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Summary

Pancreatic ductal adenocarcinoma (PDAC) is predominantly driven by mutations in KRAS and TP53.
However, PDAC tumors display deregulated levels of MYC and are a paradigm example for MYC-driven
and -addicted tumors. For many years MYC was described as a transcription factor that regulates a
pleiotropic number of genes to drive proliferation. Recent work sheds a different light on MYC biology.
First, changes in gene expression that come along with the activation of MYC are mild and MYC seems
to act more as a factor that reduces stress and increases resilience towards challenges during
transcription. Second, MYC is a strong driver of immune evasion in different entities. In this study we
depleted MYC in murine PDAC cells and revealed the immune dependent regression of tumors in an
orthotope transplant model, as well as the activation of the innate immune system using global

expression analysis, immunoblotting and fCLIP.

These experiments revealed that endogenous double-stranded RNA is binding as a viral mimicry to Toll-
like receptor 3, causing activation of TBK1 and downstream activation of a proimmunogenic transcription
program. The regression of tumors upon depletion of MYC is dependent on this pathway since the

knockout of TBK1 prevents regression of tumors after depletion of MYC.

We can summarize this study in three main findings: First, the dominant and most important function of
MYC in tumors is not to drive proliferation but to promote immune evasion and prevent immune-
dependent regression of tumors. Second, cells monitor defects or delay in splicing and RNA processing
and activate the immune system to clear cells that face problems with co-transcriptional processing.
Third, MYC suppresses the activation of the cell-intrinsic innate immune system and shields highly

proliferating cells from the recognition by the immune system.

To translate this into a therapeutically approach, we replaced the shRNA mediated depletion of MYC by
treatment with cardiac glycosides. Upon treatment with cardiac glycosides tumor cells reduce uptake of
nutrients, causing a downregulation of MYC translation, inhibition of proliferation, glycolysis and lactate
secretion. Lactate is a major reason for immune evasion in solid tumors since it dampens, amongst
others, cytotoxic T cells and promotes regulatory T cells.

Treatment of mice with cardiac glycosides causes a complete and immune-dependent remission of
PDAC tumors in vivo, pointing out that cardiac glycosides have strong proimmunogenic, anti-cancer
effects. More detailed analyses will be needed to dissect the full mechanism how cardiac glycosides act

on MYC translation and immune evasion in PDAC tumors.






Zusammenfassung

Pankreaskarzinome entwickeln sich in den meisten Fallen durch die Mutation von KRAS und TP53.
Nichtsdestotrotz weisen Pankreaskarzinome sehr hohe, deregulierte Level des MYC Proteins auf und
sind exemplarisch fir Tumore, deren Wachstum abhangig von MYC ist. Fur lange Zeit wurde MYC als
Transkriptionsfaktor beschrieben, der vor allem Gene aktiviert, die fur die Proliferation von Zellen
notwendig sind. Die jingste Forschung wirft jedoch ein anderes Bild auf die Biologie von MYC. Zum
einen sind die transkriptionellen Veranderung nach Aktivierung von MYC mild und vieles deutet darauf
hin, dass die Funktion von MYC zum einen in der Reduktion von transkriptionellem Stress liegt. Zum
anderen verhindert MYC die Erkennung von Tumorzellen durch das Immunsystem. In dieser Studie
wurde MYC in murinen Pankreaskarzinomzellen depletiert und die immunabhéngige Regression der
Tumore in einem orthotopen Transplantationsmodel untersucht. Die Aktivierung der zell-intrinsischen
Immunantwort wurde mittels globaler Expressionsanalyse, Immunoblots und fCLIP Experimenten

untersucht.

Diese Experimente haben gezeigt, dass endogene doppel-strdngige RNAs als virales Mimikry an Toll-
like Rezeptor 3 binden, worauf TBK1 phosphoryliert und ein pro-immunogenes Transkriptionsprogram
aktiviert wird. Die Deletion von TBK1 konnte beweisen werden, dass die Regression der Tumore von

diesem Signalweg abhéngig ist.

Die Ergebnisse der Studie lassen sich in drei zentrale Erkenntnisse zusammenfassen: Erstens ist die
pra-dominante Funktion von MYC in Tumoren in vivo nicht die Proliferation der Zellen zu férdern,
sondern zu verhindern, dass der Tumor vom Immunsystem erkannt und bekdmpft wird. Zweitens
Uberwachen Zellen das richtige Prozessieren von RNA und aktivieren bei Bedarf das Immunsystem um
defekte Zellen zu entfernen. Drittens unterdriickt MYC die Aktivierung dieses zell-intrinsischen

Signalweges und schirmt den Tumor dadurch vom Immunsystem ab.

Um diese Ergebnisse in einen translationalen Ansatz zu Uberflhren, haben wir die shRNA vermittelte
Depletion von MYC durch die Behandlung mit Herzglykosiden ersetzt, die die Aufnahme von
Nahrstoffen reduzieren, Proliferation einschranken, die Translation des MYC Proteins stoppen und
Glykolyse und Laktatsekretion herunterfahren. Laktat hat starke immunsuppressive Eigenschaften in
soliden Tumoren, da es zytotoxische T Zellen erschépft und regulatorische T Zellen aktiviert.

Die Behandlung von Mé&usen mit Herzglykosiden flhrte in Abh&ngigkeit vom Immunsystem zur
kompletten Remission der Tumore, auch wenn noch weitere Forschung notwendig ist, um die exakten

Zusammenhé&nge besser zu verstehen.






1 Introduction

MYC and its family members MYCN and MYCL are oncogenes that are overexpressed, amplified,
activated or deregulated in multiple cancer entities and are controlling all hallmarks of cancer biology by
integrating growth promoting and proproliferative signals into transcription (Gabay et al, 2014).
Consequently, understanding the function and biology of this transcription factor, that binds to the core
promoter of all actively transcribed genes (Baluapuri et al., 2020), is of key interest for both, extending
our knowledge on MYC'’s regulation of transcription by RNA polymerase Il (RNAPII) as well as for
translational research. Pancreatic ductal adenocarcinoma (PDAC) is a paradigm example of an entity
that is dependent on MYC expression and has a devastatingly poor prognosis, further reinforcing the

need for better understanding the role of MYC in initiation and maintenance of these tumors.

1.1 The transcription factor MYC

1.1.1  The family of MYC proteins and their network

MYC proteins, which include MYCL, MYCN and MYC (historically named c-MYC), belong to the helix-
loop-helix/leucin zipper transcription factor family. MYC and its paralogs MYCL and MYCN are all
implicated in a variety of human neoplasia. Depending on the entity, genomic amplification or
translocation as well as overexpression are observed in tumors and the ability of MYC to transform cells
and tissues has been described in several experimental settings (Dang, 2012; Land et al., 1983; Leder
et al., 1986). MYCN was originally found to be dramatically amplified in a panel of neuroblastoma cell
lines and its strong capacity to transform cells in culture has been demonstrated using rat embryo
fibroblasts (Kohl et al., 1983; Yancopoulos et al., 1985). It is a driver of cancers originating in neural or
neuroendocrine tissue (Rickman et al., 2018). In contrast, deregulation of MYC is pervasive in human
cancer. It is long known that MYC is translocated in Burkitt’s lymphoma and multiple myeloma
(Mikulasova et al., 2017; Schmitz et al., 2014). Very often it is strongly transcriptionally upregulated by
oncogenic activation of one or more of the pathways including Wnt-APC, Notch and MAP kinases (Dang,
2012). Therefore, medulloblastoma, colorectal cancer, breast cancer, lung cancer, melanoma and
pancreatic cancer are only very few paradigm examples for tumors with deregulated levels of MYC and
accordingly oncogenic addiction (Bragelmann et al, 2017; Hessmann et al, 2016; Roussel and
Robinson, 2013; Schaub et al., 2018; Topper et al., 2017).

MYC is highly expressed in proliferating or dividing cells and it has a critical role during development,
as shown by the embryonal death of MYC-deficient mice (Zimmerman et al, 1986). MYCN can
substitute this function of MYC in the embryonic development of the mouse, pointing out that they have

at least partially redundant function (Malynn et al., 2000). Moreover, MYC does not only play a pivotal



role in growth, proliferation and tumorigenesis, but is also one of four genes that can induce pluripotency
in fibroblasts (Takahashi and Yamanaka, 2006).

MYC proteins are predominantly found in the nucleus of cells and a significant proportion of MYC is
bound to chromatin together with a partner protein termed MAX. While in vitro the MYC/MAX
heterodimer binds to a well-defined DNA sequence called E-box (CACGTG), the binding behavior of the
MYC/MAX heterodimer in culture is less strict and depends on the MYC protein level. With increasing
concentrations of MYC protein in the cell, MYC binding invades all active core promoters (Lorenzin et
al., 2016). Besides the interaction with MYC, MAX can form homodimers and heterodimers with MXD
proteins and together they form a network of transcription factors that interact with each other via the
helix-loop-helix/leucine zipper (Conacci-Sorrell et al., 2014). While the interaction of MYC and MAX is
essential for MYC-mediated proliferation and growth in eukaryotic cells (Blackwood and Eisenman,
1991; Gallant et al., 1996), MXD proteins (i.e., MNT or MGA1) seem to counteract and outbalance these
effects by promoting suppression of growth (Hurlin et al., 2003; Mathsyaraja et al., 2019). The important
role of this network in taming the function of MYC is underlined by the observation that these MYC

antagonists are frequently mutated in cancer (Schaub et al., 2018).

Another partner protein of MYC is the zinc finger protein MIZ1, which also interacts with the carboxy-
terminus of MYC. The MYC/MIZ1 heterodimer represses transcriptional activation by binding to the core
promoters of genes (Walz et al., 2014). While there is little evidence that MYC and MIZ1 are interacting
at physiological levels of MYC in untransformed cells, the association of MYC and MIZ1 becomes
detectable at supraphysiological levels of the MYC protein (Wiese et al., 2013). MIZ1 on its own
transcriptionally activates genes involved in autophagy by directly binding to a non-palindromic
sequence at the core promoter of these genes (Wolf et al., 2013). The MIZ1 POZ domain is essential
for MIZ1 tetramerization and chromatin recruitment, as a POZ domain deletion hinders MIZ1 binding to
chromatin (Kosan et al., 2010; Stead et al., 2007). In contrast, the MYC/MIZ1 complex transcriptionally
represses the cell-cycle inhibitors p15INK4b and p21CIP1 and thereby the response to TGF-B in vitro
and in vivo (Gebhardt et al., 2006; Seoane et al., 2002). Moreover, MIZ1 promotes the expression of
the antiapoptotic BCL-2 gene and MYC and MIZ1 cooperate to repress integrins to enable cells to exit
the stem cell compartment (Saba et al., 2011; Waikel et al., 2001). A mutation in MYC at amino acid
394, replacing a valine with an asparagine (MYCV3%4D, MYCVD), prevents MYC binding to MIZ1 without
disrupting the interface that interacts with MAX (Herold et al., 2002). While systemic deletion of MIZ1 or
deletion of the POZ domain is embryonic lethal (Adhikary et al., 2003; Kosan et al., 2010), mice with a
systemic knock-in of MYCV394D are viable (Wiese et al., 2013). Importantly, there is clear evidence that
the MYC/MIZ1 interaction is crucial for the development and maintenance of tumors in vivo. Similar to
the depletion of one allele of MYC, depletion of the POZ domain of one allele of MIZ1 significantly
retarded the development and progression of pancreatic cancer in KRasG12D and Tp53R172H driven
mouse models (Walz et al., 2014). In addition, a mouse hemizygous for MycV394D/- shows a significant

increase in overall survival in a model of APC-driven colorectal carcinogenesis compared to mice with



two or one allele of wild-type MYC (Wiese et al., 2013). Mechanistically, the destruction of MYC/MIZ1
interaction is associated with chromatin invasion by the repressive H3K9me3 mark. This event, probably
dependent on the lack of repression by CDK inhibitors, suggests the reason for the reduced transforming

potential (van Riggelen et al., 2010).

1.1.2 The structure and interactome of MYC

MYC is a highly unstructured protein and the homology among the three paralogs is limited. However,
MY C proteins share amino acid stretches with a high conservation, called MYC boxes (MB). These MYC
boxes are numbered from 0 to IV and each of the MYC boxes provides the binding interface for partner
proteins. MB 0 and MB | provide the interface for the interaction with Aurora A, that stabilizes and
antagonizes E3-ligase dependent turnover of MYC and MYCN (Dauch et al., 2016; Otto et al., 2009;
Richards et al., 2016). The stability of MYC proteins is regulated by a highly conserved phospho-degron
(T58, S62, S64, S67) in MB I. Phosphorylation of S62 by CDKs causes a subsequent phosphorylation
of T58 by GSKS3, overall resulting in the recruitment of SCFFBXW7 and SCFFBXL3 (Welcker et al., 2004).
This ubiquitination event and thus, the stability and half-life of MYC proteins is counteracted by the de-
ubiquitinating enzyme USP28 (Popov et al., 2007a; Popov et al., 2007b). Furthermore, MB | binds TFIIF,
a general transcription factor that is part of the RNAPII preinitiation complex (Kalkat et al., 2018). MB I
enables MYC binding to proteins that remodel or modify chromatin, namely TRRAP and P400.
Acetylation of the chromatin via the TRRAP-Nu4A-axis increases the accessibility of the chromatin
together with the helicase P400 to promote transcription. Mutant TRRAP or deletion of MB Il prevent
MYC-mediated transformation, indicating that major oncogenic potential of MYC is mediated by its
interaction with TRRAP (McMahon et al., 1998; Zhang et al., 2014a). MB llIb binds WDR5 to mediate
trimethylation of H3K4, a marker for active promoters, and increase the occupancy of MYC at the
promoter. This ability is crucial to induce stem cells pluripotency (Thomas et al., 2015). MB IV is essential
for the binding of host cell factor 1 (HCF1) through its tetrapeptide HCF-binding motif. Point mutations
of MYC that disrupt this interaction show a reduced potential to drive tumorigenesis in mice (Thomas et
al., 2016). HCF1 links MYC to the regulation of ribosome biogenesis and mitochondrial gene expression,
two functions that are hard-wired in MYC biology (Popay et al., 2021). The C-terminal region of the MYC
protein contains the helix-loop-helix/leucin zipper. The leucine zipper provides the DNA binding domain

and binds MAX and MIZ1 to activate or repress transcription.

1.1.3 Regulation of MYC

MYC transcription, translation and protein stability are tightly controlled to prevent uncontrolled growth
and transformation. Transcription of the MYC gene is regulated by a wide range of growth-promoting
signaling pathways, including WNT, Notch, JAK-STAT, MAPK and Hedgehog. This is counteracted by
TGF-beta signaling that suppresses the transcription of MYC (Dang, 2012; Kress et al., 2015). The
translation of MYC mRNA is controlled on several levels, e.g. by mTORC1-S6K1, MAPK-HNRPK and
MAPK-FOXOBSA, but also by the presence of glutamine and nucleotides (Csibi et al., 2014; Dejure et



al., 2017; Notari et al., 2006). The stability of MYC protein increases with the activation of the PISBK-AKT
and RAS-MAPK pathway (Sears et al., 1999; Sears et al., 2000; Vaseva et al., 2018).

As described in section 1.1.2, MYC stability is regulated via MB | through the balance between the
activities of SCFFBW7 and USP28 (Popov et al., 2007a; Schulein-Volk et al., 2014). Additionally, MYC
and MYCN protein stability is regulated by the interaction with Aurora A, albeit the association with MYC
is weaker than with MYCN (Dauch et al., 2016; Otto et al., 2009).

1.1.4  Transcriptional regulation by MYC

A central debate in MYC biology is whether there is a crucial MYC-driven transcription program that
mediates the transformative potential of MYC. Four central assumptions underlie this discussion: First,
MYC is overexpressed in a large variety of cancers and can induce neoplastic growth (Small et al.,
1987). Second, MYC can induce the expression of specific genes in reporter assays (Greasley et al.,
2000; Kretzner et al., 1992). Third, MYC is strongly associated with chromatin, especially at the core
promoters of genes that are actively transcribed by RNAPII (Walz et al., 2014). Fourth, MYC induction
promotes the upregulation of a broad range of biological processes, most of them linked to protein

biosynthesis, metabolism, transcription factors and cell cycle (Eilers and Eisenman, 2008).

Many early publications on the role of MYC in transcription favor a gene-specific regulatory model by
showing the regulation of specific genes using RQ-PCR or reporter assays (Figure 1A). This is in line
with MYC being highly associated with the promoter of some genes. In this view, MYC binds to a specific
group of genes to activate or repress them to promote proliferation, growth and transformation. However,
two aspects of MYC biology do not fit in a model based on MYC binding and regulation of a distinct set
of target genes: First, ChIP-Rx sequencing data show that MYC is bound to the promoter of all genes
actively transcribed by RNAPII. Second, changes in global expression profiles are subtle and only a few
MYC bound genes are regulated more than twofold (Baluapuri et al., 2020; Herold et al., 2019; Walz et
al., 2014). Consequently, there are more genes bound by MYC at the core promoter than genes
significantly regulated by changes in MYC protein levels. These experiments suggest that there is no

correlation between genes bound by MYC and genes regulated by MYC.

Strikingly, two seminal works which used B cells as a model system suggested a different view on MYC’s
biology, named the global amplifier model. B cell stimulation resulted in increased global binding of
MYC to the core promoter and increased global transcription of all MYC-bound genes (Lin et al., 2012;
Nie et al., 2012) (Figure 1B). Increasing amount of mRNA upon MYC induction could be measured in
human Burkitt’s lymphoma cells. Total amount of RNA in these cells follows the increase in MYC levels.
Importantly, some studies claim that global changes in gene expression or total amount of mMRNA have
been previously overlooked because of data normalization or the lack of spike-normalized sequencing
(Lovén et al., 2012). This model is supported by the high sensitivity of MYC driven cancers towards the
inhibition of CDK7 or CDK9, both being essential for transcription via RNAPII (Chipumuro et al., 2014;



Huang et al., 2014). Albeit MYC globally increases transcription elongation rates measured using 4sU-
DRB-sequencing to detect nascent RNA synthesis (Baluapuri et al., 2019), total RNA content of cells
did not change in other biological systems (Walz et al., 2014). This indicates that these observations

may highly depend on the conditions and especially the biological system that is used.

The third concept is based on the observation that an increase in MYC protein also causes an increase
in MYC-bound promoters, resulting in changes in the global expression profile. This gene-specific
affinity model categorizes the promoters of genes according to their ability to recruit MYC, i.e., “MYC
affinity” (Lorenzin et al., 2016). Consequently, MYC does not switch the transcription of genes on and
off, but it gradually changes the global transcription profile, also considering the different state of cells
with increasing levels of MYC protein, namely, resting, not proliferating cells, proliferating cells and

transformed cancer cells (Lorenzin et al., 2016) (Figure 1C).

None of the three discussed models can explain the discrepancy between global chromatin occupancy
at core promoters and only mild regulation of transcription. These two aspects can be explained by an
emerging transcription-stress-resilience model in which MYC does not control transcription rate or
special gene sets, but acts at the core promoter of genes to increase processivity of RNAPII and also
to promote resilience towards transcriptional stress, such as torsional stress (Das et al., 2022; Herold
et al,, 2008), R-loop formation (Herold et al, 2019), coordination of transcription and replication
(Roeschert et al., 2021; Solvie et al., 2022), double-strand breaks at promoters (Endres et al., 2021)
and stalling polymerase (Papadopoulos et al., 2022). This model is in line with recently published
interactomes of MYC and MYCN, which showed that MYC and MYCN are able to bind to an extensive
variety of proteins with distinct functions, including not only transcription and elongation factors, but also
chromatin remodelers, RNA processing enzymes, histone acetyltransferases, chromatin topology
affecting proteins and many more (Baluapuri et al., 2019; Baluapuri et al., 2020; Biichel et al., 2017;
Kalkat et al., 2018) (Figure 1D). MYC and MYCN induce productive elongation of RNAPII (Rahl et al.,
2010) and MYC mediates the transfer of the elongation complex DSIF (containing SPT4 and SPT5)
onto RNAPII to induce productive elongation, processivity and directionality (Baluapuri et al., 2019).
Collectively, MYC primes RNAPII for productive elongation on multiple levels and there is an increasing
number of factors that are recruited by MYC or MYCN to increase stress resilience at the promoter. For
example, MYC recruits the PAF1 complex to the promoter to both, ensure productive elongation
(Jaenicke et al., 2016) and secondly, to repair double-strand breaks (Endres et al., 2021). Moreover,
MYCN-driven neuroblastoma relies on high BRCA1 levels to recruit de-capping factors to prevent
formation of promoter-proximal R-loops formed by non-productive RNAPII (Herold et al., 2019). In MYC
driven cells these R-loops can also be resolved by the PAF1 complex. This shows that MYC and MYCN
can both solve very similar challenges of the RNAPII by recruiting different partner proteins (Shivji et al.,
2018). A further example of this is represented by the S phase-related MYC/MYCN functions. In the

S phase, DNA and RNA polymerases are both associated with chromatin. To avoid collisions between



the two polymerases, origins of replication and genes are precisely located and orientated on the
chromatin (Lin and Pasero, 2017; Merrikh, 2017; Petryk et al., 2016). Nevertheless, both processes
need to be well coordinated, since conflicts between transcription and replication pose a threat to

genomic stability of cells (Hamperl et al., 2017; Macheret and Halazonetis, 2018).
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Figure 1: Mechanisms of MYC-dependent transcription. A: gene-specific regulatory model B: concept of global

amplification C: gene-specific affinity model D: transcription-stress-resilience model. Model (A-C) was adapted from
Baluapuri et al., 2020.



Aurora A, a kinase that stabilizes MYCN by counteracting SCFFBW7 binds MYCN in S phase and thereby
competes with proteins that promote pause release and elongation to prevent transcription-replication
conflicts (Roeschert et al., 2021). Comparable phenotypes have been observed with MIZ1, which was
shown to interact with the checkpoint that controls transition to S phase (Herold et al., 2002).

Recent work showed that MYC can multimerize and re-localize to new binding sites when cells have to
face transcriptional and/or replicational stress to protect stalled replication forks. This pathway is
promoted by HUWE1, already implicated in transcription-associated DNA repair at core promoters
(Endres et al., 2021). MYC multimers prevent antisense transcription and stabilize FANCD2 on the
chromatin. Moreover, MYC multimers sequester SPT5 from the RNAPII and thereby repress the
transcription of genes under stress-conditions (Figure 1D) (Solvie et al., 2022).

In summary, there are supportive data for all four models in terms of MYC biology. However, new
methods such as ChIP-Rx, CUT&RUN sequencing and spiked-normalized analysis of nascent RNA are
shifting the view on MYC proteins from an oncogenic transcription factor, which drives specific gene to
promote tumorigenesis, to a protein-hub or “resilience booster” that enables rapidly proliferating cells to
deal with the resulting challenges at promoters or during elongation when the RNAPII faces the DNA

polymerase during replication.

1.1.5 Mechanisms of repression by MYC

The repression of gene expression by the MYC proteins is in part covered by the gene-specific
regulatory model, with MYC and MIZ1, which cooperatively bind to the core promoter of specific genes
(Kress et al., 2015). Several inhibitors of the cell cycle and integrins are repressed by MYC and MIZ1
(Gebhardt et al., 2006; Seoane et al., 2001). The MYC/MIZ1 heterodimer is critical in the tumorigenesis
of hepatocellular carcinoma (HCC) in mice and represses distinct sets of genes including metabolic
processes, cell-cell contacts, and, most importantly, a panel of gene sets involved in inflammation and
immune activation (Kress et al., 2016). The cooperative binding of MYC and MIZ1 to some distinct genes
has been described in detail (Wiese et al., 2013). However, many more genes that are transcriptionally

repressed by MYC proteins are neither bound by MYC nor MIZ1 on the chromatin.

MY C promotes processive elongation via a hand-over mechanism of SPT5 and depletion of MYC results
in unprocessive, abortive transcription (Baluapuri et al., 2019). Oncogenic levels of MYC protein not
only facilitate the rapid transfer of STP5 to drive transcription, but also cause sequestration of non-
functional MYC-SPT5 complexes that result in repression of genes that have no or only mild MYC
binding. Oncogenic levels of MYC cause a gain-of-function to squelch SPT5 from the promoter of distinct
gene sets, such as TGF-beta and NF-«B target genes (Baluapuri et al., 2019; Baluapuri et al., 2020).
This is in line with the observation that genes that are activated by oncogenic levels of MYC protein
show the most increase of MYC binding to the core promoter (‘MYC share’) compared to low levels of

MYC, while repressed genes do not show a pronounced increase in MYC occupancy. ‘MYC share’



genes include all pathways that are hard-wired to MYC biology: nucleotide metabolism, cell growth and
division, biosynthesis and DNA replication (de Pretis et al., 2017; Tesi et al., 2019).

Induction of various kinds of stress in tumor cells causes multimerization of MYC and sequestration of
SPT5 from the polymerase to repress the transcription. Squelching/sequestration and the ‘MYC share’
concept account more for the transcription-stress-resilience (Figure 1D) model where MYC proteins
recruit factors to facilitate proper transcription and processive elongation (Figure 2). This is supported
by the fact that MYCN repressed genes display the same rate of pause-release from the promoter, but

they lack processive elongation (Herold et al., 2019).
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Figure 2: MYC squelches SPT5 from the RNAPII. Oncogenic levels of MYC sequester SPT5 and cause
transcriptional repression of genes with no or only mild binding of MYC protein to the core promoter. Under stress
conditions MYC multimerizes and sequesters SPT5 to prevent transcription and resulting damage to the integrity
of the cell. Model was adapted from Baluapuri et al., 2020.

Broad analysis with different experimental systems in vivo and in culture revealed that there is a
substantial number of genes involved in inflammation, inflammatory response, interferon signaling and
cytokines, which are downregulated by MYC. Some of these genes are repressed by MYC or MYC and
MIZ1, but in many cases the binding of MYC is not conserved across different entities or is strongly
dependent on the cellular context (Casey et al., 2016; Kortlever et al., 2017; Muthalagu et al., 2020;
Sodir et al., 2020; Topper et al., 2017; Zimmerli et al., 2022). These observations point out that the hard-

wired function of MYC to repress proimmunogenic genes is working via a different mechanism.



1.2 PDAC - Pancreatic ductal adenocarcinoma
1.2.1  Origin and development of PDAC

Pancreatic ductal adenocarcinoma (PDAC) is a devastating, malignant disease originating from acinar
and/or ductal cells in the pancreas with a five-year survival rate of only 5% (Rahib et al., 2014). PDAC
is a paradigm example for a MYC-dependent tumor, due to the nearly universal mutation in KRAS which
drives MYC upregulation (Hessmann et al., 2016; Morris et al., 2010; Vaseva et al., 2018). Beyond
KRAS, TP53, CDKN2A and alterations in the TGF- signaling are the most common genetic alterations
found in patients (Bailey et al., 2016; Mueller et al., 2018) (Figure 3).
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Figure 3: Genetic alterations of tumor drivers and tumor suppressors in pancreatic ductal adenocarcinoma
(Bailey et al., 2016).

The pancreas is composed of cells from three different origins: exocrine (acinar), epithelial (ductal) and
endocrine origin. Acinar cells are responsible for homeostasis and regeneration since the pancreas

does not have a defined stem cell compartment (Puri et al., 2015).
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Figure 4: Development of pancreatic ductal adenocarcinoma. Model was adapted from Orth et al., 2019.




The cell-type of which PDAC origins is still debated, despite most people in the field agreeing on a
concept in which acinar cells, the most plastic cell type in the pancreas, undergo acinar-to-ductal
metaplasia (ADM). In detail, ADM is associated with the gain of an epithelial (ductal-like) phenotype as
a consequence of stress, inflammation or injuries (Friedlander et al., 2009; Kopp et al., 2012). Mutations
in KRAS are one of the very early alterations in the development of pancreatic cancer causing the
transformation towards pancreatic intra-epithelial neoplasias (PanIN). PanlIN lesions are the initial steps
before tumor progress through the stepwise accumulation of additional mutations, especially the loss of

tumor suppressor genes to a PDAC (Orth et al., 2019) (Figure 4).

1.2.2 Treatment of PDAC

In general, the outcome and overall survival of PDAC patients are poor for two reasons: First and
foremost, due to the late onset of symptoms, only 10-20% of patients are diagnosed with a PDAC that
is still resectable. The vast majority of patients has already advanced and non-resectable tumors with
distant metastasis at the time of diagnosis (Gillen et al., 2010). Second, PDAC tumors reveal an
immunosuppressive enviroment, are highly desmoplastic and have a low number of neo-antigens,
making the tumor difficult to access for immunotherapies (Dougan, 2017). Patients with non-resectable
tumors receive systemic chemotherapy with nucleoside analogues (5-fluorouracil, gemcitabine) or
mitotic inhibitors (paclitaxel). Radiotherapy is rarely used since most PDAC patients present with an
already advanced disease and local therapies are less useful. Moreover, PDAC are very resistant to
radiotherapy (Hall and Goodman, 2019). Still, radiotherapy can be used as neo-adjuvant strategy to
improve outcome of resections or to make the tumor resectable (Roeder, 2016). To address the high
radioresistance, radiotherapy is combined with sensitizing agents like gemcitabine or other nucleoside
analogues (Mukherjee et al., 2013).

Immunotherapy using checkpoint inhibition — a game-changer in several diseases like melanoma or
lung cancer — was effectively only in a small subgroup of patients with microsatellite instability (Brahmer
et al., 2012; Orth et al., 2019). Allogenic transplant of T cells with chimeric antigen receptors (CAR-T
cells), which specifically recognize and eliminate cells that express a certain protein on the surface,
have shown promising results in leukemia (Sheykhhasan et al., 2022). However, solid tumors are difficult
to target with CAR-T cells due to the immunosuppressive microenvironment which antagonize
CAR-T cell invasion to the tumor area. Nevertheless, targeting the microenvironment to prime the tumor
for CAR-T cell recognition showed first promising results and gave rise to hope that this technique can
be used for solid tumors in the future (Akce et al., 2018; Liu et al., 2021; Srivastava et al., 2021).

1.2.3 Mouse models to study MYC in PDAC

In vivo studies investigating the role of MYC in PDAC have been performed with two main strategies.
First, transformation of the pancreas can be induced by activating the MYC protein e.g. with MYC-ER
chimeras that can be initiated with tamoxifen or by inducing ectopic expression of MYC with a tissue

specific Cre-recombinase (Felsher and Bishop, 1999; Muthalagu et al., 2020; Sodir et al., 2020).



On the other hand, MYC can be studied in the context of a genetic engineered mouse model (GEMM)
with mutations in KRas and Tp53, which better reflect mutations and pathology of human patients. There
is a overwhelming amount of different GEMM that model the pathophysiological role of mutations and
oncogene activations in pancreas. For example, the activation of KRas&12P alone induced formation of
PDAC over time, while mutations in tumor suppressors alone (Cdkn2a, Smad4, Tp53) were not sufficient
to cause either PanIN lesions or pancreatic cancer to develop (Westphalen and Olive, 2012). In recent
years the KPC (KRas, Tp53, Cre-Recombinase) GEMM has become the gold standard for investigating
the development and progression of pancreatic ductal adenocarcinoma (Hessmann et al., 2016)
(Figure 5). In the KPC model, tissue specific activation of the Cre-recombinase induces concomitant

expression of Tp53R172H and KRas®'2D mutants from their endogenous locus (Hingorani et al., 2005).
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Figure 5: Mouse model for PDAC driven by mutations in KRas and Tp53. A: Scheme shows conditional
activation of mutated KRas and Tp53 in pancreata of mice. B: Survival of mice with activation of different alleles.
Figure adopted from Hingorani et al., 2005.

In the KPC mouse model the Cre recombinase is in most cases controlled by the Pdx-promoter, but
there are also Cre-recombinases that are controlled by the Sox9- or Ptf1a-promoter, all leading to early
transformation of the pancreas. Ptf1a is exclusively expressed in acinar cells in the adult mice, while
Pdx is restricted to islet cells (Hingorani et al., 2003). Sox9 is expressed in ductal cells and centroacinar
cells (CAC) (Shroff et al., 2014). Comparison between Sox9-CreER and Ptf1a-CreER showed that Sox9
can be used to distinguish between recombination in the ductal or acinar compartment. Formation of
PanIN lesions was reduced in Sox9-Cre driven transformation compared to Ptf1a-Cre driven trans-
formation (Kopp et al., 2012). The Tuveson laboratory established PDAC tumors by using Pdx- or Ptf1a-
Cre and LSL-KRas®12D, both leading to the development of PanIN lesions (Westphalen and Olive, 2012).
Activation of the driver mutation in KRas and the tumor suppressor Tp53 cause very fast onset of
pancreatic ductal adenocarcinoma. The combination of both accelerates the development of a
metastatic PDAC in mice compared to KRas&12D activation alone (Hingorani et al., 2003; Hingorani et
al., 2005). Tumors from the KPC mouse model display loss of heterozygosity (LOH) at the Tp53 locus
and also genetic instability that allows further accumulations of mutations (Hingorani et al., 2005).

Comparison between Sox9- and Ptf1a-Cre, KRas&120 and Trp53ff mice revealed significant difference

in the activation of interferon (IFN) related genes and dsRNA-sensors (Espinet et al., 2021). Moreover,



different mutations in Tp53, as well as Tp53% (complete deletion of Tp53), elicit a very different
immunogenic response in the cells when compared to wildtype murine Tp53 (Ghosh et al., 2021). This
points out that there are multiple layers that influence PDAC development and maintenance, and that
there are different evolutionary pressures for the tumor resulting in diverse evolutionary routes.

Besides its strong capacity in recapitulating the mutational pattern, pathology and progression of human
PDAC patients, two bottelnecks challenge the work with the KPC GEMM: First, the tumors arise
spontaneously and it may take some time for them to develop and progress to PDAC. Second,
integrating genetic modifications in the tumor cells to study the influence of oncogenes and tumor
suppressors is not only time-consuming but also presupposes crossing of mouse strains. The latter
problem could be overcome by genetic manipulation of mouse-derived KPC allografts, which can then
later be orthotopically re-transplanted to investigate the consequences of manipulation on tumor
engraftment and maintenance in an immune-competent mouse. Orthotopic transplantation into the
pancreata of syngeneic mice phenocopies histology, desmoplasmia, stromal response and exclusion of
T cells (Li et al., 2019a; Pham et al., 2021). These methods provide a comparably easy and fast protocol
to, firstly, genetically modify murine PDAC cells using for instance lentiviral infection or CRISPR-Cas9
technology, and, secondly, investigating cellular consequences of these modifications in culture and in

Vivo.



1.3 Immunity in cancer

1.8.1  The immune system: Two lines of defense

Evolutionarily the immune system developed as a complex network consisiting of highly specific cells,
chemicals and signaling pathways that collaborate to protect the integrity of a single cell as well as a
complex organism (Figure 6). In a simplified view on this highly complex system, the immune system
consists of “two lines of defense”, the innate and the adaptive immune system. While the innate system
responds fast, non-specifically and independently of antigens to the invasion of the cell and the
organism, the adaptive system relies on the recognition of specific antigens and can memorize antigens.
Thus, it learns to respond fast and precisely to fight pathogens quickly and efficiently (Marshall et al.,
2018).

The innate immune system acts as the first line barrier to prevent and defend against infections. This
includes barrier surfaces (such as skin and mucosa), but also specialized myeloid and lymphoid cells
that recognize and fight infections. The immune system is a tightly controlled, balanced and versatile
interplay of several cell types, physical barriers and signaling molecules to efficiently fight pathogenes,
but also to prevent overactivation and systemic inflammation, which is harmful to the individual
(Janeway, 2005).

Cellular pattern recognition receptors (PRR) sense these pathogens and infections, activate intracellular
pathways and induce the secretion of specific factors to communicate with the microenvironment as well
as innate immune cells and adaptive immune cells (Brubaker et al., 2015).

Innate immune cells can arise from the myeloid or lymphoid lineage. Common myeloid progenitor cells
give rise to, amongst others, neutrophils, macrophages, dendritic cells, while natural killer (NK) cells

differentiate from lymphoide progenitors (Figure 6).

Innate immune cells Adaptive immune cells

" CD8+ cytotoxic T cell with
Dendritic cells Brimin specific TCR

with PRR (APC) %’
! - CDA4+ Tregs
s, with specific
, TCR
N

CD4+ T helper
; cell with
?gct:%g)r)l(ilgeNK = specific TCR
gl noseif Macrophage with
PRR (APC)

ODS
oy B cell with
L specific BCR

Figure 6: Simplified view on the innate and adaptive immune system and their crosstalk. The innate and
adaptive immune system communicate to form a memory for antigens and to modulate the immune response.



NK cells are effector lymphocytes that can target pathogens or tumor cells, therefore limiting their
expansion. The cell surface presentation of MHC class | molecules inhibits NK cell function, while stress-
induced MHC class I-deficient cells are cleared by NK cells (“missing self’) (Kéarre et al., 1986). This
stress can range from viral infection to neoplastic transformation, that can trigger stress in the
endoplasmtic reticulum limiting peptide processing (Granados et al., 2009). However, there are several
mechanisms how tumor cells prevent the eradication via NK cells. In the tumor microenvironment (TME)
NK-activating surface-ligands for the NKG2D receptor are downregulated by their release in exosomes
or by metalloproteinase-mediated cleavage (Chitadze et al., 2013a; Chitadze et al., 2013b; Paczulla et
al., 2019; Raulet et al., 2013). The presentation of peptide-loaded HLA-E acts as a ligand for the CD94-
NKG2A complex, that inhibits NK function (Braud et al., 1998). Also the release of transforming growth
factor-p (TGF-B) by tumor cells can reduce NK cell proliferation and cytotoxicity (Viel et al., 2016).

Macrophages can remove and recycle dead cells, tissue debris or pathogens by phagocytosis and
thereby play an essential role in homeostasis of organs (Mosser et al., 2021). They are also highly
sensitive for pathogen-associated molecular patterns (PAMPs), and damage-associated molecular
patterns (DAMPs). Therefore, they show a high expression of specific receptors, which are described in
more detail in section 1.3.2.

Engagement of these receptors causes major changes in the expression profile of macrophages, from
an MO to an activated M1 phenotype with the potential to destroy tumor cells (Su et al., 2016). M1
macrophages are phagocytes and can remove infected or transformed cells. Pathogens or cells are
labelled via opsonization with antibodies secreted by plasma cells. The Fc receptor on macrophages
recognizes these antibodies and eliminates the labelled pathogen or cell. Importantly, tumor cells are
able to establish an immunosuppressive transcriptional program that can convert macrophages to the
M2 phenotype. M2 macrophages are defined as tumor-associated macrophages (TAM) and contribute
to tumor progression by providing an immunosuppressive microenvironment (Lin et al., 2019).
Dendritic cells (DC) are antigen-presenting cells that are needed to establish an antigen-specific
immunity, but also to ensure self-tolerance. DCs are sensing patterns of pathogens and damage with
different receptors to integrate environmental signals (Schlitzer et al., 2015). They link the innate
immune system to the adaptive immune system by priming cytotoxic T cells or activating T helper cells
by processing and cross-presentation of tumor-associated antigens. The presence of dendritic cells is
a marker for good prognosis and expression of IL-12, a product of DCs, correlates with a good response
to chemotherapy (Béttcher et al., 2018; Broz et al., 2014; Diao et al., 2018; Ruffell et al., 2014). Knockout

mice lacking DCs have no capacity to recruit cytotoxic T cells to tumors (Spranger et al., 2017).

The adaptive immune system, also called acquired immunity, can recognize specific “non-self’
antigens (Figure 6). It memorizes specific antigens and therefore after a first infection has the capacity

to respond fast and specific to known pathogens (Marshall et al., 2018). This memory develops via



interaction with the innate immune system, e.g. dendritic cells. Two types of immune cells drive this
specific immune response: T cells and B cells.

T cells originate in the bone marrow and mature in the thymus. Each T cell expresses a single, specific
T cell receptor (TCR) that can recognize one specific antigen. They highly specific express CD3 on their
surface. Once a T cell is stimulated by binding to an MHC class | presented peptide, the T cells can
rapidly proliferate and expand to elicit a very fast and highly specific response (Marshall et al., 2018).
To achieve this specificity and tightly control activation, several subpopulations contribute to the
adaptive immune response of T cells. CD8-positive cytotoxic T cells (effector T cells) secrete perforines
and granzymes to induce programmed cell in target cells and eliminate infected cells (Salti et al., 2011).
CD4-positive T helper cells contribute by activation of effector T cells (and also B cells) by secreting
IFN-v, but also by dampening regulatory T cells (Tregs). Regulatory T cells have the capability to quench
the activation of cytotoxic effector cells (Bold and Ernst, 2012; Castro ef al., 2018; Janeway, 1999).
Theoretically, T cells per se have a great ability to eliminate tumor cells, but tumors developed several
mechanisms to evade the cytotoxic effect of T cells. First, many tumors (40-90%) downregulate the
surface presentation of MHC class | proteins and thereby limit the presentation of antigens (or
neoantigens) on the surface (Cornel et al., 2020). Second, T cells need two stimuli to get fully activated.
The binding of the TCR to an antigen in the absence of inflammation or co-stimulation leaves the T cell
in a hyporesponsive state called “anergy”, pointing out that indeed also tumor cells need to release
certain proinflammatory signals. Moreover, T cells in the tumor microenvironment are often in a
dysfunctional state called “exhaustion” or can be inactive due to the release of immunesuppressive
cytokines. This state describes T cells with very poor effector function and expression of inhibitory
receptors like PD-1 (Wherry, 2011).

There are several mechanisms described how T cells are getting in an exhausted state in the TME. Due
to their aberrant metabolism, cancer cells release lactate to the TME (de la Cruz-Lépez et al., 2019).
On the on hand, lactate suppresses the proliferation of the effector T cells and, on the other hand serves
as a carbon source for regulatory T cells, further dampening the activity of cytotoxic T cells against
cancer cells (de la Cruz-Lopez et al., 2019; Multhoff and Vaupel, 2021; Quinn et al., 2020). In addition,
especially SMAD4 mutated tumors secrete TGF-f, which prevents the activation of the immune system
(Batlle and Massagué, 2019).

Moreover, T cells have a specific TCR that recognizes a specific antigens, but sequencing of patient
samples uncovered that not all patients have tumor-reactive T cells in the TME at all. This underlines
the importance of the crosstalk between the innate and the adaptive immune system to generate a
highly-specific immune response against tumors. This crosstalk can be perturbed in the tumor
microenviroment, preventing a adaptive immune response (Spranger et al., 2015; Spranger et al., 2017).
B cells mature in the bone marrow and are the majore source of humoral immunity. Like T cells, B cells
have a specific receptor (BCR, B cell receptor) that can recognize a specific antigen. If a B cell gets

activate it transdifferentiates into plasma cells, memory B cells or follicular B cells that than produce and



secrete antibodies. These antibodies opsonize specific antigens and thereby mediate the recognition
via the Fc receptor of phagocytes to eleminate the pathogens or an infected cells (Janeway, 1999).

This again emphazies that the innate and adaptive immune systems not only talk to each other, but also
condition each other, especially through cross-presentation of peptides to establish the antigen-specific

immune response.

1.3.2 Intracellular innate immune system

As described, the innate immune system is a complex network of receptors, physical barriers and cells
that monitor the presence of pathogens. More precisely the innate immune system recognizes “patterns”
indicating the presence of pathogens, such as double-stranded RNA or DNA in the cytoplasm, uncapped
RNA, CpG-rich DNA, unmethylated RNA, lipopolysaccharides and various kinds of lipids which are
pathogenic (by)products. This is very similar to PAMPs and DAMPs, which arise in cells as a
consequence of cell death, DNA damage, transcriptional or replicational stress. In order to surveil
whether there is an infection or a damage, both, PAMPs and DAMPs, engage a versatile network of
PRRs (Amarante-Mendes et al., 2018). They are predominantly located in the cytoplasm or are
associated with compartments like endosomal membranes or the plasma membrane of the cell
(Medzhitov and Janeway, 1997) (Figure 7).

There are five major classes of PRRs: The family of Toll-like receptors (TLR), the retinoic acid-inducible
gene I-like receptor (RLR), the nucleotide oligomerization domain (NOD)-like receptors (NLR), the
C-type lectin receptors (CLRs) and absent in melanoma-2 (AIM2)-like receptors (ALRs) (Li and Wu,
2021). Engagement of these receptors activates downstream signaling to stimulate proinflammatory
programs, increase for instance autophagy to clear infectious agents, induce cell death to eliminate
infected cells, or activate immune cells to attack infected cells (Bortoluci and Medzhitov, 2010; Delgado
and Deretic, 2009; Medzhitov et al., 1997).
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Figure 7: Pattern recognition receptors monitor infections and pathogens in the cell and its environment.
PRRs can sense foreign nucleic acids and activate the innate immune system. This causes upregulation of antigen
presentation and secretion of type | interferons.
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There is a long list of PAMPs and DAMPs, but this introduction focuses on the description of PRRs that
recognize various types of RNA and DNA which appear as DAMPs in normal cells and cancer cells.
PRRs have been discovered first as part of the first line of defense against for instance viral or bacterial
infection. The pathogen-derived RNA and DNA presents special patterns that can be recognized by
PRRs: Some PRRs recognize double-stranded RNA in the cytoplasm, endosomes or in the cell
periphery (TLR3, TLR10, RIG-I, MDA5, LGP2), others recognize single-stranded RNA (TLR7, TLRS,
TLR13), double-stranded DNA in the cytoplasm (ALRs, cGAS) or single-stranded DNA in the cytoplasm
(TLR9) (Kumar, 2021; Pohar et al., 2017). However, there is increasing evidence that also endogenous
RNAs and DNAs significantly engage these receptors and communicate with the immune system,
especially in the context of tumorigenic growth or autoimmune diseases.

Endogenous immunogenic RNA and DNA can originate from two subcellular compartments. First, RNA
and DNA from mitochondria is highly immunogenic. The circular mitochondrial chromosome is
transcribed from two promoters, resulting in long, polycistronic transcripts. Even though mitochondrial
transcription is tuned to process RNA co-transcriptionally, double-stranded RNA can still escape from
this bidirectional transcription process (Linder and Hornung, 2018). Loss of mitochondrial integrity due
to stress or damage can result in mitochondrial leakage and RNA accumulation in the cytoplasm. Also,
mitochondrial DNA (mtDNA) was shown to trigger TLR9, inflammasome (NLRP3), AIM2 and cGAS
(West and Shadel, 2017).

Second, also nuclear genomic DNA or transcripts can activate the innate immune system. Single-
stranded or double-stranded DNA fragments originating from DNA damage or DNA-RNA hybrids (R-
loops) are engaging PRRs (cGAS, AlIM2) as soon as they are shedding out of the nucleus (Weinreb et
al., 2021; Wolf et al., 2016). Also, micronuclei are recruiting cGAS and activate the cGAS-Sting axis
(Decout et al., 2021; Mackenzie et al., 2017). Another DAMP that originates from the nucleus is double-
stranded RNA. The predominant source of nuclear dsRNA are repetitive elements interspersed
throughout the genome. These repetitive elements make up to 50-75% of the human genome (de
Koning et al., 2011; Liehr, 2021).

One family of repetitive elements are Alu elements (in humans) and B1 and B2 elements (in mice), that
belong to the short-interspersed elements (SINE) which are located throughout the whole genome.
These SINE elements have a size of 150-300 bp (Deininger, 2011; Krayev et al., 1982). A single Alu (or
B1/B2) element cannot be recognized by most PRR as it cannot form a duplex structure longer than
40 bp (Athanasiadis et al., 2004). Two Alu (or B1/B2) elements oriented as inverted repeats (IR) can
instead internally hybridize in a single RNA strand and form a duplex structure (Ahmad et al., 2018).
Considering this high immunogenic potential of endogenous dsRNA, the cell has developed several
mechanisms to prevent undesirable systemic activation of the immune system. First, mtDNA, mtRNA
and nuclear DNA are protected in a subcellular compartment that is not invaded by PRRs. Second,
there are several mechanisms to degrade these RNA and DNA species once they are leaking out of
their intended compartment. For instance, AGO1x and DICER1 prevent accumulation of dsRNA in the

cytoplasm, while the TREX1 exonuclease degrades ssDNA and ADAR1 edits dsRNA by changing



adenosines to inosines in the duplex structure (Ghosh et al., 2020; Kaneko et al., 2011; Yang et al.,
2007). Modification by ADART1 helps to prevent recognition by PRR that can now distinguish between
foreign and self-RNA (Ahmad et al., 2018; Liddicoat et al., 2015). Third, multiple strategies allow PRR
to discriminate between self and foreign RNA. RIG-I monitors the 5-end of RNA for the lack of eukaryotic
posttranscriptional modifications (e.g. 5-cap) (Rehwinkel and Gack, 2020). MDA5 does not recognize
duplexes edited by ADAR1, and TLR3 is located in endosomes and at the plasma membrane,
preventing immediate engagement by dsRNA that is shedding out of the nucleus (Ahmad et al., 2018;
Matsumoto et al., 2014).

Once engaged, PRRs activate a signaling cascade that promotes antiviral, proinflammatory and pro-
immunogenic pathways. Both RIG-I and MDA5 oligomerize and activate MAVS that is implicated to
induce the autophosphorylation of TBK1. TLR3, anchored in the endosomal membrane, recruits
TRAF3/TRIF/TAK1 to activate the canonical NF-kB signaling and can in parallel also induce the
autophosphorylation of TBK1 (Li and Wu, 2021). Engagement of cGAS with dsDNA causes production
of cGAMP that activates STING and downstream TBK1.

TBK1 is mainly described to activate IRF3 and IRF7 (both implicated in type | interferon response), but
also promotes autophagy and vesicular transport by e.g. phosphorylating SQSTM, optineurin or Rab
proteins that control endosomal maturation (Alonso-Curbelo et al., 2014; Heo et al., 2018; Honda et al.,
2006; Outlioua et al, 2018; Richter et al., 2016; Ritter et al., 2020; Schlitermann et al., 2021;
Wandinger-Ness and Zerial, 2014).

Mutations in all these pathways are causing severe autoimmune disorders like Aicardi-Goutieres
syndrome (AGS) or systemic lupus erythematosus (SLE). However, their role in cancer is vastly
emerging, and several publications over the last decade clearly linked immunity of cancer cells to
engagement of PRRs with endogenous DAMPs.

Long dsRNAs originating from mitochondria are highly immunogenic, engage MDA5 and activate
downstream type | interferon signaling (Dhir et al., 2018). Ghosh and colleagues showed that a gain-of-
function mutation in AGO1 is needed to degrade dsRNA, prevent type | IFN signaling as well as
apoptosis, and support proliferation of breast cancer tissue (Ghosh et al., 2020). These findings open
up potential novel avenues in cancer therapy through the restoration of the visibility of cancer cells to
the immune system. For instance, inhibition of DDX3X, together with ADAR1, stabilizes dsRNA and
promotes anti-tumor immune response (Choi et al., 2021). Also targeting splicing and thereby increasing
the intron-retention and amount of dsRNA provides a promising strategy (Bowling et al., 2021; Wu et
al., 2018). Very similar approaches that utilize the cGAS-STING axis are also promising mediators to
restore immune surveillance and induce tumor regression (Decout et al., 2021; Hoong et al., 2020; Morel
et al., 2021). Moreover, the use of DAMP-mimetics to activate the innate immune system is currently
under investigation (Asthana et al., 2020; Qu et al., 2013). For example, poly (I:C), a synthetic TLR3
ligand, is used as an adjuvant to promote effects of CAR-T cells (Di et al., 2019).



On the other hand, cancer cells developed a variety of mechanisms to escape these responses. For
example, the loci containing the interferon genes that are essential for immune response are in some
cases completely deleted, especially in tumors with alterations of the CDKNZ2A locus (Barriga et al.,
2022; Delaunay et al., 2020; Grard et al., 2021; Mora et al., 2004). Furthermore, mutated Tp53 interferes
with the activation of the innate immune system in a broad variety of entities by preventing a STING-
dependent activation of TBK1 (Ghosh et al., 2021). There is evidence in the literature that MYC biology,
immune escape and innate immunity are converging, suggesting a protruding role of MYC proteins in
promoting the escape of the tumor from the (innate) immune system (Bowling et al., 2021; Lee et al.,
2022b; Muthalagu et al., 2020; Topper et al., 2017; Wu et al., 2021; Zimmerli et al., 2022).

1.3.3 MYC-driven immune evasion

Over the past decade, two key observations in the field became more and more important: First, tumors
develop and progress in the presence of the immune system. Which mechanism drives the immune
evasion and prevents immune surveillance is still being debated. Second, deregulated expression of
MYC promotes immune evasion in several entities. Most notably, the model of MYC-mediated
suppression of the immune response in cancer cells has been developed in the laboratories of Dean
Felsher and Gerard Evan. Today, an increasing number of publications underline that the immune
evasive capacity of the MYC protein family is hard-wired in MYC biology.

The innate and adaptive immune system as well as their interplay are critical to achieve a long-lasting
regression of tumors. In a T cell lymphoblastic leukemia (T-ALL) model, CD4-positive T cells are critical
to reduce minimal-residual-diseases and to achieve long-term survival after inactivation of the MYC
oncogene. In this model, CD4-positive T cells reshape the microenvironment by switching off
angiogenesis and preventing tumor recurrence (Rakhra et al., 2010). In non-small cell lung cancer, both
KRAS and MYC are needed to prevent natural killer cells from eradication of tumor cells. In detail, MYC
and KRAS modulate the TME via the induction of specific chemokines that recruit tumor-associated
macrophages and promote exclusion of innate and adaptive effector immune cells (Casacuberta-Serra
and Soucek, 2018; Kortlever et al., 2017). Casey and colleagues provide insight into the role of MYC in
binding and regulating specific genes to promote immune evasion. PD-L1 and CD47, which are major
mediators of immune evasion, are bound by MYC in T-ALL cells to promote expression and suppress
immune surveillance. MYC inactivation induces a tumor regression which is reverted by the ectopic
expression of PD-L1 or CD47, pointing out that the major oncogenic function of MYC in vivo is likely its
potential to make tumors invisible for the immune system (Casey et al., 2017; Casey et al., 2016).
Sodir and colleagues used an inducible MYC chimera and the mutated KRasG'2D to investigate the role
of MYC in maintaining the integrity of pancreatic ductal adenocarcinoma. In this model KRas mutations
drive the development of PanlIN lesions, as also seen in patients. Additional activation of the MYC
oncogene promotes the progression towards an adenocarcinoma. MYC prevents the influx of T cell,

B cells and NK cells into the tumor mass and ablation of B cells also dampens NK cell influx (Sodir et



al., 2020). The consequences of MYC activation and inactivation in early and advanced stages of cancer
have been described in different entities (Kortlever et al., 2017; Sodir et al., 2020).

Similarly, Muthalagu and colleagues used a tamoxifen-inducible MYC-ER chimera to induce PDAC in a
mouse model (Muthalagu et al, 2020). As already shown in a KPC mouse model that evolves
evolutionarily with a mutational pattern that mimics human patients, MYC and MIZ1 are both haplo-
insufficient during PDAC development (Walz et al., 2014). In Muthalagu et al. they provide a model in
which MYC and MIZ1 cooperatively bind to the promoter of interferon-regulatory factors (IRFs) and
STAT proteins to suppress type | interferon signaling that activate the immune system (Muthalagu et
al., 2020). There are similar observations in non-small-cell lung cancer, where targeting epigenetic
modifications reduced MYC transcription and activated type | interferon signaling and downstream
secretion of T cell-activating chemokines (Topper et al., 2017).

Unlike in human patients, in most of these mouse models MYC is acutely induced using tamoxifen and
a MYC-ER chimera. On the one hand, this allows monitoring of the acute and immediate effects of the
oncogene induction or inactivation. On the other side, tumors have supraphysiological levels of MYC
and mutations do not reflect the pathology and mutation pattern in human patients, which is a major
limitation of this model.

While the role of MYC in immune evasion of cancers is now widely accepted, key mechanistic details
remain unsolved: Which mechanisms and signals drive the activation of immune regulatory pathways?
How does MYC promote the immune evasion in highly proliferating tissue?

Answering these questions is scientifically intriguing, but also of paramount importance from a
translational point of view. As the development of immune-oncology, antibody therapy and immune
checkpoint inhibitors proceeds at stunning rates, a promising strategy will be the use of these therapeutic
approaches to target the majority of cancers, where MYC and its paralogues are overexpressed,

amplified, stabilized or deregulated.



1.4 Targeting MYC

The sections above suggest that targeting MYC as an anti-cancer therapy is a promising endeavor. Still,
some features of the MYC protein make it difficult to develop efficient therapeutic strategies: First, MYC
proteins are unstructured without any targetable enzymatic activity. Secondly, targeting a transcription
factor that is essential for a broad range of proliferating tissues can cause severe side effects. Therefore,
the discrimination between MYC oncogenic function and MYC role in healthy proliferating cells is
essential for a translational approach. The conceptional work done with the overexpression of Omomyc
in a KRasG&12b-driven lung cancer has proved that there is a window to systematically interfere with the
function of MYC without causing severe side effects for the mice (Soucek et al., 2008; Soucek et al.,
2013).

So far, there are five potential strategies to target MYC. First, MYC mRNA can be reduced by decreasing
transcription with G4 stabilizers (e.g., JQ1) or by using antisense RNA (Mertz ef al., 2011; Rangan et
al., 2001; Wolf and Eilers, 2020). Secondly, the translation of MYC proteins can be blocked, e.g. with
rapamycin, silvestrol or cymarin (Wall et al., 2008; Wiegering et al., 2015). Third, MYC protein stability
can be reduced by targeting USP28, a deubiquitylating enzyme that counteracts the activity of SFCFBW7,
or USP11 (Diefenbacher et al., 2015; Diefenbacher et al., 2014; Herold et al., 2019; Schulein-Volk et
al., 2014). Fourth, there are — in addition to Omomyc — drugs that destabilize MYC at chromatin (e.g.
10058-F4) or stabilize MAX homodimers that counteract the assembly of MYC/MAX heterodimers (Yin
et al., 2003). Finally, PROTACS (proteolysis-targeting chimeras) have been a rapidly growing field for
several years with still much potential. PROTACS recruit E3 ligases to the protein of interest (i.e., MYC),
inducing its ubiquitination and degradation by the proteasome (Burslem and Crews, 2020; Sakamoto et
al., 2001).

All these approaches are so far in early experimental stages or in very early clinical trials. Further
research about MYC and its interaction partners have recently shed light on the potential Achilles heels
of MYC-driven cancer cells, namely AURKA and ATR in MYCN driven neuroblastoma (Roeschert et al.,
2021), NUAK1 in MYC-driven colon cancer, which also offers a potential strategy via the reduction of
co-transcriptional splicing (Cossa et al., 2020; Liu et al., 2012) or exosome-depletion in neuroblastoma
(Papadopoulos et al., 2022). A better understanding and validation of these interactions in vivo are

necessary to provide further concepts that can be used for therapy.

The translation of MYC is regulated on the one hand by the IRES site in the 5-UTR of the MYC mRNA
and on the other hand by the binding of several microRNAs to the 3’-UTR, all coupled to different types
of stress responses (Dejure et al., 2017; Wiegering et al., 2015).

The literature increasingly shows that cardiac glycosides (CG) are potent drugs for lowering MY C protein
levels. Most studies focus on the decrease of MYC protein and its consequences in cell culture and in
vivo. While some studies claim that the MYC decrease is mediated via the inhibition of IRES-mediated
translation of MYC (Didiot et al., 2013; Wiegering et al., 2015), others only confirm that treatment with

cardiac glycosides reduces MYC protein levels (Du et al., 2021; Steinberger et al., 2019) or is interfering



with the uncontrolled growth of cancer cells in culture and in vivo (Lan et al., 2018; Schneider et al.,
2018; Shen et al., 2020).

Cardiac glycosides act as inhibitors of the sodium-potassium pump (Na+/K+ pump). The sodium-
potassium pump transports sodium ions out of the cell and potassium ions in the cells under the
hydrolysis of ATP to maintain the membrane potential, that is also used by a number of crucial
physiological processes (Pirahanchi et al., 2022). For example, the import of a number of amino acids,
nucleosides and calcium ions is dependent on the sodium gradient (Bhutia and Ganapathy, 2016; Gray
et al.,, 2004; Ottolia et al., 2013). The mechanism by which treatment of cancer cells with cardiac
glycosides causes downregulation of MYC protein levels is still unknown or at least controversial in the
literature and further investigation is needed.



1.5 Aim of the thesis

There are three aspects that are hard-wired in MYC biology and make it a promising target for tumor
therapy: First, MYC is activated, amplified, overexpressed and/or deregulated in nearly every single
tumor. Second, MYC is binding to the core promoter of virtually all actively transcribed genes and the
field is still discussing the extent and contribution of MYC to transcription and its link to tumorigenesis.
Third, elevated levels of MYC protein prevent the recognition and clearance of the tumor by the immune
system.

Thus, this study aims, on the one hand, to understand how and why MYC promotes an immune
suppressive program that allows uncontrolled proliferation without surveillance by the immune system
and on the other hand, how this knowledge can be transferred to a more translational setting in order to

restore and increase the immune surveillance in MYC-dependent pancreatic cancer.
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2 Results & Interpretation
2.1 MYC is critical for the growth of PDAC cells and PDAC tumors

2.1.1  MYC drives proliferation in culture

In order to investigate the role of MYC in pancreatic cancer we made use of cells from the KPC GEMM,
a cell system that precisely reflects the two major driver mutations KRas and Tp53 in pancreatic cancer.
Those mutations — observed in human patients — drive the transformation of the pancreas towards a
highly aggressive pancreatic ductal adenocarcinoma. This model closely reflects not only the mutational
pattern but also the pathophysiological features of this disease. Additionally, the KPC mouse model at
least partially reflects the evolutionary development of PanIN lesions to an invasive and aggressive
PDAC, changes in the tumor microenvironment and host-tumor interaction (Hingorani et al., 2005).
Therefore, it is a well-suited model to study pancreatic cancer, either in the GEMM, in cells isolated from

the tumors, or in a syngeneic transplant system.

To better understand the immune evasive phenotype driven by high expression of the MYC oncogene,
two different doxycycline-regulated systems were established to control levels of MYC protein in KPC
cells derived from a murine PDAC model (Ptf1a-Cre, KRasG12D/+, Tp53R172H/+),

First, we lentivirally infected naive KPC cells (constitutively expressing luciferase) with two different
plasmids expressing distinct doxycycline-inducible shRNAs targeting Myc (hereafter: “shMyc”). From
this cell pool, a single-cell-clone with a strong and stable reduction of MYC protein upon treatment with
doxycycline (Dox) was established (Figure 8A). In parallel, a second system was designed to ectopically
doxycycline-induce a human MYC-transgene (using a TET-on system, hereafter “MYC TET-ON”) in
KPC cells with a knockout of endogenous MYC. To generate this KPC cell line, two guide RNAs binding
in intron 1 and intron 2 of the endogenous MYC locus were transfected to cause a CRISPR/Cas9-
mediated cut, leading to a premature stop codon after few amino acids (Figure 8B).

Immunoblot analysis revealed a strong reduction of MYC protein level in both systems. Similarly,
doxycycline was effective in inducing ectopic expression of MYC, as the immunoblot showed super-

physiological levels of MYC protein compared to wild-type cells.

First, the phenotype of MYC depletion in KPC cells was characterized. The proliferation of cells was
measured by performing a cumulative growth curve. Reduction of MYC protein levels led to a strong
decrease in cell number in both cellular systems. However, the proliferation directly correlates to the
amount of MYC protein in the cells: Ectopic expression of MYC caused by far the shortest doubling time,
followed by KPC cells with unaffected levels of MYC protein. Switching off MYC in TET-ON cells
markedly reduced proliferation of the PDAC cells. Depletion of MYC using shRNAs was the most



effective approach to increase doubling time, leading to an apparent proliferation arrest in KPC cells

(Figure 8C).
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Figure 8: Targeting MYC in KPC cells decreases proliferation in culture. A: Immunoblot of KPC cells
expressing inducible shRNAs targeting MYC (“shMYC”) and KPC cells bearing deleted endogenous MYC
expressing an inducible MYC transgene (“MYC TET-on”). Where indicated 1 pg/mL doxycycline was added (n=5;
in all subsequent figures n indicates the number of biological independent replicates). B: Schematics of
CRISPR/Cas9 mediated deletion of endogenous Myc by removing exon 2. C: Cumulative growth curve of KPC cells
with either inducible shRNA mediated depletion or deletion of MYC (n=3).

To better characterize the proliferation phenotype, the thymidine analogue BrdU was added to KPC
cells and BrdU incorporation was measured by immunofluorescence. The experiment showed a
reduction of BrdU incorporation upon depletion of MYC, indicating that less cells progress into or through
S phase (Figure 9A). Immunofluorescence also revealed a flattened morphology that is often

associated with senescent cells (Figure 9B).
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Figure 9: MYC drives proliferation of murine PDAC cells. A: Quantification of BrdU incorporation in KPC cells
upon depletion of MYC. Results are presented as individual values +SD (standard deviation). B: Immuno-
fluorescence of tubulin in KPC cells (red) with and without depletion of endogenous MYC. The cytoplasmic staining
was used to measure the average cell size. Results are presented as individual values +SD. C: Quantification of
immunofluorescence against H3K9me3 in the nucleus in cells with depletion of endogenous MYC or treatment with
CDK4 inhibitor palbociclib (10 zM). Results are presented as individual values +SD. D: B-galactosidase-assay in
KPC cells with depletion of MYC. 10 uM Palbociclib was used as positive control.



To investigate whether cells undergo senescence upon depletion of MYC we stained for H3K9me3, a
common marker of senescence (Haferkamp et al., 2013). Depletion of MYC caused downregulation of
H3K9me3, while palbociclib (Palb), a CDK4 inhibitor (positive control for senescence), shows
upregulation of H3K9me3 in the nucleus of treated cells (Figure 9C). Moreover, a B-Galactosidase
assay did not show an increase in senescence after depletion of MYC (Figure 9D), pointing out that
cells do not undergo senescence upon depletion of MYC.

To investigate the consequences of MYC depletion on the cell cycle progression, a PI-FACS was
performed. Duration of G1 and G2/M phase was only mildly increased upon depletion of MYC while
duration of S phase was increased from about 4 h to about 12 h (Figure 10A). Cells were treated for
one hour with BrdU, subsequently stained with anti-BrdU-FITC and propidium iodide (Pl), and finally
analyzed using flow cytometry. Measurement of the BrdU incorporation showed that after 48 h of MYC
depletion, cells accumulate at the beginning of S phase, as indicated by a marked shift in cell population
at 2n, but fewer cells are in the remainder of S phase, as indicated by a sharp decrease in FITC signal
(BrdU incorporation) (Figure 10B).
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Figure 10: Depletion of MYC changes cell cycle profile. A: Average duration of the cell cycle calculated from
the doubling time and analysis of the cell cycle profile in KPC cells with or without depletion of MYC. Where
indicated, MYC was depleted by addition of 1 yg/mL doxycycline. Results are presented as individual values +SD.
B: Flow-cytometry analysis of BrdU-incorporation KPC cells upon co-staining with propidium iodide (Pl). MYC
depletion was induced by doxycycline for 48 h (1 yg/mL).

This observation indicates a role of MYC in mediating the progression through S phase. MYC has been
shown to play a role in DNA damage repair in S phase (Endres et al., 2021) and its family member
MYCN is well described to play a role in transcription-replication coordination (Papadopoulos et al.,
2022; Roeschert et al., 2021). Moreover, cells accumulate at the transition point between G1 and S
phase, likely because depletion of MYC causes downregulation of genes that are essential to induce
and progress in S phase (Leone et al., 2001) or because they face an obstacle or stress early in the
S phase that cannot be solved without MYC (Papadopoulos et al., 2022; Solvie et al., 2022).

2.1.2 Depletion of MYC changes expression profile of cells

To assess the effects on gene expression upon MYC depletion, RNA sequencing experiments with two
different experimental approaches were carried out. First, cells were grown in 2D culture and MYC was
depleted for 48 h using doxycycline-inducible shRNAs. Second, 50,000 KPC cells were orthotopically



transplanted into the pancreata of syngeneic male C57BL/6J mice. Tumors engrafted for 7 days and
mice were fed with doxycycline containing food or normal food for 48 h.

RNA was extracted from cells as well as tumor tissue and a genome-wide mRNA expression analysis
was performed using Illlumina sequencing. Gene set enrichment analyses (GSEA) revealed that MYC-
dependent changes in expression profiles are similar, both, in vivo and in culture. Depletion of MYC
causes downregulation of all gene sets directly associated with MYC (i.e., “MYC_TARGETS_V1” and
“MYC_TARGETS_V2”) and all gene sets linked to cell cycle progression and proliferation (Figure 11A).
A GO enrichment analysis performed for the hallmark gene sets “MYC_TARGETS_V1” and
“MYC_TARGETS_V2” showed that both gene sets mainly contain genes that are linked to the canonical
function of MYC, including ribosome biogenesis, translation of mRNA, and processing of mRNA
(Figure 11B). Interestingly, in both experimental systems, depletion of MYC also caused a robust
activation of canonical NF-«xB signaling, inflammatory response, epithelial to mesenchymal transition
(EMT) and TGF-p signaling (Figure 11A). The IL6/JAK/STAT3 hallmark gene set is probably induced
because IL6 is a target of NF-«xB (Liu et al., 2017).
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Figure 11: Changes in the global expression profile after depletion of MYC. A: Gene set enrichment analysis
of global RNA expression profile of KPC cells expressing doxycycline-inducible shRNAs to target MYC in cells from
culture (n=3) and RNA derived from orthotopically transplanted KPC cells (n=5) after 48 h of doxycycline induced
depletion of MYC (1 pg/mL). On the left side MYC activated hallmark gene sets are plotted, on the right side MYC
repressed hallmark gene sets are plotted. NES: normalized enrichment score, FDR: false discovery rate. B: GO
Term analysis of gene set MYC targets V1 and MYC targets V2.

Strikingly, several studies indicated type | IFN signaling as a target of MYC mediated gene repression
(Muthalagu et al., 2020; Topper et al., 2017; Zimmerli et al., 2022). However, we cannot observe a
consistent upregulation of IFN-a or IFN-y target genes in KPC cells after depletion of MYC. This
discrepancy could stem from the different tumor tissues analyzed (i.e., lung, breast) that probably display

activity of different pathways compared to pancreatic cancer.



2.1.3 MYC-repressed genes are counter-selected against MYC binding

MYC has been shown to bind to all core promoters of actively transcribed genes (Herold et al., 2019;
Walz et al., 2014). To understand how this translates into changes in the expression profile we analyzed
chromatin-immunoprecipitation (ChlP) sequencing data of KPC cells previously generated by our lab
(Walz et al., 2014). We investigated MYC binding to the core promoter of up- and downregulated genes.
Hallmark gene sets that are hard-wired to MYC biology (e.g., “MYC_TARGETS_V1” and
“MYC_TARGETS_V2”) show a strong binding of MYC to the core promoter (Figure 12).
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Figure 12: Metagene analysis of ChIP sequencing experiments in KPC cells showing binding of MYC at the
TSS in different gene sets. Counts per million (com) are plotted. Top100 indicates the 100 strongest MYC
activated genes from RNA sequencing experiments. Not regulated includes 100 highly expressed genes that do
not change expression with the depletion of MYC. The shadow shows the SEM (standard error of mean).

Interestingly, this pattern is very similar to the one defined when assessing the binding of the hundred
by MYC most upregulated genes (“Top100”, blue). Not regulated genes (grey) still show a significant
binding of MYC to the core promoter. Analysis of MYC and MIZ1 promoter binding to genes belonging
to the hallmark gene sets “TNFA_SIGNALING_VIA_NFKB”, “INFLAMMATORY_RESPONSE” and
“IL6_JAK_ STAT3_SIGNALING”, which are all repressed by MYC, showed a moderate binding,
generally weaker than the one of not regulated genes (Figure 12). Similarly, MIZ1 was also not binding

to the core promoter of the analyzed MYC-repressed gene sets (Figure 13).
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Figure 13: Metagene analysis of ChIP sequencing experiments in KPC cells showing binding of MIZ1 at the
TSS in different gene sets. Counts per million (com) are plotted. Top100 indicates the 100 strongest MYC
activated genes from RNA sequencing experiments. Not regulated includes 100 highly expressed genes that do
not change expression with the depletion of MYC. The shadow shows the SEM.

It has been shown that oncogenic levels of MYC are causing an exhaustion of the available SPT5-pool
in the cell by recruiting SPT5 either to MYC activated genes or by binding them independent of chromatin
association. In parallel, low or no binding of MYC at the core promoter has been associated with poor
SPT5-binding in the gene body and consequently repression of gene expression, specifically elongation
(Figure 2) (Baluapuri et al., 2019). We used the list of genes upregulated after depletion of MYC, that
were already used in Figure 12, to determine the binding of MYC. The squelching ratio was calculated
from changes in SPT5-ChIP-Rx to genes U20S cells and indicates the increase in SPT5 binding in
genomic regions after activation of MYC (Baluapuri et al., 2019).
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Figure 14: Squelching ratio for MYC repressed genes. A: Squelching ratio calculated from ChIP-Rx published
in (Baluapuri et al., 2019) for unregulated, Top100 activated and Top100 repressed genes. Squelching ratio of
MYC-repressed genes of the hallmark.

The Top100 activated genes show an increase in SPT5-Tags after activation of MYC. MYC-repressed
hallmark gene sets like “TNFA-SIGNALING_VIA_NFKB” and “INFLAMMATORY_RESPONSE” display
a reduction in SPT5 binding after MYC activation (Figure 14).



One major target of NF-kB-signaling are MHC class | genes, that have been already implicated to be
repressed by MYC (Bernards et al., 1986; Versteeg et al., 1988). We calculated the squelching ratio of

these genes and again found a reduction in SPT5-binding to these genes upon MYC activation.
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Figure 15: Inhibition of HUWET1 causes upregulation of MHC class | genes. A: RT-PCR of H2-K1 and H2-D1
after depletion of MYC, CTR9 and inhibition of HUWE 1 using 10 M BI-8626. Data is presented as individual values
and mean + SEM (n=3) B: Immunoblot of MYC after depletion of MYC and treatment with BI-8626 for 24 h.

Recent work supports this hypothesis showing that at oncogenic levels MYC multimerizes and relocates
(with SPT5) from its cognate binding site to suppress transcription. These multimers are dependent on
the ubiquitination by HUWE1, so treatment with BI-8626, a selective HUWE1 inhibitor induces the
upregulation of MYC-repressed genes like the MHC class | genes H2-K1 and H2-D1 (Figure 15), that
display squelching of SPT5 with oncogenic levels of MYC (Figure 14). This at least allows the
hypothesis that MYC or MYC multimers promote immune evasion by squelching/ sequestration of SPT5

from the promoter of proimmunogenic genes.

Muthalagu et al. also studied MYC and MIZ1 mediated immune evasion in pancreatic cancer and found
that MYC depletion induced the transcription of some of these genes which are bound by MYC and
MIZ1 (e.g. IRF3) (Muthalagu et al., 2020). In contrast, we do not observe significant binding of MYC or
MIZ1 to the core promoter of these genes (Walz et al., 2014). Anyhow, increased activation of especially
IRFs and STATs is not implicative for increased transcription of their target genes, since they require
activation by a signaling cascade to translocate. It has described already in several publications that
MYC proteins are binding to the core promoter of all genes that are transcribed by RNA polymerase II.
Activated genes distinguish especially in a processive elongation and not in pause release from
repressed genes (Herold et al., 2019; Walz et al., 2014). This supports a model where oncogenic levels
of MYC are squelching crucial elongation factors from a subset of genes, leading to a repression of the
transcription of a proimmunogenic signature (Baluapuri et al., 2019; Baluapuri et al., 2020; Solvie et al.,
2022).



2.1.4 MYC depletion causes tumor regression in syngeneic mice

Considering the identified MYC-dependent transcriptional phenotype, we investigated the effect of MYC
depletion on the in vivo growth of PDAC tumors. To this end, luciferase-expressing KPC cells with
inducible shRNAs targeting MYC were transplanted into the pancreata of syngeneic male mice. After
seven days of tumor engraftment MYC was depleted by feeding the mice with doxycycline-containing
food. To study the growth of the tumors, luciferase signal was measured using the in vivo bio-
luminescence imaging system (IVIS). Induction of a non-targeting control shRNA had no effect on the

growth of tumors and the overall survival of the mice (Figure 16A).
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Figure 16: MYC depletion induces regression of tumors in a syngeneic orthotopic transplant model.
A: Luciferase measurement of KPC-cell-derived tumors expressing non-targeting-control (NTC) shRNA with the
addition of doxycycline. KPC cells were orthotopically transplanted into C57BL/6J mice. B: Luciferase measurement
of KPC-cell-derived tumors expressing doxycycline-inducible shRNAs targeting MYC. C: Left, Kaplan-Meier plot of
mice that were orthotopically transplanted with KPC cells carrying either an inducible NTC shRNA or an shRNA
targeting MYC. Where indicated, mice were treated with doxycycline-containing food. Right: P values between
indicated cohorts were calculated using Mantel-Cox test. D: Luciferase measurement of KPC-cell-derived tumors
in syngeneic C57BL/6J mice expressing a doxycycline-inducible MYC transgene. P value was calculated using
Mantel-Cox test. The mouse experiment was conducted by Anneli Gebhardt-Wolf.

However, proliferation was markedly reduced compared to cells in culture. Depletion of MYC using
shRNA led not only to a strong reduction in growth of the tumors (i.e., comparable to the proliferation
slowdown observed in culture) (Figure 16B), but also to a regression of tumors from day 7 to day 21.
This translated in an increase in overall survival of the mice from 29 to 70 days for the tumors with
shRNA mediated depletion of MYC and 21 days to 47 days with the “MYC TET-ON” cells (Figure
16C, D). Despite the regression of tumors and significant increase in overall survival after MYC depletion

or deletion, tumors recur and mice with high tumor burden were sacrificed.



Immunohistochemistry of tumor tissue at early time points (2 or 4 days after treatment start) did not
reveal significant differences in infiltration with T, B, NK cells or macrophages after depletion of MYC

(data not shown (Krenz et al., 2021)). Cibersort analyses indicates that dendritic cells are infiltrating the
tumor tissue (Figure 17).
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Figure 17: Cibersort analysis of tumors at day 4 after treatment start.
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2.2 MYC drives immune evasion in PDAC

2.2.1  Tumor regression is dependent on T cells

Considering the transcriptomic analysis, we next assessed the contribution of the immune system in
MY C-dependent tumor growth. To this end we used several immune compromised mouse models. In
detail, three different mouse systems were used to determine whether the immune system is involved
in the tumor regression and to identify the type of immune cells responsible for the tumor regression.
We used mouse models bearing the deletion of specific subsets of immune cells: T cells (expressing
CD3, CD4 or CD8), B cells and NK cells, which were described as the major effectors of tumor
regression in a lung cancer model (Kortlever et al., 2017).

First, KPC cells were transplanted into the pancreata of NRG mice. Due to their deficiency in RAG1 and
IL2RG, as well as the NOD background (non-obese diabetic mouse), these mice lack functional T, B

and NK cells and are therefore the most immunocompromised mouse strain used in this study.
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Figure 18: Tumor regression upon MYC depletion requires the immune system. A: Luciferase measurement
of KPC-cell-derived tumors expressing doxycycline-inducible shRNAs targeting MYC. KPC cells were orthotopically
transplanted into NRG mice. B: Changes of tumor volume upon depletion or deletion of MYC from day 7 to day 21
after orthotopic transplantation. KPC cells were orthotopically transplanted into C57BL/6J, nude, Rag1”- or NRG
mice. The mouse experiment was conducted by Anneli Gebhardt-Wolf.

Tumors efficiently engrafted in NRG mice and showed a doubling time similar to tumors in the syngeneic
C57BL/6J mice (Figure 19A). In contrast, the depletion of MYC did not induce regression of tumors, but
mildly reduced proliferation (Figure 18A). The same experiment was reproduced in RAG1-- mice lacking
T and B cells, as well as in nude mice lacking mature T cells. A reduction of tumor load upon depletion
of MYC was not observed in either of the three mouse strains (Figure 18B).

We compared the doubling time of cells in culture with cells transplanted in C57BL/6J and NRG mice.
First, the doubling time of cells in culture is shorter than the doubling time of transplanted tumor cells.
The reduction of tumor growth in NRG mice is only mild, while MYC depletion strongly decreases the
proliferation of cells in 2D culture (Figure 19A).

Comparing gene expression of cell culture and transplanted tumors showed that on the one hand

growth, replication and mitosis are downregulated in vivo when compared to cells in culture. On the



other hand, in vivo, GO terms that reflect the interaction of the tumor with the microenvironment (e.g.,
antigen processing and presentation, regulation of cytokine production) were upregulated (Figure 19B).
Crucially, the strong discrepancy between dependence of cancer cells on MYC in culture and in vivo
suggests that in many cases the proproliferative function of MYC is overestimated and the role of MYC
in preventing immune-dependent regression of tumors by establishing an immune evasive environment
is its predominant oncogenic function in this model.
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Figure 19: Growth of tumor cells is slower in vivo compared to cells in culture. A: Calculated doubling time
of KPC cells in culture (n=3) and orthotopically transplanted tumors in C57BL/6J (n=6) and NRG mice (n=5 for
+MYC, n=8 for -MYC) with and without doxycycline-induced depletion of MYC. Results are presented as individual
values +SEM. B: GO term analysis of differentially expressed genes of cells in culture and tumors, both after 48 h
of doxycycline-induced MYC depletion.

Taken together, these results suggest three main implications. First, tumor regression is dependent on
a functional immune system. Second, B and NK cells are needed to achieve a strong restriction of tumor
growth. Third, T cells are the major driver of regression, since no reduction in tumor load was observed

in mice lacking T cells.

Transplanted tumors in all conditions recur at one point, even though we observe a regression of tumors
after depletion of MYC. To understand which mechanism underlies this observation, we compared the
RNA expression in tumors in C57BL/6J mice at the endpoint of the experiment and after only two days
of treatment. The global expression profiles of tumors at the endpoint of the experiment suggested two
explanations for the recurrence of the tumors in the MYC depleted situation. First, the expression of
MYC and its transcription profile on mRNA-level is partially restored. Hallmark gene sets associated
with growth and proliferation are upregulated, while hallmark gene sets associated with immunity and
immune response are downregulated (Figure 20A). 1t is likely that this happens due to silencing of the
promoter of the integrated plasmid in order to restore the levels of MYC and restore proliferation and
immune evasion in vivo. This hypothesis is supported by the fact that we observe silencing of the
promoter after about two weeks of doxycycline treatment in culture.

Second, MYC is part of a transcription network that balances metabolism, proliferation and trans-
formation. MAX preferentially forms heterodimers with proteins of the MYC family to promote

transcription of genes with an E-box or cooperates with MXD/MNT/MGA proteins to repress transcription



of those genes (Carroll et al., 2018; Conacci-Sorrell et al., 2014). We observed specifically a reduced
expression of the repressive protein MNT leading to restored proliferation and tumor growth explaining
the tumor recurrence (Figure 20B).
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Figure 20: Tumor cells restore MYC function over time. A: Gene set enrichment analysis comparing endpoint
tumors and early tumors, upon doxycycline-induced knockdown of MYC. B, left: Box plot showing the expression
of RNA of the MAX network. P value was calculated using 2-tailed, unpaired t test. B, right: MAX can bind MYC to
promote transcription or bind MNT or MGA to downregulate transcription.



2.2.2 MYC suppresses TBK1 activation to promote immune evasion
With the aim of investigating the molecular determinants of the MYC-dependent immune evasive
phenotype, we analyzed a number of kinases that are known to regulate NF-«B signaling and are also

involved in the innate immune response of cells that makes a cell visible to the host immune system.
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Figure 21: Depletion of MYC induces activation of TBK1. A: Inmunoblot of the indicated proteins MYC, TBK1,
P-TBK1, IKBA, P-IKBA, IKKe, P-IKKe and VCL in KPC cells expressing doxycycline-inducible shRNAs targeting
MYC. Doxycycline was added for the indicated time. B: Quantification of TBK1 phosphorylation at S172. Results
are presented as individual values +SD.

TBK1 and its analogue IKKe, which are auto-phosphorylated upon activation, are both expressed in
murine PDAC cells. Immunoblotting of the phosphorylated isoforms revealed that while IKKe
phosphorylation is decreasing upon MYC depletion, TBK1 phosphorylation is robustly increased upon
MYC depletion already within 24 h (Figure 21A, B). TBK1 activation peaks on day 2 and 3 and is

mirrored by an increased phosphorylation of IKBA, indicating an activation of the NF-xB pathway

(Figure 21A).
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Figure 22: CRISPR/Cas9 mediated knockout of TBK1 does not impact growth of KPC cells in culture.
A: Control cells were transfected with empty vector, ATBK1 cells were transfected with vector expressing Cas9 and
a sgRNA targeting Tbk1. Immunoblot for TBK1, P-TBK1, MYC and Vinculin in KPC cells with doxycycline-inducible
shRNAs. B: Cumulative growth curve of KPC cells with doxycycline mediated depletion of MYC in cells with WT
TBK1 or knockout of TBK1. Results are presented as individual values (n=3).



To investigate the role of TBK1 in MYC-dependent immune escape, TBK1 was deleted using
CRISPR/Cas9 in “shMYC KPC” (Figure 22A). Deletion of TBK1 did not have any effects on the
morphology or the proliferation capacity of KPC cells in culture. Comparably, MYC depletion reduced
growth in culture in both cell lines (Figure 22B). To assess the impact of a TBK1 deletion in the tumor,
cells were orthotopically transplanted into syngeneic C57BL/6J mice. As described above, depletion of
MYC in tumors with WT TBK1 resulted in a reduction of proliferation and regression of tumors (Figure
23A, left). Instead, TBK1-deleted tumors with high MYC expression grew comparably fast, but did not
regress upon depletion of MYC (Figure 23A, right).

This is also reflected in the reduced overall survival in TBK1-deficient tumors compared to TBK1 wildtype
tumors in the absence of MYC (Figure 23B).
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Figure 23: TBK1 mediates regression upon depletion of MYC. A: Luciferase measurement of KPC-cell-derived
tumors expressing shRNAs targeting MYC with the addition of doxycycline at day 21 post transplantation. ATBK1,
CRISPR/Cas9-mediated TBK1 deletion. KPC cells were orthotopically transplanted into C57BL/6J mice. B: Left:
Kaplan-Meier plot of mice that were orthotopically transplanted with KPC cells carrying a doxycycline-inducible
ShRNA targeting MYC. Where indicated, mice were treated with doxycycline containing food from day 7 onwards.
Right: P values were calculated with the Mantel-Cox test. The mouse experiment was conducted by Anneli
Gebhardt-Wolf.

A side-by-side comparison of tumor growth in all used experimental models suggested that the impaired
growth of tumors from TBK1-deficient KPC cells phenocopies the growth behavior upon transplantation
into RAG1-deficient mice (Figure 24).



207

101 T p=0.0209

104 1

wl ]

-30 -

FC tumor volume of day 7

Figure 24: Comparison of tumor growth throughout different experimental models. Change of tumor volume
upon deletion or deletion of MYC from day 7 to day 21 after orthotopic transplantation. Bar graph showing the
growth of KPC cells orthotopically transplanted into C57BL/6J, nude, Rag1-/- or NRG mice (as shown in 8B)
compared to KPC cells with or without deletion of TBK1. P value was calculated using Kruskal-Wallis-test. Result
are presented as mean +SEM.

2.2.3 Tumor regression is not mediated by IRF3

Die canonical target of TBK1 is IRF3. IRF3 dimerizes upon activation and shuttles to the nucleus to
activate type | interferon signaling. Interestingly, MYC depletion has been connected to PAMPs
accumulation and type | interferon response, although the molecular details were not investigated
(Swaminathan et al., 2020; Topper et al., 2017). Type | interferons are signaling molecules that recruit
immune cells (and especially also cytotoxic T lymphocytes) to fight infections or also proliferating tumor
cells (Lu et al., 2019).
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Figure 25: Knockout of IRF3 does not impact tumor growth. A: Inmunoblot of MYC, IRF3 and Vinculin from
“MYC TET-on” KPC cells with CRISPR/Cas9 mediated knockout of IRF3. B: Fold change in the tumor growth ratio
in syngeneic C57BL/6J mice, orthotopically transplanted with KPC cells with and without knockout of IRF3. P values
were calculated using 2-tailed unpaired t test. The mouse experiment was conducted by Anneli Gebhardt-Wolf.



We generated a knockout of IRF3 in “MYC TET-on” KPC cells (Figure 25A). These cells were
transplanted into the pancreata of C57BL/6J mice, tumors engrafted for seven days and MYC was
depleted using doxycycline for 14 days. Deletion of IRF3 did not have any effect on the growth ratio of
tumors in vivo, independently of MYC levels (Figure 25B). This indicates that, besides the critical role
of TBK1 in the tumor regression, its canonical downstream target IRF3 is not mediating the immune
recognition. In this context, it has been recently shown that mutant TP53 in mouse KPC cells shuts down
the activation of IRF3 by forming a repressive complex with TBK1 and STING (Ghosh et al., 2021). This

explains our observation that IRF3 is not activated upon TBK1 phosphorylation.
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2.3 DAMPs drive a proimmunogenic program

2.3.1  dsRNA accumulates in the cytoplasm in a MYC-dependent manner

Our studies have shown that an important oncogenic function of MYC in vivois to suppress the activation
of TBK1 and consequently the activation of the immune system. TBK1 is described to be a central hub
of innate immune signaling in cells. In detail, PRRs (including RIG-I, MDA5, TLR3 and cGAS) can
monitor unusual DNA or RNA conformations in the cytoplasm (i.e., typically associated with the

presence of pathogens or DNA damage) and activate TBK1.
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Figure 26: Murine PDAC cells accumulate dsRNA in the cytoplasm. A: Immunofluorescence for dsRNA (red)
in KPC cells with and without shRNA mediated depletion of MYC. Nuclei were stained using Hoechst.
B: Quantification of cytoplasmic staining for dsRNA. P value was calculated using 2-tailed t test (n=3).
C: Immunofiluorescence of dsRNA in KPC cells (red) with or without shRNA mediated depletion of MYC. Where
indicated, fixed cells where treated with different RNases. D: Quantification of cytoplasmic staining of KPC cells
with unperturbed levels of MYC. Fixed cells were treated with specific RNases. P value was calculated using
2-tailed t test (n=3).

To investigate the role of DAMPs and PRRs, we first assessed the presence of dsRNA using the

monoclonal a-dsRNA J2 antibody. Immunofluorescence showed that dsRNA accumulates in the



cytoplasm of KPC cells in a MYC dependent manner (Figure 26A, B). Depletion of MYC resulted in a
about 50% downregulation of cytoplasmic staining (Figure 26B).

The specificity of the dsRNA staining could be confirmed using different RNases. RNase Ill, which
specifically degrades dsRNA, significantly reduced the cytoplasmic staining. Conversely, RNase T1,
that specifically degrades ssRNA, did not impact the signal in the cytoplasm (Figure 26C, D).

We depleted MYC in our “MYC TET-on” KPC cells. Restoring the function of MYC in these cells also
increased staining for dsRNA in a time-dependent manner (Figure 27A). MYC is described to be a
regulator of transcription. Interestingly, pre-incubation of cells with specific inhibitors targeting
transcription via RNA Polymerase Il decreased the signal for dsBRNA in the cytoplasm, comparable to

what was observed when MYC was depleted (Figure 27B).
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Figure 27: dsRNA accumulates in a MYC and RNAPII-dependent manner. A: Quantification of immune-
fluorescence for dsRNA in KPC cells. MYC transgene was induced in KPC cells with deletion of endogenous MYC.
Data is shown as individual values. B: Quantification of immunofluorescence for dsRNA (J2) in KPC cells treated
with doxycycline or indicated CDK inhibitors. Data is shown as individual values and mean +SD. P value was
calculated using 2-tailed t test.

A second potential trigger of TBK1 activation is DNA in the cytoplasm which has been shown to
accumulate in cancer cell (Coquel et al., 2018; Emam et al., 2022). ssDNA, coming from DNA damage,
can also be recognized by PRRs and activate innate immune signaling. Immunofluorescence for ssDNA
revealed a distinct staining in the cytoplasm but not in the nucleus. The specificity of the signal was
confirmed by treatment with Nuclease S1, that only degrades ssDNA. MYC depletion slightly decreased
the signal. However, the change in signal was less pronounced compared to the changes in dsRNA
(Figure 28A).

Finally, we investigated the involvement of dsDNA by assessing the activation of the cGAS-STING axis,
which is the best described pathway to recognize cytoplasmic dsDNA. Generally, cGAS can be activated
due to formation of cGAS-positive micronuclei or by the recognition of dsDNA fragments in the
cytoplasm. No formation of micronuclei was observed in KPC cells. To rule out a contribution of cGAS-
STING axis to the phosphorylation of TBK1, cells were treated with C-178, a highly specific inhibitor for
murine STING (Haag et al., 2018). Inhibition of cells with C-178 did not alter the phosphorylation of
TBK1 upon depletion of MYC (Figure 28B).
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Figure 28: DNA-derived DAMPs do not affect TBK1 phosphorylation. A: Immunofluorescence for ssDNA (red)
in KPC cells with and without deletion of MYC. Nuclei were stained using Hoechst. Where indicated, fixed cells
were treated with Nuclease S1. B: Immunoblot for P-TBK1 and Vinculin in KPC cells with and without depletion of
MYC. Where indicated, cells were treated for 48 h with the STING-inhibitor C-178 and doxycycline.

Nuclease S1

Taken together, KPC cells display remarkably high levels of dsRNA in the cytoplasm that are dependent
on MYC and RNAPII mediated transcription, while the amount of ssDNA did not significantly change
upon depletion of MYC. Since TBK1 activation did not change using a specific STING inhibitor, we could
rule out an involvement of the cGAS-STING axis (Haag et al., 2018; Lee et al., 2022b).

2.3.2  Nuclear dsRNA originates from inverted repetitive elements

To investigate the source, composition and regulation of dsRNA, it was extracted from KPC cells. For
this purpose, murine KPC cells were spiked-in with human U20S cells, lysed and dsRNA was
precipitated with the a-dsRNA antibody (J2) and prepared for sequencing. IgG and RNase Il treated

cells were used as control.
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Figure 29: dsRNA in mammalian cells originates from mitochondria and repetitive elements. A: Spike-
normalized sequencing of dsRNA immunoprecipitates and their annotation to the mitochondrial chromosome and
repetitive elements (nuclear origin). B: Distribution of length of reads originating from the nucleus. Dashed line
marks the cumulative distribution.

Analysis of these samples showed two findings, which confirmed the quality of the experiment: First,

precipitation with the J2 antibody was specific, since a clear enrichment was visible in the



J2-immunoprecipitation compared to the IgG-immunoprecipitation. Second, RNase Ill reduced the reads
that derived from J2-immunoprecipitation.

In general, we found two major sources of dsRNA. Most of dsRNA originates from the mitochondria
likely due to bidirectional transcription, as previously described in the literature (Dhir et al., 2018). About
2% of the dsRNA originates from the nuclear genome. Nuclear reads were annotated to repetitive
elements which have been shown to be a source of dsSRNA (Ahmad et al., 2018) (Figure 29A). The size
of reads which originated from the nucleus were determined and we observe a distribution from about
80 to 300 bp with a peak at 120 bp, the average size of B2 and B1 elements (Figure 29B). These are

the major source of dsRNA from the nuclear genome in KPC cells.

We closer analyzed the localization and orientation of dsRNA-peaks in KPC cells. Browser tracks from
the mitochondrial genome reveal a very similar pattern to what has been previously described in HelLa
cells (Dhir et al., 2018). The signal for dsRNA is distributed throughout the whole mitochondrial

chromosome (Figure 30).
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Figure 30: Browser track of mitochondrial genome from spike-in normalized J2-IP followed by sequencing.
MYC transgene was switched of in KPC cells with knockout of endogenous MYC (-MYC) for 48 h.

Controlling and promoting mitochondrial biogenesis is one of the main functions of MYC biology and
MYC strongly regulates TFAM, the major transcription factor in mitochondria (Li et al., 2005). Therefore,
the total amount of dsRNA from mitochondria is regulated by MYC. Browser tracks from the nuclear
genome showed that most of the nuclear dsRNA originates from repetitive elements (Figure 31,
Figure 32A). Most of the peaks and reads are located in introns of transcribed genes and MYC depletion
reduces overall occupancy of reads and peaks in the genome (Figure 32B). RNase Il expression

removes the signal completely (Figure 31). Most of these peaks are found at inverted repeat repetitive



elements. This orientation suggests that reduced RNAPII speed or delay in mRNA processing (e.g., due

to defective splicing) allows ssRNA to fold back and form a double-stranded part in the mRNA.
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Figure 31: Exemplary browser track of dsRNA peaks in the intron of the nuclear gene MIlt10. Browser track
shows dsRNA peaks and mRNA of the Milt10 gene. dsRNA peaks in the introns of MIlt10 are annotated with
repetitive elements of the B2 family.

Interestingly, most peaks are in locations annotated for B1 and B2 SINE elements, which show a high
similarity to Alu elements that are found in the human genome (Figure 31, 32A). SINE elements have
a size of 100-200 bases and can therefore form dsRNAs which are capable of activating most of PRRs
(Ahmad et al., 2018).

In unperturbed (tumor) cells dsRNA originating from the mitochondrial transcription is kept in the
mitochondria and is thereby preventing recognition by the immune system (Dhir et al., 2018). The
subsequent analysis therefore focuses on the nuclear source of dsRNA. Most reads for dsRNA could
be annotated to the B1 and B2 of SINE elements, but also retroviral elements and LINE elements were
found to form dsRNAs at single loci in the cells. These elements are located throughout the whole

genome und make up to 10% of the genome (Chinwalla et al., 2002; Deininger, 2011).
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Figure 32: dsRNA derives from inverted repeat repetitive elements. A: Annotation of reads from sequencing of
J2 immunoprecipitates to SINE elements. B: Location of repetitive elements with a dsRNA peak.

About 60 genes with dsRNA peaks (“host genes”) were found and we analyzed the property of these
genes using total and nascent RNA sequencing. First, these host genes were only slightly higher
expressed compared to the average gene expression in KPC cells (Figure 33A). Second, these genes
were not significantly regulated by the depletion of MYC (Figure 33B). This observation was also

validated using sequencing of nascent RNA (Figure 33C).
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Figure 33: Properties of host genes with dsRNA peaks. A: Violin plot for transcription of genes with dsRNA
peaks (“host genes”) and all expresses genes. Transcripts per million kilobases (tpom) are blotted. B: Violin plot of
expression of “host genes” with and without deletion of MYC. Transcripts per million kilobases (tpm) are blotted.
C: Intronic reads from host genes of dsRNA obtained from labelling of nascent RNA with 4-thiouridine for 20 min
and chase for 60 and 120 min in cells with and without depletion of MYC for 48 h. Results are presented as mean
+SEM (n=3).

Third, host genes of dsRNA peaks have particularly longer introns (Figure 34A) and a higher AT content
(Figure 34B) compared to the genome. Both properties may be consistent with defective mRNA
processing, splicing or editing by ADAR1, an enzyme that is involved in the regulating host dsRNA
immunity.

To confirm these findings, a second analysis of dsRNA was performed in human U20S cells. This
analysis validated what was observed in murine PDAC cell lines: The majority of dsRNA originating from

the nucleus was found in introns and could be annotated as repetitive elements (Figure 35). A high



proportion of dsRNA in the human nuclear genome could be annotated to the SINE family of Alu

elements, the human equivalent to the family of B1 and B2 SINE elements.
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Figure 34: Feature of host genes of dsRNA peaks. A: Density blot of intron length of genes with dsRNA peaks
(“host genes”, blue) compared to all murine genes (red). B: Density blot of AT content of “host genes” (blue)
compared to all murine genes (red).

Extensive analysis of dsRNA in KPC cells revealed that cancer cells accumulate dsRNA in a MYC and
RNAPII dependent manner and that it originates from mitochondria and inverted repeat repetitive
elements, which are located in the introns of transcribed genes. Both species, nuclear and mitochondrial

dsRNA, have been described to be highly immunogenic (Ahmad et al., 2018; Dhir et al., 2018).
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Figure 35: dsRNA in human cancer cells. Pie diagram showing the distribution of reads from J2 immuno-
precipitation from human U20S cells. RE indicates the proportion of reads derived from repetitive elements.

First and foremost, dsRNA originates from mtDNA, which is transcribed bidirectionally. This convergent
transcription causes synthesis of RNA from both the heavy and the light strand. Importantly, the light
strand is readily degraded by the degradosome, preventing critical accumulation of immunogenic
dsRNA (Borowski et al., 2013). The steady-state equilibrium between dsRNA formation decay of this
RNA ensures that no or litle RNA can escape from the mitochondria to activate the immune system.



The second source of dsRNA is repetitive elements. These elements have also previously been
implicated in the formation of immunogenic dsRNA (Ahmad et al., 2018; Bowling et al., 2021; Espinet
et al., 2021). Repetitive elements, like short and long interspersed elements (SINE and LINE,
respectively), cover up to 65% of the genome, depending on the estimation (Criscione et al., 2014). In
the human genome one of the most prominent SINE elements are Alu elements, while in the mouse
genome B1, B2, ID and B4 elements are prevailing with B2 elements being the best studied group. Alu
elements account for up about 11% of the respective genome and have a size of about 300 bp
(Chinwalla et al., 2002; Deininger, 2011). The murine paralogue B2 elements have a size of 100-300 bp
(Hubley et al., 2015; Jurka et al., 2004). Repetitive elements, and explicitly Alu and B2 elements, are
not junk DNA but are fulfilling several functions in cells. For example, Alu elements can be transcribed
by RNA polymerase 1l (Deininger, 2011). Furthermore, RNA derived from human Alu elements and
murine B2 elements are self-cleaving ribozymes, act as epigenetic regulator (Hernandez et al., 2020)
and contribute in phase separation by maintain the integrity of the nucleolus (Caudron-Herger et al.,
2015).



2.3.3 Nuclear dsRNA preferentially binds to TLR3

After characterizing the origin of dsRNA and dependence on MYC, we investigated the engagement of
specific PRRs. We performed proximity ligation assays using the J2 antibody and antibodies against the
three major PRR that lead to TBK1 activation: RIG-I, MDA5 and TLR3.
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Figure 36: dsRNA is in close proximity to pattern recognition receptors. In situ proximity ligation assay of
dsRNA (J2) and the pattern recognition receptors RIG-I, TLR3 and MDAS (n=3).

Proximity between dsRNA and PRR was observed for all three receptors, but PLAs between dsRNA
and TLR3 presented the strongest signal (Figure 36). We investigated the actual binding of dsRNA to

these receptors by performing fCLIP (formaldehyde crosslinking and immunoprecipitation of RNA).
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Figure 37: dsRNA predominantly binds to TLR3 in murine PDAC cells. A: fCLIP showing binding of dsRNA in
untreated KPC cells to TLR3, RIG-I, MDA-5 and IgG as control. Box plot groups primers of same origin (nuclear
repetitive elements, red or mitochondrial chromosome, grey) +SD (n=2). B: Immunoblot for P-TBK1, MYC, TLRS,
GAPDH and Vinculin of “MYC TET-on” KPC cells. Where indicated TLR3 was deleted using CRISPR/Cas9. To
deplete MYC doxycycline was removed for 48 h. C: Quantification of TBK1 phosphorylation (S172) in KPC cells
with two different sgRNAs targeting TLR3. Results are presented as individual values +SEM.

dsRNA and proteins were crosslinked using paraformaldehyde, immunoprecipitation was performed for
the protein of interest and RNA was extracted and converted to cDNA for RQ-PCR. Immunoprecipitation

of PRRs provided two important findings: First, TLR3 was the only receptor with a robust and strong



engagement with dsRNA from mitochondria, as well as from the nuclear repetitive elements. Second,
in spite of the prevalence of mitochondrial dsRNA, the engagement of TLR3 with nucleus-derived
dsRNA was stronger (Figure 37A).

To link this observation to the activation of TBK1 downstream of TLR3, KPC cells were infected with two
sgRNAs targeting TIr3. Knockout of Tir3 significantly attenuated the phosphorylation of TBK1 upon
depletion of MYC using sgRNA#1. Very similar, albeit not significant phenotype could be observed with
sgRNA#2 (Figure 37B, C). Collectively, these experiments suggest that the activation of TBK1 is
dependent on TLR3 signaling upon depletion of MYC.

This observation was verified using an inhibitor which specifically disrupts the complex between double
stranded RNA and TLR3 (Cheng et al., 2011). TBK1 autophosphorylation was reduced in a time- and

dose-dependent manner while total levels of TBK1 were not affected (Figure 38).
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Figure 38: Inhibition of TLR3 reduces activation of TBK1. KPC cells with inducible shRNA-mediated knockdown
of MYC were treated with a TLR3-dsRNA complex inhibitor (“TLR3i”) with indicated concentration for the indicated
time (n=2).

To confirm these findings in human PDAC cells, a panel of four cell lines was used to perform fCLIP. All
four cell lines showed binding of dsRNA to TLR3 (Figure 39A). fCLIP experiments with RIG-1 and MDA5
showed — as already demonstrated for murine PDAC cells — no substantial binding of SINE-derived
double stranded RNA (data not shown). In PaTu 8988T cells, MYC was knocked out by CRISPR/Cas9
and J2-IP and TLR3-fCLIP were performed (Figure 39B). Depletion of MYC increased the loading of
dsRNA onto TLR3 in this human PDAC cell line (Figure 39C).
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Figure 39: dsRNA engages TLR3 in human PDAC cell lines. A: fCLIP against TLR3 in human PDAC cell lines.
Box plot groups primers of same origin (nuclear repetitive elements) +SD (n=2). B: Immunoblot of MYC and Vinculin
in human PaTu 8988T cells, 7 days after infection with a sgRNA targeting MYC. C: Engagement of human TLR3
with repetitive element derived dsRNA in PaTu 8988T cells. Plot presents ratio of TLR3 loading and
J2-immunoprecipitation. Results are presented as single values of technical replicates.



The definition of TLR3 as the major PRR involved in cytoplasmic dsRNA engagement in murine and
human PDAC cells is intriguing. Differently from RIG-1 and MDA5 (which are cytoplasm-located and can
recognize everything that is exported from the nucleus to the cytoplasm), TLR3 is located on the plasma
membrane and in endosomes. Therefore, shuttling of dsRNA and the transport pathway that directs
dsRNA from the nucleus to the endosomes should be further investigated.

This result gives rise to the question, why explicitly TLR3 is significantly engaged with dsRNA. However,
cells and organisms — and especially cancer cells — evolutionary developed mechanisms and adaption
of self-tolerance to host dsRNA to escape from immunogenic response. To tolerate increasing amounts
of dsRNA in proliferating or transformed cells, diverse mechanisms evolved in the cell: First, self-dsRNA
displays modifications that support the cell in distinguishing self and foreign RNA. RIG-I is monitoring
the lack of eukaryotic posttranscriptional modifications on dsRNAs in the cytoplasm. We cannot judge
the modification of the 5-end of dsRNA that originates from repetitive elements. However, two
observations make it unlikely that the 5’-UTR has immunogenic alterations: We see that dsRNA is bound
by DICER (Figure 40) and AGO1X has been shown to be implicated in dsRNA degradation, indicating,
that the machinery contributes to degradation and turnover of the dsRNA (Ghosh et al., 2020). This
provides an explanation why RIG-I is not significantly bound by dsRNA.
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Figure 40: dsRNA derived from repetitive elements is bound by DICER. Data is presented as mean +SD (n=3,
technical replicates).

MDAZ5, a paralog of RIG-I, also monitors dsRNA in the cytoplasm to downstream activate type | IFN
signaling via MAVS. However, besides their structural similarities, MDA5 and RIG-I are non-redundant
and recognize different dsRNA species. MDAS5 is described to predominantly recognize large
dsRNAs <1 kb, while RIG-I mainly recognizes short, uncapped dsRNAs. Increasing size of dsRNA
(2, 3, and 4 kb) causes increasing activation of MDA5 (del Toro Duany et al., 2015; Kato et al., 2008).
This model explains how MDAS5 discriminates between endogenous and exogenous dsRNA, as
endogenous dsRNA from SINE elements is typically short while many retroviruses have long RNA
genomes (Saito and Gale, 2008). B2-element derived dsRNA displays a size of 150-200 bp
(Figure 29B) and is therefore not able to induce activation of MDAS.

Second, there are a number of indicatives that dsRNA is phase separating and/or the cognate PRRs
are phase separating in the cytoplasm to prevent an activation of the immune system by self-dsRNA
(Cadena et al., 2021; Corbet et al., 2022; Maharana et al., 2022). Viral infections and dsRNA can induce

the formation of stress granules to control the immune response (ladevaia et al., 2021; Zhang et al.,



2014b). We hypothesize that similar mechanisms may be involved in shielding dsRNA from PRRs or
vice versa in transformed cells.

Third, TLR3, the pattern recognition receptors we showed to be engaged by B2-element derived dsRNA
in immunoprecipitation experiments, is located in endosomes or on the plasma membrane to detect
DAMPs and PAMPs (Matsumoto et al., 2003). Experiments with synthetic oligonucleotides showed that
RNA dimers of 45 bp or larger are sufficient to trigger dimerization of TLR3 and activation of innate
immunity (Jelinek et al., 2011; Leonard et al., 2008). TLR3 was already described to bind ERVs causing
production of IFNB that further activates the immune system, pointing its capacity to bind endogenous
dsRNA (Chiappinelli et al., 2015). Besides RIG-l and MDAS5 that evolved with the capability to
discriminate between foreign and self-RNA via size or post-transcriptional modifications, TLRS is
activated only by the duplex form of RNA. Therefore, TLR3 is located on the plasma membrane or in
endosome where it is first protected from self-RNA but has access to exogenous dsRNA and conditions

a transport pathway to load self-dsRNA on TLR3.



2.4 dsRNA is metabolized via a vesicular transport pathway

2.4.1 MYC and MIZ stabilize each other at the promoter of vesicular transport genes

As described in section 1.1.5 MYC forms heterodimers with MIZ1 in order to repress transcription. A
link between MIZ1 and autophagy, exosomes, endosomal maturation and lysosomal flux (vesicular
transport) was previously suggested by the Eilers laboratory, showing that MIZ1 is essential for
autophagy in the development of the brain (Wolf et al., 2013). More recently, MIZ1 has been connected
to an immune evasive or suppressive phenotype, similar to what has been previously observed for MYC
(Muthalagu et al., 2020; Zhang et al., 2021). Additionally, deletion of the POZ domain of MIZ1, which is
crucial for the interaction with MYC, was already shown to be haplo-insufficient for PDAC development
(Walz et al., 2014). We hence hypothesize a role of MIZ1 in an autophagy-related vesicular transport
pathway that contributes to the immune evasive phenotype of MYC in PDAC.

First, we performed proximity ligation assays between MYC and MIZ1 to validate the interaction between
both proteins in human and murine PDAC cells (Figure 41A, B).
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Figure 41: MYC and MIZ1 cooperate in binding to the promoter of repressed genes. A: In situ proximity ligation
assay (PLA) for MYC and MIZ in human PDAC cell lines and KPC cells (murine). B: Quantification of PLA. Results
are presented as individual values and mean +SD (n=3). C: Browser track of ChlP sequencing for MYC, MIZ1 and
1gG in murine KPC cells. D: Analysis of MYC, MYCVD and MIZ1 binding to promoter of indicated gene sets. P value
was calculated using Wilcoxon matched-pairs signed rank test.

MYC and MIZ1 chromatin binding behavior in KPC cells were analyzed using published data sets (Wiese
et al., 2015). MYC and MIZ1 cooperatively bind to the promoter of genes that are associated with
vesicular transport (Figure 41A). Strikingly, the overexpression of MYCV394D (MYCVD), a MYC point
mutant that does not interact with MIZ1, significantly reduced the binding of both MYC and MIZ1 to the

promoters of those genes (Figure 41B).

2.4.2 MYC/MIZ1 cooperate to suppress the transport and loading of dsRNA to TLR3
In order to understand whether heterodimerization of MYC to MIZ1 shapes the global expression profile

of KPC cells RNA sequencing was re-analyzed. Depletion of MYC or overexpression of MYCVD induced



an upregulation of hallmark gene sets and GO terms involved in endocytosis and exocytosis as well as

autophagy and lysosomal transport (Figure 42A).
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Figure 42: MYC/MIZ1 repress autophagy and lysosomal flux. A: Gene set enrichment analysis of global RNA
expression profile of KPC cells expressing doxycycline-inducible shRNAs to target MYC or ectopic expression of a
mutant MYCV394D compared to wildtype MYC for 48 h (n=3). B: Immunoblot of KPC cells after 48 h of depletion of
MYC for Actin, LC3, P62 and P-P62 (n=3).

We confirmed this expression profiles with immunoblot against two markers for autophagy. First,
conversion of LC3-I to LC3-Il is significantly increased upon depletion of MYC. Second, P62/SQSTM, a
direct target of TBK1, is phosphorylated at S403 upon depletion of MYC (Figure 42B).

MYC and MIZ1 repress the transcription of genes like SEC24D, the RAB family and other genes that
are implicated in shuttling, loading and signaling of TLR3 and lysosomal flux (Lee and Barton, 2014;
Wandinger-Ness and Zerial, 2014). However, we did not conclusively investigate whether a single
MYC/MIZ1 repressed gene is critical to prevent activation of the immune system or whether this
cooperation orchestrates the repression of a set of genes that is involved in the regulation of vesicular
transport. We can argue that there are at minimum two aspects that favor a model of MYC and MIZ1
repressing not a specific gene but dampening the transcription of a set of genes: First, MYC and MIZ1
stabilize each other at the core promoter of a large vesicular transport gene set. Second, the
transcriptional activation of genes after depletion of MYC or overexpression of MYCVD is mild. It is
unlikely that the mild upregulation of a specific gene is responsible for the switch from a highly immune-
suppressive microenvironment to a T cell infiltrate anti-tumorigenic microenvironment.

This concept is supported by the recent changes in the view on MYC biology that draws back MYC from
being a pure transcription factor but more a global “interaction platform” that recruits bystander proteins
to facilitate their function and fine-tune the transcriptional program (Baluapuri et al., 2020). Similar
observations have been recently made in TNBC, suggesting that MYC globally represses innate
immunity as master regulator (Zimmerli et al., 2022). However, better understanding of MYC/MIZ1
dependent regulation of vesicular transport and immunity is needed to answer the question whether

interfering with this interaction can be a promising therapeutic approach.



The role of MIZ1 in tumorigenesis and maintenance has already been investigated in mouse models.
Deletion of the POZ domain of MIZ1 delays tumor formation in mouse pancreatic cancer models. Both,
Muthalagu et al. and Walz et al. showed that the interaction between MYC and MIZ1 is important to

promote immune evasion in pancreatic cancer (Muthalagu et al., 2020; Walz et al., 2014).
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Figure 43: Depletion of MYC increases engagement of TLR3. A: Immunofluorescence of TLR3 (red) in KPC
cells with and without doxycycline induced depletion of MYC. B: fCLIP for TLR3 from KPC cells with and without
depletion of MYC was performed (n=6). Results are presented as individual values with mean+SEM. P values were
calculated using two-tailed unpaired t test. C: Immunofluorescence of dsRNA (red) from KPC cells with high levels
of MYC and shRNA mediated depletion of MYC for 24 h, 48 h and 72 h.

With the aim of studying TLR3 dynamics upon dsRNA generation, TLR3 immunofluorescence was
performed. After MYC depletion, TLR3 revealed a translocation to the perinuclear region of the cell,
indicating the activation and transport of TLR3 (Lee et al., 2006) (Figure 43A). A fCLIP experiment for
TLR3 performed in parallel confirmed that TLR3 activation was concomitant with dsRNA loading on
TLR3 (Figure 43B). The translocation of TLR3 is paralleled by a translocation of the dsRNA in the
perinuclear region of the cell. Despite the reduction in total dsRNA staining, the staining in the
perinuclear region increased and displayed a very similar phenotype compared to what has been

observed in the immunofluorescence of TLR3 (Figure 43C).



2.4.3 Loading of dsRNA onto TLR3 is independent of canonical autophagy

To better understand which pathway promotes the loading of dSRNA we considered several hypotheses.
First, we examined whether canonical autophagy is responsible for the metabolism of dsRNA. We used
two different experimental settings in KPC cells to perform fCLIP for TLR3. First, chloroquine (CQ), a
compound that prevents autophagic flux, was used (Mauthe et al., 2018). The treatment of KPC cells
with chloroquine significantly increased the loading of dsRNA onto TLR3, indicating that canonical
autophagy is not needed for dsRNA loading onto TLR3 (Figure 44A). Second, a cell line with knockout
of ATG7, which is incapable in forming autophagosomes, was compared to KPC cells with restored
ATG?7 function (i.e., ectopic expression of ATG7). ATG7 knockouts and ATG7 restored cells did not
show a difference in TLR3 engagement (Figure 44B). Especially the fCLIP of ATG7-- cells suggest that
canonical autophagy is not responsible for the loading of dsRNA onto TLR3. More likely, a vesicular
transport pathway, which can be affected by treatment with chloroquine, promotes the transport and
metabolism of dsRNA. The increased loading of dsRNA onto TLR3 after treatment with chloroquine
points towards a pathway that includes endosomal maturation and degradation of dsRNA in the
lysosomes. Furthermore, the inhibition of autophagy and the blockade of lysosomal flux using
chloroquine promoted the phosphorylation of TBK1 and stabilization of LC3-1I in murine KPC cells as
well as in human PDAC cell lines (Figure 44C).
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Figure 44: TLR3 engagement is independent of canonical autophagy but dependent on TBK1 mediated
dsRNA metabolism. A: fCLIP from KPC cells treated with chloroquine (10 uM CQ) for 4 or 24 h (n=2). The P value
was calculated using ANOVA with Fisher LSD. B: fCLIP from autophagy deficient KPC cells (ATG77) and
autophagy restored KPC cells followed by RNA extraction and RQ-PCR. C: Immunoblot of murine and human
PDAC cell lines for Vinculin, P-TBK1 and LC3 after treatment with 10 yM chloroquine (CQ). D: fCLIP from KPC
cells with and without knockout of TBK1. Where indicated, MYC was depleted using doxycycline inducible shRNAs.

Results are presented as individual values of technical replicates (n=2). The P value was calculates using ANOVA
with Fisher LSD.



Strikingly, TBK1 deletion induced a strong increase in dsRNA loading onto TLRS3. Interestingly, this
increase is independent of MYC levels. The accumulation of dsRNA upon TBK1 knockout suggests that
TBK1 mediates dsRNA degradation, potentially by promoting the transport of dsRNA-loaded TLR3 to
the lysosome (Figure 44D).

Treatment with chloroquine averted the reduction of dsRNA resulting from MYC depletion in a dose
dependent manner. Preventing the degradation of dsRNA in the lysosome using chloroquine prevents

the reduction of J2 signal upon MYC depletion (Figure 45).
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Figure 45: Inhibition of autophagy stabilizes dsRNA. Quantification of immunofluorescence for dsRNA. Results
are presented as individual biological replicates and mean +SD, 2-tailed t test (n=6).



2.4.4 PDAC cells release dsRNA containing vesicles

The involvement of an endosomal pathway allows the hypothesis that dsRNA is encapsulated in vesicle
which are then released by the cell. To test this, we used a-dsRNA-antibody and precipitated dsRNA
from supernatant that was treated with a detergent. This experiment showed that MYC depletion caused
an increase of dsRNA in the supernatant, which was more pronounced for dsRNA originating from

repetitive elements than from mitochondria (Figure 46A).
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Figure 46: dsRNA is secreted in membrane-containing vesicles. A: RQ-PCR from J2-immunoprecipitation from
supernatant of KPC cells. Cells were treated with doxycycline for 48 h to induce MYC depletion. Results are
presented as individual values, mean +SD (n= 2). The P value was calculated using two-way RM ANOVA. B: RNA
content of extracellular vesicles purified with ultracentrifugation from the supernatant of KPC cells determined by
RQ-PCR (n=6). Results are presented as mean +SEM. The P value was calculated using two-tailed, unpaired t
test.

To confirm this, extracellular vesicles were collected and analyzed for their dsRNA content. In detail,
supernatant of KPC cells was filtered and ultracentrifugation was performed. This experiment confirmed
the J2-immunoprecipitation and corroborated the involvement of MIZ1 by comparing the overexpression
of MYC WT and MYCVD (Figure 46B). While overexpression of wildtype MYC reduced the dsRNA
vesicle content in supernatant, overexpression of MYCVD strongly increased its amount. Importantly,
this experiment also proves that the detected dsRNA is packed in vesicles, as pretreatment with the
non-ionic detergent Triton-X 100 (i.e., preventing sedimentation of these vesicles) abrogated the dsRNA
detection. In line with this, RNase Il also reduced the signal, verifying the double-stranded structure of

the precipitated RNA (Figure 46B).
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Figure 47: Chloroquine does not change the release of extracellular vesicles. RNA content of extracellular
vesicles purified with ultracentrifugation from the supernatant of KPC cells determined by RQ-PCR (n=6).Cells were
treated with 10 uM chloroquine for 24 h. Results are presented as mean +SD (n=3).



CQ treatment has been shown to promote exosome formation (Ortega et al., 2019). In KPC cells

treatment with CQ did not promote the release of extracellular vesicles (Figure 47).

Concluding this part, we uncovered that the trafficking of dsRNA is a complex and multi-layered vesicular

transport pathway:

(1)

dsRNA is released from nuclei to the cytoplasm, where it is bound only to a minimal extent by the
cytoplasmic pattern recognition receptors MDA5 and RIG-I. This scarce engagement can be
explained by two models: First, dsRNA can largely escape the cytoplasm through the release of
shedding microvesicles or uptake via macro- or microautophagy or RNautophagy via SIDT2 to
mediate decay (Aizawa et al., 2016; Frankel et al., 2017; Guo et al., 2014; Hase et al., 2020; Yim
and Mizushima, 2020). Second, PRR and dsRNA both can phase separate in stress-granules or
P-bodies, preventing that MDA5 or RIG-1 can be engaged (Cadena et al., 2021; Maharana et al.,
2022). We could reject the hypothesis that dsRNA enters the endo-lysosomal compartment via
canonical autophagy using a knockout of ATG7 that is critical for the formation of the phagophore
(Collier et al., 2021; Komatsu et al., 2005). This is supported by the observation that chloroquine —
a widely used inhibitor for autophagy — is increasing the loading of dsRNA onto TLRS3 instead of
restricting it (Mauthe et al., 2018).

We confirmed the hypothesis that dsRNA is secreted in membrane-containing extracellular vesicles
(EVs) using ultracentrifugation. EVs are carriers of proteins, RNAs, and other biomolecules and play
a role in metastasis, cellular stress response and immune-modulation of the tumor micro-
environment (Kao and Papoutsakis, 2019; Marar et al., 2021). They arise by multifarious
mechanisms: Exosomes are released by multivesicular bodies that originate from the endo-
lysosomal compartment. In contrast, shed microvesicles (sMV) are not of endocytic origin but form
by budding of the plasma membrane. The budding of the plasma membrane causes sMVs and can
incorporate biomolecules from the cytoplasm — including dsRNA — without transport to a distinct
subcellular compartment (Tricarico et al., 2017; Xu et al., 2018). It is more likely that we observe
sMVs, but not exosomes, since we did not observe an increase in EV formation after CQ treatment.
Treatment with CQ stabilizes dsRNA in the cytoplasm, since increasing the pH level with CQ in the
endolysosomal compartment dampens the activity of the hydrolytic enzymes in the lysosome (de
Duve, 2005; Fedele and Proud, 2020; Halcrow et al., 2021). We conclude that alkalinization of the
vesicular transport pathway prevents degradation and turnover of dsRNA in the lysosome at a late
step of the process. In consequence, treatment with CQ increases not only loading of dsRNA onto
TLRS3 but also downstream activation of TBK1. Interfering with vesicular transport using CQ blocks
loading, transport and degradation of dsRNA, pointing out that this pathway plays a key role in TLR3

signaling, TBK1 activation and therefore also immune dependent regression of PDAC tumors.

We observe that MYC depletion increases autophagosomal and lysosomal flux as a result of the

interruption of MYC/MIZ1 dependent repression of genes. TBK1 is not only the central hub to mediate



activation of IRF3 and IRF7 in consequence of PRR activation, but it can also activate lysosomal flux
(Heo et al, 2018; Honda et al., 2006; Schlitermann et al., 2021). Activation of TBK1 promotes
phosphorylation of SQSTM1 at Serine 403 upon depletion of MYC. SQSTM1 has been described to
selectively prone dsRNA virus for degradation via autophagy, pointing out that indeed activation of

autophagic and lysosomal flux is a key component of the innate immune program (Xu et al., 2021).

We showed that TLR3-induced TBK1 activation plays a pivotal in tumor regression after MYC depletion
by promoting lysosomal flux due to phosphorylation of its target proteins like SQSTM1 and probably
also RAB proteins that promote endosomal maturation (Heo et al., 2018). We postulate that this provides
a feed-forward loop to increase loading of dsRNA to TLR3 and promote immunogenicity. Depletion of
MYC promotes loading of dsRNA onto TLR3 by releasing MYC/MIZ1 dependent repression of vesicular
transport genes.



2.5 MYC suppresses NFKB-driven MHC class | presentation
2.5.1 NFKB is upregulated in a TBK1 dependent manner upon MYC depletion

We observe that depletion of MYC activates the expression of the NF-kB hallmark gene set. To further
investigate the activation of NF-«xB signaling upon the depletion of MYC, KPC cells were infected with
IKBAM, a non-phosphorylatable mutant of IKBA that was already shown to efficiently dampen canonical
NF-kB signaling (Van Antwerp et al, 1996). Immunoblots validated the expression of the transgene
(Figure 48).
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Figure 48: Overexpression of IKBAM. Immunoblot of KPC cells for Vinculin, MYC, HA-tag (recognizing IKBAM)
and P-TBK1. Where indicated doxycycline was added to deplete MYC using shRNAs, TBK1 was deleted using
CRISPR/Cas9, a mutant IKBA was ectopically expressed.

Global expression analysis was performed to dissect the TBK1- and NF-xB-dependent transcriptional
changes upon depletion of MYC. Deletion of TBK1 or overexpression of IKBAM significantly attenuated
the upregulation of the hallmark gene sets for inflammatory response and TNF-a signaling via NF-kB,
but not the GO terms for endosomes, which are upregulated by the overexpression of MYCV394D
(Figure 49A).
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Figure 49: Activation of NFKB signalling is dependent on TBK1. A: Gene set enrichment analysis of global
RNA expression profile of KPC cells expressing doxycycline-inducible shRNAs to target MYC. GSEA was
performed by either comparing wildtype TBK1 and deletion of TBK1 or wildtype IKBA and ectopic expression a
dominant negative IKBAM in a MYC depleted situation (n=3). B: Immunoblot (left) of KPC cells with shRNA-
mediated depletion of MYC and knockout of TBK1 for Vinculin, MYC, LC3, P62, P-62, IKBA, P-IKBA, TBK1 and
P-TBK1. Quantification (right) of P-IKBA signal. Data are presented as individual values of biological replicates and
mean #+SD (n=3). P values were calculated using one-way ANOVA with post hoc Tukey.



We confirmed the activation of NF-kB-signaling by immunoblots. The depletion of MYC significantly
increased the phosphorylation of lk-Ba, which primes Ix-Ba for degradation by the proteasome and
release of the NF-kB-heterodimer to translocate to the nucleus. Deletion of TBK1 completely removed
the phosphorylation of Ik-Ba at S32 (Figure 49B). Moreover, deletion of TBK1 removed the
phosphorylation of P62 on S403 (SQSTM), confirming that the knockout is functional and reduces the
activation of canonical targets of TBK1 (Figure 49B).

Depletion of MYC promotes loading of dsRNA onto TLR3 by releasing MY C/MIZ1-dependent repression
of vesicular transport genes. This promotes activation of TBK1 to further increase TLR3 loading and
phosphorylation of Ik-Ba that triggers its proteasome dependent degradation and release of the
p50/RELA heterodimer to shuttle to the nucleus. There it activates the transcription of inflammatory
cytokines, MHC class | genes, and other proinflammatory genes (Kawai and Akira, 2007). Disturbing
the feedforward loop by the deletion of TBK1 therefore dampens the activation of a proinflammatory

signature, explaining the essentiality of TBK1 for immune-dependent tumor regression.

Furthermore, a custom “PDAC_NFKB” gene set was designed to study the regulation of NF-kB-
signaling. This gene set included genes of the “TNFA signaling via NFKB” hallmark gene set upregulated
after depletion of MYC and downregulated upon IKBAM ectopic expression. Depletion of MYC
significantly activated the expression of “PDAC_NFKB”, while the deletion of TBK1 attenuated the
expression of this gene set upon depletion of MYC (Figure 50A). GO term analysis of this gene set
showed that it contains genes that are involved in inflammatory response, chemokine and cytokine

regulation as well as MHC class | presentation (Figure 50B).
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Figure 50: TBK1 deletion prevents activation of NF-xB-signaling. A: Boxplot showing the regulation of genes
in the custom designed “PDAC_NFKB” gene set representing NF-xB-signaling. P value was calculated using one-
way-ANOVA. B: GO term analysis of genes that are downregulated upon TBK1 deletion or ectopic expression of
IKBA. The overlap of genes was used for the GO term analysis.

Or data show that TBK1 activation induces NF-kB, but not IRF3. However, the literature concerning

TBK1 and NF-«xB is less unequivocal. TRAF2, TANK and TBK1 probably form a complex to activate



NF-kB (Pomerantz and Baltimore, 1999). However, the lack of functional data implies that the TBK1-
dependent phosphorylation of lk-Ba is probably via indirect effects. This is underlined by the observation
that TBK1 deletion is only affecting a subset of target genes that are affected by overexpressing a

dominant negative Ix-Ba.

NF-«B plays a double-edged role in pancreatic cancer. lts proproliferative and anti-apoptotic capacity is
driven by multiple factors, including its target genes BCL-XL or clAP (Arlt et al., 2012). On the other
hand, NF-xB drives the expression of proinflammatory cytokines and MHC class | genes (Jongsma et
al., 2019; Liu et al., 2017). Strikingly, NF-«B plays a crucial role in the development of pancreatic cancer
driven by KRas and Ink4a mutation in mice (Ling et al., 2012). Moreover, inhibition of NF-xB signaling
in KPC cells by overexpression of a mutant Ix-Ba dampens the growth of culture (data not shown). In
contradiction with this, NF-xB can also restrict the growth of MYC-driven hepatocellular cholangio-
carcinoma and repress the development of MYC-induced lymphomas (He et al., 2019; Klapproth et al.,
2009). PDAC cells show a similar dependence to TLR3 as to NF-xB genes. TLR3 and NF-«xB both play
a role in pancreatitis that can cause pancreatic cancer via chronic and systemic inflammation
(Jakkampudi et al., 2016; Soga et al., 2009; Vaz and Andersson, 2014). Interfering with TLR3 reduces
growth of pancreatic cancer cells in culture (Schwartz et al., 2009). This is underlined by the observation
that TLR3 expression is a predictor for bad prognosis in pancreatic cancer patients (Nagy et al., 2021)
(Figure 51A).
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Figure 51: TLR3 and NFKB are a MYC-regulated double-edge sword. A: High expression of TLR3 (mRNA)
correlates with poor prognosis in pancreatic cancer (Lanczky and Gydrffy, 2021). B: TLR3 can activate both, pro-
tumorigenic and proimmunogenic signaling via NF-xB. MYC controls the expression of these genes via squelching
of elongation factors.

Overexpression of a dominant negative mutant of lk-Ba decrease NF-«B target genes in a highly
significant manner in KPC cells with oncogenic levels of MYC. Depletion of MYC only upregulates the

transcription of a subset of NF-kB target genes, including MHC class | genes.



To summarize: We argue that MYC’s immune suppressive function works via two axes. First, oncogenic
MYC level, in cooperation with MIZ1, prevent the activation of NF-kxB target genes by modulating a
highly specific pathway that dampens dsRNA transport, TLR3 loading and activation. Second, MYC acts
via its hard-wired function to bind to all core promoters of genes that are transcribed by RNA
polymerase Il. The activation of NF-«B target genes as a consequence of the depletion of MYC is on
the one hand driven by the increased translocation of the NF-«xB heterodimer to the nucleus as
consequence of TLR3-mediated activation, and on the other hand by restoring SPT5 binding to the
promoter of these genes. By not binding to the core promoter of genes that are transcribed by RNAPII
it squelches crucial factors from these genes to prevent their efficient transcription (Baluapuri et al.,
2019; Baluapuri et al.,, 2020) (Figure 2, Figure 14). We argue that MYC specifically shapes the
expression profile of NF-kB target genes to facilitate the expression of proproliferative proteins and at
the same time, prevents the expression of genes — probably via sequestration of crucial factors from the
genes — that would enable the recognition of cancer cells by the immune system (Figure 51B). This
explains why pancreatic cancer cells are dependent on both, the expression of NF-«kB target genes and

the repression of a subset of NF-«B target genes by MYC.

2.5.2 MYC suppresses presentation of MHC class |

MHC class | presentation of neoantigens is the major mechanism for T cells to specifically recognize
cells. Importantly, T cells are the critical species determining in vivo tumor regression upon MYC
depletion (see section 2.2.1). Therefore, the expression of MHC class | genes in PDAC was further
investigated using available RNA sequencing data. MYC depletion induced a strong increase in the

expression of all four highly expressed MHC class | genes (Figure 52).
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Figure 52: Normalized reads of all genes encoding for MHC class I proteins. Data shows individual values of
different biological replicates and mean £SD (n=3).

Analysis of TBK1 knockout cells and cells expressing IKBAM showed that the expression of H2-K1 and
H2-D1 was significantly dependent on TBK1 and NF-xB signaling, suggesting that MYC depletion
causes a dsRNA-dependent activation of TBK1, leading to downstream activation of NF-kB-signaling
and upregulation of MHC class | presentation (Figure 53A). To confirm this hypothesis, surface

expression of H-2Kb and H-2Db of KPC cells was performed using flow cytometry. Consistent to what



was observed at the RNA level, MYC depletion led to an increased presentation of both isotypes, and

this upregulation is attenuated in a TBK1-depleted background (Figure 53B).
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Figure 53: MYC prevents presentation of MHC class | genes. A: Normalized reads of H2-K1 and H2-D1 in KPC
cells after depletion of MYC. Where indicated, TBK1 was deleted or a dominant negative IKBA mutant (IKBAM)
overexpressed. Data shows individual values of different biological replicates +SD (n=3). B: FACS analysis of MHC
class | presentation on the surface of KPC cells with doxycycline inducible depletion of MYC and deletion of TBK1.
P values were calculated using one-way ANOVA with post hoc Tukey. MFI: Mean fluorescent intensity.

The observation, that MYC is repressing the transcription of MHC class | genes is probably the oldest
described immune suppressive function of the MYC protein family (Bernards et al., 1986; Versteeg et
al., 1988). Restoring immunogenic signaling in breast cancer can revert MYC dependent repression of
MHC class | presentation machinery and induce regression of tumors. Moreover, they point out that not
only MHC class | proteins and B2M are suppressed by the MYC oncogene, but also the whole antigen
presenting machinery is restrained by high levels of MYC (Lee et al., 2022a). Overexpression of the
MYC protein family is a hallmark of cancer (Gabay et al., 2014; Hanahan and Weinberg, 2011), causing
the downregulation of MHC class | and consequently immunological cold tumors with bad prognosis
(Dhatchinamoorthy et al., 2021; Garrido et al., 2016; Jongsma et al., 2019).

Repression of MHC class | could be indeed a potential mechanism how MYC facilitates its immune
evasive function in mouse pancreatic cancer. This is strengthened by the finding that the absence of T
cells prevents regression of tumors after MYC depletion. As part of the adaptive immune system, T cells
recognize and clear cells expressing highly specific neoantigens that are presented by MHC class | and
clear these cells. Increasing MHC class | presentation has been shown to delay tumor progression in
the KPC mouse model (Yamamoto et al., 2020). Mutational burden and therefore neoantigen load are
a predictive marker for the response for immunotherapy like a-PD-1 or adoptive T cell therapy (Lauss
et al., 2017; McGranahan et al., 2016; Wang et al., 2021). Human PDACs display about 30 neoantigens
per tumor that could potentially elicit an immunogenic response (Balachandran et al., 2017). Our study
is probably limited by the fact that GEMM display far less (0-11 per tumor) neoantigens (Evans et al.,
2016; Rojas and Balachandran, 2021).



2.5.3 MHC class | presentation is not crucial for tumor regression

The presentation of neoantigens is a central mechanism of T cells to recognize and eliminate tumor
cells. To determine whether the MYC-dependent downregulation of MHC class | presentation is critical
for the immune escape in PDAC tumors, a knockout of B2-microglobulin (B2m) was conducted in murine
KPC cells, to proof whether the presentation of MHC class | is critical for the regression of the tumors.
Lack of B2M destabilizes the presentation of antigens on the surface of cells (Yamamoto et al., 2020).
Wildtype KPC cells (expressing luciferase) were infected with a construct expressing an sgRNA
targeting the B2m locus as well as expressing Cas9. Single-cell clones were selected and screened for
the absence of H-2Kb and H-2Db presentation on the surface. Sanger sequencing of the selected
clone (#32) validated the introduced mutation of the gene after the PAM sequence, indicating the
knockout of B2m in this cell clone (Figure 54A). The knockout was validated with immunoblotting
(Figure 54B). Flow cytometry showed that knockout of B2m abrogates presentation of MHC class | on
the surface (Figure 54C, D).
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Figure 54: Knockout of B2m. A: Chromatogram from sanger sequencing of the B2m locus of control cells and
knockout cells. B: Immunoblot for B2M in KPC cells with knockout of B2m. C: Profile from flow cytometry comparing
the control clone (#3) to the clone with knockout for B2m (#32). Cells were stained for H-2Db and H-2Kb.
D: Quantification of staining for H-2Kb and H-2Db in control cells and knockout cells (n=3).

Immunoblot for B2M confirmed the knockout. We infected both cell clones with two doxycycline inducible
shRNAs targeting MYC, which have been previously used for the depletion of MYC. Induction of shRNAs
efficiently reduced the levels of MYC protein in both cell lines (Figure 54B).

We transplanted the B2n- KPC cell line and the control cell into the pancreata of immunocompetent
C57BL/6J mice. Tumors engrafted for 7 days and treatment with doxycycline was started. Tumors in
mice that did not receive doxycycline did not show a regression, while mice that received doxycycline
tumors showed a regression after 7 days of treatment. Strikingly, tumors regressed independent of the

presentation of MHC class | on the surface (Figure 55).
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Figure 55: Knockout of B2m in KPC cells does not affect regression of tumors after depletion of MYC. Tumor
size was measured using IVIS. Tumor growth is shown as individual samples and mean (n=5/9/9/9). The mouse
experiment was conducted by Anneli Gebhardt-Wolf.

The observation that KPC tumors still regress in the absence of MHC class | presentation allows two
different interpretations. If MYC mediated immune evasion is not dependent on antigen presentation,
regression of tumors is not dependent on CD8-positive CTLs. We would therefore argue that CD4-
positive T helper cells are the T cell population that is needed for the regression of the tumors. This
would also fit our observation that nude mice, that lack both CD4- and CD8-positive T cells, are crucial
for the regression of tumors. Besides activating CD8-positive T cells, T helper cells are also capable to
activate B cells or NK cells (Garaud et al., 2022; Janeway, 2005). This hypothesis is supported by the
fact that Rag”-and NRG mice display stronger tumor growth compared to nude mice. Early work on the
immune evasive capacity of MYC had also shown that CD4-positive T cells are crucial for tumor control
(Rakhra et al., 2010). Additionally, it has been shown that B cells and NK cells contribute to tumor cell
death in vivo after inactivation of MYC in PDAC and lung adenocarcinoma (Kortlever et al., 2017; Sodir
et al., 2020).

Alternatively, the knockout of B2m could also allow NK cells to attack the KPC cells, since they miss the
expression of antigens via MHC class I. NK specifically recognize the absence of antigen-presentation
and their activation is dampened by the binding to HLA-E (Kéarre, 2002; Kéarre et al., 1986; Pereira et al.,
2019). In parallel, MYC depletion causes an upregulation of NK-cell-activating ligands like CD155 on
the surface (data not shown) (Chester et al., 2015; Raulet and Vance, 2006). Analysis of the TME using
flow cytometry or histochemistry is needed to understand whether MYC mediated immune evasion is
independent on antigen presentation or whether the knockout of B2m itself allows a NK-cell-dependent

tumor regression.
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2.6 Translating MYC depletion into therapy

2.6.1 Target MYC translation using cardiac glycosides

In order to restore immune surveillance in pancreatic cancer interfering with MYC and/or its function can
be a promising strategy. We therefore aimed to substitute the genetic approach of RNAi mediated
depletion with a small molecule that could be transferred into patient trials.

Several publications have shown that the treatment of transformed cells with cardiac glycosides, which
target the major subunit of the sodium-potassium pump ATP1A1, interferes with the levels of MYC
protein (Steinberger et al., 2019; Wiegering et al., 2015). Consistently, treatment of human colorectal
cancer or PDAC cell lines with the cardiac glycoside cymarin led to a significant decrease of MYC protein
levels. Murine cancer cell line did not respond to treatment with cardiac glycosides, because murine

ATP1A1 is 1,000-fold more resistant to cardiac glycosides than the human isoform (Figure 56).
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Figure 56: Cardiac glycosides reduce levels of MYC protein in human but not in murine cancer cells.
A: Immunoblot of colorectal cancer cells treated with indicated concentration of cymarin for 24 h. CDK2, ATP1A1
and MYC are blotted. LS174T and DLD1 are derived from human patients. Murine Colo26 cells are derived from
an N-nitroso-N-methylurethane-induced colon carcinoma. B: Quantification of MYC levels normalized to Vinculin in
human PDAC and colon cancer cell lines treated with indicated concentrations of cymarin for 24 h. Results are
presented as values of individual replicates and mean (n=3).

To further study this aspect, depletion of ATP1A1 was performed to assess whether cymarin acts on
target via its canonical binding and inhibition of the sodium-potassium pump. Depletion of ATP1A1 using
doxycycline inducible shRNAs causes a robust decrease of ATP1A1 protein levels, accompanied by a
mild decrease of MYC protein levels (Figure 57A). Ectopic expression of human ATP1A1 had no effect
on the response of human and murine cells to cymarin, while ectopic expression of the murine isoform
of ATP1A1 rendered human cancer cells resistant, confirming that the effect on MYC protein levels is
dependent on the inhibition of the sodium-potassium pump (Figure 57B). Treatment of human cancer
cells with cymarin causes a strong decrease in proliferation, while murine cells were not affected
(Figure 57C).

Cardiac glycosides have been previously implicated already as potential drugs to target tumor cells and
to affect MYC protein levels (Didiot et al., 2013; Du ef al., 2021; Steinberger et al., 2019; Wiegering et
al., 2015). Cardiac glycosides are well described to bind to the sodium-potassium pump and inhibit the
export of sodium and the import of potassium. Since murine cells are resistant and shRNAs targeting
ATP1A1 in human cancer cell reduce MYC protein levels, this indicates that the regulation of MYC

protein with cardiac glycoside is not mediated via the IRES of the MYC mRNA, as described by



Wiegering et al. and Didiot et al., but by the capacity of cardiac glycosides to inhibit the sodium-

potassium pump.
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Figure 57: Effects of cardiac glycosides on MYC protein levels are dependent on ATP1A1. A: Inmunoblot of
human CRC cell lines with shRNA mediated depletion of ATP1A1 for 48 h of indicated proteins. B: Immunoblot of
KPC cells (murine) and DLD1 cells (human) with ectopic expression of either human or mouse HA-tagged ATP1A1.
Cells were treated with cymarin for 24 h. C: Cell counts of human and murine cancer cell lines. Cells were treated
with 100 nM cymarin for 96 h. Data is shown as individual values of replicates with mean +SD (n=3).

2.6.2 Cardiac glycosides regulate MYC translation via the 3’-UTR

We speculated that the fast downregulation of MYC can be due to an impaired translation of its mRNA,
as previously described (Dejure et al., 2017). To investigate whether cymarin-induced decrease of MYC
protein relies on this phenomenon, we overexpressed a number of different constructs representing
parts of the MYC-CDS in human cancer cells.

All constructs express the same coding sequence of MYC with alterations in the untranslated regions
(UTR) of the MYC mRNA. MYC immunofluorescence revealed that treatment with cymarin in human
DLD1 cells expressing the CDS of MYC is not affecting the levels of MYC proteins (Figure 58). Similarly,
MYC protein translated from the CDS including the 5-UTR was not downregulated upon cymarin
treatment in the immunofluorescence. Only with the addition of the 3’-UTR to the CDS of MYC, the
protein levels decreased with cymarin treatment. Thus, the regulation of MYC protein level after
treatment with cymarin is dependent on its 3-UTR (Figure 58).

Overexpression of the MYC-CDS with four differently truncated 3’-UTR further showed that only with
the smallest truncation (A2262-2366) cells are still reacting to treatment with cardiac glycosides. Larger
deletions made the human tumor cells resistant to treatment with cardiac glycosides. The observed
effects are clearer in the normalized immunofluorescence compared to the immunoblot, but the
truncated 3’-UTR-CDS-constructs (A2127-2366, A2025-2366, A1997-2366) show a clear resistance for
treatment with cardiac glycosides (Figure 58, 59).

Analysis of MYC protein levels using immunoblotting showed a reduction in the levels of MYC also with
only CDS or CDS-5-UTR while the deletion of the 3’-UTR stabilize the MYC protein levels when treated
with cardiac glycosides (Figure 58 bottom, 59).
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Figure 58: Cardiac glycosides target MYC translation via the 3’-UTR. Top: Quantification of immuno-
fluorescence of MYC from DLD1 cells with ectopic expression of different constructs of MYC. Cells were treated
with indicated concentrations of cymarin for 24 h. Data is shown as individual values of replicates with mean +SD
(n=3). Bottom: Immunoblot of same DLD1 cells expressing the HA-tagged MYC constructs and treated for 24 h with
100 nM cymarin (n=2).

The observation that only MYC with 3-UTR A2262-2366 still displays a reduction of MYC after treatment
with cymarin resembles the effect of glutamine starvation described in Dejure et al., indicating that there
are probably parallels between the treatment of tumor cells with cymarin and starvation of glutamine

(Dejure et al., 2017).
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Figure 59: Scheme of transfected MYC constructs in Figure 58. Colors indicate stability of MYC protein after
treatment with cymarin.

It has been described in Dejure et al. that tumor cells monitor the availability of glutamine in their
environment and downregulate translation of MYC when there is not enough glutamine retrievable. The
pathway that monitors the nutrient status and controls the translation of MYC has so far not been
described, but the regulation of translation is mediated via the 3’-UTR of MYC. Truncation of the 3-UTR

of MYC uncouples glutamine levels from MYC translation (Dejure et al., 2017).



2.6.3 Cardiac glycosides change metabolome of transformed cells

Previous studies have shown that the levels of glutamine regulate MYC protein translation via the
3-UTR of MYC. Mass spectrometry of all water-soluble metabolites in the cell was performed to assess
whether inhibition of the sodium-potassium pump using cymarin could change the metabolome of
human PDAC cell lines PaTu 8988T and BxPCS3.

Addition of cymarin caused a strong reduction in the amount of most amino acids. Additionally, a
massive reduction of glutamine was observed in both analysed human cell lines after cymarin treatment
(Figure 60, top). Glutamine serves as building block for nucleotide biogenesis. Consequently, the
content of nucleotides and nucleosides in the measured samples was also strongly reduced upon

inhibition of the sodium-potassium pump (Figure 60, bottom).
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Figure 60: Mass spectrometry analysis from cell pellet of human PDAC cells treated with 100 nM cymarin
for 24 h. Heatmap shows mean of selected metabolites (n=3). Top: Amino acids. Bottom: Nucleotides and
Nucleosides.

Inhibition of the sodium-potassium pump leads to a number of changes in steady-state levels of water-
soluble metabolites in the tumor cells. In human PDAC cell lines the content of most amino acids drops
dramatically upon inhibition of the sodium-potassium pump. Only basic amino acids did not change after
treatment with cymarin. This observation can be explained by the fact that many, but not all, importers
for amino acids are making use of the sodium-potassium gradient that is built up by the sodium-
potassium pump.

For example, Arg and Lys are imported by CATs (cationic amino acid transporters), a subfamily of the
solute carrier family 7 (SLC7). Strikingly, the transport of these two amino acids via CATs is independent
of the sodium-gradient, which is also reflected in our measurement (Figure 60, top) (Closs et al., 2006).
In general, neutral and anionic amino acids depend on the sodium gradient, since they are imported by
a Nat-cotransport, while cationic amino acids do not depend on the gradient that is build up by the
sodium-potassium pump, since they are imported by amino acid exchange mechanisms or with
uniporters like the CAT family (Gauthier-Coles et al., 2021; Poncet and Taylor, 2013).

In consequence to the strong reduction of amino acids in the cell, a massive reduction of nucleosides
and nucleotides can be observed. The de novo synthesis of purine requires amongst others glutamine,

glycine and aspartate (Voet, 2008). The massive reduction of glutamine and glycine impedes the



synthesis of purines. Our laboratory could already show that the starvation of glutamine leads to reduced
levels of adenosine. Adenosine promotes the translation of the MYC mRNA dependent on the 3-UTR.
Restoring the levels of adenosine in a glutamine-deprived condition restores the level of MYC protein
(Dejure et al., 2017).

In light of Dejure et al., the effects of treatment with cardiac glycosides on MYC protein levels and the
metabolic consequences we hypothesize that CG treatment mimics the effects of a glutamine starvation.
This is underlined by the fact that the same region in the 3’-UTR of the MYC mRNA is responsible for
the downregulation of MYC translation after glutamine starvation or treatment with CGs.

ATP is the only nucleosides or nucleotides that increased after treatment with cardiac glycoside
(Figure 60, bottom). In unperturbed cells the Na+/K+ pump is a major consumer of ATP and utilizes up
to 50% of the total ATP that is produced by the cells. With the binding of CGs the hydrolysis of ATP is
inhibited and accumulates in the cell, leading to increased or stable levels of ATP despite reduced de

novo synthesis.
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Figure 61: Rescue of MYC decrease after cymarin treatment with nucleoside addition. Inmunoblot for MYC
and Vinculin (n=2). Cells were treated for 4 h with 100 nM cymarin and 150 M of the indicated substrates. Ado:
adenosin, Uri: uridine, Cyt: cytidine, Gua: guanosine, dAdo: deoxy-adenosine, Thy: thymidine, dCyt: deoxy-cytidine,
dGua: deoxy-guanosine.

In general, inhibition of the sodium-potassium pump disrupts the gradient that is utilized by many
essential transport processes. Therefore, different to glutamine starvation, cells with inhibited sodium-
potassium pump cannot restore MYC protein levels by the external supply of nucleosides (Figure 61)
(Kong et al., 2004).



2.6.4 Sensitizing murine PDAC cells for cardiac glycosides

As described, human but not murine cells response to the treatment with cardiac glycosides. To
sensitize KPC cells for cardiac glycoside treatment, human ATP1A1 was ectopically expressed in
murine KPC cells. In parallel the murine isoform of Afp7al was silenced using sgRNAs. Single cell
clones were screened for cymarin sensitivity indicating a successful shift from mouse-to-human
ATP1A1.
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Figure 62: Humanized KPC"ATP1A1 cells react to cardiac glycosides. A: Immunoblot of humanized KPC cells
after treatment with different cardiac glycosides with the indicated concentration for 24 h. B: Cumulative growth
curve of humanized KPC cells after treatment with 10 nM or 100 nM of cymarin. Data is presented as individual
values (n=3).

The obtained KPC clone (KPChATP1A1) responded to a number of different cardiac glycosides and
showed an efficient reduction in MYC protein levels and reduced proliferation in culture (Figure 62),
while parental KPC cells did not respond to the treatment (Figure 57C).

Mass spectrometry analysis of wildtype KPC cells and KPChATP1A1 cells was performed upon treatment
with cymarin. Cymarin-treated KPChATP1A1 cells displayed a rearrangement of the metabolome
comparable to the one of human PDAC cells (Figure 63).
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Figure 63: Mass spectrometry analysis from cell pellet of KPCh"ATP1A1 treated with 100 nM cymarin for 24 h.
Heatmap shows selected metabolites (n=3). Top: Amino acids. Bottom: Nucleotides and Nucleosides.

Amino acids as well as downstream nucleosides are decreased upon cymarin treatment of WT KPC,
which overexpress hATP1A1, but have no knockout of endogenous mATP1A1. Overall KPChATP1A1



displayed already without treatment some changes in growth and in the metabolome compared to
wildtype KPC cells (Figure 63). Still KPChATP1AT display stronger response to cymarin treatment.

2.6.5 Cardiac glycosides impede glycolysis in transformed cells

To understand whether the decrease in MYC protein levels after cymarin treatment causes similar
transcriptional changes as observed after shRNA mediated depletion of MYC, we performed a global
mMRNA expression analysis of KPChATPIA1 We observed a strong activation of “TNFA signaling via
NFKB” and oxidative phosphorylation, while glycolysis and bile acid metabolism were strongly

decreased after inhibition of the sodium-potassium pump (Figure 64).
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Figure 64: Cardiac glycosides downregulate glycolysis. A: Immunoblot of KPC'ATP1AT cells after treatment with
100 nM of cymarin for 24 h. B: Gene set enrichment analysis of global RNA expression profile of KPCMTP1AT after
24 h of treatment with 100 nM cymarin (n=3).

To understand the changes in glucose metabolism in human and murine PDAC cells after treatment
with cardiac glycoside, we analysed the metabolites of glycolysis and TCA cycle using mass
spectrometry. Some intermediates of glycolysis increased upon cymarin treatment, suggesting an
accumulation due to defective flux (Figure 65A). Similarly, humanized KPC cells also showed an
increase of glycolysis intermediates after treatment with cymarin (Figure 65B). Interestingly,
intermediates of the TCA only displayed mild changes upon cymarin, suggesting once more a problem

in glycolysis (Figure 65).

Global RNA expression analysis of KPChATP1A1 gfter treatment with cymarin points to three relevant
observations. First, despite strong effects on the MYC protein levels, canonical MYC target genes are
not significantly affected in humanized KPC cells after 24 h of treatment with GC. Second, TNF-a
signaling via NF-«xB, associated with activation of the innate and adaptive immune system, is
significantly upregulated. Third and most importantly, treatment with CGs exhibits strong effects on the
glucose metabolism of the cell. The hallmark gene set glycolysis is strongly downregulated after

treatment with CGs. This was further underlined by the analysis of metabolites of the glycolysis and



TCA-cycle. Intermediates of the glycolysis are accumulating upon treatment with CGs, while the
intermediates of the TCA cycle are only mildly affected.
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Figure 65: Mass spectrometry analysis from cell pellet of human PDAC cells (A) and KPC"ATP1A1 (B) treated
with 100 nM cymarin for 24 h. Heatmap shows selected metabolites of the glycolysis (left) and the TCA cycle

(right) (n=3).

The inhibition of the sodium-potassium pump causes a massive excess and accumulation of ATP. High
concentrations of ATP cause a general reduction of the glycolytic flux, especially by inhibiting the
glycolytic enzymes phosphofructokinase (PFK) and pyruvate kinase (Larsson et al., 2000). ATP acts as
an allosteric inhibitor for PFK1, while AMP and ADP act as activators (Miller-Esterl, 2004). Since
similarly pyruvate kinase is inhibited, one could first expect accumulation of fructose-6-phosphate and
phosphoenolpyruvate instead of fructose-1,6-bisphosphate. Strikingly, it has been already described
that the inhibition of the sodium-potassium pump results in the accumulation of fructose-1,6-BP
(Sanderson et al., 2020).

So far, we can only speculate why fructose-1,6-BP is increased in CG treated cells: First, the conversion
of glyceraldehyde phosphate to diphosphoglycerate by GAPDH (glyceraldehyde phosphate
dehydrogenase) requires free NAD+. High levels of ATP block the respiratory chain, consequently
NAD+/H cannot be oxidized to create new ATP. This should lead to an accumulation of glyceraldehyde
3-phosphate/dihydroxy-acetone phosphate, because free NAD+ is needed for this step. However, the
preceding step, the reaction of the aldolase, is an equilibrium reaction. Enzymes are only accelerating

equilibrium reaction by reducing the activation energy but they cannot change the equilibrium of the

82



reaction. Consequently, if glyceraldehyde 3-phosphate accumulates, also level of FBP are increasing.
This explains in part the accumulation of FBP that has been observed in our mass spectrometry as well
as in other publications (Sanderson et al., 2020) (Figure 66).

The second intermediate that is heavily accumulating is diphosphoglycerate. For the dephosphorylation
to 3-Phosphoglycerate a free ADP is needed that takes over the phosphate. Cells with inhibited sodium-
potassium pump have a strong reduction in consumption of ATP and in parallel the synthesis of
nucleotides is reduced. Consequently, the levels of available ADP, which is crucial for this step, are
reduced (Figure 66).
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Figure 66: High levels of ATP are inhibiting the glycolysis by downregulating the activity of the
phosphofructokinase and the pyruvate kinase. Where indicated CG block the enzymatic reaction in glycolysis
and cause the accumulation of intermediates.

To better assess the nature of the suspected glycolytic problem, the extracellular acidification ratio
(ECAR) of cymarin treated cells was measured using the Seahorse platform. Strikingly, human PDAC
cells and KPChATP1AT " but not wildtype KPC cells displayed a strong reduction in the ECAR (Figure 67).



We explain this observation with two facts: First, inhibition of the sodium-gradient dependent import of
glucose and fructose via GLUT transporters is blocked due to the disrupt gradient (Brown, 2000).
Second, we observe that cymarin blocks glycolysis in several steps causing accumulation of several
intermediates leading to less lactic acid that can be released to the medium (Figure 65, 67). Third,
monocarboxylate-transporters (MCTs), that are responsible for the transport of lactate out of the cell,
are dependent on the sodium gradient (Ganapathy et al.,, 2008; Vijay and Morris, 2014). This also
explains, why we do not observe a clear reduction in lactate in the measurement of the water-soluble

metabolites in the cell (Figure 65).
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Figure 67: Treatment with cymarin reduces ECAR in PDAC cell lines. A: Seahorse measurement of human
PDAC cell lines treated with 100 nM cymarin for 24 h (n=5). B: Seahorse measurement of wildtype KPC and
KPChATPIAT treated with 100 nM cymarin for 24 h (n=5).

Biochemical analysis of these cells showed that — differently from shRNA-mediated depletion of MYC —
KPC cells do not display an activation of TBK1 and increased presentation of MHC class | upon
treatment with cymarin (data not shown). Cardiac glycosides act instead as inhibitors of MYC-driven
oncogenic metabolism. They prevent that cancer cells consume all nutrients (glucose, amino acids) in
the tumor microenvironment and they prevent the secretion of immune-suppressive lactate.
Untransformed cells generate most of their ATP in the presence of oxygen through oxidative
phosphorylation. Despite the presence of oxygen, cancer cells gain most of their energy by glycolysis
(Koppenol et al., 2011). This process has a much higher capacity than the ATP generation via oxidative
phosphorylation, even though during glycolysis only two ATP are generated from one glucose (Liberti

and Locasale, 2016).

Three major conclusions can be drawn from the biochemical analyses of the effects of cardiac
glycosides onto tumor cells: First, tumor cells downregulate MYC protein levels upon treatment with
cardiac glycosides and this is paralleled by changes in the metabolome. These changes show similarity
to changes observed upon deprivation of glutamine. We assume that these changes are causal for the
translational downregulation of MYC proteins, even though we cannot formally test the hypothesis with
supply of external nucleosides, since the corresponding transporter is dependent on the sodium-
gradient (Figure 61) (Dejure et al., 2017; Kong et al., 2004). Second, cardiac glycosides stop the
glycolytic flux in cells in culture. Third, the secretion of immune-suppressive lactic acid is nearly

completely abrogated upon treatment with CGs.



2.6.6 Cardiac glycosides induce regression of tumors

To investigate how this translates into tumor growth in vivo, KPChATPIAT were transplanted into
syngeneic, immunocompetent mice. After tumors engrafted for 7 days treatment with intraperitoneal
digitoxin (2 mg/kg) every second day was started. Mice were treated for 28 days in total. Mice treated
with digitoxin showed complete regression of tumors without relapse in 150 days after start of the
experiment (Figure 68).
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Figure 68: KPChATP1A1 tumors regress upon treatment with digitoxin in C57BL/6J mice. A: IVIS measurement
of day 7, day 14 and day 42 in two cohorts. One cohort was treated with solvent, one cohort was treated with
digitoxin (2 mg/kg) (n=5). B: Kaplan-Meier-Plot of mice transplanted with KPChATP1A1 Were indicated, digitoxin was
added. The mouse experiment was conducted by Anneli Gebhardt-Wolf.

Treatment with 2 mg/kg digitoxin in mice is possible, since murine cells are about 1,000-fold less
sensitive than human cells (Dostanic-Larson et al., 2005). Treatment of human cancer cell lines in
xenograft mouse modes showed only limited or nearly no benefit (Gan et al., 2020; Svensson et al.,
2005). We therefore speculate that the remission of the tumor is dependent on the immune system.
Cardiac glycosides have been described to induce in vivo immunogenic cell death that causes an
immune system dependent regression of tumors in combination with chemotherapeutics (Menger et al.,
2012).
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Figure 69: KPChATP1A1 tumors do not regress upon digitoxin treatment in NRG mice. A: IVIS measurement of
day 7 and day 14 in two cohorts. One cohort was treated with solvent, one cohort was treated with digitoxin (2mg/kg)
(n=5/6). B: Kaplan-Meier-Plot of NRG mice transplanted with humanized KPC cells. Were indicated, digitoxin was
added. The mouse experiment was conducted by Anneli Gebhardt-Wolf.



We transplanted KPChATP1A1 into the pancreata of immune-compromised NRG mice and used the same
treatment regime as in the C57BL/6J mice (Figure 69). Tumors from KPChATP1AT cells did not regress
upon treatment with digitoxin (2 mg/kg) (Figure 69A) and despite an increase in overall survival, no
mice survived longer than 47 days (Figure 69B). Tumors kept growing in NRG mice also with treatment

of digitoxin (Figure 70).
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Figure 70: Regression of tumors after treatment with cymarin depends on the immune system. Tumor growth
was measured using IVIS. Tumor growth was calculated compared to day 7. Data is shown as single samples and
mean (n=6).

We compared the regression of KPC tumors in C57BL/6J mice and NRG mice after 7 days of treatment.
While there was a strong regression of tumors with treatment with digitoxin in immunocompetent mice,
tumors from KPChATP1A1 did not regress in NRG mice, but showed only a delayed progression in tumor

growth (Figure 70).

This result from mouse experiments is supported by the observation that patients that receive digitoxin
in parallel to anti-cancer treatment display a significant better survival than patients that only received
chemotherapeutics (Menger et al., 2012). This implies that indeed there is a therapeutic window to use

cardiac glycosides as an anti-cancer therapy in patients.

However, 2 mg/kg digitoxin as a systemic therapy is toxic for human patients (Haux et al., 2001). To
utilize cardiac glycosides in human patients we aim in the next step to combine low-dose digitoxin
treatment, which would alone not effectively control the tumor, in combination with CAR-T cells, which

alone have not shown success in solid tumors (Hou et al., 2021).



2.7 Targeting murine PDAC cells using CAR-T cells

Depletion of MYC causes strong regression of tumors in a syngeneic transplant mouse model. Due to
collapse of the shRNA expression over time and rearrangement of the MYC/MAX/MXD network, tumors
relapse and mice die within less than 80 days (Figure 20). To enhance a stronger T cell response
directed at the tumor cells, T cells were extracted and engineered with a chimeric antigen receptor
targeting an antigen presented on the surface of the tumor cells. For this, a truncated isoform of B7-H3
was cloned into a constitutive lentiviral construct and “KPC shMYC” were infected (Figure 71) (Birley et
al., 2022).
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Figure 71: Presentation of B7-H3 at the surface of KPC cells in wildtype KPC and KPC cells with
overexpression (OE) of a truncated B7H3.

Co-incubation of untransduced (UT) and CAR-T cells with B7-H3 expressing KPC cells demonstrated
that the a-B7-H3-CAR-T cells can efficiently eradicate the tumor cells in culture analyzed by flow
cytometry. By staining for B7-H3 (tumor cells) as well as CD3 (T cells) and measuring the APC and
FITC signal using flow cytometry we can distinguish between tumor cells and T cells (Figure 72).

In order to visualize the dynamics and kinetics of CAR-T cells eradicating the tumor cells in culture a
time course experiment over 4 days was set up with measurement of the cell confluency every hour.
Co-incubation of tumor cells with (CAR-) T cells started at a cell density of about 20%. The fluorescent
signal of the tumor cells was used to follow the tumor cells growth and expansion during the co-
incubation with (CAR)-T cells.

We observed that CAR-T cells effectively eradicate not only single, scattered cells (Figure 72), but with
higher ratios also cell clusters (Figure 73A). We compared the elimination of KPC cells with high levels
of MYC (NTC) and MYC depletion (shMYC). CAR-T cells controlled the cell layer in all conditions, while
un-transduced T cells (UT) did not affect the growth of the cell layer. However, the clearance of tumor
cells with depletion of MYC was more efficient and sustainable compared to cells with oncogenic levels
of MYC protein, pointing out that either the reduced proliferation of MYC-depleted cells allows CAR-T
cells to control the tumor cell layer or the upregulation of a proinflammatory transcription program upon

interference with MYC encourages CAR-T cells to effectively attack the tumor cells. Similar results in



culture have been observed with TNBC-organoids where the overexpression of MYC made the organoid

resistant for the co-culture with immune cells (Zimmerli et al., 2022).
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Figure 72: CAR-T cells eradicate KPC cells. Flow cytometry analysis of co-culture of B7-H3-KPC with T cells

(UT) or a-B7-H3-CAR-T cells. T cells were stained with a-CD3 (FITC), KPC cells were stained with a-B7-H3-APC.
Ratio indicates T cell/tumor cell ratio.

We have previously shown that deletion of TBK1 dampens the activation of a proinflammatory program
in MYC-depleted cells. We therefore tested whether the depletion of MYC in cells lacking TBK1 (shMYC,
ATBK1) affects the clearance of tumor cells. We did not observe significant differences in the clearance

of tumor cells by CAR-T cells with deletion of TBK1 and wildtype TBK1 at the endpoint of the experiment
(Figure 73B).
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Figure 73: CAR-T cells targeting murine PDAC cells after depletion of MYC. A: Confluence of tumor cells with
depletion of MYC, co-incubated with T cells or CAR-T cells was measured using the Operetta microscope. Results
are presented as mean +SEM (n=5). B: Confluence of tumor cells after 87 h of coincubation of T cells (grey) or
CAR-T cells (colored). Results are presented as mean +SD (n=5).

We hypothesize that either the induction of a proinflammatory program upon depletion of MYC or the
reduced secretion of lactate support CAR-T cells in eradication of the tumor. Despite the success of
CAR-T cells in blood disorders, so far CAR-T cells have only shown very limited efficacy in solid tumors

(Hou et al., 2021). a-B7-H3 CAR-T cells have been shown to impact the growth of KPC tumors, but



without achieving full remission (Du et al., 2019). Solid tumors, especially with deregulated MYC
proteins, display a highly immune-suppressive microenvironment that prevents infiltration with
CAR-T cells (Marofi et al., 2021). Targeting this microenvironment provides promising results for CAR-
T cells in solid tumors (Srivastava et al., 2021) and we speculate that depletion of MYC mediates
changes in the immune-suppressive microenvironment that allows infiltration of tumors and efficient

eradication by the co-treatment of MYC depletion and CAR-T cells.
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3 Discussion & Perspective

3.1 Model for MYC driven immune evasion in PDAC

Analyzing the immune evasive role of MYC in a mouse model that reflects pathology and mutations of
human patients uncovers a new pathway that explains how MYC establishes an immunosuppressive
transcription program (Figure 11, 42, 49). dsRNA originates from repetitive elements of highly
transcribed genes (Figure 32, 33). This dsRNA is accumulating in the cytoplasm (Figure 26) and
released by the cell in extracellular vesicles (probably shed microvesicles) (Figure 46). dsRNA is taken
up in an autocrine or paracrine manner via endocytosis and loaded onto TLR3 (Figure 43), causing an
activation of TBK1 and NF-xB (Figure 49B) and downstream activation of a proimmunogenic
transcription program (Figure 49A, 50). More sophisticated analyses are needed to confirm whether
MHC class | presentation is not critical for the regression of tumors or whether the lack of antigen

presentation activates NK cells (Kéarre, 2002).
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Figure 74: Proposed model for MYC driven immune evasion in pancreatic cancer.

At oncogenic levels MYC binds to MIZ1 in order to suppress this vesicular transport pathway that causes
activation of TBK1 and pro-inflammatory NF-«xB signaling (Figure 41), explaining why the deletion of
MIZ1 is haplo-insufficient for the development in PDAC in the KPC mouse model (Walz et al., 2014).
Additionally, we hypothesize that MYC squelches SPT5 from the core promoter of proimmunogenic
genes to establish — independent of the entity — an immunosuppressive program, explaining why the
repression of these genes is, independent of the cellular context, closely linked to MYC-driven
oncogenic transformation (Figure 14). These findings are summarized in the proposed model in

Figure 74.
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3.2 Immune evasion is an imperative for MYC

MYC, MYCN, or MYCL are commonly deregulated in various human cancer entities and mouse
modeling showed that interfering with the function of MYC might be a promising therapeutic approach
(Sodir et al., 2020; Soucek et al, 2013). For long time MYC was predominantly described as a
transforming factor that promotes proliferation and growth of tumor cells via cell-intrinsic mechanisms.
However, work in the recent decade sheds light on an important and not negligible function of the MYC
family: They are very strong promoters of immune evasion. Mechanistic studies as well as analysis of
patients revealed that deregulated level of MYC or MYCN are associated with a poor immune infiltration
(Casey et al., 2016; Kortlever et al., 2017; Layer et al., 2017; Sodir et al., 2020).

We propose a model of MYC’s oncogenic function in pancreatic cancer that composes of three major
aspects: First, our experiments proofed that the major function of MYC in vivo is the suppression of the
immune response to prevent eradication of tumors. Second, cells can monitor the accumulation of
endogenous dsRNA. Similar to the cGAS-STING-pathway, that senses DNA damage in cells, TLR3
sense dsRNA that originate from oncogenic transcription or insufficient splicing. Third, MYC perturbs
this pathway at several steps to prevent TLR3 dependent activation of NF-kB signaling and drive

immune evasion of tumors.

The accumulation of proimmunogenic DAMPs in the cytoplasm of cancer cells is a new concept that
has emerged in the last years, suggesting that this is an Achilles heel of cancer cells (Ahmad et al.,
2018; Coquel et al., 2018; Dhir et al., 2018) and consequently cancer cells evolutionary evolved
mechanisms to escape clearance by the immune system (Ghosh et al., 2020; Wu et al., 2018). In this
study we showed that highly proliferating cells give rise to a significant amount of intron-derived
immunogenic dsRNA (and probably also other DAMPs), which explains why the immune suppressive
function is a prerequisite for the oncogene MYC. This concerns cancer cells, but probably also transient
amplifying cells and proliferating cells. All these cells share the characteristic of high MYC levels and
therefore the immune evasion is a categorical imperative for tumor cells and is evolutionary hard-wired

into MYC'’s function.

There is an increasing number of publications showing that DNA damage associated DAMPs signaling
(Coquel et al., 2018; Emam et al., 2022), as well as RNA-based DAMPs (Ghosh et al., 2020; Wu et al.,
2018) are inducing innate immunogenic programs in the cell and one can utilize these findings for newly
emerging therapeutic concepts. We postulated that immunogenic dsRNA is resulting from delayed, co-
transcriptional splicing. Even though we could not confirm an induction of the innate immune system,
probably due to the toxicity of the spliceosome inhibitor pladienolide B (PlaB), preliminary experiments
showed that there is a strong accumulation of B2-element derived dsRNA after treatment with PlaB

(data not shown). Inhibition of splicing increases the amount of dsRNA in MYC-deregulated breast



cancer cells and induces an anti-tumor immune response (Bowling et al., 2021). Using the less toxic
H3B-8800 that was used by Bowling and colleagues would be probably more promising.

It was shown in our lab that NUAK1 promotes spliceosome activity and its inhibition is synthetic lethal
with oncogenic levels of MYC. This also represents a potential small molecule-based therapeutic option
in cancer. Due to its effect on splicing, NUAK1 inhibition could also induce immunogenic dsRNA (Cossa
et al., 2020; Liu et al., 2012). Moreover, depletion of the exosome in MYCN-driven neuroblastoma or
combined inhibition of ATR and AURORA-A have been shown to induce transcription-replication
conflicts that are potential sources of R-loops or DNA-associated immunogenic nucleic acids
(Papadopoulos et al., 2022; Roeschert et al., 2021). All these concepts point out the same or similar
vulnerability: Interfering with transcription and coordination of transcription and replication by targeting
MYC functions can induce accumulation of DAMPs that promote a proimmunogenic transcriptional

program.

Furthermore, upon stress MYC multimerizes and relocates from its cognate binding sites. This shell-like
multimers haven been shown to contain various proteins. Proximity-labeling mass spectrometry (APEX-
MS) revealed that YTHDF2 is amongst the best enriched proteins upon induction of the multimers
(Solvie et al., 2022). YTHDF2 acts as a reader for méA-modification (Shi et al., 2019) and it was
described to suppress proinflammatory pathways in stem cells (Mapperley et al., 2020). In eukaryotic
cells RIG-I utilize specific modifications of RNAs to distinguish between self- and foreign RNA. m6A-
writers mark circular RNAs as “self”, while foreign circular RNA is bound by RIG-I and subsequently
activates anti-viral gene expression (Chen et al., 2019).

Whether depletion of MYC or interfering with the formation of MYC multimers alters the modification of
endogenous RNA and thereby increases the immunogenicity of RNA remains to be tested. This would
provide a further explanation of how MYC promotes immune evasion and how this is related to the newly
discovered feature of MYC to form shell-like structures around stalled replication forks or stalling

polymerase as a consequence of interfering with co-transcriptional splicing (Solvie et al., 2022).



3.3 Immune evasion - the major oncogenic function of MYC in vivo

MYC is well described as growth-promoting factor in culture and in vivo (Dang, 2012). However, our
data point out that there is probably a discrepancy between the growth promoting effects in vivo and in
culture. While MYC is a potent driver of proliferation in culture, the effects in an immune-compromised
mouse are much less pronounced (Figure 8C, 19A). We showed that in culture depletion of MYC
causes a reversible arrest in proliferation, while in vivo the growth of the tumor is only slightly affected
in immune-compromised mice. In immune-competent transplant model we even observe a regression
of the tumors. We therefore assume that proliferation effects of MYC play a subordinate role in vivo,
since depletion of MYC only affected the tumor growth substantially in an immune-competent mouse
model. Even though we uncovered further missing pieces in the picture of MYC-driven immune evasion,

many questions remain open and further questions are rising, that need to be addressed (Figure 75):
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Figure 75: Hypotheses how MYC modulates the tumor microenvironment.

Oncogenic level of MYC repress the expression of proinflammatory T cell cytokines and chemokines or
MHC class | genes and thereby effectively prevent the recognition and elimination by the immune
system. Many publications that connect MYC biology and immune evasion still describe MYC as a gene-
specific regulator that activates and represses distinct genes like MHC class |, PD-L1 or IL23 (Casey et
al., 2016; Kortlever et al., 2017; Muthalagu et al., 2020; Versteeg et al., 1988). Considering the recent
advances in the MYC field that shift the biology towards a globally binding stress-resilience model, we
need to adapt the understanding of its immune evasive property in this context. While expression of
specific cytokines or checkpoints is probably dependent on the entity, the mutational burden and the
origin of the tumor, it is consensus that MYC suppresses a broad proinflammatory and proimmunogenic
program (Muthalagu et al., 2020; Topper et al., 2017; Zimmerli et al., 2022). The results of the
KPCB2m--transplant in vivo make it questionable whether neoantigen presentation and CD8-positive

CTLs are crucial for regression. However, the observation, that deletion of TBK1 promotes tumor growth,
prevents regression in MYC-depleted tumors and impedes transcription of proimmunogenic NF-xB

target genes support the hypothesis that the broad repression of proimmunogenic genes is crucial.



We suggest that this transcriptional program plays a critical role in the activation of T cells and/or the
increased visibility of tumor cells for T cells (Figure 18B). The fact that MYC represses the transcription
of MHC class | genes is probably the oldest described immune evasive function of MYC (Bernards et
al., 1986; Versteeg et al., 1988). However, the deletion of B2M and consequently the loss of antigen
presentation did not impede tumor regression (Figure 55). Either immune mediated regression after
MYC depletion is independent on antigen presentation, CD8-positive T cells and neoantigen load and
is mediated by CD4-positive T cells (Nwabugwu et al., 2013; Rakhra et al., 2010), or the knockout of
B2M promotes the recognition of the tumor by NK cells (Karre, 2002). The fact that the increase in MHC
class | presentation can induce influx of T cells to control the tumor burden in the same KPC transplant
model strengthens the hypothesis that tumor regression upon MYC depletion is independent of MHC
class | presentation and CD8-positive T cells (Yamamoto et al., 2020). Nevertheless, more sophisticated
analyses of the KPCB2m-—tumors are needed to draw the right conclusions.

Based on Cibersort analyses (Figure 17) we observe an influx of dendritic cells after depletion of MYC,
implying that cross-presentation and cross-activation of T and B cells by DCs is perturbed by the
oncogenic function of MYC. This is supported by the observation that 3-catenin stabilization, one of the
major activators of MYC transcription, dampens anti-tumor immunity. This can be reversed by the intra-
tumoral injection of dendritic cells, indicating that in this model the effect on dendritic cells and noton T
cells is dominant (Spranger et al., 2015; Spranger et al., 2017).

We speculate that deregulated levels of MYC prevent the cross-presentation of neoantigens and
development of a tumor-reactive TCR-repertoire. The development of the TCRs is a process tightly
controlled to ensure the development of an adaptive immune system and to prevent auto-immune
response. Neoantigens are cross-presented by dendritic cells to develop the adaptive immune system
(Klein et al., 2014). In many cases the repertoire of intra-tumoral TCRs that can recognize neoantigens
on tumors is very low (Scheper et al., 2019). It has been shown that the lack of conventional dendritic
cells in pancreatic cancer can prevent the formation of cytotoxic T cells and that restoring the function
of antigen presenting cells in these tumors reconstitutes the anti-tumor immunity (Hegde et al., 2020).
The importance of the cross-presentation is underlined by the finding that knockout of CD103+ DCs
impedes tumor control by T cells (Spranger et al., 2017).

The question whether MYC influences the cross-presentation and the development of a tumor-reactive
TCR-repertoire in T cells can be addressed with two experiments. First, one can analyze the peptidome
that is presented via MHC class | in KPC cells. This would provide information about neoantigens and
whether the presentation of neoantigens differs in MYC-deregulated tumor cells and MYC-depleted
tumor cells (Purcell et al., 2019). Second, combined with single-cell T cell-receptor sequencing this
would provide the information whether depletion of MYC notably changes the immunopeptidome or
whether the depletion causes predominantly changes in cross-presentation and priming of T cells
(Pauken et al., 2022).



Finally, MYC promotes the Warburg effect and as a consequence, the secretion of lactate to establish
an immune-suppressive microenvironment (Dang et al., 2009; Sancho et al., 2015). Cardiac glycosides
inhibit oncogenic metabolism, target MYC proteins, block the secretion of lactate and induce immune-
dependent regression of tumors. Lactate is well described to be a potent antagonist of cytotoxic T cell
activation (de la Cruz-Lopez et al., 2019; Multhoff and Vaupel, 2021; Quinn et al., 2020). It remains to
be investigated what the crucial effect of treatment with cardiac glycosides is and whether the treatment
with digitoxin prevents exhaustion or downregulation of cytotoxic T cell activity in the tumor
microenvironment. Potentially, lactate could not only prime the tumor draining lymph nodes for formation
of metastasis, but it could also interfere with the cross-presentation and selection process of DCs and
T cells in the lymph node, explaining, why many tumors lack T cells with a tumor-reactive TCR (Riedel
et al., 2022; Scheper et al., 2019).

Generally, we can address these questions in two different manners: First, global analysis like spatial
transcriptomics, single-cell sequencing or complex flow cytometry analysis of the tumor including its
microenvironment would potentially help in seeing and understanding the changes of immune cells and
stroma cells after interfering with MYC in an unbiased approach. We would gain information about
polarization of macrophages, anergy, and exhaustion of T cells as well as infiltration with regulatory T
cells that we lack so far (Lin et al., 2020; Srivastava et al., 2021). Second, we also set up several cellular
systems for the orthotope transplant model to address these questions step by step: In KPChATP1AT cells
we can efficiently block the secretion of lactate with cardiac glycoside. The knockout of B2m in tumor
cells can provide further information about the interaction of immune cells and tumor cells. Blocking NK
cells using a-GM1 antibody in our transplant model would give information about the role of NK cells in
WT tumors and KPCB2m/-tumors. Transplanting cells into CD4-- mice, which do not have T helper cells,
would provide information whether this species is critical for regression, probably by activating NK cells
and B cells. KPC transplants in BATF3-- mice that lack dendritic cells, would provide insights into the
role of MYC in preventing cross-presentation of tumor-specific antigens (Spranger et al., 2017).

Global analyses like spatial transcriptomics would provide correlative information about MY C-dependent
changes in the TME. However, they will not compensate for functional assays that proof causality.
Setting up experimental systems with an educated guess to increase the understanding is therefore a

worthwhile undertaking.
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3.4 Outlook: Understanding and translating

This study underlined and confirmed the finding that one of the most critical oncogenic functions of MYC
proteins in vivo is to mediate immune evasion in tumors (Casey et al., 2017). This function presumably
evolutionary evolved to protect transient amplifying cells from immunogenic activation by DAMPs.
However, the key questions of how immune evasion is finally mediated by MYC in tumors, remains
open. We speculate that MHC class | repression, impeding of TLR3 loading in cooperation with MIZ1,
sequestration of SPT5 and other elongation factors from the promoter of proimmunogenic genes or the

secretion of lactate play a role.

We showed that we can target pancreatic cancer cells using cardiac glycosides that induce immune-
dependent remission in a highly aggressive transplant model. Cardiac glycosides are well studied drugs
with known pharmaco-kinetic that have been used to treat patients with heart failure. Additionally, they
have been shown in pre-clinical studies to exert anti-proliferative effects on transformed cells in culture
and tumors in vivo (Du et al., 2021; Gan et al., 2020; Menger et al., 2012; Shen et al., 2020). There are
a number of observations that indicate that there is indeed a therapeutic window to utilize cardiac
glycosides as an inhibitor for oncogenic metabolism: First, the expression of ATP1A1, the major subunit
of the sodium-potassium pump, is increased in human cancer and predicts for a poor prognosis in
pancreatic cancer (Uhlén et al., 2015). Cancer cells are likely to upregulate the sodium-potassium pump
to cope with the increased need of tumor cells for metabolites, especially the uptake of amino acids like
glutamine (Li et al., 2019b). Menger and colleagues showed in a retrospective analysis of a matched
patient cohort that breast cancer patients receiving cardiac glycoside display a significantly better overall
survival compared to the control group (Menger et al., 2012).

However, the concentration of 2 mg/kg digitoxion, which was used in this study, is not feasible in human
patients. Preliminary experiments showed that reduced dosage of digitoxin only causes limited
regression of tumors in immunocompetent mice. The therapeutic window of cardiac glycosides is small
and concentration of digitoxin in the serum patients is about 50 to 100-fold lower (Oliver et al., 1968).
We therefore aim to combine treatment with lower doses of digitoxin with a-B7-H3-CAR-T cells, which
can alone efficiently eradicate tumor cells in culture but show only limited effects in immunocompetent
mice (Du et al., 2019). However, our experimental model profits from the fact that only the tumor cells,
but not the host cells, are sensitive for the treatment with cardiac glycosides (Dostanic-Larson et al.,
2005). To investigate whether there is a therapeutic window that allows treatment of patients with cardiac
glycosides we need to test our hypothesis in model systems where host and tumor are both affected by
the systemic treatment. It is therefore of interest to establish a GEMM with a humanized ATP1A1, similar
to our humanized KPC cells, that allows to monitor the consequences of treatment with cardiac
glycosides on the host and especially its immune system. Finally, in a CG-sensitive host we can use the
murine allele of ATP1A1 to make (CAR-)T cells resistant against the treatment to ensure that immune

cells can efficiently eradicate the tumor without dampening the activity of the immune system.



The immune evasive properties of MYC proteins seem to be the logical consequence of its oncogenic
potential. MYC has a strong transforming potential and is crucial for the development and maintenance
of tumors. Initially MYC was described as a transcription factor that regulates a specific set of genes to
promote oncogenesis. This view shifted when MYC was described as a general and global amplifier of
transcription. Work in the recent years again drifts the view on MYC biology from being a pure
transcription factor to a protein that controls and promotes many key processes to deal with challenges
during oncogenic transformation and tumor maintenance. MYC promotes pause release and elongation
(Baluapuri et al., 2019; Herold et al., 2019; Rahl et al., 2010), it coordinates transcription and replication
(Buchel et al., 2017; Papadopoulos et al., 2022; Roeschert et al., 2021), it protects stalled replication
forks (Solvie et al., 2022), prevents DNA damage and promotes repair at promoters (Das et al., 2022;
Endres et al, 2021). All mentioned mechanisms point to the transcription-stress-resilience model
(section 1.1.4, Figure 1). Since MYC orchestrates many hallmarks of tumorigenesis the model is still
not reflecting the versatile effects MYC has on various pathways in cells (Gabay et al., 2014). MYC also
promotes the Warburg effect and supports tumorigenic growth with a fast supply with energy and
secretion of immune-suppressive lactate (Shim et al., 1997). Strikingly, our work shows that the major
oncogenic function in vivo is the repression of transcription of proimmunogenic transcription to promote

immune evasion.

There is the consensus in the MYC-field that oncogenic levels of MYC promote an anti-immunogenic
transcriptional program to bypass immune surveillance (Kortlever et al., 2017; Lee et al., 2022b;
Muthalagu et al., 2020; Zimmerli ef al., 2022). Apart from this, the field is divided whether MYC is a
specific regulator of some important genes (Casey et al., 2016; Kortlever et al., 2017), whether MYC
and MIZ1 are binding cooperatively to repress transcription of proimmunogenic genes (Muthalagu et al.,
2020; Zimmerli et al., 2022), or whether MYC is repressing a broad proimmunogenic gene signature
(Krenz et al., 2021; Topper et al., 2017). In order to target the strong immune suppressive capacity of
MYC, it is of key interest to precisely understand how MYC mechanistically mediates the suppression
of the immune system. First of all, ChIP-Rx data show that MYC is a protein that binds to close to all
active promoters of genes with only mild changes in expression. Therefore, claiming that binding and
regulation of a single gene are the driving force of the major oncogenic function of MYC is at minimum
unlikely. Second, we could show that the interaction of MYC and MIZ1 is important for the suppression
of the innate immune signaling in our mouse model by dampening the vesicular transport pathway. So
far there is no evidence that MYC and MIZ1 interact at non-oncogenic, physiological levels of MYC,
pointing out that this is probably a gain-of-function of oncogenic levels of MYC (Wiese et al., 2013).
Despite different models in the field (Muthalagu et al., 2020; Zimmerli et al., 2022), we can agree on the
important role of MIZ1 and MYC. It is therefore of great interest to develop either small molecules that
disturb the interaction between MYC and MIZ1, or PROTACS that target MIZ1 or the MYC/MIZ1-

complex.



Nonetheless, the observation that MYC suppresses specific proimmunogenic genes by binding to their
core promoter contradicts the paradigm shift in the MYC field in the recent years. The global binding
capacity of MYC to the core promoter of all genes transcribed by RNAPII does not match with the model
of specific gene regulation. As argued above, we have several indications that the absence of MYC at
the core promoter is causing a sequestration or squelching of elongation factors like SPT5 to prevent
processive elongation (Figure 2, 14). Strikingly, this fits a work in neuroblastoma were MYCN-
suppressed genes specifically display a defective elongation, but similarly pause release compared to
MYCN activated genes (Herold et al., 2019). Reducing the sequestration of SPT5 by interfering with the
multimerization of MYC using HUWET1 inhibitors provides a potential therapy with a small molecule to

target this oncogenic function of MYC.
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4 Material

4.1 Plasmids and Oligonucleotides
4.1.1  Vectors

Clone
Vector Source Addgene Collection
pLXSN IkB alpha M 1(;/;1) Antwerp et al., Addgene 12330 #9902
pRRL-Hygromycin-IkBam (Krenz et al., 2021) #2901
psPAX2 Trono Laboratory Addgene 12260 #2332
pMD2.G Trono Laboratory Addgene 12259 #2333
plnducer21-human MYC #2594
plnducer21-MYCV394D(human) #2364
plnducer20-human MYC Anneli Gebhardt-Wolf #3213
plnducer20-MYCV394D(human) Anneli Gebhardt-Wolf #3214
LT3 GEPIR NTC #2594
pinducer11 NTC #2886
plnducer11 shMYC-2 mouse (Krenz et al., 2021) #2907
LT3 GEPIR shMYC-3 mouse (Krenz et al., 2021) #2905
lentiCRISPR V2 Zhang Laboratory Addgene 52961 #2686
pLKO-sgRNA-EFS-GFP Addgene 57822 #2900
mﬂg’:'sm V2 Puro sgTBKT#1 (krenz et al,, 2021) #3182
mﬂg’:'sm V2 Puro sgIRF3 #1 (Krenz et al., 2021) #3205
:ﬁgﬂgg'PSR V2PurosgTLR3#1 onz et al,, 2021) #3183
mﬂg’:'PSR V2PurosgTLR3#2 \1onz et al,, 2021) #3184
'(igt)'?n?fnp?r\nlgu':‘ém SgMYC #1 (Krenz et al., 2021) #3215

LKO-sgRNA-EFS-GFP sgMYC #2

‘(’1 002) igtron D mouse 9 (Krenz et al., 2021) #3216
'r?u”rtr:gr?'SPR V2 Puro sgMYC #2 ez et al, 2021) #3217
lentiCRISPR V2 Blasti Wolf Laboratory #3039
lentiCRISPR V2 Blasti sgB2M #1 #3003
murine
eGFP/fluc-FUGW (Thalheimer et al., 2013) #2800
pml‘u\il[fgﬂ_gf%svm Wiegering Laboratory #3218
ﬁt\r;[::ﬂfsfi}svm' Wiegering Laboratory #3219
lentiCRISPR V2 Puro
sgATP1A1 #2 murine #3220
LT3 GEPIR shATP1A1 #1 human #3221
LT3 GEPIR shATP1A1 #3 human #3222
pInducer 21 Myc WT-HA (Dejure et al., 2017) #2594




pinducer 21 5"UTR-Myc-HA (Dejure et al., 2017) #2292

pinducer 21 Myc-HA-3'UTR (Dejure et al., 2017) #2293

g!ﬁ‘f'r“;em 5 UTR-MYC-HA- (Dejure et al., 2017) #2838
Inducer 21 MYC-HA-3'UTR (Delta .

2262_2366) Delotiond ( (Dejure et al.,, 2017) #2841
Inducer 21 MYC-HA-3'UTR (Delta .

21 27.9366), Delofions ( (Dejure et al.,, 2017) #2842
Inducer 21 MYC-HA-3'UTR (Delta .

2025_2366) Deletions ( (Dejure et al., 2017) #2843
Inducer 21 MYC-HA-3'UTR (Delta .

ﬁ’997_2366) Deletion] ( (Dejure et al.,, 2017) #2844

pRRLSin.cPPT.SFFV-IRES-

Hygro.WPRE #2338

pRRL-Hygro-B7H3trunc #3205

Anti-B7-H3 CAR-T retroviral (Birley et al,, 2022) #3206

construct




4.1.2 Oligonucleotides

Primer TLR3 knockout #1 fwd:
CACCGGTACTGCTCATTCACATCGA

(Labun et al., 2019)

Primer TLR3 knockout #1 rev:
AAACTCGATGTGAATGAGCAGTACC

(Labun et al., 2019)

Primer TBK1 knockout #1 fwd:
CACCGCGGGAACAACTCAATACCGT

(Labun et al., 2019)

Primer TBK1 knockout #1 rev:
AAACACGGTATTGAGTTGTTCCCGC

(Labun et al., 2019)

Primer MYC knockout (135) #1 fwd:
CACCGGCTGGGGTAGATCTGAGTCG

(Labun et al., 2019)

Primer MYC knockout (135) #1 rev:
CCGACCCCATCTAGACTCAGCCAAA

(Labun et al., 2019)

Primer MYC knockout (1008) #2 fwd:
CACCGTATAGCGTCCGGGATTCAGG

(Labun et al., 2019)

Primer MYC knockout (1008) #2 rev:
CATATCGCAGGCCCTAAGTCCCAAA

(Labun et al., 2019)

Primer IRF3 knockout #3 fwd:
CACCGCGGCTCCGTCCTTGTCCTTG

(Labun et al., 2019)

Primer IRF3 knockout #3 rev:
AAACCAAGGACAAGGACGGAGCCGC

(Labun et al., 2019)

Primer murine ATP1A1 knockout #2 fwd:

CACCGGTACACGACGATGCCACGTG

(Labun et al., 2019)

Primer murine ATP1A1 knockout #2 rev:
AAACCACGTGGCATCGTCGTGTACC

(Labun et al., 2019)

Primer murine B2M knockout #1 fwd:
CACCGAGTATACTCACGCCACCCAC

(Labun et al., 2019)

Primer murine B2M knockout #1 rev:
AAACGTGGGTGGCGTGAGTATACTC

(Labun et al., 2019)

RQ-PCR Vcl fwd:
AGGAGACTTGCGAAGACAGG

RQ-PCR Vcl fwd:
GCCGTCGCCACTTGTTTA

RQ-PCR H2-K1 fwd:
GGAAAAGGAGGGGACTATGC

RQ-PCR H2-K1 rev:
GAGGGTCATGAACCATCACTTTA

RQ-PCR H2-D1 fwd:

GGAAAAGGAGGGGACTATGC

RQ-PCR H2-D1 rev:

GCAGCTGTCTTCACGCTTTA

RQ-PCR B2_Mm?2 fwd: (Hubley et al., 2015;
GGGGCTGGAGAGATGGCT Untergasser et al., 2012)

RQ-PCR B2_Mm2 rev:
TGAGTACACTGTAGCTGTCTTCA

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR B2_Mm1t fwd:
ATGGCTCAGCGGGTAAGAG

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR B2_Mm1t rev:
GAGGGCGTCAGATCTCGTTA

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR B2_Mm1a fwd:
AGATGGCTCAGTGGGTAAGAG

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR B2_Mm1a rev:
TCAGATCTCGTTACGGATGGT

(Hubley et al., 2015;
Untergasser et al., 2012)




RQ-PCR B2_Mm1 fwd:
TCCAGAAGAGGGAGTCAGATC

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR B2_Mm1 rev:
GGTTAGAGCACCCGACTG

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR Mito2 fwd:
TTCTCCGTGCTACCTAAACAC

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR Mito2 rev:
AGTACGGGAAGGATTTAAACCA

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR Mito3 fwd:
ACAACCCATCCCTCACTCTAC

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR Mito3 rev:
GGTAAGAATCCTGTTAGTGGTGG

(Hubley et al., 2015;
Untergasser et al., 2012)

RQ-PCR Mito4 fwd:

(Hubley et al., 2015;

ACCGAGTCGTTCTGCCAATA Untergasser et al., 2012)
RQ-PCR Mito4 rev: (Hubley et al., 2015;
CCCTGGTCGGTTTGATGTTAC Untergasser et al., 2012)
RQ-PCR AluSx1 fwd: (Hubley et al., 2015;
CACTTTGGGAGGCCGAGG Untergasser et al., 2012)
RQ-PCR AluSx1 rev: (Hubley et al., 2015;
GTTCAAGCGATTCTCCTGCC Untergasser et al., 2012)
RQ-PCR AluSz fwd: (Hubley et al., 2015;
CGGATCACTTGAGGTCAGGA Untergasser et al., 2012)
RQ-PCR AluSz rev: (Hubley et al., 2015;
GGTTCAAGCGATTCTCCTGC Untergasser et al., 2012)
RQ-PCR AluSx fwd: (Hubley et al., 2015;
CACTTTGGGAGGCCGAGG Untergasser et al., 2012)
RQ-PCR AluSx rev: (Hubley et al., 2015;
GTTCAAGCGATTCTCCTGCC Untergasser et al., 2012)
RQ-PCR AluSqg2 fwd: (Hubley et al., 2015;
TGAGGTCAGGAGTTCGAGAC Untergasser et al., 2012)
RQ-PCR AluSq2 rev: (Hubley et al., 2015;
GTTTCGCTCTTGTCGCCC Untergasser et al., 2012)
RQ-PCR AluY fwd: (Hubley et al., 2015;
GCCTGTAATCCCAGCACTTT Untergasser et al., 2012)
RQ-PCR AluY rev: (Hubley et al., 2015;
GTTCACGCCATTCTCCTGC Untergasser et al., 2012)

shMYC murine mirE2
TGCTGTTGACAGTGAGCGCAACGTTTATAACAGTTAC
AAATAGTGAAGCCACAGATGTATTTGTAACTGTTATAA
ACGTTTTGCCTACTGCCTCGGA

(Fellmann et al., 2013)

shMYC murine mirE3
TGCTGTTGACAGTGAGCGAACGAGAACAGTTGAAACA
CAATAGTGAAGCCACAGATGTATTGTGTTTCAACTGTT
CTCGTCTGCCTACTGCCTCGGA

(Fellmann et al., 2013)

ShNTC mire3
AAGGTATATTGCTGTTGACAGTGAGCGATCTCGCTTG
GGCGAGAGTAAGTAGGAAGCCACGATGTACTTACTCT
CGCCCAAGCGAGAGTGCCTACTGCCTCGG

shATP1A1 human mirE3 #1
TGCTGTTGACAGTGAGCGCCCCGGAAAGACTGAAAG
AATATAGTGAAGCCACAGATGTATATTCTTTCAGTCTT
TCCGGGTTGCCTACTGCCTCGGA

(Fellmann et al., 2013)

shATP1A1 human mirE3 #3
TGCTGTTGACAGTGAGCGCCCAGTTGTCTATTCATAA
GAATAGTGAAGCCACAGATGTATTCTTATGAATAGAC
AACTGGTTGCCTACTGCCTCGGA

(Fellmann et al., 2013)




mirE_fwd
TACAATACTCGAGAAGGTATATTGCTGTTGACAGTGA
GCG

mir3_rev
TTAGATGAATTCTAGCCCCTTGAAGTCCGAGGCAGTA
GGCA

4.2 Cell lines, mouse strains and bacteria
421 Celllines

Cell line Origin Source RRID
KPC cells (#674) murine Sieveke Laboratory N/A
PKPA 129852 (KPC#10)

Pdx1-Cre; KRasG12D/wt; murine Rosenfeldt Laboratory N/A

Trp53-/-; Atgswt/wt; Atg7-/-
PKPA 129852 (KPC#9)
Pdx1-Cre; KRasG12D/wit;

Trp53-/-; Atg5WHwt: Atg7-/-, murine Rosenfeldt Laboratory N/A

Atg7 re-expressed

DLD1 human ATCC RRID: CVCL_0248
LS174T human ATCC RRID: CVCL_1384
Colo26/CT26 murine ATCC RRID: CVCL_7256
u20S human ATCC RRID: CVCL_0042
HEK293TN human ATCC RRID: CVCL_UL49
Phoenix Eco human Anderson Laboratory

PANC1 human Rosenfeldt Laboratory RRID: CVCL_0480
MZ1 human Rosenfeldt Laboratory RRID: CVCL_1434
Dan-G human Rosenfeldt Laboratory RRID: CVCL_0243
PaTu 8988T human Rosenfeldt Laboratory RRID: CVCL_1847
ASPCA1 human Rosenfeldt Laboratory RRID: CVCL_0152
IMIM PCA human Rosenfeldt Laboratory RRID: CVCL_4061
PANC 0813 human Rosenfeldt Laboratory RRID: CVCL_1638
u20S W11 human N/A

Cell lines were routinely tested for mycoplasm. For cultivation of cell lines RPMI-1640 (Thermo Fisher
Scientific) or DMEM (Thermo Fisher Scientific) containing 10% FCS and 1% Pen/Strep was used.

4.2.2 Mouse Strains

Strain Source

C57BL/6J (BL/6J) Charles river
NOD-Rag1nu! [L2rgnu!, NOD rag gamma (NRG) (Pearson et al., 2008) JAX#007799
BALB/cAnNNRj-Foxn1 nu/nu mice (nude) Janvier LABS
B6.129S7-Rag1tm1Mom/J (Rag1-/-) JAX#002216

4.2.3 Bacteria



Strain Genotyp

E. coli Stbl3

F-mcrB mrrhsdS20(rs, ms’) recA13 supE44 ara-
14 galK2 lacY1 proA2 rpsL20(StrR) xyl-5 Aleumtl-1

E. coli XL1 Blue Tn10 (Tetr)]

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F proAB laclgZAM15

4.3 Antibodies

Target Company RRID

Rabbit monoclonal anti-MYC (clone Y69) Abcam 2?#73?22(8)72 RRID:
Rabbit monoclonal anti-TBK1/NAK (D1B4)  Cell signaling ggt#gfggsgs"l
Rabbit monoclonal anti-phospho-TBK1/NAK Cell signalin Cat#5483

(Ser172) (D52C2) gnaling RRID: AB_10693472
IKBA (L35A5) Cell signaling ggt#;gg;t;mo:
P-IKBA (Ser32) (14D4) Cell signaling 2?#52;5191 HRID:
TLR3 Abcam 2?#;:2326556 RRID:
RIG- Abcam 2?#;;148574628 RRID:
H3K9me3 Activ Motif %t#zs,:gzafs?mo:
Tubulin Santa cruz 2gt#23541ﬁ;22 RRID:
b-Actin Sigma-Aldrich %t#‘gss“?‘zlmm:
J2 Kerafast Cat#ES2001

J2 Scicons Cat#10010200
single-stranded DNA Millipore 2?#5'\4'8525 68 RRID:
GAPDH Cell signaling g%tff :\g 561053
Rabbit polyclonal anti-p62/SQSTM1 MBL 2;%"2'\;'3;31%”3:
H-2Db Monoclonal Antibody (B22-249.R1)  Invitrogen g%tﬁ)Mi\\SB-12759§§376
InVivoMAb anti-mouse MHC Class | (H-2Kb)  Bio X Cell Cat# BEO172 RRID:

AB_10949300

MIZ1 10E2

Hybridoma clone

(Wanzel et al., 2005)

IRF3 (D83BY)

Cell Signaling

Cat#4302 RRID:
AB_1904036

Rabbit polyclonal anti-phospho-SQSTMH1
(Serine 403)

Thermo Fisher Scientific

Cat#PA5-78267
RRID: AB_2736424

Rabbit polyclonal anti-LC3

MBL

Cat#PMO036 RRID:
AB_2274121

Mouse monoclonal anti-VCL

Sigma-Aldrich

Cat#Vv9131
RRID: AB_477629




Rabbit polyclonal anti- CDK2

Santa Cruz Biotechnology

Cat#sc-163
RRID: AB_631215

Mouse monoclonal FITC anti-BrdU (clone BioLegend Cat#364104
3D4) RRID: AB_2564481
BrdU (Bu20a) Cell signaling Cat#5292

RRID: AB_10548898

CD276 Antibody, anti-human, APC

Miltenyi Biotec

Cat#130-124-242
RRID: AB_2889531

i i Cat#ab9110
Anti-HA tag antibody — ChlIP grade abcam RRID: AB_307019
Anti-DICER [13D6] abcam Cat#ab14601

RRID: AB_443067

Beta-2 Microglobulin Polyclonal

Thermo Fisher Scientific

Cat#PA5-29580
RRID: AB_2547056

FITC anti-mouse CD3

Biolegend

Cat#BLD-100204
RRID: AB_312661

CD3 Monoclonal Antibody (17A2), Functional

Grade, eBioscience™

Invitrogen / Thermo Fisher
Scientific

Cat#16-0032-82
RRID: AB_468851

CD28 Monoclonal Antibody (37.51),
Functional Grade, eBioscience™

Invitrogen / Thermo Fisher
Scientific

Cat#16-0281-82
RRID: AB_468921

APC anti-HIS Tag mouse IgG2a, kappa

Biolegend

Cat#BLD-362605

ATP1A1 monoclonal antibody

Thermo Fisher Scientific

Cat#M7-PB-E9
RRID: AB_258029

beta-2 Microglobulin Polyclonal Antibody

Thermo Fisher Scientific

Cat#PA5-29580
RRID: AB_2547056

ECL-Anti-rabbit IgG Horseradish Peroxidase

GE Healthcare / Fisher
Scientific GmbH

Cat#1079-4347 /
GEHENA934

ECL-Anti-mouse IgG Horseradish Peroxidase

GE Healthcare / Fisher
Scientific GmbH

Cat#1019-6124 /
GEHENA931

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 647

Thermo Fisher Scientific

Cat#A-21244 RRID:
AB_2535812

Goat anti-Mouse IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 647

Thermo Fisher Scientific

Cat#A-21235 RRID:
AB_2535804




4.4 Solutions, chemicals, drugs

Chemical Company Ordering Number
Doxycycline hyclate Sigma-Aldrich Cat#D9891-10G
Hydroxychloroquine Sigma-Aldrich Cat#C6628-25G
Hematoxylin Sigma-Aldrich Cat#GHS332-1L
Triton X-100 Roth Cat#3051.4
Hoechst 33342 Sigma-Aldrich Cat#B2261-25MG

Lipofectamine RNAIMAX Transfection Reagent

Thermo Fisher Scientific

Cat#13778-150

Dynabeads Protein A Thermo Fisher Scientific Cat#10001D
Dynabeads Protein G Thermo Fisher Scientific Cat#10003D
Opti-MEM | Thermo Fisher Scientific Cat#31985-047
Propidium iodide Sigma-Aldrich Cat#81845
Protease inhibitor cocktail Sigma-Aldrich Cat#P8340
Phosphatase inhibitor cocktail 2 Sigma-Aldrich Cat#P5726
Phosphatase inhibitor cocktail 3 Sigma-Aldrich Cat#P0044
Proteinase K Roth Cat#7528.2
RNase A Roth Cat#7156.1
D-Luciferin Firefly, potassium salt g:glsggn;h Chemistry and Cat#L-8220
Ursotamin®100mg/mL Serumwerk Bernburg AG

Xylavet® 20mg/mL cp-pharma

Rimadyl® 50mg/mL zoetis

Geltrex basement membrane matrix Thermo Fisher Scientific Cat#A1413202
3-0 coated VICRYL suture Ethicon

AutoClip Kit FST

Doxycycline food SSNIFF Cat#A112D70624
16% Paraformgldehyde (Formaldehyde) Science Services GmbH Cat#E15710
Aqueous Solution, EM Grade

Penicillin-Streptomycin Sigma-Aldrich Cat#P4333-100ML
UltraPure BSA (50 mg/mL) Thermo Fisher Scientific Cat#AM2616
Polybrene Sigma-Aldrich Cat#H9268
N-Ethylmaleinimid Sigma-Aldrich Cat#E3876
Puromycin InvivoGen Cat#70664-3
Hygromycin B Gold solution InvivoGen Cat#ant-hg-05

Agencourt AMPure XP Beads Beckman Coulter Cat#A63881
Agencourt RNAClean XP Beads Beckman Coulter Cat#A63987
. peglab / VWR i

peq GOLD Trifast International Cat#30-2010

Poly (I:C) LMW InvivoGen Cat#tlrl-picw

TLR3/dsRNA Complex Inhiitor Calbiochem Cat#614310

5,6-Dichlorobenzimidazole 1-B-D-ribofuranoside  Sigma-Aldrich Cat#D1916-50MG

. MedChem Express /

THZ1 Hydrochloride Hycultec GmbH Cat#HY-80013-10

Pladienolide B Santa Cruz Cat#sc-391691
Holzel Diagnostika Cat# HY-120204-

BI-8626 Handels GmbH 50mg

Ambion™ RNase Il Thermo Fisher Scientific Cat#AM2290

Rnase T1 Thermo Fisher Scientific Cat#EN0541

DNase |, RNase-free (supplied with MnCI2) Thermo Fisher Scientific ~ Cat#EN0525

(1U/uL)




S1 Nuclease Thermo Fisher Scientific Cat#EN0321
Selleckchem / Absource
LDC 0000 67 Diagnostics GmbH Cat#S7461
Cymarin Sigma-Aldrich Cat#30030-1MG
Digitoxin Sigma-Aldrich Cat#D5878-250MG
Oubain Octahydrat Sigma-Aldrich Cat#03125-250MG
Digoxin Merck Cat#D6003-100MG
C-178 Abcam Cat#ab287033
Palbociclib Selleckchem / Biozol Cat#SEL-51579-

10MG

Cat#614310-10MG

TLR3/dsRNA Complex Inhibitor - Calbiochem Merck

M-Z, + 625 mg/kg Doxycycline » RED « [720

ppm doxycycline hyclate] sterilis. 25 kGy Test ssniff Spezialdiaten

compound diet, 10 mm + PE, Doxyzyklin Futter GmbH Cat#A112D70624
fur den Tierstall - inkl. aller NK

Murine recombinant IL7 Peprotech Cat#217-17
Puromycin InvivoGen Cat#ant-pr-1
Hygromycin B Gold solution InvivoGen Cat#ant-hg-5
G418 (Neomycin) InvivoGen Cat#ant-gn-5
Blasticidin S InvivoGen Cat#ant-bl-1
Penicillin-Streptomycin Solution Sigma Cat#P4333-100ML

DMEM, high glucose, pyruvate Thermo Fisher Scientific Cat#41966052

RPMI-1640 Medium with L-Glutamin Thermo Fisher Scientific Cat#21875091

IMDM, GlutaMAX™ Supplement Thermo Fisher Scientific Cat#31980-048

2.5% Trypsin (10x) Thermo Fisher Scientific Cat#15090-046

Phosphatase Inhibitor Cocktail 2 Sigma Cat#P5726-5ML

Phosphatase Inhibitor Cocktail 2 Sigma Cat#P0044-5ML
Protease Inhibitor Cocktail Sigma Cat#P8340-5ML
g?werUpTM SYBR® Green Master Mix, 10x 5 Thermo Fisher Scientific Cat#A25778
M-MLV Reverse Transcriptase Promega Cat#M1705
Primer “random” Sigma Cat#11034731001

RiboLock RNase Inhibitor Thermo Fisher Scientific Cat#11581505

LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit,

oL Thermo Fisher Scientific Cat#L23105
for UV excitation

His-Tagged hB7-H3 protein R&D Biosystems Cat#1949-B3-050

Consumables and disposable plastic were purchased from Eppendorf, Greiner, Nunc Thermo Scientific,
VWR and Sarstedt.



4.5 Buffers

Name Composition

12% SDS

60%. bromphenol blue

Laemmli Buffer (6x) 47% glycerol

60 mM Tris pH 6.8

9.3% DTT

50 mM HEPES pH 7.9

140 mM NaCl

1 mM EDTA

RIPA lysis buffer )
1% Triton X-100

0.1% SDS

0.1% sodium deoxycholate

1x PBS

1 x PBS for SA-B-Galactosidase staining 10 mM MgCI2

adjusted to pH 5.5 with HCI

2% PFAin 1x PBS

Fixing solution for SA-g-Galactosidase staining adjusted to pH 5.5 with HCI

0.25% Glutaraldehyde

KC-solution 1 100 mM Potassium ferricyanide (llI)
KC-solution 1 100 mM Potassium hexocyanoferrate(ll)-Trihydrate
049

40x X-Gial stock solution 5-Brom-4-Chlor-3-indoxyl-B-D-Galactosid

0.25 mL 40x X-Gal

0.5 mL KC solution 1

X-Gal staining solution (freshly prepared
9 ( v prep ) 0.5 mL KC solution 2

8.75 mL of 1x PBS (pH 5.5)

38 mM sodium citrate

Pl staining buffer (BrdU-FACS) 54 uM propidium iodide

24 pyg/uL RNase A

10% (w/v) Bacto tryptone

Lysogenic broth (LB) medium 0.5% (w/v) yeast extract

1% (w/v) NaCl

LB-medium with 1.2 % (w/v) Bacto agar was

LB-Agar autoclaved and antibiotics were added

8.024 mg/L NH.CI

ACK-Buffer 1.001 mg/L KHCOs3

3.822 mg/L EDTA Naz - 2H20

50 mM Tris-HCI (pH 7.4)

i 150 mM NaCl
NP40-lysis buffer

1% NP40

5 mM EDTA




NET-2 buffer

50 mM Tris-Cl pH 7.5

150 mM NaCl

1 mM MgCI2

0.5% NP-40

HSW buffer

50 mM Tris-Cl pH 7.4

1 M NaCl

1 mM EDTA

1% NP-40

0.5% DOC

fCLIP lysis buffer

20 mM Tris-HCI pH 7.5

15 mM NaCl

10 mM EDTA

0.5% NP-49

0.1% Triton-X-100

0.1% DOC

Urea buffer

200 mM Tris HCI pH 7.4

100 mM NaCl

20 mM EDTA

2% SDS

7 M Urea

ChlIP wash buffer |

20 mM Tris/HCI, pH 8.0

150 mM NaCl

2mM EDTA

0.1% SDS

1% Triton X-100

ChIP wash buffer Il

20 mM Tris/HCI, pH 8.0

500 mM NaCl

2mM EDTA

0.1% SDS

1% Triton X-100

ChIP wash buffer lll

20 mM Tris/HCI, pH 8.0

250 mM LiCl

1 mM EDTA

1% NP-40

1% DOX




4.6 Kits

Kit Company Ordering Number
Duolink In Situ PLA Probe Anti-Rabbit PLUS, Sigma-Aldrich Cat#DU092002
Affinity purified Donkey anti-Rabbit IgG (H+L) 9 RRID: AB_2810940
Duolink In Situ PLA Probe Anti-Mouse MINUS, Sigma-Aldrich Cat#DU092004
Affinity purified Donkey anti-Mouse 1gG (H+L) 9 RRID: AB_2713942
Duolink In Situ Wash Buffers, Fluorescence Sigma-Aldrich Cat#DuU082049
Duolink In Situ Detection Reagents Red Sigma-Aldrich Cat#DU092014
NGS Fragment High Sensitivity Analysis Kit, 1- . A
6,000 bp, 500 samples Agilent Cat#DNF-474-0500
Standard Sensitivity RNA Analysis Kit (15nt), 500 Agilent Cat#DNF-471-0500
samples

RNeasy Mini Kit Qiagen Cat#74106
NextSeq 500/550 High Output Kit v2 (75cycles) lllumina Cat#FC-404-2005
NEBNext® Poly(A) mRNA Magnetic Isolation NEB Cat#E7490

Module

NEBNext® Ultra™ RNA Library Prep Kit for NEB Cat#E7530
lllumina

NEBNest® rRNA Depletion Kit

(Human/Mouse/Rat) NEB Cat#E6310
NEBNext® Multiplex Oligos for lllumina ® NEB Cat#E7600S

(Dual Index Primers Set 1)

ABsolute QPCR Mix, SYBR Green, no ROX

Thermo Fisher
Scientific

Cat#AB-1158/B

QlAshredder Kit

Qiagen

Cat#79654

Pan T Cell Isolation Kit, mouse

Miltenyi Biotec

Cat#130-095-130

Thermo Fisher

GeneJET Gel Extraction Kit Scientific Cat#K0692
PureLink Plasmid Maxi 'gzgrr]?ﬁoicﬁsher Cat#K210007
Immobilon Western Substrat Merck Millipore Cat#WBKLS0500
Agencourt AmPure XP Beads Beckman Coulter Cat#A63881
Rneasy Mini Kit Qiagen Cat#74106
QlAshredder Qiagen Cat#79656
Seahorse XF Glycolytic Rate Assay Kit Agilent Cat#103344-100
Immobilon-P transfer membrane Millipore Cat#IPVH00010

Western Blotting Filter Paper, Extra Thick, 20 cm
x 20 cm

Life Technologies
GmbH

Cat#88620




4.7 Equipment

Equipment

Company

Casy® cell counter

Innovatis

BD FACSCanto Il

BD Biosciences

LAS-4000 mini

GE healthcare

Infinite® 200 PRO

Tecan

Operetta CLS High-Content Analysis System

Perkin Elmar

StepOnePlus™ Real-Time PCR System

Thermo Fisher Scientific

Seahorse 96XF Agilent
4.8 Software

Software Source

ApE plasmid editor by M. Wayne Davis, Version 2.0.51
EndNote X8 Clarative Analytics
FlowJow Version 8.8.6
LAS-4000 mini 2.1 Fuijifilm

Multi Gauge Fujifilm

Harmony 4.9 Perkin Elmar
ImageStudioLite LI-COR, Inc.
Microsoft Office 2017 Microsoft

Affinity Desinger Serif

Prism 8 GraphPad

Agilent Seahorse Analytics Agilent

FlowJo

BD bioscience
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5 Methods

5.1 Cell culture

5.1.1 Culturing cells

HEK293TN, KPC, PANC1, PaTu 8988T and U20S cells were cultured in DMEM. ASPC1, MZ1,
Dan-G, IMIM RC1, Panc0813, LS174T, Colo26, NHO2A and DLD1 were cultured in RPMI-1640. T cells
were cultivated in IMDM GlutaMAX Supplement.

Medium was supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. Cells were
regularly tested for mycoplasma contamination. All cells were incubated at 37 °C, 95% relative humidity,
and 5% CO:..

5.1.2 Transfection and lentiviral infection

Transfection of KPC cells with Lipofectamin 2000 was performed overnight in Opti-MEM. Cells were
selected for 3 days 72 h after transfection. For production of lentivirus, HEK293TN cells were transfected
using PEI reagent. 11 ug of lentiviral plasmid with target sequence, 9 ug of packaging plasmid psPAX.2
and 2.5 pug envelope plasmid pMD2.G were used per condition. Supernatant was collected 48 h and
72 h after transfection. Sterile filtered (0.45 ym) supernatant was used for infection. Medium was
supplemented with 4 pg/mL polybrene for infection. Cells were selected 48 h after infection with

puromycin (2 yg/mL).

5.1.3 Generation of cell lines

KPC cells were lentivirally infected with eGFP-firefly-luciferase and sorted for GFP. Positive cells were
infected with pinducer11 shMYC#2, shortly induced with doxycycline and sorted for RFP. Positive cells
were additionally infected with LT3 GEPIR shMYC#3 and selected with puromycin for 3 days. A clonal
cell line was established by sorting of single cells and determining MYC levels by immunoblot analysis.
For generation of a MYC knockout cell line, KPC cells where first infected with pinducer20 MYC (human)
and selected with G-418 for 2 weeks. The cell line was then transfected with lentiCRISPR V2 and PLKO
vector expressing one sgRNA targeting intron 1 and one sgRNA targeting intron 2. Cells were selected
with puromycin and subsequently single cells were sorted for a strong GFP signal. MYC levels were
determined using immunoblot and RQ-PCR.

For generation of a Tbk1 knockout line, KPC cells were transfected with lentiCRISPR V2 expressing
sgRNA targeting TBK1 or empty vector. Cells were selected with puromycin for 3 days and subsequently
infected with pinducer11 shMYC#2 and LT3 GEPIR shMYC#3. shRNAs were shortly induced with
doxycycline and cells sorted for a strong expression of GFP and RFP. Knockout of TIr3 was generated
by infection of the MYC knockout cell line with lentiCRISPR V2 sgRNA targeting TIr3 and selection with



puromycin for 3 days. For generation of cell lines expressing MYC or MYCVD, the shMYC single-cell
clone was infected with pInducer20, expressing a doxycycline inducible human MYC-transgene or
human MYCVD-transgene. Cells were selected for 2 weeks using G-418. For generating knockout of
Irf3, KPC cells with knockout of MYC and doxycycline inducible expression of a MYC transgene were
infected with lentiCRIPSR V2 expressing an sgRNA targeting Irf3. Cells were selected 48 h post
infection.

For the knockout of B2m, KPC cells were infected with lentiCRISPR V2 sgRNA targeting B2m. Single
cell clones were sorted and selected for absence of MHC class | presentation on the surface.

For humanized, digitoxin-sensitive KPC cells, KPC cells expressing luciferase were lentivirally infected
with a vector expressing human ATP1A1. Cells were infected with lentiCRISPR V2 sgRNA targeting

murine Aip1a1. Single cells were sorted and screened for sensitivity with 100 nM cymarin.

5.2 Cumulative growth curve

For the cumulative growth curve 10,000 cells were seeded in triplicates in 6-well-plates. For every
condition, a 6-cm-dish was seeded to maintain and re-seed. Cells were trypsinzed with 500 L trypsin
solution. Reaction was stopped using 2 or 1 mL of 10% FCS in PBS. Cells were scattered by pipetting
up and down to destroy clusters. 50 pL of suspension were used in 10 mL Casyton to measure the
number of cells in CASY cell counter. Triplicates were reseeded from 6-cm-maintaining-plate and
incubated for further 72 h. Growth curves over three weeks were conducted with counting once every

week. Therefore, 1,000 KPC cells were seeded per well.

5.3 BrdU/PI flow cytometry analysis

For flow cytometry, cells were labelled with 20 yuM BrdU (Sigma Aldrich) for 1 h. After collection of cells
and washing with ice-cold PBS, cells were fixed in 80% ethanol over night at -20 °C. Cell pellet was
washed with PBS and resuspended in 2 M HCI/0.5% Triton X-100 for 30 min at room temperature. HCI
was neutralized using Na:B4O7. Cells were labelled using anit-BrdU-FITC antibody (BioLegend). Cells
were washed with PBS and incubated with RNase A and propidium iodide for 30 min at 37 °C. For cell
cycle analysis cells were trypsinized and fixed in 80% ethanol over night at -20 °C. Cell pellet was
washed with PBS and incubated with RNase A and propidium iodide for 30 min at 37 °C. Measurement
was performed using BD FACSCanto Il flow cytometry, BD FACSDIVA software and FlowJo (Version
8.8.6).

5.4 Flow cytometry for surface proteins

For staining of MHC Class | proteins on the surface of the cells, cells were trypsinized and washed twice
with PBS. Cells were blocked using 2% FCS in PBS and 1 pg first antibody was added for 30 min at

4 °C per condition. Cells were washed twice using 2% FCS in PBS and secondary antibody was added



in a 1:400 dilution for 30 min at room temperature. Cells were washed twice with 2% FCS in PBS.

Measurement was performed using BD FACSCanto Il flow cytometry and BD FACSDIVA software.

5.5 Isolation of extracellular vesicles

For purification of extracellular vesicles, KPC cells were incubated in 150 mm culture plates over night
to allow attachment of cells. Medium was exchanged and cells were treated for 48 h. Conditioned
medium was collected and centrifuged at 1,500 rpm for 10 min at 4 °C and subsequently filtered through
a 0.2 uM filter. To destroy extracellular vesicles in respective samples 1% Triton was added and
incubated at 4 °C for 10 min. Supernatant was transferred to ultracentrifugation tubes and ultra-
centrifuged with a Beckmann SW32Ti rotor at 30,000 rpm for 90 min at 4 °C. Pellet was once washed

with cold PBS and centrifuged again at same conditions. Pellet was dissolved in PBS.

5.6 Immunofluorescence staining

Cells were cultivated in 96-well-plates (Greiner, Perkin Elmar) and fixed with 4% PFA for 5 min at room
temperature. Cells were permeabilized using 0.2% Triton X-100 for 10 min at room temperature or for
20 min at -20 °C with pure methanol. For BrdU-staining cells were fixed with methanol and permeabilized
with 2 M HCI for 4 min. Cells were blocked with 5% BSA in PBS. The plate was incubated over night at
4 °C with primary antibodies in 5% BSA in PBS. After washing with PBS secondary antibody was added
in a 1:400 dilution. Hoechst 33343 (Sigma Aldrich) was diluted in PBS and samples were incubated for
10 min. Plate was washed twice with PBS and measured using Operetta High-Content Imaging System
with 20x or 40x magnification. Data was analyzed using Harmony High Content Imaging and Analysis
Software.

For staining of dsRNA, cells were fixed with 4% PFA and permeabilized with 0.2% Triton X-100. To
degrade dsRNA, cells were treated afterwards with 60 U/mL RNase Il in respective buffer for 1 h at
37 °C. To degrade ssRNA, cells were treated with 100 U/mL with RNase T1 for 1 h at 37 °C. For the
staining of dsRNA clone J2 from Kerafast was used for immunofluorescences.

For staining of ssDNA, first RNA was degraded for 30 min at 37 °C with 0.1 mg/mL RNase A. Second,
ssDNA was degraded with S1 Nuclease for 30 min at 37 °C with 40 U/mL.

5.7 Proximity-ligation-assay

Proximity Ligation Assay was performed in 384-well-plates (Perkin Elmar) with Duolink in situ Kit (Sigma
Aldrich) according to the manufacturer’s protocol. Nuclei were counterstained with Hoechst 33342
(Sigma-Aldrich). Images were takes as described above with Operetta High-Content Imaging System

with 40x magnification.



5.8 Immunoblotting

Whole cell lysates were prepared using RIPA buffer containing inhibitors for protease and phosphatases
(Sigma-Aldrich). Protein lysates were denaturized with Laemmli buffer. Separation was done on BIS-
TRIS-gels and transfer was performed on PVFD membrane (Millipore). Blocking was performed using
5% BSA in TBST. Secondary antibodies were used 1:5000. Membrane was developed with Immobilon

Western Substrate.

5.9 SA-B-Galactosidase assay
For SA-B-Galactosidase staining cells were washed with 1x PBS (pH=7.7) and fixed using 2% PFA with

0.25% Gilutaraldehyde and incubated for 15 min at room temperature. Cells were washed three times
afterwards with 1x PBS (with 10 mM MgCl», pH=5.5 with 37% HCI). Freshly prepared staining-solution
was added and incubated for 24 h at 37 °C (without CO,). Staining solution was replaced by 1x PBS.

510 fCLIP

Cells were fixed with 0.1% formaldehyde for 10 min and subsequently fixation was stopped by addition
of 125 mM glycine for 10 min at room temperature. Cells were washed twice with ice-cold PBS and
harvested in PBS containing inhibitors against protease and phosphatase. Cell pellet was lysed using
fCLIP-Lysis-Buffer and incubated for 10 min on ice. Cells were sonicated for 1 min (10 s pulse, 45 s
pausing). RNase T1 (1,000 U) and DNase | (10 U) were added and incubated at 37 °C for 30 min on a
rotating wheel. Lysate was centrifuged at 14,000 rpm for 15 min at 4 °C. Supernatant was transferred
to a new vial and immobilized antibody was added and incubated at 4 °C for 4 h with rotary agitation.
Beads were centrifuged at 800 g for 1 min at 4 °C. Beads were washed 3 times with fCLIP-Lysis-Buffer,
2 times with ChlIP Buffer I, 2 times with ChlIP Buffer Il, 2 times with ChIP Buffer Ill, 3 times with fCLIP-
Lysis-Buffer and finally once with TE-Buffer (1 mL each). For elution beads were resuspended in 300
uL 2x Urea-Buffer and incubated shaking for 2 h at 25 °C. Magnetic beads were removed and 300 pL
10 mg/mL Proteinase K solution were added and incubated for 2 h at 37 °C and subsequently at 65 °C
shaking over night for decrosslinking. RNA was extracted by adding 700 pL of Trifast and 200 pL
Chloroform, solution was vortexed and subsequently centrifuged. Aqueous phase was transferred to a
new vial and RNA was precipitated using 1 mL Isopropanol, 50 yL 3 M sodium acetate and 1 L
Glycoblue. Solution was incubated for 1 h at -20 °C and then centrifuged at 14,000 rpm at 4 °C for 1 h.
Pellet was washed twice with 70% ice-cold EtOH and finally air-dried and solved in RNase-free water.

cDNA was synthesized using M-MLV Reverse Transcriptase.

5.11 Transcriptomics

5.11.1 RNA extraction for library preparation from cells
For RNA extraction media was removed and cells were harvested with 600 yL RLT Buffer containing

6 pL of B-Mercaptoethanol. Cell extract was shock frosted in liquid nitrogen and stored at —80 °C until



processing. RNA was extracted using the Qiagen Kit RNeasy Mini Kit according protocol. RNA was
eluted in 50 pL of nuclease-free water. RNA concentration was determined using Fragment Analyser
RNA protocol.

5.11.2 RNA extraction for library preparation from tumor tissue

Tumor tissue was checked under the fluorescent microscope and RFP and GFP-positive tissue was
dissected and transferred in 350 yL RLT Buffer with 1% p-Mercaptoethanol. Tissue was crushed using
a pestle and subsequently transferred to Qiagen shredder column. Column was centrifuged at 14,000
rpm for 1 min. Flow-through was mixed with 700 yL 70% ethanol and processed according protocol of
RNeasy Mini Kit. RNA was eluted in 40 pL of nuclease-free water. RNA concentration and quality were
determined using the NanoDrop1000 and the Fragment Analyzer System (Agilent).

5.11.3 PolyA RNA Sequencing

RNA sequencing was performed as previously described using an lllumina NextSeq 500 System
(Jaenicke et al., 2016). RNA extraction was done with the RNeasy Kit (Quiagen) with on-column
digestion of DNA. Tumor tissue was processed using the QIlAshredder Kit as described in 5.11.2.
Messenger RNA was isolated using NEBNext® Poly(A) mRNA Magnetic Isolation module (NEB) and
library preparation was done with NEBNext® Ultra RNA Library Prep Kit for lllumina (NEB) or NEBNext®
Ultra™ 1l Directional RNA Library Prep Kit for lllumina (NEB) according to the protocol. Size selection
was done using Agencourt AMPure XP Beads (Beckmann Coulter). Quantity and Quality of the

sequencing libraries was determined with the Fragment Analyzer System (Agilent).

5.11.4 Sequencing of dsRNA

Cells were trypsinized and counted. 2.4x107 cells were used per biological condition and washed with
PBS once. Cell pellet was lysed using 2.5 mL of NP-40 lysis buffer. Lysate was centrifuged for 5 min, at
14,000 rpm for 5 min. Supernatant was transferred to a falcon and diluted 1:4 in NET2-Buffer and
supplemented with 10 mM MgCl,. 20 U of DNase | and 1,500 U RNase T1 were added per sample.
50 U RNase Il were used in respective conditions. Digestion was done at 37 °C for 30 min. 5 uyg of J2
Antibody (Scicons) per condition were coated overnight to 40 L of Protein G beads in 5 g/L BSA in
PBS. 5 yg mixture of mouse and rabbit IgG were used as a control. Labelled Antibodies were added to
lysate and incubated on the rotating wheel for 2 h at 4 °C. Beads were washed twice with HSW Buffer
and twice with NET2 buffer. RNA was extracted from the beads using 500 pL Trifast. Trifast was
separated from the beads and 200 pL chloroform were added. Aqueous phase was mixed with 500 pL
Isopropanol and 1 pL Glycoblue and incubated at -20 °C for 20 min. RNA was purified as previous
described. RNA pellet was resuspended in 20 yL RNase-free water. Ribosomal RNA was depleted
using NEBNext rRNA depletion kit prior library preparation. rRNA depleted samples were processed
using NEBNext Ultra RNA Library Prep Kit for lllumina.



5.11.5 Nascent RNA sequencing

Cells were treated for 20 min with 200 yM 4-thiouridine (4sU; Sigma-Aldrich) and then lysed using
QIlAzol reagent (Qiagen). Samples were spiked with lysates of equal numbers of 4sU-labelled human
U20S cells. Total RNA was extracted from the lysates using the miRNeasy kit (Qiagen) with on-column
DNase digestion. Quantity and quality of the RNA was determined on the Fragment Analyzer (Thermo
Fisher Scientific). The RNA was biotinylated with EZ-Link Biotin-HPDP (Pierce) in 0.2 mg/ml
dimethylformamide and biotin labelling buffer (10 nM Tris-Cl pH 7.4, 1 mM EDTA). After rotating
incubation for 2 h at RT, the biotinylated RNA was purified with a chloroform-isoamylalcohol extraction
followed by isopropanol precipitation (with 1/10 volume of 5 M NaCl and centrifugation at 20,000 g for
20 min at 4 °C) and washing with 75% ethanol. The pellets were resuspended in water and biotinylated
RNA was isolated by binding to Dynabeads MyOne Streptavidin T1 beads (Invitrogen) in Dynabeads
washing buffer (2 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA, 0.1 %v/v Tween 20) for 15 min at RT with
rotation. The 4sU-labelled RNA was washed, eluted from the beads, purified with the RNeasy MinElute
kit (Qiagen) and quantified using the RiboGreen Assay (Invitrogen). For sequencing library preparation,
rRNA was depleted with the NEBNext rRNA Depletion Kit (NEB) and cDNA prepared using the NEBNext
Ultra 1l Directional RNA Library Prep Kit (NEB) following the instructions of the supplier. Quantity and

Quality of the sequencing libraries was determined with the Fragment Analyzer System (Agilent).

5.11.6 Bioinformatical analyses and statistics

Bioinformatical analysis was done by Carsten Ade, Apoorva Baluapuri and Florian Réhrig. FASTQ files
were generated from lllumina base call files using the bcl2fastq conversion software v1.0.0 or v2.19 and
overall sequencing quality was tested using FastQC v0.11.9. Adapter and quality trimming were
performed by Trim Galore with default settings.

For double-stranded RNA sequencing, reads were mapped to hg38 for the spike-in reads using Tophat
v.2.1.1 (Kim et al.,, 2013) (Bowtie2 v2.3.4.1) with default parameters but allowing only one reported
alignment by adding the “-g 1” parameter. Samples were normalized based on normalization factors to
the lowest spike-in sample. Unmapped reads were then subsequently aligned versus reference
genomes for murine ribosomal DNA (BK000964.1), murine mitochondrial DNA (chrM of mm10) and the
murine reference genome mm10. Peak-calling for dsRNA peaks with MACS2 (Zhang et al., 2008) was
performed with the corresponding RNase Il (RNase C) treated sample as control using default
parameters, but using the background lambda as local lambda by adding —nolambda. Bedgraph files
were generated using the ‘genomecov’ function from BEDtools v2.26.0 (Quinlan and Hall, 2010) and
the Integrated Genome Browser (Freese et al., 2016) was used to visualize these density files. Overlap
with repeat elements was analyzed by BEDtools ‘intersectbed’ using a RepeatMasker (rmsk, 2012-02-
06) track from UCSC table browser. Classes of repetitive elements were determined using BEDtools
intersect. To annotate peaks and for upset plots the R (R Development Core Team, 2020) package
‘ChlPseeker’ (Yu et al., 2015) was used. To analyze the number of reads within genes, these reads

were counted using ‘featureCounts’ from the ‘Rsubread’ package (Liao et al., 2019) in R and the bed



files generated by MACS2 as SAF files. Plots were generated using the Tidyverse’ and ‘ggplot2’
packages in R.

For mRNA sequencing, reads were mapped to the whole mouse genome mm9 or mm10 with Bowtie2
(v2.3.4.1) (Langmead and Salzberg, 2012). Very weakly and not expressed genes (mean cpm over all
replicates <1) were removed and, if required, samples were normalized to the number of mapped reads
in the smallest sample of a sample-set. Counting of reads per gene and differential expression analysis
were done in R, using the “summaryOverlaps” function of the “GenomicAlignment” tool and the edgeR
tool, respectively. For the differential expression of genes, the Benjamini-Héchberg method was used
to adjust the p-values for multiple-testing. Gene set enrichment analyses were done using the GSEA
software (v4.0.3) (Subramanian et al., 2005) with the “Hallmark”, “C2” and “C5” databases (v7.1) from
MSigDB (Liberzon et al., 2015). Analyses were performed using default settings and 1000 permutations.
For 4sU sequencing, reads were mapped to the whole mouse genome mm10 and, for identification of
the human spike-in, to the whole human genome hg19 with Bowtie2 (v2.3.4.1) (Langmead and
Salzberg, 2012). Reads mapping to rRNA, exons and 3’/5-UTR regions were removed, and then
normalized to spike in control. BEDtools intersect function was used to determine the number of reads
within the introns of dsRNA host genes.

For showing MYC chromatin binding, ChIP sequencing data from GSE44672 was aligned to mm10
assembly of mouse genome. Equal reads from IgG and MYC ChIP sequencing samples on KPC
chromatin were then used to generate average density profiles using NGStools (Shen et al., 2014) for
the mentioned gene lists. In order to generate gene list of top 100 regulated and non-regulated genes,
RNA sequencing data as described above was utilized as follows. All genes with logCPM values < 1
and p-values (Dox vs EtOH) < 0.05 were discarded, and further sorted for regulation. The top 100 genes
from resulting table were labeled as “Top100”. Additionally, from the same table, genes with log.FC

values between 0.5 and -0.5 were considered to be not regulated (n=2,782).

5.12 Metabolomics

5.12.1 Mass spectrometry of water-soluble metabolites

To analyze metabolites, cells in culture where trypsinized, washed with 1x PBS, counted and cells
pellets of 1 million cells were frozen down. Water soluble metabolites were extracted using Lamivudine
in MeOH/H20 (80/20). Mass spectrometry was performed as previously described in (Schmidt et al.,

2019). Measurement and analysis were done by Werner Schmitz (Biocenter, University of Wirzburg).

5.12.2 Seahorse XF glycolytic rate assay

For seahorse glycolytic rate assay cells were seeded in XFe96 FluxPak. Glycolytic rate assay was
performed after manufactures protocol. Port A was loaded with Rotenone (5 pyM) and Antimycin A
(5 uM). Port B was loaded with 2-deoxy-D-glucose (2-DG, 100 mM).



5.13 In vivo methods
5.13.1 Orthotopic PDAC transplant model

C57BL/6J mice were purchased from Charles River and were bred and maintained in the animal facility
of the Biocenter, University of Wirzburg. All animal procedures were approved by the Regierung von
Unterfranken under protocol numbers RUF 55.2-2532-2-148 and RUF 55.2.2-2532.2-1026-15. Mouse
experiments were conducted by Anneli Gebhardt-Wolf.

Mice were anaesthetized by an intraperitoneal injection of ketamine (100 mg/kg, Ursotamin, Serumwerk)
and xylazine (10 mg/kg, Xylavet, cp-pharma). The spleen and the pancreas were externalized and
50,000 modified KPC cells were injected in 50 uL Matrigel / PBS (2:1) into the pancreatic tail. After the
injection, the peritoneum was closed with a 3-0 coated VICRYL suture (Ethicon), and the skin was closed
using the AutoClip Kit (FST). Mice were treated with an analgetic (5 mg/kg, Rimadyl, zoetis) for three
days. The clips were removed after 7 days. After 6 or 7 days, the luciferase expression was measured
with an IVIS camera (150 mg/kg luciferin, Biosynth, in ketamine and xylazine). Doxycycline food
(625 mg/kg, SSNIFF) was given after 6 or 7 days. In mice transplanted with MYC CRISPR-KO cells,
doxycycline treatment was stopped 6 days after injection. Digitoxin (dissolved in 5% HS15 in saline)
was administered intraperitoneal 7 days after transplantation for four weeks every second day in a dose
of 2 mg/kg. For long-term survival studies, mice were checked at least daily. Showing symptoms of pain,

mice were killed by cervical dislocation.

5.18.2 Generation CAR-T cells

Splenocytes were washed out of spleen using ACK-lysis buffer. Reaction was stopped after 4 min using
1x PBS. T cells were purified from splenocytes using Pan T cell isolation kit (Miltenyi Biotex) according
to protocol. Purified T cells were seeded in 12-well plates coated with a-CD3-antibody. T cells were
cultivated in IMDM with 10% FCS, 1% P/S, 1 ug/mL o-CD28 antibody, 10 ng/mL recombinant IL7,
1 yL/mL 2-Mercaptoethanol (Gibco) over night.

T cells were infected using retrovirus (Anti-B7-H3 CAR-T) with 10 pyg/mL Polybrene and centrifuged for
90 min at 32 °C and 1,500 g. Cells were afterwards incubated for 4 h at 37 °C and medium was
exchanged by conditioned medium (containing IL7, a-CD28-antibody and -Mercaptothanol).

To check transduction efficacy, T cells were stained with B7-H3 recombinant protein and o-His-APC
antibody. Viability of T cells was assed using LIVE/DEAD staining (Thermo Fisher Scientific) according

protocol.
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7 Appendix

Abbreviations

Prefixes

p pico

n nano

u micro

m milli

k kilo

Units

°C degree Celsius

A ampere

Da dalton

g gram

h hour

m meter

min minute

M mol/L

L liter

S second

viv volume per volume

w/v weight per volume

ADM acinar-to-ductal metaplasia
Arg arginine

BCR B cell receptor

bp base pair

CAC centroacinar cell

CAR chimeric antigen receptor
CAT cationic amino acid transporter
CDK Cycline dependent kinase
cDNA complementary DNA

CDS coding sequence

CG cardiac glycoside

ChIP-Rx quantitative chromatin immunoprecipitation with reference exogenous genome
caQ chloroquine

ctrl control

DAMP damage associated molecular pattern

DC dendritic cells



DHAP dihydroxycetone phosphate

DNA desoxy-ribonucleic acid

DOX doxycycline

ds double-stranded

ECAR extracellular acidification rate

ER estrogen receptor

EV empty vector

EV extracellular vesicle

FACS Fluorescence activates cell sorting
FBP fructose-1,6-bisphosphate

fCLIP formaldehyde crosslinking and immunoprecipitation of RNA
FDR false discovery rate

GAP glyceraldehyde 3 phosphate
GEMM genetic engineered mouse model
GO gene ontology

GSEA gene set enrichment analysis
HCC hepatocellular carcinoma

IFN interferon

IgG immunoglobulin

IR inverted repeat

IRES internal ribosome entry site

IRF interferon-regulatory factors

IVIS in vivo imaging

kb kilobase

KO knock out

LINE long interspersed nuclear element
Lys lysine

MB MYC box

MCT monocarboxylate-transporter
MFI mean fluorescent intensity

MHC major histocompatibility complex
mRNA messenger RNA

MS mass spectrometry

mtDNA mitochondrial DNA

mtRNA mitochondrial RNA

MXD MAX dimerization protein

n number of biological replicates

N/A not available



NES normalized enrichment score

NK cells natural Killer cells

NTC non-targeting control

OE overexpression

PAM protospacer adjacent motif

PAMP pathogen associated molecular pattern
PanIN pancreatic intra-epithelial neoplasia
PDAC pancreatic ductal adenocarcinoma
PFK phosphofructokinase

PI propidium iodid

PROTAC proteolysis-targeting chimeras
PRR pattern recognition receptor

RE repetitive element

RNA ribonucleic acid

RNAI RNA interference

RNAPII RNA polymerase |l

RQ-PCR Real-time quantitative polymerase chain reaction
SD standard deviation

SEM standard error of mean

sgRNA single guide RNA

shRNA short hairpin RNA

SINE short interspersed nuclear element
SLC solute carrier family

sMV shed microvesicles

SS single-stranded

TAM tumor associated macrophages
TCA tricarboxylic acid

TCR T cell receptor

TLR Toll-like receptor

TME tumor microenvironment

TNBC triple-negative breast cancer

tpm transcripts per million kilobases
uT untransduced

UTR untranslated region

WT wild type
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