolysis. For this assay, two human PDAC cell lines characterized
by a low MYC RNA expression (Panc1 and HPAC) and two with a high MYC RNA
expression (DanG and PSN1) were grouped into MYC low, and MYC high,
respectively (Fig. 13A). The measurement of the oxygen consumption rate revealed
a reduced basal mitochondrial respiration, ATP-linked respiration, and maximal
respiratory capacity in both groups after treatment with 20 nM JNJ-64619178.
However, no substantial difference could be seen between the two groups (Fig.
13B). The analysis of the ECAR showed that the MYC high cell lines had a
drastically reduced glycolysis, whereas the glycolytic rate in the two cell lines with
the low MYC expression did not change after treatment with JNJ-64619178. The
total glycolytic capacity and the glycolytic reserve were reduced in both groups to a
similar level (Fig. 13C).

The data of the Seahorse assay presumed, that glycolysis is strongly altered after
inhibition of PRMTS5, but only in cells with a high MYC expression. To confirm this
finding, a glucose uptake assay was performed in the same setting. The group with
the low MYC expression had a reduction of the glucose uptake of 6%, whereas the

group with the high MYC expression showed a reduction of more than 40% (Fig.
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12D). The reduction of the glycolytic activity was also observed in RNA-seq data of
DanG and PSN1 cell lines, which show a depletion of the HALLMARK signature
GLYCOLYSIS after treatment with JNJ-64619178 °7. The decreased rate of
glycolysis under PRMTS5 inhibitor treatment points to a dependency on glycolysis in

cell lines with increased MYC expression.
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Figure 13: Metabolic analysis of PDAC cell lines

A) MYC expression of indicated human PDAC cell lines based on the RNA expression of
the “21Q3 Public dataset” from depmap portal. B) Cell lines with low MYC expression
(Panc1 and HPAC) and with high MYC expression (DanG and PSN1) were treated with 20
nM JNJ-64619178 or vehicle control for 3 days and OCR values were measured via the
Seahorse assay in the Seahorse XF96 analyzer. The experiment was conducted in three
biological replicates. C) Cell lines with low MYC expression (Panc1 and HPAC) and with
high MYC expression (DanG and PSN1) were treated with 20 nM JNJ-64619178 or vehicle
control for 3 days and ECAR values were measured via the Seahorse assay in the
Seahorse XF96 analyzer. The experiment was conducted in three biological replicates. D)
Promega glucose uptake assay of two MYC high (DanG and PSN1) and two MYC low
(HPAC and Panc1) cell lines after 3 days treatment with 20 nM JNJ-64619178 or vehicle
control. The experiment was conducted in three biological replicates.
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4.12. PRMT5i induced apoptosis is dependent on MYC

expression
After validation that PRMTS5i triggers a MYC-associated vulnerability, the underlying
mechanism and the effect on the cell fate were investigated. It was shown that
PRMTS5 inhibition induces a DNA-damage response and accumulation of DNA-DSB
in PDAC cell lines, measured by immunofluorescence detection of y-H2AX 13, DNA-
DSBs are also proposed to trigger apoptosis, which can be measured via the
cleavage of the caspase substrate PARP "4 A recent publication from the
Schneider laboratory (Technical University Munich, Klinikum rechst der Isar),
measured the cleavage of PARP in different PDAC cell lines with a heterogenous
MY C protein expression. Interestingly, only the two cell lines with an increased MYC
expression (PSN1 and DanG) showed cleavage of PARP after 3 days of treatment
with 20 nM of JNJ-64619178 %7, supporting the lethal interaction between MYC and
PRMT5. To support the assumption that a high MYC protein expression is
connected to PRMT5i induced apoptosis, DanG cells were treated with JNJ-
64619178 and the BET degrader ARV-771. In this setting, the downregulation of the
MYC level by ARV-771 significantly reduced JNJ-64619178-mediated cleavage of
PARP to 20 %, compared to treatment with the PRMTS5 inhibitor alone (Fig. 14A and
14B). With the cleavage of PARP, it could be shown that JNJ-64619178 induces
apoptosis in PDAC cell lines, especially in cell lines with a high MYC expression.
Furthermore, reduction of the MYC protein level results in decreased levels of
cleaved PARP, supporting the relevance of MYC in the induction of apoptosis after

treatment.
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Figure 14: Induction of apoptosis after treatment with JNJ-64619178

A) Cleaved PARP western blot analysis of the DanG cell line, which was treated for three
days with either 20 nM JNJ-64619178, 20 nM ARV-771, a combination of the two, or was
left as vehicle-treated control as indicated. B-ACTIN served as a loading control. One
representative experiment out of three replicates is depicted. B) Quantification of the
cleaved PARP protein expression based on three independent experiments from A). **p-
value of an unpaired t-test with a p-value of <0.005.

4.13. Inhibition of PRMT5 impacts cell cycle progression and

mitosis
It was described that signatures connected to the G2/M-phase of the cell cycle,
mitosis, and the E2F pathway are enriched after inhibition of PRMT5 %7, To validate
the finding of an altered G2/M-phase of the cell cycle, the mitotic marker genes
targeting protein for Xklp2 (TPX2), which functions in the assembly of the mitotic
spindle, and the mitotic spindle regulator Aurora Kinase B (AURKB) were
investigated via Western Blot. Whereas TPX2 was upregulated after treatment with
JNJ-64619178 (Fig. 15 B), the mitotic regulator AURKB was downregulated after
treatment (Fig. 15A). The downregulation of AURKB after PRMTS5 inhibition is in line
with a recent finding by Braun et al. ""'. This cell cycle regulation was seen
irrespectively of the MYC status.
A well-established function of PRMT5 is to assure splicing fidelity in cells. Cells with
oncogenic MYC activation have a high mRNA burden ''® and could therefore rely
on an active PRMTS5 to orchestrate the splicing of the high mRNA load. To see if the
PRMT5 blockade leads to an additional MYC-associated vulnerability due to the

reduced splicing fidelity, a combination treatment of JNJ-64619178 and Indisulam
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was tested. Indisulam treatment results in rapid proteasomal degradation of RBM39,
a pre-mRNA splicing factor, resulting in aberrant pre-mRNA splicing ''¢. The
combination showed a high synergistic effect in the human PDAC cell line DanG
resulting in an overall ZIP synergy score of 15.36 after 6 days of treatment (Fig.
15C). Taken together, this data shows that the cell cycle is altered after treatment
with JNJ-64619178 irrespectively of the MYC protein level. However, only in cells
with overexpression of MYC, which are highly dependent on a functioning cell cycle
and splicing machinery, the cell fate is switched to apoptosis.
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Figure 15: Characterization of PRMT5i response in PDAC cell lines

A) Aurora kinase B (AURKB) western blot analysis of indicated cell lines, which were treated
for four days with 20 nM JNJ-64619178 or were left as a vehicle-treated control. B-ACTIN
served as a loading control. One representative experiment out of two replicates is depicted.
B) TPX2 western blot analysis of indicated cell lines, which were treated for three and four
days with 20 nM JNJ-64619178 or were left as a vehicle-treated control. B-ACTIN served
as a loading control. One representative experiment out of two replicates is depicted. C)
Synergy map of JNJ-64619178 Indisulam co-treated DanG cells.
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5. Discussion

This thesis provides a detailed characterization of how a PRMT5 inhibitor can trigger
an MYC-associated epigenetic vulnerability in PDAC cell models, by exploiting the
synthetic dosage lethality of MYC-deregulated cancer cells. This is especially
relevant since PDAC is one of the most lethal cancer types and current standard of
care treatment approaches remain often unsuccessful. Therefore, new therapeutic
strategies are needed, particularly for the aggressive PDAC subgroup with a high
MYC expression.

Protein arginine methyltransferases cluster into three classes, based on their mode
of methylating proteins. PRMT5 belongs to the group of type Il PRMTs, together
with the protein PRMT9. In PDAC, a high expression of PRMT5 is connected to
glycolysis "2 and EMT ''7. These two processes are connected with the basal-like
subtype of PDAC, which is also characterized by an aggressive clinical behavior 3.
In addition, PDACs with high PRMT5 and high MYC gene expression, which is also
seen in the basal-like subtype, have a worse clinical prognosis 3°. Consistently,
PRMT5 and MYC show a high correlation in different tumor entities, with the highest
correlation in PDAC. This indicates that PRMT5 is an interesting target in the
aggressive pancreatic cancer subtype, with upregulated MYC levels. So far, there
are only a few subgroup-specific treatment options except for platin-based therapy
with subsequent PARP-inhibitor treatment in PDAC patients with a gBRCA1/2
mutation. The other subgroup consists of patients with a high microsatellite
instability, which show a good treatment response from therapy with immune-
checkpoint inhibitors like PD-1 antibodies. The lack of therapeutic targets in PDAC
supports the importance of research on novel, targeted therapies for this tumor
indication.

Recently, PRMT5 inhibitors are in the focus of research groups to find new treatment
strategies in the fight against cancer, which led to the entering of the PRMT5
inhibitors  JNJ-64619178 (NCT03573310), PF-06939999 (NCT03854227),
GSK3326595 (NCT02783300) in clinical phase testing for solid cancers and
hematological cancer. It was demonstrated that a subgroup of pancreatic cancers
exists, which are sensitive to the inhibition of PRMT5. A PRMT5 inhibitor sensitive
subtype in primary patient-derived PDAC organoids could also be observed in the
here presented study. Recently, sensitive subtypes were connected to an
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underlying MTAP deletion '8, the CLNS1A/RIOK1 expression ratio, or the addiction
to the splicing machinery ''. These connections will be discussed in the following.

MTAP deletion is often found in PDAC as a co-deletion due to the proximity to
CDKNZ2A, one of the most frequently deleted tumor suppressor genes. The deletion
of MTAP leads to the accumulation of MTA, which decreases the activity of PRMT5
by competing with the activation cofactor SAM "9, This MTA-driven PRMT5
inhibition promotes an increased sensitivity to further PRMT5 reductions. However,
the authors mention that the MTAP status alone is not sufficient to distinguish
PRMT5i sensitive cell lines. The correlation of MTAP deletion and the PRMT5
inhibitor response could not be observed in the demonstrated organoid models, in
which 5 of the 6 most sensitive lines are MTAP-proficient. The missing correlation
between the MTAP deletion status and the JNJ-64619178 treatment response in
the here presented study can be explained by the mode of action of the inhibitor.
JNJ-64619178 binds simultaneously and with a high affinity to the S-
adenosylmethionin- and substrate-pocket and inhibits therefore the formation of
PRMT5-MTA complexes 2.

Braun et al. described a predictive biomarker for the identification of PRMTS5 inhibitor
sensitive subtypes in malignant glioma. A high ratio of the gene expression of
CLNS1A/RIOK1 correlates in this publication with a sensitive subtype. The
underlying mechanism is a directing of the PRMT5 activity by CLNS1A towards the
methylation of components of the spliceosome '''. The CLNS1A/RIOK1 gene
expression ratio did not correlate to the Glso values of the tested PDO lines, nor was
the ratio higher in the sensitive subtype compared to the resistant ones. However,
there is a huge heterogeneity between different tumor tissue origins, and it is not
expected that a predictive biomarker in one tumor type is a valid biomarker in other
tumor types. Nevertheless, the strong dependency on splicing, which is reinforced
by the CLNS1A/RIOKT ratio, could also be seen in the here presented PDO models.
A correlation of all genes to the drug response of JNJ-64619178 revealed that many
genes involved in the spliceosome activity are negatively correlated. This correlation
suggests that the PRMT5 activity could be skewed to spliceosomal targets in the
sensitive subtype and that the inhibition of PRMT5 could have a larger impact on
cells that depend on the splicing machinery. However, this assumption needs further

clarification.
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A recent study found evidence that MYC regulates the constitutive splicing
machinery, including PRMT5, in the Ex-myc lymphoma model '2'. It was proposed
that MYC overexpression leads to increased total mRNA burden in the cell, which
results in a dependency of the cells on the PRMTS5 orchestrated splicing fidelity. The
here presented study shows a strong connection between PRMT5 and MYC. The
induction of MYC expression in conditional models leads to an upregulation of
PRMT5 on the RNA and protein levels. Furthermore, the effect could also be
observed vice versa when inhibiting PRMT5 expression. It could be demonstrated
that an upregulation of the MYC expression in the conditional and CRISPR modified
cell lines leads to a higher sensitivity to the PRMTS5 inhibitor JNJ-64619178. This
supports the assumption that the increased RNA burden after MYC activation leads
to a dependency on the PRMT5 regulated splicing fidelity. This notion is
strengthened by the finding that a pharmacological knockdown of MYC leads to
resistance against PRMTS5 inhibition.

The impact of MYC on the splicing machinery was also recently described in an
unbiased drug screen in human mammary epithelial cells which could upregulate
the MYC activity via the MYC-ER system 122, BUD31, a spliceosome component,
was found to be synthetically lethal with MYC. Furthermore, this study could show
that the partial inhibition of the spliceosome leads to global intron retention and
death in MYC-hyperactivated cells '22. This further indicates that cancer cells with
an upregulated MYC network have a dependency on the splicing machinery. Since
one core function of PRMT5 is the regulation of the splicing fidelity, the high levels
of MYC contribute to the sensitivity of PDAC cell lines to PRMT5 inhibitor treatment.
In short, pre-mRNA splicing could be necessary for tumor cell lines to tolerate
oncogenic MYC levels.

Upregulation of the MYC network could also be observed in the patient-derived
organoids. Both, RNA-seq and proteomics data analysis revealed enriched
HALLMARKS for MYC target genes. This finding underscores the assumption that
high MYC levels are an important characteristic, which renders PDAC cells sensitive
to PRMT5 inhibition. In addition, the HALLMARK signature DNA REPAIR was
upregulated in the sensitive subgroup. DNA repair pathways maintain genetic
stability by detecting DNA double-strand breaks, chromosomal translocation and
deletions, and can correct some of those alterations '23. Normally, PDAC is

characterized by genomic instability, which is also one of the enabling processes
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from the hallmarks of cancer, which were described by Hanahan and Weinberg 124,
However, the high expression of PRMT5 in the sensitive subtype and its function in
the DNA damage response could lead to this upregulated DNA repair signature
compared to the resistant organoid lines. In addition, the high MYC level in the cells
leads to a high proliferation rate and cellular stress. Therefore, the DNA damage
response could be upregulated in an attempt to cope with the MYC-induced cellular
stress. The enriched HALLMARK OXIDATIVE PHOSPHORYLATION and the
depleted HALLMARK HYPOXIA are signs that the sensitive subgroup uses oxygen
to generate ATP for energy. Interestingly, the PRMT5 inhibitor-sensitive 2D cell lines
were characterized by a high glycolytic activity, which is a sign for the basal-like
PDAC subtype. The reason for an enriched oxidative phosphorylation signature in
the sensitive organoid lines needs to be further investigated in subsequent studies.
But it demonstrates that the metabolic network of cancer cells is a complex matter
and cannot always be pinned down to one subgroup based on the expression of
just a few genes.

As already mentioned, the blockade of PRMT5 reduces the splicing fidelity of cells.
The reduced splicing fidelity and blockade of PRMT5 also prevent the removal of
detained introns in the mitotic spindle regulator AURKB "', Interestingly, AURKB
depletion by the inhibitor VX-680 was found to be synthetic lethal in cells
overexpressing MYC 125, A depletion of AURKB was also found in this study after
treatment with 20 nM JNJ-64619178. Absent PRMT5, a recent review summarizes
how increased expression of MYC leads to mitotic alterations and vulnerabilities in
PDAC 26, Furthermore, it could be shown that a PRMTS5 inhibition leads to splicing
defects and alters cell cycle progression in hematopoietic and glioblastoma cells
67,127 Together, it is worth considering that the connection of the increased PRMT5i
sensitivity of PDAC cells with upregulated MYC levels comes from a contribution of
the cell cycle and mitotic genes. This is strengthened by the finding, that the
sensitive organoid subgroup has the HALLMARK signature E2F TARGETS
enriched in the proteomics data.

Qin et al. described how high PRMT5 levels can upregulate glycolysis via the
FBW7/cMYC axis. Furthermore, they could show that PRMT5-silenced PDAC cell
lines and mouse models exhibit a decreased glycolytic capacity 2. The glycolytic
PDAC subtype, which correlates to the basal/squamous profile, is also the more
aggressive tumor with higher resistance to chemotherapy 28. Functional analysis of
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the energetic metabolism via the Seahorse assay revealed that the tested cell lines
with a high MYC expression have higher glycolytic activity compared to the lines
with a low MYC expression. Furthermore, glycolysis is strongly altered under
treatment with a PRMTS5 inhibitor in PDAC cell lines with a high MYC expression.
The effect could not be observed in cell lines with a low MYC expression %. The
glucose uptake assay confirmed the observed impact of the PRMT5 inhibitor on
glycolysis. The finding supports the notion that high levels of PRMTS and MYC are
linked to glycolysis and that this is associated with an additional vulnerability that
can be targeted with PRMT5 inhibitors.

A positive correlation between the RNA expression of several PRMTs and MYC
could be observed in the organoid repository. Such data might indicate a
dependency of MYC-driven cancers on the protein arginine methyltransferase
machinery. Inhibition of PRMT1 was described to block MYC-mediated transcription
of several MYC target genes '?°. Indeed, targeting the type | PRMTs and PRMT5
simultaneously result in a strong synergistic effect in an MYC-deregulated PDAC
cell line. Whether targeting this multi-layer buffering system is especially potent in
cancer cells with high levels of MYC and if it contributes to the heterogeneity of the

PRMTS inhibitor response needs to be deciphered in future work.
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6. Future Perspective

PDAC with deregulated levels of MYC has a very dismal prognosis with currently no
curative treatment options except tumor resection. The data provided in this study
gives a comprehensive characterization of the synthetic lethal relationship between
MYC and PRMT5 in PDAC. These findings underscore the potential of PRMT5
inhibitors as a novel therapeutic option for PDAC patients with a deregulated MYC
network.

Although PRMTS is a promising target for inhibition in PDAC patients due to its
effects in alternative splicing and glycolysis, the protein has various other roles.
Therefore, an in-depth understanding of the molecular effects when inhibiting
PRMT5 needs to be established and patient stratification based on the molecular
context is of great importance. If this will be considered, PRMTS5 inhibition could
improve the therapeutic options in PDAC patients with MYC-driven cancers,
especially due to an assumably lower therapy resistance compared to conventional
chemotherapy.
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VL.

Appendix

Supplementary Table 1:
Correlation coefficient between MYC and PRMT5 RNA expression in different tumor
entities. Gene expression and analysis of the correlation between MYC and PRMT5
of the different tumor entities was performed on the depmap portal web tool.

Number of
Group Points Pearson Spearman | Slope Intercept | p-value
peripheral_nervous_ -5,52E-
system 29 -0,352 -0,374 02| 6,68E+00| 6,08E-02

-5,27E-

eye 9 -0,231 -0,417 02| 6,73E+00| 5,50E-01
plasma_cell 30 0,075 0,13| 3,54E-02| 5,94E+00| 6,93E-01
lung 205 0,119 0,141| 3,67E-02| 6,52E+00| 8,80E-02
prostate 11 0,216 0,255| 1,24E-01| 5,72E+00| 5,23E-01
uterus 40 0,227 0,262| 1,19E-01| 5,84E+00| 1,60E-01
gastric 40 0,243 0,182| 1,56E-01| 5,72E+00| 1,30E-01
esophagus 32 0,255 0,225| 2,06E-01| 5,20E+00| 1,59E-01
upper_aerodigestive 54 0,26 0,233] 1,93E-01| 5,00E+00| 5,79E-02
thyroid 17 0,267 0,333| 9,63E-02| 6,18E+00| 3,01E-01
skin 83 0,281 0,264 | 1,24E-01| 5,56E+00| 9,99E-03
breast 61 0,309 0,209| 1,87E-01| 5,07E+00| 1,55E-02
central_nervous__
system 84 0,328 0,302| 1,48E-01| 5,58E+00| 2,29E-03
urinary_tract 36 0,339 0,242 | 2,15E-01| 5,17E+00| 4,30E-02
liver 24 0,353 0,331| 2,32E-01| 5,19E+00| 9,07E-02
bone 39 0,36 0,297 | 1,46E-01| 5,81E+00| 2,43E-02
blood 101 0,371 0,25| 2,11E-01| 4,69E+00| 1,36E-04
kidney 38 0,392 0,215| 4,02E-01| 3,20E+00| 1,48E-02
bile_duct 41 0,432 0,497 | 2,44E-01| 4,85E+00| 4,84E-03
cervix 17 0,44 0,463 | 2,48E-01| 4,90E+00| 7,69E-02
colorectal 70 0,482 0,47| 2,61E-01| 4,85E+00| 2,40E-05
ovary 64 0,484 0,486 | 3,52E-01| 4,37E+00| 5,08E-05
lymphocyte 83 0,545 0,531| 3,85E-01| 3,53E+00| 9,75E-08
pancreas 52 0,647 0,606 | 4,65E-01| 3,55E+00| 2,14E-07
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Supplementary Table 2:
GSEA HALLMARKS of HPAC CRISPRa Myc2-guide cell line.

Type Rank | Name Number of hits | Score | Q-value
depleted| 1 [HALLMARK TNFA SIGNALING VIA NFKB 181 |-878208 | 5,55E-15
enriched| 2 |HALLMARK MYC TARGETS V2 58| 388325]| 5,21E-09
enriched| 3 |HALLMARK MYC TARGETS V1 200| 697478 | 3,01E-08
HALLMARK INFLAMMATORY
depleted| 4 |RESPONSE 131|-548575| 7,18E-08
HALLMARK INTERFERON ALPHA
depleted| 5 |RESPONSE 91| -451262| 7,23E-08
depleted| 5 |HALLMARK MITOTIC SPINDLE 197 |-667369| 7,23E-08
HALLMARK EPITHELIAL
depleted| 7 |MESENCHYMAL TRANSITION 164 | -568867 | 7,82E-07
depleted| 8 |HALLMARK KRAS SIGNALING UP 139 |-519737| 8,78E-07
depleted| 9 [HALLMARK APOPTOSIS 138 | -504649 | 1,88E-06
HALLMARK INTERFERON GAMMA
depleted| 10 |RESPONSE 160 | -505756 | 1,55E-05
depleted| 11 |HALLMARKIL6 JAK STAT3 SIGNALING 61/-308861| 1,59E-05
HALLMARK OXIDATIVE
enriched| 12 |PHOSPHORYLATION 197 | 555517 | 1,73E-05
depleted| 13 |HALLMARK G2M CHECKPOINT 197]-433209 | 3,70E-03
depleted| 14 |HALLMARK PROTEIN SECRETION 93[-292994 | 4,40E-03
depleted| 15 |HALLMARK TGF BETA SIGNALING 53|-217619| 5,00E-03
depleted| 16 |HALLMARK ALLOGRAFT REJECTION 115|-316724 | 6,10E-03
depleted| 17 |HALLMARK COAGULATION 87 |-270543 0,0074
depleted| 18 |HALLMARK HYPOXIA 176 -380578 0,0085
depleted| 19 |HALLMARK APICAL JUNCTION 165|-363616 0,0093
HALLMARK ESTROGEN RESPONSE
depleted| 19 |LATE 173 | -372151 0,0093
depleted| 21 |HALLMARK APICAL SURFACE 35|-157684 0,0174
depleted| 22 |HALLMARK IL2 STAT5 SIGNALING 161 | -330281 0,0251
depleted| 23 |HALLMARK COMPLEMENT 143 | -308771 0,0264
HALLMARK ESTROGEN RESPONSE
depleted| 24 |EARLY 184 | -343875 0,0313
enriched| 25 |HALLMARK MYOGENESIS 138 | 295240 0,0331
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Supplementary Table 3:
GSEA HALLMARKS of PANC-1 CRISPRa Myc2-guide cell line.

Type Rank | Name Number of hits | Score | Q-value

enriched 1 |HALLMARK MYC TARGETS V1 200| 936888 | 1,81E-15

enriched 2 | HALLMARK G2M CHECKPOINT 197 | 780599| 1,18E-10

enriched 3| HALLMARK E2F TARGETS 200| 773078| 2,03E-10

enriched 4 | HALLMARK MYC TARGETS V2 58| 320865| 6,11E-06
HALLMARK EPITHELIAL

depleted 5| MESENCHYMAL TRANSITION 164 | -430993 0,002
HALLMARK OXIDATIVE

enriched 6 | PHOSPHORYLATION 197 | 438169 0,0066
HALLMARK ESTROGEN RESPONSE

depleted 7 | EARLY 184 | -404038 0,0123

depleted 8 | HALLMARK COMPLEMENT 143 | -345180 0,0155
HALLMARK INTERFERON GAMMA

depleted 8| RESPONSE 160 | -367255 0,0155

depleted 10 | HALLMARK TNFA SIGNALING VIA NFKB 181 | -380769 0,0185
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Supplementary Table 4:

Clinical data PDOs.

KRAS Age at

Organoid status Source | Gender | Diagnosis p Staging Grading |

B121 G12D FNB male 70-80 | cT2CN1M1 G2

B140 G12D Surgery |female 70-80 | pT2pN1(3/22)cMOPn1L1R0O G2

B169 G12D Surgery |male 70-80 | pT2pN1cMO G2

B188 G12D FNB male 60-70 | ypT3ypN1(3/23)Pn1 -

B203 G12D FNB female 40-50] - -
pT2pN+cMOL1VOR1G3

B208 G12D Surgery |female 30-40 | (primary tumor) G3

B211 G12D Surgery |male 60-70 | ypT3ypN1(3/23)Pn1 -

B226 G12A FNB female 60-70 | - -

B250 G12D Surgery |male 70-80 | pT3pN1(1/35)Pn1 G2-3

B253 G12R FNB female 70-80 | cT4C1cNOC1cMOCH G2

B273 G1a2v Surgery |male 50-60 | pT3()C4pN1(1/42)C4cMOC1Pn1 | G2

B283 G12D FNB male 60-70 | ypT1a, ypN0(0/28), Pn1, RX -
pT2 ()C4 pN2 (6 /22 ) C4 cMO

B288 G112V Surgery |female 80-90 | C1 V1 G3
pT1ic ()C4 pN2 (4 /21 ) C4 cMO

B290 G12v Surgery |female 70-80/C1 VO LO G2

B320 G12D FNB male 70-80 | - -
pT3, pN2 (24/33, ECE+), Pn1,

B339 G12D Surgery |male 60-70| V1, CRM G2

B358 G12Vv FNB female 50-60 | - -
pT2, pN1(1/40), Pn1, L1, V1,

B379 G12D FNB male 70-80| G2, R1, CRM+ G2

B413 G1a2v FNB male 80-90 | - -

B415 G12R FNB male 80-90 | - -

LMU-TM-

PO 1.1 |G12D FNB female 80-90 | uT4NxM1 G2

LMU-TM-

PO 21 |G12R FNB male 70-80 | uUT4NxMA1 G2

LMU-TM-

PO 3.1 |G12D FNB female 70-80 | pT2pN1LOVOPN1R1 G3

LMU-TM-

PO 13.1 |G12R FNB male 70-80 | pT3pN1pM1L1VoPn1 G3
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Supplementary Figure 1:
Correlation between the CLNS1A/RIOK ratio and the PRMT5i treatment
response.

Depicted are the Pearson correlation coefficient and the linear regression in patient-derived
organoids (PDO, n=24) between the Glso values after six days of treatment with JNJ-
64619178 (max. concentration 1 uM) and the CLNS1A/RIOK mRNA expression ratio based
on RNA-seq.
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Supplementary Figure 2:
Expression profiles of different cell models.

A) Quantification of MYC protein expression from PANC-1 (n=3). Protein Expression was
normalized to the sgRNA empty guide. B) Depicted is the Pearson correlation coefficient
and the linear regression in patient-derived cell lines (PDCL n=18) between the Glso values
after six days of treatment with JNJ-64619178 (max. concentration 1 uM) and MYC mRNA
expression based on RNA-seq. C) MYC protein expression of the 18 PDCLs. B-ACTIN
served as a loading control. One representative experiment out of three is shown.

83



l15
ég\g Clones 1
& We Tos
S 1 2 3 4 5 6 7 8 9 10 1"
0
PRMT5
—SOObp . o

1
MW1955 MW1955 l 15
Myc-dtAG empty-dtAG
Cc
JNJ-64619178
DMSO 5nM 10nM 50nM 100nM 500 nM
AR N e R ﬁ 2N\
Empty-dTAG ‘ -
Myc-dTAG
Clone 4

Supplementary Figure 3:
Characterization of the dTAG-system transduced cell lines.

A) PCR-Gel showing the PCR product of the endogenous MYC gene of different MW1955
dTAG-Myc clones. No band indicates a deletion of the endogenous MYC. B) Heatmap
showing the MYC and PRMT5 mRNA expression of indicated cell lines based on RNA-seq.
C) Clonogenic growth assay of depicted JNJ-64619178 treated cell lines with the indicated
concentrations. One representative experiment out of three is shown. DMSO was used as
vehicle control.
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Supplementary Figure 4:
Growth curves of CRISPR cell lines.

Growth curves of A) HPAC-MYC-CRISPRa and B) PaTu8988T-PRMT5i-CRISPRI cell
lines. The growth curves were analyzed from three biological replicates, conducted as three

technical replicates. Growth was determined by measuring CTG as a marker for cell
proliferation.
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Western Blot 1-1 for Fig. 5A: PANC-1 CRISPRa. Antibody: B-ACTIN.
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PANC-1 CRISPRa

Western blot 1-2 for Fig. 5A: PANC-1 CRISPRa. Antibody: MYC.

PRMT5

Western blot 1-3 for Fig. 5A: PANC-1 CRISPRa. Antibody: PRMT5.

Western blot 2-1 for Fig. 5A: HPAC CRISPRa. Antibody: MYC.
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PRMTS5

-ACTN

Western blot 2-2 for Fig. 5A: HPAC CRISPRa. Antibody: PRMT5 and B-ACTIN.

PaTu8988T CRISPRi

- B-ACTIN

Western blot 3-1 for Fig. 5A: PaTu8988T CRISPRI. Antibody: MYC and 3-ACTIN.

PaTu8988T CRISPRi

- PRMT5

R-ACTIN

Western blot 3-2 for Fig. 5A: PaTu8988T CRISPRi. Antibody: PRMT5 and B3-ACTIN.
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Western blot 4-1 for Fig. 14C: PANC-1 CRISPRa treated with 20 nM JNJ-64619178.

Antibody: B-ACTIN.
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Western blot 4-2 for Fig. 14C: PANC-1 CRISPRa treated with 20 nM JNJ-64619178.
Antibody: cleaved PARP.
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Western blot 5-1 for Fig. 6B: PDCLs. Antibody: 3-ACTIN.

Western blot 5-2 for Fig. 6B: PDCLs. Antibody: MYC.
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Western blot 6-1 for Fig. 6B: PDCLs. Antibody: 3-ACTIN.

- MYC

Western blot 6-2 for Fig. 6B: PDCLs. Antibody: MYC.
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Western blot 7-1 for Fig. 7A: MW1955 cell line treated with 500 nM dTAG-13 or vehicle
control. PaTu8988T as control for a line with high endogenous MYC expression.
Antibodies: MYC and B-ACTIN.
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Western blot 8-1 for Fig. 9A: DanG treated for 72h with ARV-771 or vehicle control.
Antibody: MYC.
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Western blot 8-2 for Fig. 9A: DanG treated for 72h with ARV-771 or vehicle control.
Antibody: PRMTS and B-ACTIN.
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Western blot 8-3 for Fig. 9A: DanG treated for 72h with ARV-771 or vehicle control.
Antibody: BRD4.

92



INJ-64619178 - - o+ o+ - - + 4
ARV77TL - * -+ -+ -+

Western blot 9-1 for Fig. 14B: DanG treated for 4 days with 20 nM ARV-771, 20 nM
JNJ-64619178 or vehicle control. Antibody: cleaved PARP.
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Western blot79.2 for Fig. 14B: DanG treated for 4 days with 20 nM ARV-771, 20 nM
JNJ-64619178 or vehicle control. Antibody: B3-ACTIN.
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Western Blot 10-1 for Fig. 15B: PANC-1 and DanG cell lines treated with 20 nM JNJ-
64619178 for the indicated time-period. Antibody: Aurora kinase B (AURKB).
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Western Blot 10-2 for Fig. 15B: PANC-1 and DanG cell lines treated with 20 nM JNJ-
64619178 for the indicated time-period. Antibody: 3-ACTIN.
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Western Blot 11-1 for Fig. 15B: PSN1 and PaTu8988S cell lines treated with 20 nM
JNJ-64619178 for the indicated time-period. Antibody: B-ACTIN.
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Western Blot 11-2 for Fig. 158: PSN1 and PaTu8988S cell lines treated with 20 nM
JNJ-64619178 for the indicated time-period. Antibody: Aurora kinase B (AURKB).
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Western Blot 12-1 for Fig. 15C: PaTu8988S and PSN1 cell lines treated with 20 nM
JNJ-64619178 for the indicated time-period. Antibody: TPX2.
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Western Blot 12-2 for Fig. 15C: PaTu8988S and PSN1 cell lines treated with 20 nM
JNJ-64619178 for the indicated time-period. Antibody: B-ACTIN.
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Western Blot 13-1 for Fig. 15C: PANC-1 cell line treated with 20 nM JNJ-64619178
for the indicated time-period. Antibody: TPX2 and B3-ACTIN.
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Western Blot 14‘-1 for Fig. 15C: DanG cell line treated with 20 nM JNJ-64619178 for
the indicated time-period. Antibody: TPX2.
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