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Abstract

KRAS-mutant pancreatic ductal adenocarcinoma (PDAC) is highly
immunosuppressive and resistant to targeted therapies and immune checkpoint
blockade (ICB), representing an unmet clinical need. This disease is
heterogeneous and characterized by diverse molecular and morphological
features, poorly correlating with treatment response. Over the years different
studies identified two main subtypes of PDAC: (1) tumors characterized by
epithelial morphology and classical gene expression programs, (2) aggressive and
therapy resistant mesenchymal non-gland forming tumors, which show basal-like
transcriptional features. In this thesis | will briefly show how we identified context-
specific drivers relevant for PDAC evolution by forward genetic in vivo screening
and | will focus on how we exploited these findings to discover novel
immunomodulatory therapeutic strategies to target the mesenchymal subtype of
PDAC. Indeed, by high throughput combinatorial drug screen we found a
synergistic interaction between the MEK inhibitor trametinib and the multi-kinase
inhibitor nintedanib. This interaction targets KRAS-directed oncogenic signaling in
the aggressive and therapy resistant basal-like mesenchymal subtype of PDAC,
which is driven by an increased gene-dosage and expression of oncogenic KRAS.
To uncover the mode of action of the combination therapy, we performed
multiscale analyses ranging from proteomic identification of the nintedanib-bound
kinases and their downstream signaling pathways, to CRISPR/Cas9-based
negative selection screens. Thereby, we identified that a key set of nintedanib
targets, including FGFR, kinases belonging to the MEK/ERK family and PDGFR
regulated signaling networks cooperate with trametinib to sensitize mesenchymal
PDAC cells to the combination therapy. Mechanistically, the combinatorial
treatment induces cell cycle arrest and cell death and initiates a context dependent
change of the immunosuppressive cancer cell derived secretome. Using single cell
RNA sequencing and immunophenotyping, we show that the combination therapy
reprograms the tumor microenvironment and primes cytotoxic and effector T cells
to infiltrate the tumors, sensitizing mesenchymal PDAC to PD-L1 ICB. This work
has implications for the design of future clinical trials using trametinib/nintedanib in

combination with ICB to target the therapy refractory mesenchymal PDAC subtype.
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Zusammenfassung

Das KRAS-mutierte duktale Adenokarzinom des Pankreas (PDAC) ist hochgradig
immunsuppressiv und resistent gegen zielgerichtete Therapien inklusive Immun-
Checkpoint-Blockade (ICB). Die Krankheit ist heterogen und durch verschiedene
molekulare und morphologische Merkmale gekennzeichnet, die nur schlecht mit
dem Ansprechen auf die Behandlung korrelieren. In verschiedenen Studien
wurden zwei Hauptsubtypen des Pankreaskarzinoms identifiziert: (1) Tumoren mit
epithelialer Morphologie und einem klassischen epithelialen
Genexpressionsprogramm, und (2) aggressive und therapieresistente
mesenchymale, nicht drisenbildende Tumoren, die undifferenzierte (basal-like)
Transkriptionsmerkmale aufweisen. In dieser Arbeit zeige ich auf, wie wir durch
vorwartsgerichtete genetische in-vivo-Screens kontextspezifische Krebsgene
identifiziert haben, die fir die Entstehung des Pankreaskarzinoms relevant sind.
AnschlieRend zeige ich, wie wir diese Erkenntnisse genutzt haben, um neue
immunmodulatorische therapeutische Strategien fir den mesenchymalen PDAC
Subtyp zu entwickeln. Durch kombinatorische pharmakologische Hochdurchsatz-
Screens konnten wir eine synergistische Interaktion zwischen dem MEK-Inhibitor
Trametinib und dem Multi-Kinase-Inhibitor Nintedanib identifizieren. Diese
Interaktion hemmt den onkogenen KRAS-abhangigen Signalweg im aggressiven
und therapieresistenten mesenchymalen PDAC Subtyp, der durch eine erhéhte
Gendosis und Expression von onkogenem KRAS angetrieben wird. Um die
Wirkungsweise der Kombinationstherapie aufzuklaren, fluhrten wir multiple
Analysen durch, die von der proteomischen Identifizierung der an Nintedanib
gebundenen Kinasen und ihrer nachgeschalteten Signalwege bis hin zu
CRISPR/Cas9-basierten negativen genetischen Selektionsscreens reichen. Dabei
konnten wir zeigen, dass eine Reihe von Nintedanib-Targets, darunter FGFR,
Kinasen der MEK/ERK-Familie und PDGFR-regulierte Signalnetzwerke,
mesenchymale PDAC-Zellen fir die Kombinationstherapie mit Trametinib
sensibilisieren. Mechanistisch gesehen fuhrt die Kombinationsbehandlung zu
einer Zellzyklusblockade und zum Zelltod und initiiert eine kontextabhangige
Reprogrammierung des immunsuppressiven Sekretoms der Tumorzellen. Mithilfe
von Einzelzell-RNA-Sequenzierung und Immunphanotypisierung zeigen wir, dass
die Kombinationstherapie das Tumormikromilieu umprogrammiert, so dass
zytotoxische und Effektor-T-Zellen den Tumors infiltrieren, wodurch

mesenchymale Tumoren fur PD-L1 ICB sensibilisiert werden. Diese Arbeit hat
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Implikationen fir die Gestaltung zukinftiger klinischer Studien, bei denen
Trametinib/Nintedanib in  Kombination mit ICB zur Behandlung des

therapierefraktaren mesenchymalen PDAC-Subtyps eingesetzt wird.
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Introduction

1. Introduction

1.1. Pancreatic ductal adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) recently surpassed breast cancer to
become the third leading cause of cancer-related death in the Western World.
This disease is highly aggressive, with a 5-year survival rate < 10%, and it is
projected to become the second leading cause of cancer-related deaths by 2030
(figure 1a, b; Rahib et al. (2021)).

Several risk factors for PDAC development are known, including smoking,
pancreatitis, alcohol use, obesity and type 2 diabetes mellitus. Smoking, one of
the most established, has been shown to double each individual’s risk of
developing this disease (Ryan et al., 2014). Moreover, family history has a strong
impact on PDAC initiation, considering that 10% of patients have a hereditary
component. Common germline mutations associated with PDAC are BRCAT1,
BRCA2 and PALB2, also susceptibility genes for familial breast and ovarian
cancer (Jones et al., 2009), and DNA mismatch repair genes (Hu et al., 2018).
Additional poly-cancer syndromes and chronic inflammation, such as Peutz—
Jeghers syndrome, familial atypical multiple mole melanoma and hereditary
pancreatitis (Humphris et al., 2014) have also been shown to predispose to this
tumor type.

PDAC is characterized by a particularly poor prognosis for several reasons.
Commonly it is diagnosed late, when the disease has already reached an
advanced stage. This is often due to non-specific symptoms, such as abdominal
pain, and the lack of specific and sensitive tumor markers resulting in difficulties
in detecting tumors at early stages. Moreover, PDAC is very aggressive. Indeed,
it is characterized by perineural and perivascular growth, and early and distant
metastases which typically manifests at lymph nodes, liver and lungs. To date,
surgery remains the only possible cure. This procedure alone is however not
enough as more than 85% of patients are not eligible for surgery due to advanced
disease stage and 90% of the surgically resected patients relapse from their
primary tumor (Kleeff et al., 2016). PDAC is characterized by a strong therapy
resistance to most treatment options. Chemotherapy includes single agent
treatments (e.g. gemcitabine, 5-fluorouracil (5-FU)) or the combination of different
cytotoxic drugs. In patients with advanced and metastatic disease, FOLFIRINOX

(folinic acid, 5-FU, irinotecan and oxaliplatin; median survival of 11 months) and



nab-paclitaxel plus gemcitabine (median survival of 8.5 months) have yielded
modest improvements over gemcitabine (6.7 months) (Conroy et al., 2011; Von
Hoff et al., 2013). However, despite these advances, the prognosis of PDAC
patients is still extremely poor and has not changed significantly in the last 40
years (figure 1).

To date, the mechanistic understanding of the biology underlying PDAC is still
limited. PDAC harbors multiple genetic and epigenetic alterations and is
characterized by a complex and dense tumor microenvironment, which make the
understanding of the molecular mechanisms driving this disease extremely
complex. Therefore, whereas the past decade has brought substantial advances
in the therapeutic strategies available for many different cancer entities, the

treatment of PDAC still remains a challenge (figure 1a, b).
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Introduction

Figure 1 | PDAC prognosis remains poor despite 40 years of intensive research

a, Change in five-year survival rate, from the 1970s to the 2010s. Breast is for female
only. Five-year survival is predicted using an excess hazard statistical model. Image
modified from Cancer Research UK, https://www.cancerresearchuk.org/health-
professional/cancer-statistics-for-the-uk. b, Estimated projections of cancer death, based
on demographic changes and average annual percentage change, for male and female
individuals. Tumors of the pancreas are indicated with a red line. Data analyzed from
Rahib et al. (2021).

1.2. PDAC origin and initiation

The pancreas is essential in regulating energy homeostasis. This organ plays
indispensable roles in nutrients’ digestion and control of blood glucose levels.
Food digestion is controlled by the exocrine pancreas, composed of acinar cells,
which produce and secrete enzymes able to decompose nutrients, such as lipids
and proteins, thus enabling their uptake in the intestine. The levels of glucose and
their homeostasis are regulated by the islets of Langerhans, constituting the
endocrine pancreas and containing insulin-secreting beta cells. Exocrine and
endocrine pancreas dysfunctions lead to life-threatening conditions severely
impairing body function, and PDAC is a key example. PDAC develops from the
exocrine part of the pancreas, and it constitutes its most common neoplasia,
accounting for more than 90% of pancreatic tumors.

The cell of origin of PDAC is subject of continuous investigation. PDAC most
frequently arises from precursor lesions known as pancreatic intraepithelial
neoplasia (PanIN). Other routes of tumor evolution include PDAC development
from larger pre-neoplastic lesions, such as intraductal papillary mucinous
neoplasms and mucinous cystic neoplasms (Kleeff et al., 2016). Precursor lesions
and PDACs have been shown to develop from both the ductal epithelium, with
stepwise progression from low- grade to high-grade dysplasia, and the acinar
one, through a process termed acinar-to-ductal metaplasia. PanINs can be
classified in three diverse stages based on their morphological changes, and they
range from low grade (PanIN-1A/PanIN-1B) to high grade (PanIN-3). Their
subsequent evolution leads to the formation of fully invasive carcinomas (Hruban
et al. (2008), figure 2). Throughout this process culminating in a full blown PDAC,
PanIN progression stages are paralleled by a step-wise accumulation of
molecular alterations (figure 2). These include at early stages KRAS activating

mutations, a clonal and almost universal event in PDAC, since it occurs in more



than 90% of tumors, and at later stages inactivating mutations of TP53, CDKN2A
and SMADA4, reported in 50—-80% of PDACs. Additional genes, including ARID1A,
MLL3 and TGFBR2, are mutated with frequencies of around 10%. However, the
landscape of PDAC is additionally complicated by the presence of an extremely
high number of infrequently mutated genes, occurring at a prevalence below 2%
(Kleeff et al., 2016). In a small subset of cases, oncogenic BRAF and PIK3CA
gain of function mutations have also shown to be sufficient to induce pancreatic
tumorigenesis (Payne et al., 2015; Witkiewicz et al., 2015). Copy number
alterations also seem to play a fundamental role in PDAC evolution. However,
they are of difficult interpretation owing to the large number of genes amplified or
deleted in these localized events (Kleeff et al., 2016). Besides genetic alterations
accumulating during transformation to PDAC, epigenetic deregulation, including
aberrations in DNA methylation and histone post-translational modifications have
also been shown to contribute to PDAC progression (Nones et al., 2014). Seminal

studies that had led to the discovery of the evolution of this tumor type have been

performed in genetically engineered mouse models (GEMMs) of PDAC, such as
KC (Kras-S--¢"2P":pdx1-Cre) and KPC (Kras-S--C"2P%*: Trp53-SL-R172H-pax 1-Cre),

which recapitulate the human disease (Hingorani et al., 2003).
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Figure 2 | Origin and progression of PDAC

a, The pancreas is composed of distinct functional units regulating digestion and glucose
metabolism. The exocrine compartment consists of acinar and duct cells. The acinar cells,
producing digestive enzymes, constitute most of the pancreatic tissue. They are
assembled in structures called acini. b, As result of the activation of oncogenes, such as
KRAS, cells of the exocrine pancreas undergo transformation leading to the formation of
pancreatic intraepithelial neoplasia (PanIN) lesions. Along the progression to PDAC,
PanINs go from low grade (PanIN-1A, PanIN-1B) to high grade (PanIN-3), accumulating
additional molecular alterations.

1.3. Molecular subtypes of PDAC

PDAC is a highly heterogeneous disease characterized by diverse molecular and
morphological features, poorly correlating with treatment response (Eser et al.,
2014). Genomic characterization of pancreatic cancer revealed a complex
landscape of mutations and chromosomal alterations. As mentioned above, this
landscape is dominated by four most prevalent common oncogenic events in well-
known cancer genes, i.e. KRAS, TP53, SMAD4 and CDKN2A (Bailey et al., 2016;
Moffitt et al., 2015; Mueller et al., 2018; Notta et al., 2016). Therefore, it remains
unclear how the extensive heterogeneity of PDAC arises, highlighting the
importance to develop alternative ways to stratify this disease.

Our knowledge of the molecular pathology of PDAC led to development of
increasingly sophisticated molecular tumor stratification strategies. These
classifications are based on numerous pathological and molecular features,
which could guide therapeutic development and direct clinical decisions. The first
attempts in this direction were based on single genetic markers (Biankin et al.,
2009). Loss of SMAD4 expression (lacobuzio-Donahue et al., 2009) and
overexpression of S100A2 (Biankin et al., 2009) are two prognostic indicators with
potential clinical use. They have been associated to poor prognosis and
metastatic disease, are currently under further investigation since they have
shown positive results. However, to date due to the high heterogeneity of PDAC
these approaches were not translated into the clinical practice, priming the filed
to develop new strategies.

Additional approaches exploiting recurrent genomic features of PDAC, such as
structural genomic alterations, in which larger genomic DNA stretches are
rearranged via deletions, amplification, duplications or translocations, have been
considered for stratifying tumor subtypes. This classification has shown potential

for clinical utility. Indeed, PDAC with unstable genomes, underlying alterations in



DNA damage response genes, benefit from the treatment with platinum and
poly(ADP-ribose) polymerase (PARP) inhibitors (Waddell et al., 2015).

Recently, the use of different strategies, exploiting both genomic and
transcriptomic profiling of surgical resected human tumors, shed light on the
presence of different evolutionary routes leading to PDAC and highlighted the
existence of several, in part overlapping, subtypes (Bailey et al., 2016; Moffitt et
al., 2015; Mueller et al., 2018; Notta et al., 2016). These subtypes reflect both
tumor cell intrinsic and microenvironment specific features of PDAC, and are
summarized in table 1. Initially, in 2011, Collison and colleagues analyzed the
transcriptomes of primary resected PDAC upon microdissection of the epithelial
cells from the stroma (Collisson et al., 2011). They identified three PDAC
subtypes: classical, quasi-mesenchymal and exocrine-like. The quasi-
mesenchymal subtype correlated with highly dedifferentiated tumors and poor
survival. The classical subtype was characterized by high expression of GATAS,
an endodermal lineage-specifying transcription factor, and KRAS dependency. In
2015, Moffit et al. profiled bulk resected, primary, treatment naive PDAC and
metastases (Moffitt et al., 2015). They bioinformatically excluded transcripts of
normal pancreas or tumor microenvironment (TME) origin and identified two
tumor subtypes, namely basal-like, characterized by the worst prognosis, and
classical. Bioinformatic analysis of the surrounding stroma, led to the identification
of two stromal subtypes present in combination with both tumor subtypes, normal
and activated, the latter characterizing the most aggressive tumors. In 2016,
Bailey and colleagues analyzed non-treated bulk resected primary PDAC tissues,
characterized by a broad range of cellularity (Bailey et al., 2016). Careful analysis
of the patient cohort, that was extensively histologically characterized, led to the
discovery of four main subtypes termed squamous, pancreatic progenitor,
immunogenic and aberrantly differentiated endocrine exocrine (ADEX). These
four classes reflected the previous subtypes identified by Collison and colleagues
(pancreatic progenitor, classical; squamous, basal-like; ADEX and immunogenic,
exocrine-like). However, ADEX, immunogenic (Bailey et al., 2016) and exocrine-
like (Collisson et al., 2011) subtypes were found only in low cellularity cancers,
most likely reflecting a high immune and stromal infiltrate and potentially acinar
cells within these tumors. In 2018, a study by Puleo et al. examined the
transcriptomes obtained from formalin-fixed paraffin embedded PDACs (Puleo et
al., 2018). They bioinformatically excluded from their analysis gene expression
originating from normal pancreas epithelium and started by analyzing tumors

characterized by high cellularity. In this context they identified two subtypes,
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namely basal-like and classical, and within classical PDAC, a pure classical and
an immune classical subgroups, the second associated with high immune
infiltrates. In a second step, by analyzing all samples, including those with low
tumor cellularity, they additionally identified two stromal subtypes, termed stroma
activated and desmoplastic. Since both stromal subtypes showed features of
basal-like and classical tumors, it was difficult to identify if tumor cell
transcriptomes were contributing to the stratification. In 2020, Chan-Seng-Yue
and colleagues, carried out an extensive molecular subtyping study by analyzing
the genomes and transcriptomes of a large cohort of primary and metastatic
PDACs (Chan-Seng-Yue et al., 2020). By

microdissected tumors, enriched in tumor cell content, they identified the

investigating laser capture
presence of five PDAC subtypes, largely overlapping with the previously identified
ones (figure 3): basal-like-A, basal-like-B, mostly characterized by squamous
gene expression signatures, hybrid, classical-A and classical-B, characterized by
classical gene expression signatures. This study for the first time highlighted that
the two accepted subtypes of PDAC, with classical and basal-like gene
expression programs, show a certain degree of heterogeneity, since two defined
groups in each subtype were discovered. Moreover, by bridging transcriptional
and genomics profiling they identified a genetic basis for human pancreatic
cancer subtypes. Indeed, an increased gene dosage in mutant KRAS was
observed mostly in basal-like tumors, showing that KRAS imbalance is strictly

connected with the most aggressive phenotype of this disease.
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Table 1 | Summary of the main studies that identified transcriptional subtypes of
PDAC

Table adapted from Collisson et al. (2019).

ADEX, Aberrantly Differentiated Endocrine Exocrine; CAF, cancer-associated fibroblast;
PDAC, pancreatic ductal adenocarcinoma; PDCL, patient-derived cell line; PDX, patient-
derived xenograft; RNA-seq, RNA sequencing; scRNA-seq, single cell RNA sequencing

Other subtyping strategies identified subgroups of PDAC with distinct metabolic
or stromal attributes (Daemen et al., 2015). Recently, PDAC subtyping based on
histomorphological characterization was compared with molecular subtyping.
This approach identified a partial overlap with previously described
transcriptional-based classifications (Kalimuthu et al., 2020). In this study,
Kalimuthu et al. stratified the patient cohort into two groups based on the
differentiation status of their tumors. Patients presenting differentiated tumors,
defined in the study as gland-forming were enriched in gene expression
signatures from the previously reported classical subtypes, while undifferentiated
tumors, or non-gland forming, were characterized by enrichment in basal-like,
squamous and quasi-mesenchymal signatures (figure 3). Correlation of the
molecular and histological subtyping with survival showed that the least
differentiated tumors were characterized by worse prognosis and resistance to
standard chemotherapy (Aung et al., 2018; Moffitt et al., 2015; Winter et al.,
2008).
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Figure 3 | Comparison of PDAC subtypes



Transcriptional and histological stratification of PDAC was compared to previous
classification studies by Collison et al., Moffit et al., Bailey et al. and Chang-Seng-Yue et
al. Figure adapted from Connor and Gallinger (2022).

Even though to date the different strategies to subtype human PDAC have mostly
failed to improve therapies and patient outcome, these findings suggest the
existence of distinct treatment vulnerabilities in subgroups of PDAC patients,
therefore opening opportunities for novel personalized therapies (Bailey et al.,
2016; Collisson et al., 2011; Daemen et al., 2015; Moffitt et al., 2015; Waddell et
al., 2015).

1.4. The role of oncogenic KRAS in the molecular subtyping of
PDAC

Although over the years, different studies have used different nomenclatures, two
main subtypes of PDAC emerge: (1) a class of tumors characterized by cancer
cells which assemble in not organized duct-like gland forming structures,
surrounded by an abundant stroma and presenting classical gene expression
programs; and (2) sarcomatoid tumors, composed of mesenchymal non-gland
forming cells, less prevalent stroma, and showing basal-like transcriptional
programs.

Recent studies have demonstrated that oncogenic KRAS®'?P

copy number
variation, expression and signaling have dramatic effects on cell morphology,
plasticity, histopathology and clinical outcome of this disease (Chan-Seng-Yue et
al., 2020; Mueller et al., 2018). Mesenchymal PDAC is the subtype that shows
the highest KRAS®'??increased gene dosage and gene expression. This reflects
in increased aggressiveness of this tumor type, displaying higher metastatic
potential and extremely poor prognosis, often not responding to standard of care
chemotherapy, therefore representing an unmet clinical need (Chan-Seng-Yue et
al., 2020; Mueller et al., 2018).

In contrast to other cancer types, where targeted therapies have shown an impact
on both primary and metastatic disease, pancreatic cancer did not benefit from
their development. A variety of genomic studies have identified mutations in the
KRAS oncogene in more than 90% of PDAC patients, implicating the downstream

MAPK signaling pathway as a target for therapeutic intervention. Studies in
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KRAS-mutant subsets of other cancer entities such as non—small cell lung cancer
and colorectal cancer have shown promising results (Chen et al., 2012; Janne et
al., 2013). MAPK pathway inhibition alone and in combination with chemotherapy
led to a positive clinical outcome in mutant Kras-driven GEMMs of non—small cell
lung carcinoma (Chen et al., 2012; Janne et al., 2013). However, clinical and
preclinical results have clearly demonstrated the existence of mechanisms that
drive intrinsic and acquired resistance to MAPK pathway inhibitors. For this
reason, combinatorial therapeutic regimens have been investigated. Recently,
combinations of MEK inhibitors with drugs targeting either the protein tyrosine
phosphatase SHP2 or autophagy have shown promising results in PDAC
preclinical studies (Kinsey et al., 2019; Mainardi et al., 2018; Ruess et al., 2018).
These data suggest that combining MEK inhibitors with other compounds might
lead to the development of novel and more efficient strategies for therapeutic
intervention. However, there is a need for these strategies to target the tumor
microenvironment as well to maximize treatment efficacy, highlighting the
requirement for the development of therapeutic approaches that target pancreatic

cancer and its microenvironment.

1.5. The tumor microenvironment of PDAC

One of the confounding factors in PDAC treatment response is its heterogeneous
TME (Biankin and Maitra, 2015; Carstens et al., 2017; Moffitt et al., 2015; Neesse
et al., 2015; Poschke et al., 2016). So far, the poor characterization of the different
stromal and immune subpopulations in PDAC limits our understanding of their
implications for treatment response and resistance as well as for the development
of personalized PDAC therapies. Even though it is well established that
inflammation is an important risk factor for PDAC, little is known about the pro-
and anti-tumorigenic cross talk between PDAC subtypes and their respective
surrounding immune cell subpopulations (Guerra et al., 2011; Gukovsky et al.,
2013; Schneider et al., 2017).

PDAC is characterized by an immunologically “cold” tumor microenvironment and
is strongly immunosuppressive, typically showing an abundant infiltration of
myeloid derived suppressor cells, regulatory T cells (Tregs) and lacking CD8+ T
cells, which if present display low activation marker expression (Binnewies et al.,

2018). PDAC’s TME develops early during tumorigenesis, concomitantly to the
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formation of PanIN lesions, and evolves together with the tumor itself leading a
strong pro-tumorigenic environment. The pancreatic TME is highly
heterogeneous and composed of a strong desmoplastic stroma, which can
account for up to 90% of the tumor volume (Neesse et al., 2011), blood and
lymphatic vessels and inflammatory cell types, disrupting the classical pancreatic

architecture, some of which will be described in the following paragraphs.

Cancer associated fibroblasts

One of the most prominent histological features of PDAC is the dense tumor
stroma, mostly present in tumors of the classical subtype (Steins et al., 2020).
Cancer associated fibroblasts (CAFs) are the main constituent of the
desmoplastic reaction. They secrete extracellular matrix and are essential to
establish a fibrotic and hypovascular TME.

Single cell RNA-seq (scRNA-seq) analyses of mouse and human tumors revealed
that CAFs are heterogeneous in PDAC (Bernard et al., 2019; Elyada et al., 2019;
Hosein et al., 2019). Recent report identified three CAFs subpopulations: ECM-
producing myofibroblastic CAFs (myoCAFs), inflammatory CAFs (iCAFs) and
antigen-presenting CAFs (apCAFs). Studies investigating the spatial distribution
of these CAF subpopulations showed substantial differences in their location
within tumors. Notably, while myoCAFs were located mostly in proximity to tumor
cells, iCAFs were more distant, likely suggesting a direct interaction between
these two fibroblasts subsets. A rarer subpopulation of CAFs is represented by
the apCAFs. These fibroblasts present MHC class Il and CD74 expression but
lack co-stimulatory molecules, expressed by the classical antigen-presenting
cells. CAFs have a dual role and can be both tumor promoting and tumor
restraining. Since CAFs dynamically evolve together with the tumors, they can
influence the tumor and immune compartment both directly and indirectly via
secretion of multiple factors. Their secretome is composed mostly of growth
factors, but also cytokines and chemokines, such as CCL2, CCL5, CSF1, CXCLS5,
CXCL9, CXCL10, LIF and TGFp1 among others (Chen et al., 2021; Kalluri, 2016;
Ligorio et al., 2019; Sahai et al., 2020). Studies in preclinical models have
uncovered that CAF secreted TGFB1 has a strong immunosuppressive and pro-
tumorigenic role, influencing the function of several immune cells including
neutrophils, macrophages and T cells (Fridlender et al., 2009; Mariathasan et al.,
2018; Thomas and Massague, 2005). In contrast, the tumor restraining functions
of CAFs are probably dependent on promotion of anti-cancer immunity via

different mechanisms: secretion of pro-inflammatory and tumor-inhibitory signals
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and the production of ECM components serving as barriers against tumor cell
invasion and dissemination. Studies connecting these two CAFs functions to the
identified CAF subtypes in PDAC have yet to be performed. However, in
preclinical models of PDAC, suppression of LIF signaling in iCAFs shifted these
cells towards an ECM-producing myoCAF phenotype, resulting in a reduction of
tumor cell proliferation and growth (Biffi et al., 2019). All of these evidences argue
for a potential role of CAFs in mediating therapy response, suggesting that
targeting the pro-tumorigenic functions of CAFs might increase the efficacy of

tumor-targeted treatment strategies.

Tumor infiltrating lymphocytes

Part of the immunological heterogeneity of PDAC is determined by the adaptive
immune response. Tumor infiltrating lymphocytes (TILs), composed of both T and
B cells, infiltrate PDAC TME and have shown diverse functions, partially also
contributing to its immunosuppressive features.

Within the TME of PDAC, CD3+ TILs are a common immune cell population, in
which CD8+ are rare but CD4+ are numerous (Clark et al., 2007). CD4+ T cells
subdivide into additional cell subpopulations which include among others T helper
cells, Tregs and Th17. T helper cells, which can exist in a Th1 and a Th2 state,
have been extensively characterized in pancreatic cancer. Th1 cells are known
to secrete a variety of pro-inflammatory cytokines, including interferon (IFN)y, IL2,
TNFa, IL6, IL8, and IL1B, whereas Th2 have been shown to secrete mostly anti-
inflammatory cytokines such as IL4, IL5 and IL10. In PDAC, Th2 are the most
prevalent cell subset and are likely to contribute to the immunosuppressive
features of the TME (De Monte et al., 2011; Ochi et al., 2012; Protti and De Monte,
2012). PDAC patients showing an increased Th2/Th1 ratio are usually associated
with a worse prognosis (De Monte et al., 2011; Ochi et al., 2012; Protti and De
Monte, 2012). Mechanistically, Th2 are thought to exsert their
immunosuppressive role via TGFB1 and IL10 secretion (De Monte et al., 2011;
Ochi et al., 2012; Protti and De Monte, 2012). The most common CD4+ T cell
subpopulation in PDAC consists of Tregs (Clark et al., 2007; Pylayeva-Gupta et
al., 2012; Zhang et al., 2014). Tregs act on multiple levels to suppress immune
responses: (1) they secrete inhibitory cytokines, such as IL10 and TGFp1, (2)
they induce apoptosis in the targeted cells and (3) they negatively modulate
antigen-presenting cells (Vignali et al., 2008). In PDAC patients, Treg infiltration
starts in pre-neoplastic lesions and becomes high in advanced tumors, positively

correlating with poor prognosis and metastatic burden (Hiraoka et al., 2006; Tang
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et al., 2014). Tregs migrate to tumor sites upon interaction of their receptors with
chemokines. In mouse models of PDAC, Tregs express high levels of CCRS5,
which binds to CCL3, CCL4 and CCL5. Since PDAC cells express high levels of
CCLS5, also known as RANTES (regulated on activation normal T cell expressed
and secreted), Tregs are often recruited to the TME (Hiraoka et al., 2006; Tang
et al, 2014). Targeting Tregs by blockade of the CCL5/CCR5 axis by
administration of CCRS inhibitors has been shown to reduce Treg infiltration and
tumor growth (Tan et al., 2009), highlighting the possibility to improve PDAC
treatment outcomes by remodeling of the immune TME.

In PDAC, CD8+ cytotoxic T cells are seldomly found within the microenvironment.
An increased accumulation of cytotoxic T cells in the TME of PDAC, and
particularly, close to cancer cells, has been correlated with a better survival of
PDAC patients (Balli et al., 2017; Carstens et al., 2017). In the context of an
effective anti-tumor response, the function of this cell type within the TME is to
induce secretion of cytokines, such as TNF-a and IFN-y, release of granules
containing perforin and granzymes, or FAS-mediated activation of the caspase
cascade in the target cells (Raskov et al., 2021). However, CD8+ T cells that are
able to infilirate PDAC are often restricted to the stromal compartment and show
typical markers of T cells dysfunction (Bailey et al., 2016; Stromnes et al., 2017).
This dysfunctional state, called T cell exhaustion, is characterized by a loss of the
cytotoxic effector function and by the upregulation of inhibitory checkpoint
receptors, for instance PD-1, CTLA-4 and TIGIT (McLane et al., 2019; Saka et
al., 2020).

Among the TIL subpopulations, B cells have been recently identified as having an
important, but controversial, role in PDAC (Gunderson et al., 2016; Lee et al.,
2016; Pylayeva-Gupta et al., 2016). Even though their main function is connected
to the humoral immunity, B cells are also involved in the modulation of T cells and
of the innate immune response (Tsou et al., 2016). A subset of B cells,
characterized by CD19" CD1d" CD5" expression, was found in the pancreas of
PDAC mouse models (Yanaba et al., 2008). This B cell subpopulation has been
shown to strongly suppress T-cell mediated immune responses via IL10
production (Yanaba et al., 2008). Moreover, IL35 secreting B cells have been
shown to directly promote proliferation of cancer cells in a mouse model of PDAC
(Pylayeva-Gupta et al., 2016). Contrary to these examples of B cells exerting a
pro-tumorigenic function in PDAC, analyses of PDAC samples, isolated from
long-term survivors, showed a high density of B cell aggregates at their tumor

margins (Brunner et al., 2020). These studies highlight the need to gain a deeper
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understanding of the mechanistic function of these cell types to provide insights

for the development of novel therapeutic strategies.

Tumor associated macrophages and myeloid derived suppressor cells
Myeloid cells derive from hematopoietic stem cells in the bone marrow. This cell
population include granulocytes, mast cells, monocytes, macrophages and
dendritic cells, which are part of the innate and adaptive immune system. In the
context of PDAC, tumor associated macrophages (TAMs) and myeloid derived
suppressor cells (MDSCs), are the best characterized subset of myeloid cells.
TAMs derive from circulating monocytes and resident tissue macrophages.
Tumor cells actively secrete cytokines and chemokines, including CSF1, CCL2
and CCLS5, to regulate TAM recruitment and differentiation (Murdoch et al., 2004).
In PDAC TAMs have been shown to have a pro-tumorigenic function by promoting
the expansion of tumor initiating cells, epithelial-to-mesenchymal transition and
metastasis (Gardian et al., 2012; Helm et al., 2014; Mitchem et al., 2013).
Moreover, studies point at a strong immunosuppressive function of TAMs in
PDAC. Indeed, targeting TAMs by CSF1 receptor or CCL2 receptor blockade has
been shown to increase the influx of CD8+ T cells within tumors, improving
chemotherapy treatment outcomes and blocking metastasis (Mitchem et al.,
2013). TAMs exist in different polarization states, commonly known as M1-like
and M2-like, although these classifications are not fixed. M2-like macrophages
are thought to be the most immunosuppressive and abundant within PDAC’s
TME. M2-like TAMs suppress T cell activity by secreting Arginase 1. Arginase 1
processes L-arginine present in the TME, thereby blocking T cell function, which
require arginine (Biswas and Mantovani, 2010; Bronte and Zanovello, 2005).
Moreover, M2-like macrophages highly express IL10 and TGFp1 reinforcing the
function of Tregs (Denning et al., 2007; Noy and Pollard, 2014), and secrete
CCL17 and CCL22, known to promote Treg recruitment (Gundra et al., 2014;
Mantovani et al., 2004). TAMs might also directly prevent the activity of T cells by
expressing immune checkpoints such as CTLA-4 and PD-1 (Duraiswamy et al.,
2013; Pardoll, 2012).

Another immunosuppressive cell type infiltrating the PDAC TME are MDSCs,
known to suppress T cell proliferation and activation. In human PDAC, MDSCs
correlate with disease stage (Porembka et al., 2012). Tumor GM-CSF is required
for the recruitment of MDSCs (Bayne et al., 2012). However, further studies will
need to shed light on these pathways to uncover their potential relevance for

therapeutic intervention.
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Tumor associated vasculature

Tumors are known to induce the formation of new vessels, to ensure that the
complex aggregate of cancer cells and TME receive both oxygen and nutrient
supplies (Hanahan and Weinberg, 2011). During this process, called tumor-
induced angiogenesis, an abnormal vascular network, both from a functional and
structural point of view, is generated. In PDAC these new tumor-vessels are
further compromised by the rich desmoplastic stroma which causes high
interstitial pressure (Rhim et al., 2014). Subsequently, the reduced perfusion
promotes a hypoxic environment within the tumor and the TME, limiting the
infiltration of immune cells and promoting tumor cell proliferation (Jiang et al.,
2020; Olive et al., 2009). High expression of pro-angiogenic factors, such as
VEGF, PDGF and FGF and their corresponding receptors have shown to
correlate with poor prognosis in PDAC patients (Fujimoto et al., 1998; Wagner et
al., 1998). Despite initial promising studies in the preclinical context (Baker et al.,
2002; Bruns et al., 2002), first attempts at targeting and preventing angiogenesis
have failed to significantly improve clinical outcomes (Annese et al., 2019; Kindler
et al., 2011). In contrast, therapies aimed at remodeling the extracellular matrix,
reducing therefore the vessel interstitial pressure, have been tested both in
preclinical models (Jacobetz et al., 2013; Provenzano et al., 2012) and clinical
studies (Van Cutsem et al., 2020). For instance, hyaluronan depletion, a
component of the ECM, improved vascular perfusion and drug delivery (Jacobetz
et al., 2013; Provenzano et al., 2012), setting the ground for future combination

therapies aimed at vessel normalization.

1.6. KRAS-mediated mechanisms of immune suppression

Tumor cell intrinsic signaling have been shown to regulate the
immunosuppressive  TME of PDAC. Notably, oncogenic KRAS and its
downstream signaling are key mediator of immune suppression (figure 4) (Collins
et al., 2012). Mutant KRAS has been shown to directly inhibit innate and adaptive
anti-tumor immunity by increasing autophagocytosis, which in turns regulates the
levels of cell surface major histocompatibility complex class | (MHC-I) (El-Jawhari
et al., 2014; Yamamoto et al., 2020), and by modulating the expression of PD-L1
and CD47 (Casey et al., 2016; Coelho et al., 2017). Indirectly, oncogenic KRAS

has been shown to shape the TME of PDAC via paracrine signaling (Dias
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Carvalho et al, 2019). Since early stages of tumor formation, the
immunosuppressive TME is shaped by mutant KRAS expression. In KC mouse
models, pre-neoplastic lesions such as PanIN are infiltrated by
immunosuppressive TAMs, MDSCs and Tregs (Clark et al., 2007). In KPC mice,
type | conventional dendritic cells, which are fundamental for priming of effector
T cells, decrease as PanINs evolve to invasive tumors (Hegde et al., 2020).
Moreover, low levels of dendritic cells were also observed in advanced human
PDAC (Dallal et al., 2002). Oncogenic KRAS drives GM-CSF and CXCL1
expression enhancing the infiltration of MDSCs within the tumor (Bayne et al.,
2012; Pylayeva-Gupta et al., 2012) and promoting T cell exclusion (Li et al.,
2018b). Moreover, dendritic cell recruitment has been shown to be prevented
upon oncogenic KRAS mediated downregulation of CCL4 (Lemieux et al., 2015;
Spranger and Gajewski, 2015). Mutant KRAS has also been reported to promote
Hedgehog signaling, COX2, IL6, phopho-STAT3 and MMP7 expression, resulting
in chronic inflammation and increase of the immune suppressive stroma (Collins
et al., 2012; Olive et al., 2009). Other inflammatory molecules secreted by PDAC
cells and contributing to its immunosuppressive TME include G-CSF (Pickup et
al., 2017), IL1a (Wiedemann et al., 2016), IL1p (Das et al., 2020), CXCL8 (Zhang
et al., 2020b), MMP9 and IDO (Peng et al., 2014). Targets of mutant KRAS and
the RAF-MEK-ERK signaling pathway are also IL10 and TGF@1, which induce
Treg differentiation (Cheng et al., 2019), but also the adhesion molecule ICAM1

which acts as chemoattractant for TAMs (Liou et al., 2015).
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Figure 4 | Oncogenic KRAS mediates immunosuppression in PDAC
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Oncogenic KRAS mediates immunosuppression directly by enhancing autophagy,
decreasing tumor MHC-I and increasing PD-L1 and CD47 expression. Indirect
immunosuppressive effects are mediated via expression of GM-CSF, CXCL1, Hh, MMP7,
IL6 and COX2, which recruit MDSCs and CAFs. CXCL1 has also been shown to have a
role in T cell exclusion. Moreover, downregulation of CCL4 via KRAS pathway activation
prevents recruitment of dendritic cells, and induced expression of IL6 which leads to
systemic dendritic cell dysregulation. Oncogenic KRAS and RAF-MEK-ERK signaling
activation lead to the secretion of ICAM1, TGFB1 and IL10, which have been shown to be
involved in TAM and Treg recruitment. CAF, cancer-associated fibroblast; MDSC,
myeloid-derived suppressor cell; Hh, Hedgehog; TAM, tumor-associated macrophage;
Treg, regulatory T cell.

The studies mentioned so far consider PDAC as a unique tumor entity, evaluating
the role of oncogenic KRAS on the TME only in a limited set of models, not
representative of all PDAC subtypes, which are characterized by distinct and
heterogeneous KRAS levels. A recent study, complementing scRNA-seq
approaches with analysis of TCGA datasets suggested a stronger immune
infiltration in KRAS independent/KRAS-low PDACs compared to KRAS
dependent/KRAS-high tumors (Ischenko et al., 2021). Further studies will be
necessary to systematically and functionally investigate the role of KRAS gene

dosage and expression levels in modulating the TME composition.

1.7. Primary resistance to immune checkpoint blockade in PDAC

Immune checkpoint blockade (ICB) therapy, involving the selective targeting of
CTLA-4 or PD-1/PD-L1, both as monotherapy and combination, have shown little
to no activity in advanced PDAC (Brahmer et al., 2012; O'Reilly et al., 2019; Royal
et al., 2010). ICB treatment efficacy is believed to depend on pre-existing T cell
immunity, suppressed within the tumor by immune checkpoints (Ribas and
Wolchok, 2018). Different aspects influence T cell immunity, and consequently
tumor response to ICB in cancer. Clinical responses to anti PD-1/PD-L1 in
melanoma and additional tumor entities have shown to correlate with diverse
features of the tumor and corresponding TME, such as (1) tumor mutational
burden (Le et al., 2015; Rizvi et al., 2015), (2) CD8 T cell infiltration and
expression of key markers, such as PD-1 and PD-L1, and (3) T cell receptor
(TCR) clonality (Tumeh et al., 2014). Recent reports also suggest a function of
the innate immune system in promoting or preventing ICB sensitivity (Moral et al.,

2020). Taken together, the ineffectiveness of ICB in PDAC appears to be in part
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connected to the lack of a strong pre-existing T cell immunity. Indeed, several
factors limit T cell immunity in PDAC, among which low MHC-I expression
(Yamamoto et al., 2020), moderate tumor mutational burden, resulting in low
tumor neo-antigens (Alexandrov et al., 2013), and a very immunosuppressive
TME. Importantly, studies suggest the existence of a cohort of PDAC patients
which show a moderate infiltration of effector T cells. These patients have a
superior overall survival, highlighting a potential pre-existing anti-tumor T cell
mediated immunity (Bailey et al., 2016; Balli et al., 2017). Moreover, populations
of effector T cells within tertiary lymphoid structures have been identified and
correlated with positive clinical outcomes (Hiraoka et al., 2015). Responses to
anti PD-1 ICB have been shown for a small group of PDAC patients (<1%)
presenting hypermutated microsatellite instable high (MSI-H) tumors. However,
also in this context the responses were not universal (Le et al., 2017; Le et al.,
2015). Rational combinatorial treatment approaches enhancing T cell function,
conferring antigen specificity and enabling tumor recognition might improve the
outcome of immunotherapies in PDAC. Indeed, immunomodulatory agents, such
as autophagy inhibitors able to restore MHC-I expression on the tumor cells
(Yamamoto et al., 2020) or CD40 monoclonal antibodies to prime tumor-specific
T cell functions (Byrne and Vonderheide, 2016) have shown to sensitize PDAC

to ICB in preclinical models.

1.8. Targeting KRAS to modulate the TME of PDAC

Oncogenic KRAS as tumor antigen

Cancer vaccines exploit the idea that a specific antigen has to be exclusively
expressed by tumor cells. In PDAC, the three most frequent somatic mutations
are non-synonymous mutations within KRAS, occurring in more than 90% of
patients and involving the G12, G13 and Q61 codon position (Cox et al., 2014).
Additionally, inactivation of TP53 has been observed in 70% of PDAC cases
(Baugh et al., 2018). Mutant KRAS and p53 have been for long investigated as
targets for cancer vaccines (Vermeij et al., 2011; Zhang et al., 2020c). This
therapeutic approach has shown to elicit T cell responses in selected patients;
however, most reports are underpowered to demonstrate clinical benefit and fail
to show the presence of HLA-restricted immunogenic epitopes. The recent

progress in technology has facilitated the identification of MHC-I and MHC-II-
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restricted epitopes of mutant KRAS and p53 in cancer patients (Lo et al., 2019;
Tran et al., 2015). Moreover, mutant KRAS-specific TILs have shown anti-tumor
activities in one patient with metastatic colorectal cancer (Tran et al., 2016).
Studies in HLA-transgenic preclinical models have shown that vaccine-based
targeting of mutant KRAS may be an option for patients with selected HLA types
(Wang et al., 2016). However, a better understanding of the properties of mutant
KRAS has as antigen, its processing, presentation and epitope-HLA binding
capacities, is necessary to implement this approach also in the clinical setting
(Wang et al., 2019).

Priming PDAC immunity with rational therapies

The innate immune system can recognize pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs) via the
expression of pattern recognition receptors, which include toll-like receptors
(TLRs) and cyclic GMP-AMP synthase (cGAS). Through the activation of TLRs
and cGAS, pro-inflammatory cytokines and type | IFN are released leading to the
activation of the adaptive immune system. Several studies suggest that cytotoxic
therapies, such as chemotherapy and radiation, can sensitize tumors to ICB.
Cytotoxic stress promotes TLR-dependent (Pfirschke et al., 2016) and stimulator
of interferon genes (STING)-dependent (Deng et al., 2014) secretion of PAMPs
and DAMPs, leading to dendritic cell activation. Moreover, cGAS-STING
activation by cytosolic tumor derived DNA is critical to prime effector T cells (Woo
et al., 2014) and to promote the efficacy of ICB in preclinical models (Wang et al.,
2017). Further studies will be necessary to ascertain if these observations hold
true also in the clinical setting. Efforts combining immunomodulatory agents with
cytotoxic agents have been actively pursued in PDAC clinical trials, even though
they were not very successful so far (Bear et al., 2020). Different mechanisms
have been reported to explain how chemotherapy and radiation synergize with
immunotherapy, including an increase in MHC-I expression (Liu et al., 2010),
antigen cross-presentation and T cell priming, resulting in a larger T cell repertoire
and increase in infiltration of effector T cells (Nowak et al., 2003; Rech et al.,
2018). Both dosage and timing of the used therapies are likely to influence the
anti-tumor immune responses. For instance, in mouse models of ovarian cancer
metronomic dosing of chemotherapy showed an overall superior response to the
maximum tolerated dose, due to the preserved immune function and enhanced
activity of effector T cells (Chang et al., 2013). Although cytotoxic therapies might

lead to immunogenic cell death, the following anti-tumor immunity is often
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hindered by the immunosuppressive TME, leading to a lack of therapeutic efficacy
(Barker et al., 2015). Therefore, combinatorial treatment strategies aimed at
generating an anti-tumor immune response will be required to enhance ICB

therapeutic efficacy.

1.9. Aims of the study

KRAS activating mutations are present in more than 90% of PDAC patients.
However, no clinically applicable therapeutic strategy has been developed so far
to treat this subset of patients. Even though the drivers of PDAC are not all
characterized, downstream of mutant KRAS, the canonical RAF-MEK-ERK
signaling pathway plays an important role in PDAC tumorigenesis and
progression (Collisson et al., 2012). MEK inhibitors led to positive outcomes in
RAS-mutant melanomas and lung cancer (Blumenschein et al., 2015; Caunt et
al., 2015), nevertheless unstratified clinical studies failed to provide therapeutic
efficacy in PDAC until now. Recent studies, from our lab and others, showed that
mutant KRAS gene expression and increase in gene dosage (iGD) drive PDAC.
Among PDAC molecular stratified groups, the mesenchymal subtype,
characterized by a non-glandular, basal-like phenotype, displays the highest
mutant KRAS iGD (Chan-Seng-Yue et al., 2020; Miyabayashi et al., 2020; Mueller
et al., 2018). In this work, we set out to identify drivers of the disease by forward
genetic screening, and to develop a combination therapy for the mesenchymal
PDAC subtype targeting KRAS-driven tumor-cell intrinsic signaling and at the

same time reprogramming the TME.
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2. Materials

2.1. Oligonucleotides

Table 2 | Oligos for cloning of focused sgRNA library

sequence (5' > 3')

Sequences of the Cas9 sgRNA focused library are given in the appendix of this
thesis.

CAGGTACCGGTCCTGAGCAGCGCCAATGGGCTTTCGAAG
GCACTTGCTCGTACGACGCGTCTCACACCGNNNNNNNNN
NNNNNNNNNNNGTTTCGAGACGTTAAGGTGCCGGGCCCA
general oligo structure CATCGACAGGCTCTTAAGCGGCTGATCGTCACGCTAGGTA
c

*bold denotes variable sgRNA sequence, underlined denotes
BsmBI sequence

oligoPool_amp_fw CAGCGCCAATGGGCTTTCGA
oligoPool_amp_rv AGCCGCTTAAGAGCCTGTCG

Table 3 | Oligos for NGS of CRISPR sgRNA libraries
sequence (5' 2> 3')

AATGATACGGCGACCACCGAGATCTACACNNNNNNCACCG
ACTCGGTGCCACTTTT

*bold denotes variable indexing sequence for sample
assignment, underlined denotes P5 sequence for lllumina flow
cell binding

AATGATACGGCGACCACCGAGATCTACACNNNNNNCACCG
ACTCGGTGCCACTTTT

*bold denotes variable indexing sequence for sample
assignment, underlined denotes P7 sequence for lllumina flow
cell binding

CGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTT
SgRNA_NGS_Read1 TAACTTGCTATTTCTAGCTCTAAAAC

CGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTT
GTGGAAAGGACGAAACACC

TTTCAAGTTACGGTAAGCATATGATAGTCCATTTTAAAACAT
AATTTTAAAACTGCAAACTACCCAAGAAA

sgRNA_NGS-
P5_barcoded

sgRNA_NGS-
P7_barcoded

sgRNA_NGS_Read2

sgRNA_NGS_Index_P7

sgRNA_NGS_Index_P5 CGTTATCAACTTGAAAAAGTGGCACCGAGTCGgty

Table 4 | Oligos for sgRNA - cloning into pLenti CRISPR V2/pLenti-guide
puro

sequence (5' > 3')
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Hprt 39 _fw CACCGATGTCATGAAGGAGATGGG
Hprt_39_rv AAACCCCATCTCCTTCATGACATC
LacZ_fw CACCGTGCGAATACGCCCACGCGAT
LacZ_rv AAACATCGCGTGGGCGTATTCGCAC

Table 5 | Oligos for Indel analysis of CRISPR-edited loci

sequence (5' > 3')

mmGrb2_778_TIDE_fw

ATCCCGTCTCTTTGTGGGGA

mmGrb2_778 TIDE_rv

GATCGGTCAGACAGGGCAAAG

mmAcvr1_801_TIDE_fw

GGTGGAATCCTTTCTAAACCCCA

mmAcvr1_801_TIDE_rv

CTTGGCTTTTAGCCCAGTGAC

mmMap2k5_236_TIDE_fw CTGACCTGACCCTTCTGAGC
mmMap2k5_236_TIDE_rv TCAGGCACACCTGCTAATGG
mmMap3k3_univ_TIDE_fw AGGTCACTTGAGCTGTGGTTAG
mmMap3k3_univ_TIDE_rv ATACCTGATGTGGCAAGGATT

mmFgfr1_829 TIDE_fw

ACCCTGAGGAGATAGCTTGTG

mmFgfr1_829 TIDE_rv

AAAGTAAAGTTCAAAGCGGGACG

mmPrkaa1_univ_TIDE_fw TGATTTGGTCCCCGTAAGCC
mmPrkaa1_univ_TIDE_rv ATTTCAGGGCTGGCAGGTAG
mmHprt_123_TIDE_fw CCTCATGCCCCAAAATCTTACC
mmHprt_123_TIDE_rv GGTTCTACCCCAGCACAGAAA

Table 6 | Oligos for electroporation

sequence (5' > 3')

bold denotes 20 nucleotide sgRNA sequence

Acvr1_58477801

rGrGrUrGrGrArArArUrUrCrUrGrUrGrUrUrCrCrGrGrUr
UrUrUrArGrArGrCrUrArUrGrCrU

Grb2_115649778

rArArArCrArCrUrUrArCrUrUrGrArCrGrGrArCrArGrurU
rUrUrArGrArGrCrUrArUrGrCrU

Map2k5_63322236

rArUrArCrGrGrUrArUrCrGrArGrArCrArCrCrCrUrGrurU
rUrUrArGrArGrCrUrArUrGrCrU

Map3k3_106149607

rGrCrArCrUrCrCrGrUrArGrGrCrGrCrCrCrArCrGrGrUr
UrUrUrArGrArGrCrUrArUrGrCrU

Fgfr1_25560829

rArCrCrCrArCrGrArCrGrUrCrArArGrCrUrGrGrUrGrUr
UrUrUrArGrArGrCrUrArUrGrCrU

Prkaa1_5168617

rCrCrUrGrUrGrArCrArArUrArArUrCrCrArCrArCrGrurU
rUrUrArGrArGrCrUrArUrGrCrU
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Table 7 | Oligos used to check for recombination at the Mek1 locus

sequence (5' > 3')

Mek1_fw GACGTGGTGAACAGGAAAGGGATTGGG
Mek1_rv1 TGGAGCTGGAGTCACGGGTGGTTGTAA
Mek1_rv2 GCGAACTGGGAGCTGGCAACGGTGGAG

2.2. Antibodies

Table 8 | Antibodies
The application for which the antibodies were used is indicated in brackets. In
each line the antibody is followed by the provider and the corresponding

catalogue and RRID numbers.

CD4 BUV805 (Clone GK1.5) (FACS) BD Biosciences gaRtE;S:é?g%QOOS
CD3e BUV395 (Clone 145-2C11) (FACS) BD Biosciences (éaRtl gsf\gfg?%zm
CD11¢ BUV737 (Clone HL3) (FACS) BD Biosciences gﬁﬁg?fé?g%gou
NK1.1 BUV395 (Clone PK136) (FACS) BD Biosciences gaRt|g;5£§1‘21‘71238618
CD8a BV785 (Clone 53-6.7) (FACS) Biolegend Eﬁﬁgfﬁgﬁ‘?’mgm
CD45 PerCP Cy5.5 (Clone 13/2.3) (FACS) Biolegend 3%3?,1‘{22@537
CD19 FITC (Clone 6D5) (FACS) Biolegend S%g?,lgfg%m
EpCAM APC/AF647 (Clone G8.8) (FACS) Biolegend gaRtlg?/lgf] 4101
Ly6C BV785 (Clone HK1.4) (FACS) Biolegend Eﬁt'gffgfﬁ;gsgsg
CD11b BV650 (Clone M1/70) (FACS) Biolegend 333?2&3??’125575
F4/80 BV421/PB (Clone BM8) (FACS) Biolegend E‘E‘fﬁfé’i%@om
Ly6G PE (Clone 1A8) (FACS) Biolegend %gfﬁ%mm
CD68 APC-CY7 (Clone FA-11) (FACS) Biolegend E%S?,féfﬁéasm 2
TruStain FcX CD16/32 (Clone 93) (FACS) Biolegend gaRﬁg?gé?g’mgm
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TER-119/Erythroid Cells BV421 (FACS) Biolegend E‘E‘fﬁ?,lgf?gésme
CD45 APC/AF647 (Clone 30-F11) (FACS) Biolegend g;ﬁg?,fgiiggm
CD31 APC/AF647 (Clone 390) (FACS) Biolegend §§|§?£§f185410
Rat anti-CD68 (Clone FA-11) (IF) Bio-Rad Cat #MCA1957,

RRID:AB_322219

Rabbit anti-ARG1 (Polyclonal) (IF)

ThermoFisher

Cat #PA5-29645,
RRID:AB_2547120

Cat #ab2545, RRID:

Rabbit anti-CD80 (Polyclonal) (IF) Abcam n/a

Rat anti-CD3 (Clone 17A2) (IF) Biolegend Cat#100201, RRID:
. ) . Cat #SAB4501665,

Rabbit anti-CK18 (Polyclonal) (IF) Sigma RRID:AB_10746153

Chicken anti-Vimentin (Polyclonal) (IF) Invitrogen Cat #PA1-16759,

RRID:AB_2257294

Goat Anti-Armenian Hamster IgG Cy™3
(Polyclonal) (IF)

Jackson Immuno

Cat #127-165-160,
RRID:AB_2338989

Goat anti-rat AF680 (Polyclonal) (IF) Invitrogen gaRt| gﬁzs']_g%gs?so
Donkey anti-rat AF594 (Polyclonal) (IF) Invitrogen gaRtl gAX\281_22225795
Donkey anti-rat AF488 (Polyclonal) (IF) Invitrogen gaRtl gﬁ281_22225794
Goat anti-rabbit AF488 (Polyclonal) (IF) Invitrogen gaRt| gpx\:g']_g%d%sm 7
Goat anti-chicken AF680 (Polyclonal) (IF) Invitrogen Cat #A-32934,

RRID:AB_2762846

Rabbit anti-CD3 (Clone SP7) (IHC)

Zytomed Systems

Cat #RBG024,
RRID:AB_2864584

Rat anti-CD8 (Clone GHH8) (IHC)

Dianova

Cat #DIA-808, RRID:
n/a

Rabbit anti-KI67 (Clone SP6) (IHC)

Thermo Scientific

Cat #MA5-14520,
RRID: AB_10979488

Rat anti-CD31 (CloneSZ31) (IHC) Optistain gaRtlgl'DAI\é-BZl%mSQ
Rabbit anti-Phospho-Histone H2A.X (Ser139) Cell Signalin Cat #9718S,
(20E3) (IHC) ghaling RRID:AB_2118009
Santa Cruz Cat #sc-13119,
HSP0a/B (F-8) (WB) Biotech RRID:AB_675659
Rabbit anti-MEK1 (30C8) (WB) (IHC) Cell Signaling O 28020
Rabbit anti-MEK2 (13E3) (WB) (IHC) Cell Signaling TS so6at
Phospho-p44/42 MAPK (Erk1/2) Cell Signaling Cat #4695,

(Thr202/Tyr204) Rabbit mAb (WB) (IHC)

RRID:AB_390779
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Mouse anti-ERK (pan ERK)

BD Biosciences

Cat #610123,
RRID:AB_397529

Mouse anti-Cas9 (7A9-3A3) (WB)

Cell Signaling

Cat #14697,
RRID:AB_2750916

Rabbit anti-B-Actin (13E5) (WB)

Cell Signaling

Cat #4970,
RRID:AB_2223172

2.3. Compounds and recombinant proteins

Table 9 | Inhibitors and recombinant proteins

The compounds are followed by provider and catalogue number.

Nintedanib (BIBF 1120) Selleckchem Cat #S1010
Trametinib (GSK1120212) Selleckchem Cat #S2673
4-Hydroxytamoxifen (4-OHT, in vitro Sigma Cat #H6278
treatment)

Anti PD-L1-mIgG1e3 InvivoFit™ InvivoGen Cat #pdl1-mab15-1
Tamoxifen (in vivo treatment) Sigma Cat #T75648
6-Thioguanine Sigma Cat #A4882
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3. Methods

Primary PDAC cell culture, long-term cell proliferation assays (clonogenics)
and inhibitors

Mouse primary PDAC cell lines were isolated from autochthonous PDAC and kept
in culture as previously described (von Burstin et al., 2009). All used cell cultures
were passaged less than 30 times, authenticated by genotyping and tested via
PCR for mycoplasma contamination. Conventional human PDAC cell lines and
primary patient derived low passaged PDAC cell cultures, such as huPDAC7 and
huPDAC17, were established and cultured as previously reported (Biederstadt et
al., 2020; Eser et al., 2013).

To perform clonogenic assays, 1000-2000 cells per well, depending on the growth
rate of the cell line, were seeded into 24-well plates. The following day, the cells
were exposed to different concentrations of inhibitors as indicated in the figures.
Media and drugs were refreshed every 7 days. For every experiment, the plates
were kept at 37°C and 5% CO.. Long-term clonogenic assays were stopped 7 to
13 days after the beginning of the drug treatment, depending on the confluence
reached by the vehicle-treated control. When the experiment was terminated, the
cells were fixed and stained with crystal violet (0.2% in an ethanol/water solution).
For quantification, crystal violet was solubilized with 10% acetic acid and
absorbance was measured at 595 nm. The online software Synergy Finder
(lanevski et al., 2020) was employed to calculate Bliss synergy scores. All
experiments were carried out independently at least three times. Trametinib,
nintedanib and 6-thioguanine were purchased from Selleckchem, 4-OHT from
Sigma, murine Anti PD-L1 mAb (Anti PD-L1-mIgG1e3 InvivoFit™) was obtained

from InvivoGen, and tamoxifen used for in vivo treatment from Sigma.

Caspase 3/7 assay

To evaluate apoptosis, cells (1000 per well) were seeded into a 96-well plate a
treated with vehicle (DMSO), trametinib (10 nM) or nintedanib (2 uM), either alone
or in combination, for 24 hours as indicated. Subsequently, the caspase 3/7 assay
(Promega) was used to evaluate caspase 3/7 activity after 24 hours of drug
treatment, according to the instructions provided by the manufacturer. Every

assay was performed independently at least 3 times.
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Kinobead Pulldowns

The kinobead pulldown experiment was performed as previously reported
(Klaeger et al., 2017). In-gel digestion was carried out according to standard
procedures (Shevchenko et al., 2006). MaxQuant (v 1.5.7.4) was used for the
identification of peptide/proteins and for their quantification, making use of the
Swissprot database (mouse, 16996 entries, version 23 November 2018) using
Andromeda. The data analysis was executed as previously described (Vizcaino
et al., 2013).

Automated combinatorial drug screen

The compound library, composed of 418 drugs, was purchased from
SelleckChem; each compound was kept either in DMSO or in water. Depending
on the growth rate of the cells, 1000-2000 cells were seeded in a 96-well plate in
cell culture medium by using a Multidrop Combi dispenser (Thermo Fisher). In
order to achieve ~85% confluency and at least two cell doublings at the end of
the assay, the optimal number of cells for each cell line was determined. The cells
were treated with a 7-point dilution of each compound (7 concentrations, 3-fold
dilution and highest concentration 10 uM) and DMSO as control, after overnight
incubation. The liquid handling robotics (CyBio Felix) was used to dispense the
drugs. Each cell line was treated with the compound library, either as
monotherapy or together with a defined concentration of trametinib (5 nM). After
72 hours of treatment, viabilty was assessed by using CellTiter-Glo®
Luminescent Assay (Promega). The Multidrop Combi dispenser was used to add
the CellTiter-Glo reagent. After the CellTiter-Glo was added, cells were shaken
and left in the dark for 10 minutes. The luminescence signal was then measured
using the Infinite Pro 2000 Lumi (Tecan) Luminometer. The R package GRmetrics
(Clark et al., 2017; Hafner et al., 2016) was used to generate dose-response
curves for both monotherapy and combinations. Only the compounds for which a
sigmoid curve was fitted (r2>0.9) were included in the following analyses. The
Bliss independence model (Bliss, 1956) was used to calculate an expected effect
of the drug combinations. The difference in AUC (delta AUC) between expected

and measured response to the combination was employed as proxy for synergy.

Cloning of focused Cas9 sgRNA library
A custom sgRNA Cas9 library was constructed by selecting from the genome-
wide mouse Brie library (Addgene ID #73633) 4 sgRNAs per relevant nintedanib

target. Non-targeting controls (true non-targeting as well as olfactory receptors),
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common essential genes and trametinib sensitizing/resistance genes were
included to a total of 350 sgRNA sequences which were embedded into an oligo
sequence with flanking PCR handles and BsmBI restriction sites (DeWeirdt et al.,
2021). Subsequently, the oligo pool (Twist Bioscience) was amplified at 5 nM
input with NEBNext Ultra Il polymerase and primers binding the PCR handle with
following conditions: (i) 98°C for 30 sec, (ii) 53°C for 30 sec, (iii) 72°C for 30 sec,
repeat for 16 cycles. PCR product was purified with AmpureXP beads (Beckman
Coulter). For Golden Gate cloning, pLenti-guide puro (Addgene ID #52963) was
digested with BsmBI-v2 (NEB) overnight. Assembly was set up with 1.5 yl T4
DNA ligase (NEB), 2.5 ul 10x T4 buffer, 1 yl BsmBI-v2, linearized backbone and
amplified insert (1:3 molar ratio) in 25ul reaction volume with following conditions:
(i) 37°C for 5 min, (ii) 16°C for 10 min (repeat i and ii for 30 cycles), (iii) 55°C for
5 min, (iv) 80°C for 5 min. AmpureXP beads were used to purify the product and
the resulting reaction was electroporated using a BioRad MicroPulser (1.8 kV in
0.1 cm gap cuvettes (Sigma-Aldrich)) in Endura Competent cells (Lucigen).
Bacteria were recovered in provided recovery medium and grown at 33°C
overnight (liquid culture in LB-medium (Sigma) supplemented with 100 pg/ml
Ampicillin). Dilution series of electroporated bacteria were plated onto LB-plates
to assess electroporation efficiency. An approximate 4000x coverage was
determined the next day. Liquid culture was spun down and plasmid DNA was
extracted using the NucleoBond Xtra Midi EF Kit (Macherey-Nagel). NGS libraries
were made according to the protocol given below to determine sgRNA

abundance.

Lentivirus production and titration

HEK293FT cells were kept in cell culture medium composed of DMEM (Sigma),
10% FCS and 1% penicillin/streptomycin. To produce viral particles for the sgRNA
library, HEK293FT cells were plated in 15 cm dishes. The following day, at 60%
confluency, the cells were transfected with library plasmid (14.3 pg), psPAX2
(Addgene ID #12260, 10.9 ug) and pMD2.G (Addgene ID #12259, 7.1 ug) per
each plate together with TransIT-LT1 (Mirus Bioscience) 119 ul, and OptiMEM
(Gibco) 850 pl. The following day, medium was replaced to medium containing
30% FCS. 48h and 72h post transfection, supernatant was collected, spun down
and filtered through 0.45 pm pores. Virus was stored at -80°C until usage. For
virus production of any other construct, HEK293FT cells were cultured in 10 cm

dishes and transfected the next day with a mix of viral plasmid (2 pg), psPAX2
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(1.25 pg), pMD2.G (0.75 pg), TransIT-LT1 (18 pl) in OptiMEM (Gibco, 270 pl).
Following steps were identical to the procedure described above.

Spinfection (2h, 1000g, 33°C) of target cells was performed to functionally titrate
the lentiviral sgRNA library. The target cells (kept in 12-well plates/3x10° cells per
well) were supplemented with different amounts of supernatant (to a maximum of
400 pl) (Joung et al., 2017) in the presence of polybrene (8 pg/ml, Merck). The
next day, cells were passaged and seeded into a 96-well plate, keeping each
infection condition separate. Puromycin was used to eliminate uninfected cells
and the fraction of surviving cells relative to the total cell number was determined
after 3-4 days using CellTiter Glo assay (Promega). Amount of lentivirus needed
per 12-well for a target MOI of 0.3 was calculated by generation of a standard
curve and deduction to which amount of lentiviral supernatant corresponded to a

survival of 0.25. This amount was then used per well for library transduction.

Whole-genome and focused CRISPR/Cas9 screens

Three clonal Cas9-expressing cultures (9091, 8248 and 8570) were used to
perform the CRISPR/Cas9 screens. Coverage was kept at 1000x for the focused
Cas9 library and 500x for the Brie library. pLenti Cas9-2A-BSD (Addgene ID
#52962) was used to infect the parental cell lines. The resulting cultures were
then selected with BlasticidinS (Invivogen, 10 ug/ml). Subsequently, single clones
were isolated by limited-dilution and were tested for Cas9 expression by western
blot analysis. Clones expressing Cas9 strongly were additionally functionally
validated by treatment resistance to 6-thioguanine (Sigma) upon editing at the
Hprt-locus (obtained through sgRNA cloning into pLenti-guide puro).

The doses of trametinib to use in the screens were decided by culturing the cells
with different concentrations of trametinib (1.25 nM, 2.5 nM, 5 nM, 10 nM and 20
nM) to determine the effect on cell proliferation and ERK1/2 phosphorylation
status. For the proliferation assays, 500000 cells were seeded in a 10 cm dish
and trametinib at the desired concentrations was immediately added. The cultures
were split every 3-4 days and the number of cells was determined at each
passage. Protein samples were collected at each time point and the levels of
phospho-ERK were assessed by immunoblot analysis.

For screening, an appropriate cell number was collected in order to obtain enough
cells to have replicates, considering the elimination rate mediated by antibiotic
selection. The cells were transduced with the lentiviral library according to the
pre-determined volume using the same procedure described above. The screens

were carried out side-by-side, in duplicates (for the Brie library) or triplicates (for
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the focused Cas9 library). The next day, cells were collected, pooled and plated
in medium containing puromycin (Sigma; final puromycin concentration 9091 and
8248: 4ug/ml; 8570: 12ug/ml). 4 days following infection, the medium with
puromycin was removed and the cells were let to recover for 2 days.
Subsequently, cells were collected and divided into an experimental arm and a
control arm (5 nM trametinib or DMSO). An appropriate cell number was plated
at each passage to maintain respective coverage of the library. Cells were
passaged every 3-4 days for 2 weeks, thus changing the medium with the drug
treatment. At the end of the culturing period, cells were collected, and the genomic
DNA was isolated by employing the DNeasy Blood & Tissue kit (Qiagen, for the
focused libraries) or the Blood & Cell Culture DNA Maxi Kit (Qiagen) according to

the protocols provided by the manufacturer.

Single guide RNA library construction, NGS and MaGECK analysis

An appropriate amount of genomic DNA (gDNA) was used to amplify sgRNA
sequences and maintain coverage of the library (approximately 230 ug for
genome-wide and 9 ug for focused libraries). One PCR reaction was composed
of gDNA (6 pg), 2x KAPA HiFi HotStart ReadyMix (Roche, 25 pl) and
forward/reverse primer (2 pl each, 10 uyM) with unique sequencing-barcode
indices, for a total volume of 50 pl. Cycling conditions were performed as follow:
(i) 95°C for 3 min, (ii) 98°C for 20 sec, (iii) 62°C for 30 sec, (iv) 72°C for 45 sec
(repeat i to iv x28), (v) 72°C for 5 min. The NEB Monarch PCR-cleanup kit was
used to purify the PCR products. Then, PCR products were pooled equimolarly
and the KAPA library quantification kit for lllumina was used to quantify the final
library. The denatured pooled libraries (4 nM) were loaded onto an lllumina
NextSeq 500 with custom read and spike in indexing primers. Read depth was
set to maintain coverage of the library - approximately 35 Mio reads for genome-
wide and 350000 reads for custom library.

After sequencing and demultiplexing, downstream processing was performed
with MAGeCK v 0.5.9.4 (Li et al., 2014). Resulting reads were aligned to reference
sgRNA sequences and counted (using count command with otherwise default
values). The maximum likelihood estimation (mle) was used to calculate beta
scores, using the non-targeting control guides information, resulting in a single
score for each gene. The resulting score is a representation of enrichment (+) or
depletion (-) of the sgRNAs relatively to their initial abundance. To explore
significantly depleted nintedanib targets in presence of trametinib, the difference

in score between both arms of the experiment was calculated (DMSO and
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trametinib). Values falling < 5th percentile and > 95th percentile were considered

as mediating resistance or synergy in presence of the treatment.

Lentiviral CRISPR/Cas9-KO of individual genes
CRISPick was wused to design sgRNAs (Doench et al. (2016),
https://portals.broadinstitute.org/gppx/crispick/public). Overhangs for cloning

were appended and sgRNAs were produced as complementary forward and
reverse oligos (Eurofins Genomics GmbH, Ebersberg, Germany). For cloning,
complementary oligos were annealed with T4 DNA-ligase buffer (NEB) and
subsequently cloned into CRISPR expression vectors (pLenti CRISPR V2,
Addgene ID # 52961, or pLenti-guide puro) by means of BsmBI-v2 and T4-DNA
ligase (NEB). Assembled product was transformed into chemically competent
bacteria (Stbl3 strain) utilizing 5x KCM buffer (KClI 500 mM, CaCI2 150 mM,
MgClI2 250 mM) and grown overnight on Ampicillin-containing (100 pg/ml) LB-
plates. Plasmid DNA was isolated from single colonies after liquid overnight
culture using the Monarch Plasmid MiniPrep Kit (NEB). Obtained DNA was
quantified and subjected to lentivirus production as described above.

For lentiviral transduction, 1 x 10° cells of the target cell lines were seeded into 6-
well plates. The day after, 1 ml lentiviral supernatant plus 1 ml fresh DMEM with
supplements and polybrene (final concentration 8 ug/ml) were used to replace
the medium. 48h post transduction, selection with puromycin was started until
mock-infected cells had died. Selected cells were further passaged as necessary,
cryopreserved and prepared for indel analysis by genomic DNA extraction using
the DNeasy Blood & Tissue kit (Qiagen). Extracted genomic DNA was PCR-
amplified with primers flanking the sgRNA binding site by means of 2x KAPA HiFi
HotStart ReadyMix (Roche) with following setup (25 pl total reaction): 12.5 ul 2x
KAPA, fwd/rev primer at 300 nM each, 100 ng gDNA with cycling conditions (i)
95°C for 3 min, (ii) 98°C for 20 sec, (iii) 62°C for 30 sec, (iv) 72°C for 45 sec
(repeat ii to iv x30), (v) 72°C for 5 min. The resulting PCR product was purified
(Monarch PCR & DNA cleanup kit, NEB) and submitted to Sanger sequencing
service (GATC service, Eurofins). Obtained reads were analyzed for CRISPR

edits using the web-based application ICE (Synthego, https://ice.synthego.com/).

Edited cells were plated into 24-well plates (1000 cells/well) and clonogenic

assays were performed as described above.
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Electroporation of CRISPR/Cas9 RNPs and Indel assay

For validation of nintedanib targets conferring sensitivity to trametinib treatment,
sgRNAs were synthesized as crRNAs and complexed with tracrRNA (Integrated
DNA Technologies, IDT), according to the instructions provided by the
manufacturer. The resulting crRNA::tracrRNA complex (22 pmol) was mixed with
18 pmol of Alt-R Cas9 enzyme (IDT, Alt-R S.p. Cas9 Nuclease V3) and incubated
at room temperature for 20 minutes, in order to form ribonucleoproteins (RNPs).
In parallel, the target cells were detached using PBS-EDTA (0.046%) and 400000
cells were counted for transfection (10 pl volume). The RNP complexes were
added to the cell suspension and electroporated using the Neon Transfection
system (Thermo Fisher), according to the manufacturer’s instructions, with the
following set up: 3 pulses for 10 ms/1400 V. The resulting cells were seeded in
12-wells and allowed to attach. Once the cells recovered, they were plated for
clonogenic assays (described above) and for indel analysis upon prolonged
trametinib treatment. For this experiment, 20000 cells were seeded in 6-wells and
the next day trametinib or DMSO were added. Cells were split if necessary and
the drug was refreshed every 4 days. After 7-9 days, genomic DNA was extracted
and PCR amplified as previously described. Sanger Sequencing and ICE analysis

were used to determine indel frequency.

Mouse strains, tumor models and in vivo treatment

Pdx1-Cre (Hingorani et al., 2003), LSL-Kras®'??"* (Jackson et al., 2001), Ptf1a“*
(Nakhai et al., 2007), LSL-Pik3ca"'%’F* (Eser et al., 2013), Map2k1'ox
(Catalanotti et al., 2009) and Pdx7-Flp, FSF-R26¢C*ERT2 gnd FSF-Kras®'?*
(Schénhuber et al., 2014) mice have been previously described. The Map2k 2
(Map2k2tm1e(EUCOMM)Wisi) allele was obtained from EUCOMM. All strains
were on a mixed C57BI/6J;129S6/SvEv background and were interbred to get
compound mutant mice developing autochthonous pancreatic tumors.

To perform the orthotopic transplantation experiments, tumor cell lines (2500
cells) were implanted in the pancreas of syngeneic immunocompetent C57BL/6J
or C57BI/6J CD3¢-knockout mice (DedJarnette et al., 1998). When tumors reached
a volume of ~100 mm?® the mice were randomized and split across different
treatment arms. The following drugs were employed in the study: trametinib (3
mg/kg, 5 days/week, oral gavage), nintedanib (50 mg/kg, 5 days/week, oral
gavage), anti PD-L1 (200 pg/mouse, every third day, intraperitoneal injections)
and tamoxifen (4 mg/mouse, every third day, intraperitoneal injections). One week

after implantation, mice were examined by magnetic resonance imaging (MRI) to
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detect tumors. Individual animals were sacrificed when humane endpoint was
reached or when the experiment was concluded. All animal studies were
performed in accordance with the European guidelines for the care and use of
laboratory animals and were executed with approvals by the Institutional Animal
Care and Use Committees (IACUC) of the local authorities of Technische

Universitat Minchen and the Regierung von Oberbayern.

MRI and quantification

MRI was performed using the Bruker Biospec 7T MRI scanner. Mice were
anesthetized with isoflurane and imaging of the pancreas was achieved acquiring
35 consecutive sections. Tumor volume was quantified reconstructing MRI
volumetric measurements using the Horos software (open-source code software
(FOSS), Horosproject.org). Acquisition of MRI scans was adapted to respiratory

and cardiac cycles to minimize motion effects during imaging.

Histology and immunohistochemistry

Tumors from mouse PDAC were fixed in paraformaldehyde (4%; PFA; Carl Roth),
embedded in paraffin and sliced into sections of 1 ym. Hematoxylin and eosin
(H&E) staining was carried on according to standard protocols. For
immunohistochemistry (IHC), the following antibodies were used: rabbit anti-KI67
(1:50, Thermo Fisher Scientific), rat anti-CD31 (1:50, Optistain), rabbit anti-CD3
(1:100, Zytomed Systems), rat anti-CD8 (1:100, Dianova), rabbit anti-MEK1
(30C8) (1:50, Cell Signaling Technology), rabbit anti-MEK2 (13E3) (1:50, Cell
Signaling Technology) and rabbit anti-phospho-histone H2A.X (Ser139) (1:500,
Cell Signaling Technology). The antibodies were detected using the Bond
Polymer Refine Detection Kit (Leica) or rabbit anti-rat immunoglobulin (1g)G
(1:200, Vector Laboratories) secondary antibody or followed by a secondary
antibody conjugated to biotin (Vector Laboratories). All scans of the sections were
acquired with a Leica AT2 Scanner (Leica) and analyzed by Aperio Image Scope
(Leica, v 12.3.3) and FIJI (National Institutes of Health (NIH), v 2.1.0). For
quantification of the KI67, CD31 and yH2AX, five fields of view of each individual
tumor were analyzed in a blinded fashion. Mitoses per high-power field, in areas
showing increased mitotic activity, were counted in at least six individual tumors
for each treatment condition. M. Jesinghaus, a board-certified pathologist,

performed the mitoses quantification.
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Senescence B-Galactosidase (SA-B-gal) staining

Tumor tissues, PFA-fixed OCT-embedded, were cut into 5 ym thick sections and
placed on slides. The Senescence B-Galactosidase Staining Kit (Cell Signaling
Technology) was used to perform SA-B-gal staining at pH 6.0. All resulting images
were acquired with Aperio Versa Scanner (Leica) and processed by FIJI (NIH, v
2.1.0).

Immunofluorescence staining and imaging

Tumor tissues, PFA-fixed and OCT-embedded, were sliced into 5 or 10 ym
sections and placed on slides. The resulting samples were incubated for 6 min
with acetone (Sigma-Aldrich) at 4°C. The slides were rehydrated for 10 min with
PBS, then the tissues were blocked for 1 hour with a solution of 10% goat serum
and 10% donkey serum in PBS at room temperature. The following primary
antibodies were employed for immunofluorescence staining of T cells and tumor
cells: rat anti-CD3 (T cells; 1:50, BioLegend), rabbit anti-CK18 (epithelial cells;
1:800, Sigma) and chicken anti-vimentin (mesenchymal cells; 1:100, Invitrogen).
Primary antibodies were diluted in PBS/bovine serum albumin 3% (BSA; Sigma-
Aldrich) and incubated for 3 hours at room temperature. Goat anti-rat AF680
(1:200, Invitrogen), goat anti-Armenian hamster IgG Cy3 (1:200, Jackson
Immuno), goat anti-rabbit AF488 (1:200), donkey anti-rat AF488 (1:200,
Invitrogen), and goat anti-chicken AF680 (1:200) were used as secondary
antibodies (staining for 1 hour at room temperature diluted in in 3% BSA/PBS).
The nuclei were stained with DAPI (1:500, Biotium) for 10 minutes at room
temperature in 3% BSA/PBS.

For immunofluorescence staining of macrophage subpopulations, the following
primary antibodies were used: rat anti-CD68 (1:150, BioRad), rabbit anti-CD80
(1:300, Abcam) and rabbit anti-ARG1 (1:300, Thermo Fisher Scientific). As
secondary antibodies donkey anti-rat AF594 (1:200, Invitrogen) and goat anti-
rabbit AF488 (1:200, Invitrogen) were employed. The staining was performed for
1 hour at room temperature in a solution composed of 3% BSA + 6% Triton X-
100 in PBS. DAPI (1:1000, Biotium) in 0.25% BSA/PBS was used for nuclear
staining. The slides were mounted with Vectashield Mounting Medium (Vector
Laboratories) after 3x washes in PBS. All images were acquired with a TCS SP8
Confocal Laser Scanning Microscope (Leica) and processed with the software
FIJI (NIH, v.2.1.0). For T cell quantification, 10 fields of view from 4 individual
tumors per treatment condition were counted. For macrophage quantification, 5

fields of view of 5 individual tumors per treatment condition were counted.
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Immunophenotyping by flow cytometry

Freshly isolated tumor samples were shredded and enzymatically digested by
means of a tumor dissociation kit (Miltenyi, catalog no. 130-096-730) for 40
min/37°C with agitation. The resulting cell suspension was filtered through a 100
pum strainer and resuspended in a solution of 2% FCS/PBS, after which it was
spun down. A blocking step with anti-mouse CD16/CD32 FC block (1:100,
BioLegend) for 10 min on ice was performed and followed by a staining with
Zombie Aqua Fixable Viability Kit (1:500, BioLegend) and the following mix of
antibodies: CD3eBUV395 (1:20, BD), CD45 PerCP Cy5.5 (1:100, BioLegend),
CD4 BUV805 (1:100, BD), CD8a BV785 (1:100, BioLegend), CD19 FITC (1:100,
BioLegend), EpCAM APC/AF647 (1:200, BioLegend) to acquire the adaptive
immune cells; CD45 PerCP Cy5.5 (1:100, BioLegend), CD11c BUV737 (1:30,
BD), Ly6C BV785 (1:200, BioLegend), CD11b BV650 (1:100, BioLegend), NK1.1
BUV395 (1:25, BD), F4/80 BV421/PB (1:30, BioLegend), CD68 APC-CY7 (1:20,
BioLegend), Ly6G PE (1:200, BioLegend), EpCAM APC/AF647 (1:200,
BioLegend) to acquire innate immune cells. 1000000 events were acquired per
panel on the BD LSRFortessa. The FlowJo software (v 10.6.2) was used to

analyze flow cytometry data.

Whole cell lysates and western blot

Harvested proteins, western blots and following detection of proteins were
performed as previously described (Eser et al., 2013; von Burstin et al., 2009).
The following primary antibodies were employed for the analysis: HSP90 (1:1000,
Santa Cruz Biotechnology, Cat# sc-13119), MEK1 rabbit mAb (1:1000, Cell
Signaling Technology, Cat # 9146), MEK2 rabbit mAb (1:1000, Cell Signaling
Technology, Cat# 9147), p-ERK (1:1000, Cell Signaling Technology, Cat#4377),
ERK (1:1000, BD, Cat #610123), CAS9 (1:1000, Cell Signaling Technology, Cat
#14697), B-ACTIN (1:1000, Cell Signaling Technology Cat #4970).

Transcriptional profiling and Kras amplicon-based deep sequencing

The cell lines chosen for the analysis were plated in a 10 cm dish and let to attach.
Cell lysates were harvested from 80% confluent primary cells and transferred into
RLT buffer (Qiagen) supplemented with B-mercaptoethanol. Subsequently, RNA
was isolated with the RNeasy kit (Qiagen).

Library preparation for RNA-seq and amplicon-based deep sequencing of Kras
mMRNA or at the Kras locus were performed as previously described (Mueller et
al., 2018).
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All analyses on RNA-seq data were performed with R, v 3.6.2 (R Core Team, 201)
and Bioconductor (v 3.1; (Gentleman et al., 2004)). DESeq2 (v 1.26.0; Love et al.
(2014)) was used to carry on differential gene expression analysis. Genes were
considered differentially expressed if they showed Benjamini-Hochberg adjusted
p values < 0.05 and absolute fold changes > 1.

Single sample Gene Set Enrichment Analysis (ssGSEA), a function of the gene
set variation analysis (GSVA) (Hanzelmann et al., 2013) package, complemented
with the EMT (Liberzon et al., 2015) Hallmark gene set was used to estimate
classical or mesenchymal gene expression programs in our collection of mouse

and human PDAC cell lines.

Single-cell RNA sequencing

Sample preparation

Fresh tumor samples were minced and enzymatically digested with the tumor
dissociation kit, as described in the previous section “Immunophenotyping by flow
cytometry”. The resulting cell suspension was passed through a strainer (100
pMm), spun down and resuspended in a solution of 2% FCS/PBS supplemented
with RNase inhibitor (1:100, NEB, #MO0314L). Cell debris was subsequently
removed with a debris removal solution (Miltenyi #130-109-398). Then, living cells
were enriched with the dead cell removal kit (Miltenyi #130-090-101). The cells
were spun down, resuspended in PBS and incubated for 10 minutes on ice with
anti-mouse CD16/CD32 FC block (1:100, Biolegend) to prevent non-antigen-
specific binding. For flow cytometry cell sorting, cells were stained for 30 minutes
on ice with the following antibodies: TER-119 BV421 (1:100, Biolegend), CD31-
AF647 (1:20, Biolegend), CD45-AF647 (1:20, Biolegend) and EPCAM-AF647
(1:20, Biolegend). FACS sorting was carried on with the BD FACS Aria Fusion.
The two fractions of sorted cells 1) TER-119-negative/CD45-/CD31-/EPCAM-
positive (enriched in immune, endothelial and epithelial cells; erythrocytes
excluded) fraction and 2) TER-119-/CD45-/CD31-/EPCAM-negative fraction
(enriched in fibroblasts/mesenchymal tumor cells; erythrocytes excluded) were
placed in a 2% FCS/PBS solution.

Library preparation and sequencing

After cell sorting the cells were counted, diluted in a solution of 2% FCS/PBS and
up to 20000 cells were loaded on each lane of a 10x Chromium chip, in order to
generate gel beads in emulsion (GEMs). 10x Chromium Single Cell 3’ v3

chemistry was used to generate single cell GEMs, to perform barcoding and
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library construction according to the manufacturer’'s instructions. Agilent
Tapestation 4200, using DNA HS 5000 tape, was used to check sample size and
quality of the generated cDNA and libraries. lllumina NovaSeq 6000 S2 (PE,

28+94 bp) was used to sequence the libraries.

Data preprocessing and quality control

The scRNA-seq data were aligned to the mouse reference genome (mm10,
release 108.20200622). Alignment, filtering, barcode and unique molecular
identifier (UMI) counting was carried on with the Cell Ranger software (v 3.1.0)
from 10x Genomics. All further analyses were performed with the Python software
SCANPY (v 1.6.0) (Wolf et al., 2018). Cells expressing < 200 genes or showing
> 10% mitochondrial gene counts were excluded from the analysis. Genes with
less than 20 counts were filtered out. Counts were subjected to per-cell
normalization and (log+1) transformation. The first N=4000 most variable genes
were used to compute highly variable genes to perform analysis for tumor cells,
T cells and fibroblasts across treatment conditions. BBKNN (batch balanced k

nearest neighbors, v 1.5.1) was used to perform batch-effect correction.

Dimensionality reduction and clustering

Cell clustering was performed with the Leiden algorithm (v 0.8.1) and
dimensionality reduction was carried on with Uniform Manifold Approximation and
Projection (UMAP v 0.4.6). Well characterized cell-type-specific markers were
used to perform the annotation of the clusters. Default parameters were used to
compute principal component analysis. Neighborhood graphs were calculated
based on n=10 principal components, k=30 neighbors. Default parameters were
used to calculate all UMAP projections. Leiden clustering was adjusted depending

on the considered sample.

Gene Set Enrichment Analysis (GSEA)
The tool rank_genes_groups, part of the SCANPY package (v 1.6.0,

https://github.com/theislab/scanpy), was used for differential gene expression

analysis. Multiple testing correction was performed with the Benjamini-Hochberg
method. The GSEA jar package (v 4.1.0), complemented with MSigDB v 7.1 gene
sets offered by the Broad Institute, Massachusetts Institute of Technology and
Harvard University, were used to perform GSEA. A pre-ranked gene list, ranked
according to the “t test” metric, was used to conduct GSEA. For the analysis the

following parameters were used: 1000 permutations and “weighted” enrichment
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statistic for scoring; the other parameters were kept with the default settings. FDR

q values and NOM p values were considered significant if below or equal to 0.05.

Cell type-specific analysis

Identification of CD4+ and CD8+ T-cells

Six different T cell clusters were uncovered by scRNA-seq in classical and
mesenchymal tumors. The cluster of CD4 naive-like T cells was characterized by
expression of Cd4 and Sell, but lacked expression of Cd44 or of T cell activation
genes, i.e. Lag3, Icos, Pdcd1, Tnfrsf4, Havcr2 (Tim-3) and Ctla4.
Activated/effector T cells presented the highest level of T cell activation markers
such as Ctla4, Icos, Tim-3 and Pdcd1 and showed intermediate levels of Cd44
and Sell. The identified regulatory T cells expressed highly Cd4 and Foxp3,
showed intermediate levels of Icos, Pdcd1 and Ctla4. The cluster of central
memory T cells presented expression of Cd4, Cd44, Cd27, Cd28, II7r, Ccr7 and
Sell. CD8 naive-like T cells showed high expression of Cd8a and Sell. The
identified cytotoxic T cells presented high expression of T cell activation genes,
such as Tim-3, Pdcd1, Lag3, Tnfrsf18 and Ifng and showed cytotoxic marker

expression of Prf1, Gzma, and Gzmb.

Identification of CAFs

Only classical tumors had a sufficient number of CAFs to perform scRNA-seq
analysis. CAFs were defined by the expression of the following marker genes:
S100a4, Vim, Acta2, Col1a2, Col6a1, Pdgfra, Fap and Cspg4. MyoCAFs
expressed Acta2, Tagln, Postn, Col12a1, Thy1, Thbs2 and iCAFs Col14a1, 1I6,
Clec3b, Pdgfra, Dpt, Lmna, Cxcl12, Cxcl1, Ccl2, Cxcl2.

Conditioned media collection

Primary mouse PDAC cell lines 9091 and 8661 were seeded in 10 cm dishes, left
to adhere overnight, then the medium was replaced, and the cells were kept for
three days in presence of DMSO (vehicle) or T/N (10 nM trametinib and 2 yM
nintedanib). Subsequently, the medium was removed, the cells were washed 1x
with PBS, 2x with medium lacking FCS and phenol-red, and incubated for 6 hours
in 5 ml medium (FCS/phenol-red free) with DMSO or T/N. Then, the conditioned
medium was harvested, it underwent filtering with 0.2 pm filters and was used for

downstream analysis.

MS-based secretomics
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The collected cell supernatants were concentrated with Amicon Ultra 3 kDa cutoff
filter units (Merck) to a final volume of around 250 pl and were washed with 50
mM Tris, pH 8 at 4°C, 4000x g. 50 ul of the resulting concentrated conditioned
medium were supplemented with 40 mM 2-chloroacetamide and 10 mM TCEP,
then placed in a thermoshaker (10 minutes/95 °C/1000 rpm). The samples were
then digested for 16 hours at 37°C, 1000 rpm, by using a mix of 1.5 ug
trypsin/LysC. The samples were acidified via the addition of 100 ul isopropanol
and 1% TFA. They were subsequently desalted using in-house made SDB-RPS
StageTips. Buffer A (0.1% formic acid) was used to reconstitute the desalted
peptide mixtures, which were analyzed using an ultrahigh-pressure system
EASY-nLC 1200 (Thermo Fisher Scientific) coupled with an Orbitrap Exploris 480
(Thermo Fisher Scientific). 300 ng of the samples were loaded in a 50-cm column
(in-house made, 75 um inner diameter), packed with C18 ReproSil beads 1.9 um
(Dr. Maisch GmbH). The peptides were eluted with a linear gradient (from 5% to
30% buffer B, composed of 0.1% formic acid and 80 % acetonitrile), at a flow rate
of 300 nl min-1 and in 95 minutes. The temperature was maintained at 60°C with
an in-house made column oven. A data-dependent MS/MS method was used to
acquire the data. Full scans (300 to 1650 m/z, R = 60,000 at 200 m/z) acquired
at a normalized AGC target of 300%, presented afterwards 15 MS/MS scans. The
15 MS/MS scans were characterized by higher energy collisional dissociation
(normalized AGC target 100%, isolation window 1.4 m/z, maximum injection time
28 ms, R = 15,000 at 200 m/z, HCD collision energy 30%). 30s dynamic exclusion

was enabled.

Data analysis

The Andromeda search engine, built in MaxQuant3 (v 1.6.2.10) was used for the
processing of the MS raw files (Cox and Mann, 2008). The UniProt FASTA
database (June 2019) was used to match the MS/MS spectra (FDR of 0.01 both
at the protein and peptide level and seven amino acids peptide length minimum).
Runs matching was allowed and the label-free quantification minimal ratio count
was set to one. Extracellular annotations were used to filter the proteins (UniProt
keywords "secreted" and GOCC terms "extracellular space" and "extracellular
matrix"). Missing values were imputed from a Gaussian distribution, showing 30%
width and downshift by 1.8 measured values standard deviations. A permutation-

based FDR of 0.05 was kept when t-tests were performed.

Intercellular communication analysis
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The expression of known ligand-receptor pairs in distinct cell types, obtained from
the CellPhoneDB database (Efremova et al., 2020), was complemented with
secretomics-derived experimental evidences (Phulphagar et al., 2021), and used
to infer cell-to-cell communications. Quantitative MS secretome data of “sending”
tumor cells were integrated with the receptor expression derived from scRNA-seq

data of “receiving” cell populations.

Additional statistical methods and data analysis

GraphPad Prism was used to graphically depict the data and perform statistical
analysis. All the data were obtained from at least three independent experiments,
unless otherwise specified. To compare data, log-rank or two-tailed t test with
Welch's correction were used, unless differently indicated in the figure legends.
The resulting p values are indicated in the respective figures. A comparison was
considered significant when the p value was below or equal to 0.05. In case
multiple statistical tests were performed on the same dataset, a Bonferroni-
adjusted correction was applied to account for false-positive results. Analysis

comparing survival were carried out by the log-rank test.
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4. Results

Written contents and figures of this chapter have been previously published in the
research articles “Selective multi-kinase inhibition sensitizes mesenchymal
pancreatic cancer to immune checkpoint blockade by remodeling the tumor
microenvironment”, Falcomata C, Bérthel S et al. (Nature Cancer, 2022;
10.1038/s43018-021-00326-1) and "Genetic screens identify a context-specific
PI3K/p27Kip1 node driving extrahepatic biliary cancer”, Falcomata C, Béarthel S,
Ulrich A et al. (Cancer Discovery, 2021; 10.1158/2159-8290.CD-21-0209).

Contributions of authors other than myself are indicated in the figure legends.

A comprehensive mechanistic investigation of PDAC response to treatment has
been substantially hold back by the scarcity of molecularly characterized tissues
and cell culture resources of advanced and metastatic tumors. In addition, PDAC
tissues — if available — usually originate from patients who have received therapy,
likely cause of changes to genome, epigenome, and ultimately also to drug

response.

Mouse models are of crucial importance to gain a holistic understanding of this
disease. These models are a valuable resource to functionally and molecularly
characterize PDAC, overcoming some of the limitations faced by studies
performed only on human samples: (i) mouse primary cell cultures can be reliably
established from primary or metastatic PDAC of mice characterized by different
genotypes, (ii) the resulting treatment naive primary cell lines can be deeply
molecularly characterized, in absence of stroma, (iii) they can be used for drug
screens and functional analyses and (iv) they can be orthotopically transplanted
in fully immunocompetent syngeneic recipient mice to systematically perform

genotype to phenotype as well as (immuno)therapeutic studies.

To address this problem, over the past decade the labs of Prof. Saur, Prof.
Schneider and Prof. Rad generated a large tissue and cell culture resource from
mice, isolated from more than 1000 primary tumors. Of central importance is the
availability of this resources as primary cell cultures; this in fact supports drug
screens, functional and genomic analyses, as compared to PDAC tissues. These

largely unpublished resources are unique, well annotated for multiple
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phenotypes, such as histopathology, cellular morphology and survival, and
recapitulate central aspects of this cancer entity. Indeed, mice with pancreas
specific expression of Kras®’?? develop PanINs that progress to highly metastatic
and therapy resistant PDAC (Eser et al., 2013), recapitulating the
histopathological evolution and the clinical phenotype of human PDAC. In a joint
effort, my project made use of this invaluable resource, together with human
samples and mouse models that support transposon-based genome-wide
forward genetic screening, to (1) identify context-specific drivers relevant for
PDAC evolution and (2) exploit these findings to discover novel
immunomodulatory therapeutic strategies to target the mesenchymal subtype of
PDAC.

4.1. Context-specific genetic interactions drive pancreatic and
extrahepatic biliary cancer

To discover novel therapeutic strategies for PDAC, an understanding of the

fundamental genetic networks and interactions that drive these tumors is

G12D

essential. Therefore, we made use of an LSL-Kras allele as knock-in at the

H1047R allele as knock-in at the Rosa26

endogenous Kras locus and an LSL-Pik3ca
locus to analyze the tumor-inducing potency of KRAS and PIK3CA associated

extrahepatic biliary cancer and PDAC in GEMMs (figure 5).
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Figure 5 | Characterization of context-specific genetic interactions in pancreatic
and extrahepatic bile duct cancer

a, Genetic strategy and recombination scheme of Pdx7-Cre;LSL-Kras®'?* and Pdx1-
Cre;LSL-Pik3cat%4"”* mice. b, Kaplan-Meier survival curves of mice with the indicated
genotypes (n.s. not significant; *** p<0.001, log-rank test). ¢, Tumor type distribution in
percentage according to histological analysis of the extrahepatic bile duct and the
pancreas from Pdx1-Cre;LSL-Kras®'??* and Pdx71-Cre;LSL-Pik3ca""**"** mice. ECC,
extrahepatic cholangiocarcinoma, PDAC, pancreatic ductal adenocarcinoma. Mice were
bred and analyzed by Angelika Ulrich (Falcomata et al., 2021).

Expression of these oncogenes in the common precursor cells of the extrahepatic
bile duct and the pancreas by means of transgenic mice expressing Cre
recombinase under the control of the Pdx 7 promoter led to very diverse outcomes
(figure 5). Even though there was no difference in survival between KRAS- and
PI3K-driven mice (figure 5b), mice expressing Pik3ca"'’*’® developed mostly
biliary tract cancer (figure 5c), while mice with mutant KRAS (KRAS-mut)
developed exclusively PDAC (figure 5c). This was unexpected because both

genes are mutated in both human cancer entities.

Subsequent genetic in vivo screening using transposable elements discovered
the fundamental genetic processes underlying the differential sensitivity towards
oncogenic transformation across tissue types. We showed that in the bile duct,
intensity of PI3K signaling output and repression of p27%?" are critical tissue-
specific factors influencing tumor formation. This is in contrast to the pancreas,
where oncogenic KRAS together with loss of p53 are fundamental tumor drivers
(Falcomata et al., 2021).

Keeping these findings into consideration, we decided to follow up our analysis
uniquely in KRAS-driven models of PDAC.

4.2. The mesenchymal subtype of PDAC shows the most

aggressive phenotype and an immunosuppressive TME

As introduced in earlier paragraphs, recent studies have provided evidence that
the expression levels of KRAS-mut have a strong impact on PDAC phenotypes,
including cellular differentiation status, aggressiveness, and response to standard
of care chemotherapies (Chan-Seng-Yue et al., 2020; Mueller et al., 2018). In

addition, the basal-like mesenchymal phenotype is linked to poor prognosis of
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PDAC patients (figure 6a and Aung et al. (2018); Bailey et al. (2016); Chan-Seng-
Yue et al. (2020)).

In order to identify in vivo models recapitulating these PDAC subtypes, we
performed orthotopic transplantation experiments by injecting in the pancreas of
syngeneic, fully immunocompetent, mice the previously described mouse primary
cell cultures (mMPDAC) isolated from tumors of mice expressing Kras®'?"
conditionally in the pancreas (Mueller et al., 2018). In contrast to classical tumors,
mPDAC mesenchymal ones showed the most aggressive phenotypes, displaying
shorter survival (figure 6b), a very low abundance of stroma and undifferentiated
morphology (figure 6¢). Moreover, via flow cytometry analysis we were able to
show that this subtype is immunologically “cold”, characterized by high levels of
infiltrating immunosuppressive cell types, such as TAMs, and exclusion of
cytotoxic T cells (figure 6d, e). Finally, in line to other genetic studies,
mesenchymal mPDAC cells expressed Kras®’? to the highest levels (figure 6f
and Mueller et al. (2018)).
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Figure 6 | Phenotypic and molecular differences between PDAC subtypes

a, Kaplan-Meier analysis of surgically resected patients stratified according to their tumor
grading (G1/G2, in yellow, or G3/G4, in blue). Data obtained from Bailey et al. (2016); Dijk
et al. (2020); Puleo et al. (2018). b, Kaplan-Meier analysis comparing the survival of
classical (8661 cell line, yellow) and mesenchymal (9091 cell line, blue) orthotopic PDAC
mouse models. Mouse number per subtype is indicated in the respective panel. ¢, H&E
staining of tumor sections derived from orthotopic PDAC models representative of
classical and mesenchymal subtypes. Scale bars, 50 um. d, e, Pie charts representing
the percentage of adaptive (d) and innate (e) immune cells as analyzed by FACS for
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classical and mesenchymal tumors isolated from orthotopic PDAC models. f, Comparison
of Kras®’?®> mRNA expression between PDAC subtypes. The mRNA of classical (n=21)
and mesenchymal (n=9) mPDAC cell lines was analyzed by a combination of amplicon-
based RNA-seq and qRT-PCR as described in Mueller et al. (2018). P values in (a) and
(b) were calculated by log-rank (Mantel-Cox) test. P value in (f) was calculated by two-
tailed unpaired t test. Implantation experiments and flow cytometry analysis were
performed by Stefanie Barthel and myself.

4.3. The therapy refractory mesenchymal subtype of PDAC is
highly resistant to MEK inhibition

Considering that overexpression of oncogenic KRAS is a hallmark of
mesenchymal PDAC, we hypothesized that inhibition of the canonical RAF-MEK-
ERK signaling pathway might be effective as therapeutic strategy to target this
subtype. Therefore, we screened a panel of conventional and primary patient-
derived human PDAC cell cultures (hPDAC) with the MEK inhibitor (MEKIi)
trametinib. Contrary to our initial hypothesis, only cell lines of the classical subtype
showed to be highly vulnerable towards MEK inhibition (figure 7a-c). Given the
lack of human cell lines of complete mesenchymal morphology, which represent
the most undifferentiated and aggressive PDAC subtype, we extended our screen
to mPDAC primary cell cultures (Mueller et al., 2018). Consistently with what we
observed for hPDAC, while mesenchymal mPDAC cells showed resistance to the
treatment, classical mMPDAC cells showed a strong sensitivity to MEK inhibition
(figure 7b-c).
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Figure 7 | Mesenchymal PDAC shows resistance to MEK inhibition in vitro

a, Left, Cell viability (percentage) of hPDAC cell lines in presence of 10 nM trametinib
treatment. Annotated below are cell morphology (yellow, classical; blue, mesenchymal)
and single sample gene set enrichment analysis (ssGSEA) EMT signature. Right, violin
plots comparing the response (% viability), shown on the left side of the panel, of classical
and mesenchymal hPDAC cells to 10 nM trametinib. Each point in the violin plot
represents a single cell line. b, MPDAC cells were treated with 10 nM trametinib and cell
viability was assessed. Left, percentage of cell viability integrated with cell morphology
and ssGSEA EMT signature. Right, violin plots comparing the percentage of cell viability
(left) stratified according to tumor subtype. Each point in the violin plot represents a single
cell line. ¢, Clonogenic assays representative of classical and mesenchymal hPDAC and
mPDAC cell lines with differential sensitivity to trametinib. The concentration of trametinib
used is indicated in the picture. P values in (a, right) and (b, right) were calculated by two-
tailed unpaired t test. Assignment of ssGSEA EMT signatures was performed by Fabio
Boniolo.

One possible explanation for this unexpected finding might be insufficient MEK1/2
inhibition and/or feedback activation of the pathway. To test this hypothesis, we
developed a dual-recombinase based mouse model (Schénhuber et al., 2014) of
autochthonous PDAC allowing the inducible permanent genetic inactivation of the
MEK signaling pathway in established PDAC tumors (figure 8a). To generate this
system, we crossed Pdx71-Flp;FSF-Kras®'??*;FSF-R26ACC*ERTZ* ‘mice with
those harboring loxP-flanked Mek1 and Mek2 alleles. This allowed us to delete
MEK1/2 in PDAC cells by 4-hydroxy-tamoxifen (4-OHT) administration in vitro and
in vivo after orthotopic transplantation of the cells into syngeneic
immunocompetent mice (figure 8). We tested three mPDAC cell lines showing
different extents of MEK ablation (figure 8b). Loss of MEK1/2 in mesenchymal as
well as epithelial tumors reduced PDAC cell proliferation substantially, however
no cell death or permanent mitotic arrest were observed (figure 8c). Accordingly,
MEK?1/2 ablation did not lead to a complete growth arrest in vivo as evidenced by
KI67 staining (figure 8e), nor tumor regression in orthotopic models of PDAC
(figure 8f, g), but it induced a strong delay in tumor progression. This
demonstrates that even complete genetic MEK pathway disruption yields only

moderate therapeutic benefits.
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Figure 8 | Genetic depletion of MEK1/2 in vitro and in vivo

a, Approach to genetically delete Mek1 and Mek2 by 4-hydroxitamoxifen (4OHT)-
mediated CreERT™ activation. The crossing of Pdx7-Flp;FSF-Kras®'?P"*;FSF-R26%4¢
CreERT2* mice together with mice harboring loxP-flanked Mek1 and Mek?2 alleles enabled
us to genetically delete MEK1 and MEK2 in established PDAC cells in vitro and in vivo.
b, Western blot for MEK1 and MEK2 expression in Mek1"*;:Mek2°/> (mPDAC1),
Mek1°°x:Mek2'°"* (mPDAC2), Mek 1"/ Mek2/>°x (mPDAC3) cells. 4-OHT or vehicle
(ethanol, EtOH) were administered for 4 days and proteins were harvested. HSP90
expression was used as loading control. ¢, Relative proliferation (%) of mPDACA1,
mPDAC2 and mPDAC3 cell cultures treated with vehicle (EtOH) or 4-OHT for the
indicated number of days. Data are shown as mean + SD of 3 biological replicates. d,
Experimental set-up to evaluate the effect of MEK1/2 deletion in vivo. mPDAC3 cells,
Mek1'xox;: Mek2/o<ox were orthotopically transplanted in immunocompetent syngeneic
mice. e, Representative H&E and immunohistochemistry (MEK1, MEK2, KI67) stainings
from vehicle- and tamoxifen-treated mice. Scale bars, 100 ym. f, Waterfall plot depicting
the change in tumor volume after MEK1/MEK2 deletion as quantified by MRI. The mice
were treated with tamoxifen or vehicle for one week. Each bar in the graph represents an
individual mouse. g, Kaplan-Meier survival analysis comparing vehicle-treated and
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tamoxifen-treated orthotopic models. The number of mice is integrated in the figure. P
value in (f) was calculated by two-tailed unpaired t test. P value in (g) was calculated by
log-rank (Mantel-Cox) test. Implantation experiments were performed by Stefanie Barthel
and myself. Immunohistochemistry analysis was done by Stefanie Barthel.

In line, we found that trametinib treatment of epithelial and mesenchymal PDAC
delayed disease progression in orthotropic PDAC models only marginally and did
not induce stable disease or tumor regression as observed in other cancer types,
such as non-small cell lung cancer (NSCLC) (figure 9 and Blumenschein et al.
(2015); Ruscetti et al. (2020)). Therefore, MEK inhibition and complete sustained
genetic ablation of the RAF-MEK-ERK signaling pathway are not enough to block
PDAC progression highlighting the need to develop novel combinatorial treatment

approaches.
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Figure 9 | Mesenchymal PDAC shows resistance to MEK inhibition in vivo

a, Schematic representation of the in vivo experimental set-up. Classical (8661) and
mesenchymal (9091) Kras®’? cell lines were orthotopically transplanted in the pancreas
of immunocompetent syngeneic recipient mice. The mice were subsequently in vivo
treated and longitudinally monitored by magnetic resonance imaging (MRI) to determine
treatment induced changes in tumor volume. b, Representative MRI images, for both
orthotopic classical and mesenchymal mouse models, before (week 2) and after one week
(week 3) trametinib treatment are shown. ¢, Waterfall plot of the change in tumor volume
from baseline as determined by MRI measurements of subtype specific orthotopically
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transplanted tumors after one week of trametinib treatment. Each bar in the graph
represents an individual mouse. P values in (c) were calculated by two-tailed unpaired t
test. Implantation experiments were performed by Stefanie Barthel and myself.

4.4. A systematic combinatorial drug screen identifies novel
therapies for non-glandular mesenchymal PDAC

Hypothesizing that sustained MAPK inhibition is necessary, but not sufficient for
targeting KRAS-mut overexpressing mesenchymal pancreatic cancers, we
performed a systematic combinatorial drug screen to identify drugs synergizing
with MEKi in PDAC cells. We screened two human and two mouse PDAC
cultures, representative of both classical and mesenchymal subtypes, with the
MEKIi trametinib in combination with 418 drugs in clinical use or preclinical
investigation (figure 10a). We observed that the clinically approved receptor
tyrosine kinase (RTK) inhibitor nintedanib was one of the top hits, increasing the
efficacy of trametinib substantially in the mesenchymal, but not in the classical

subtype (figure 10b).

We performed long term clonogenic assays to validate our findings in a larger
panel of PDAC cell cultures representative for both classical and mesenchymal
subtypes (figure 10c-h). In 11 out of 15 hPDAC cell lines we observed that the
combination of trametinib and nintedanib (T/N) led to a strong synergistic
interaction. The strongest effect was observed in the 5 cell cultures presenting a
mesenchymal morphology (figure 10c-e). Because of the limited number of
human mesenchymal PDAC cell lines currently available, we extended the
combinatorial screen to 30 additional mPDAC primary cell cultures we previously
described (Mueller et al., 2018). A high synergism was achieved in the majority
of the models, with cells belonging to the mesenchymal subtype mostly benefitting
from the combination treatment (figure 10f-h). A low number of cell lines (3/15
hPDAC and 6/30 mPDAC) showed antagonism. These were models mainly
characterized by a classical phenotype and epithelial morphology. In accordance
with observations from the clinical setting, where heterogeneous responses to
therapy are present also in molecularly stratified cohorts, we detected synergism
in some classical PDAC cultures, demonstrating a certain degree of heterogeneity

also within the subtype. Strikingly, the combination of T/N led to cell death after
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24 hours of drug treatment, with the strongest phenotype observed in

mesenchymal mPDAC cells (figure 10i).
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Figure 10 | Systematic combinatorial drug screen to uncover new vulnerabilities for
mesenchymal PDAC

a, Scheme outlining the experimental set-up of the combinatorial drug screen. The MEK
inhibitor trametinib was combined with a drug library composed of 418 drugs in clinical
use or preclinical testing. b, Summary of the combination drug screen results performed
on two hPDAC (huPDAC7 and MiaPaca2) and two mPDAC (8661 and 9091) cell lines
representative of both subtypes. c, f, Representative clonogenic assay experiments on
the mesenchymal hPDAC cell line MiaPaca2 (c) and on the mesenchymal mPDAC cell
line 9091 (f). d, g, Bliss synergy scores for human (d) and mouse (g) PDAC cells. Cells
of the classical subtype are represented in yellow, in blue those of the mesenchymal
subtype. e, h, Comparison between classical and mesenchymal Bliss synergy scores of
human (e) and mouse (h) cell cultures. The same scores are also represented in (d) for
hPDAC cells and (g) for mMPDAC cells. Each point in the violin plots represents a single
cell line. i, Relative caspase 3/7 activity was quantified to assess apoptosis upon
treatment with trametinib (T, 10 nM), nintedanib (N, 2 yM) and the combination of both
(T/N, 10 nM+2 puM). Data are shown as mean + SD of 3 biological replicates. A two-tailed
unpaired t test was used to calculate the P values in (e), (h) and (i). Note: huPDAC7 and
huPDAC17 are primary patient derived cell lines previously generated in our lab. The high
throughput drug screen was performed by Andrea Coluccio.

In order to identify the targets of trametinib and nintedanib in both classical and
mesenchymal PDAC subtypes and to elucidate the mechanisms that drive

treatment response and resistance to the T/N combination, we performed
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kinobeads pulldown assays on six mouse PDAC cell cultures (example for one
cell line shown in figure 11a, b). This technology enables the unbiased
identification of the kinases targeted by a kinase inhibitor in a specific cellular
context (Klaeger et al., 2017). Thereby, we identified the targets of nintedanib and
trametinib in both epithelial and mesenchymal PDAC. While the MEK inhibitor
trametinib showed exclusive selectivity for binding MEK1/2 in both subtypes
(figure 11a and Falcomata et al. (2022)), the kinobead pulldown assay of
nintedanib revealed that a broad range of targets were bound; these were mostly
RTKs and cell surface receptors (figure 11b and Falcomata et al. (2022)). Indeed,
24 nintedanib-bound targets were identified in both subtypes; four of them,
including PDGFRB, FGFR1 and DDR2, were selectively present in mesenchymal
PDAC. Transcriptional profiling of the primary mPDAC cell lines belonging to both
subtypes confirmed the presence of a difference in basal gene expression of
several nintedanib targets, among which PDGFRB, FGFR1 and DDR2 (figure
11c). This indicates that differences in the basal gene expression program of

classical and mesenchymal PDAC drive the synergistic drug action.
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Figure 11 | Kinobeads pulldown to identify targets of trametinib and nintedanib

a, b, Representative phylogenetic tree of kinases for the mouse cell culture 2259.
Trametinib targets are shown in (a), nintedanib targets in (b). The dimension of the circles
shows potency (Kdapp, apparent dissociation constants), the colors represent the targets
of the protein-drug interaction. The red arrows highlight the targets. ¢, Heatmap obtained
from RNA-seq analysis of the differentially expressed nintedanib targets between
classical (yellow) and mesenchymal (blue) cells. The kinobead pulldown assay was
performed by Julia Rechenberger.
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4.5. A genetic screen to understand the mechanism of action of
T/N in mesenchymal PDAC

To gain functional insights into which of the nintedanib targets is responsible to
mediate the observed response in combination with trametinib in mesenchymal
PDAC, we performed pooled genome-wide as well as focused CRISPR/Cas9-
based negative selection screens (figures 12 and 13). First, we transduced 3
mPDAC cell cultures of mesenchymal morphology with a lentiviral Cas9
expression vector and validated efficient gene editing (figure 12a-d). Next, we
used phosphorylated ERK as readout for inhibition of KRAS downstream
signaling to assess the efficacy of MEK inhibition and identified a concentration
of trametinib that would enable us to achieve enough inhibition of the pathway,
still allowing the cells to proliferate (figure 12e, f).
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Figure 12 | Characterization of the mPDAC cell cultures employed to perform
CRISPR-based genetic screens in combination with trametinib

a, Outline of the experimental strategy used to perform the CRISPR/Cas9 based negative
selection screens. b, Western blot analysis of relative Cas9 expression in the
mesenchymal mPDAC cell lines (9091, 8248, 8570) used for the CRISPR/Cas9 screens.
B-actin served as loading control. ¢, Editing efficiency at the Hprt locus for the three tested
Cas9 mPDAC clones. d, To validate Cas9 function, the clonal Cas9 cell lines (9091, 8248
and 8570) were edited at the Hprt locus (panel (c)). Subsequently, they were tested for
sensitivity or resistance in presence of 6-Thioguanine. The resulting percentage of relative
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viability is shown. e, Relative growth of the Cas9 clonal cell lines in presence of increasing
concentrations of trametinib. The cells were counted every 4 days, as indicated in the
graph. The pink line denotes the concentration of trametinib chosen to perform the
negative selection screens. f, Western blot showing phospho-ERK, ERK and Cas9
expression in the clonal Cas9 cell lines used for the CRISPR/Cas9 screens. The cell lines
were exposed for 4 days to DMSO or the following concentrations of trametinib: 1.25 nM,
2.5nM, 5 nM, 10 nM and 20 nM. HSP90 served as loading control. T: trametinib, pERK:
phosphorylated ERK. The Cas9 clones were generated by Sebastian A. Widholz and
Juan José Montero. Sebastian A. Widholz performed the Hprt knock-out experiment.

Then, we introduced in the 9091 mPDAC culture a genome-scale CRISPR/Cas9
pooled library, and in the cell lines 8248 and 8570 an in-house developed focused
nintedanib-target specific library. Thereby, we performed one genome-scale and
two focused screens in presence and absence of trametinib (figure 12a and figure
13). To identify genes which depletion altered the response to trametinib, we first
calculated B-scores for each gene. These scores reflect the relative sgRNA
depletion, in the context of trametinib or DMSO treatment, when compared to their
initial representation in the library. Next, we calculated differential sensitivity
scores, intended as B-score differences between trametinib- and DMSO-treated
arms of the screen. Since we were interested in the genes which depletion
increased in presence of trametinib, we focused our following analysis on genes
showing negative differential sensitivity scores (figure 13).

In the genome-scale CRISPR screen we identified 758 genes with a statistically
significant pB-score (false discovery rate (FDR) < 0.05, figure 13a, c) and a
differential sensitivity below or equal to -0.25, indicating that their inactivation was
increased selectively in the trametinib-treated arm of the screen. Among this set
of genes we could pinpoint several genes previously identified as synthetic lethal
partners with MEKIi, including RAF1 (Lito et al., 2014) and PTPN11 (Prahallad et
al., 2015), confirming the robustness of our screen. Pathway enrichment analysis
of the top hits of our screen revealed which pathways were globally cooperating
with MEKi in mesenchymal PDAC, such as ERBB, VEGFR, PDGFRB and KIT
(figure 13b). Among these 758 genes we could identify eight nintedanib targets
cooperating with trametinib in the 9091 mPDAC cells (figure 13c).

In the nintedanib-target-focused screens in 8248 and 8570 cell cultures, we could
identify nine and four genes which depletion was increased in presence of
trametinib, respectively (figure 13d, e). Altogether, by using CRISPR-based drop-
out screens, we were able to narrow down the 53 nintedanib targets identified in
kinobead pulldown experiments, to 15 targets that are functionally relevant and

which ablation individually sensitizes mesenchymal PDAC towards trametinib.
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Interestingly, the three mMPDAC cell cultures used for the CRISPR/Cas9 screens
showed some degree of heterogeneity across nintedanib targets, indicating
underlaying differences in genetics, epigenetics and phenotypes of the
mesenchymal subtype of PDAC. Further network analysis of the nintedanib
targets using the STRING database (http://string-db.org), across the three tested
cell lines, revealed a certain degree of convergence of the genes into specific
pathways. Indeed, different members of the same signaling, such as FGFR,
MEK/ERK and PDGFR, were hit across the three different mesenchymal mPDAC
cultures (figure 13e). Thereby, we could categorize the functionally relevant
nintedanib targets into these three main pathways. Taken together, these data
indicate that no single target is responsible for the synergistic action of the T/N
combination. Instead, they support the notion that a specific spectrum of kinases,
such as PDGFR, FGFR and MEK/ERK family members, act in concert to mediate

therapeutic efficacy in a context-specific manner upon inhibition.
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Figure 13 | Genetic screens to identify novel MEKi-based combinatorial therapies
for mesenchymal pancreatic cancer

a, d, Results of the genome wide CRISPR-Cas9 screen in 9091 mPDAC cell cultures (a).
Results of the focused nintedanib targeted screens performed on the mPDAC cell lines
8248 (left) and 8570 (right) (d). The x-axis shows the mean trametinib sensitivity, that is
the B-score calculated as difference of sgRNA representation between cells treated with
trametinib for 14 days and their initial representation in the library. The y-axis shows
differential sensitivity, calculated as difference between the b-scores of trametinib treated
and DMSO treated arms of the screen. Each score was obtained from the average of all
sgRNAs for a given gene. In red are the genes which targeting leads to scores with a
differential sensitivity < -0.25. b, Pathway enrichment analysis with the MSigDB canonical
pathways database. Only genes showing a differential sensitivity < -0.25 were considered
for the analysis. ¢, Venn diagram showing overlap of genes depleted in the genome-wide
screen (differential sensitivity < -0.25 and FDR < 0.05) and the targets of nintedanib. e,
Network of the targets of nintedanib built on the string database and visualized in
Cytoscape. The targets are color coded according to their differential sensitivity score.
Only genes with a differential sensitivity < -0.25 are considered hits. T: trametinib. The
CRISPR/Cas9 screens were performed by Sebastian A. Widholz and myself. Primary
analysis of the screen data was performed by Olga Baranov.

To validate the top scoring nintedanib targets of our genome-wide and focused
negative selection screens, we implemented single and combinatorial
CRISPR/Cas9 based approaches. We knocked-out Acvr1, Grb2, Map2k5,
Map3k3, Prkaa1 and Fgfr1 alone and in triple combinations, using a transfection-
based Cas9-sgRNA ribonucleoprotein (RNP) approach (figure 14a).
Subsequently, we performed clonogenic assays to assess the effect of the single
and triple knockouts on cell viability of trametinib and DMSO treated cells (figure
14b, c). In addition, we calculated log2-fold changes (LFC) of the triple gene
dropout experiments to assess relative viability and gene editing (indel) efficacy
of trametinib vs DMSO treated cells. This allowed us to correlate the relative indel
frequency of each combination with the loss of viability in presence of trametinib
(figure 14d). As observed in the CRISPR/Cas9 screens, the response to the
gene(s) depletion was heterogeneous across the three tested cell lines. However,
we identified that the combinatorial depletion of Prkaa1, Fgfr1 and Map2k5 was
the most efficient in presence of trametinib in two out of three mesenchymal
mPDAC tumor cell lines (figure 14b-d). This strengthened our hypothesis that
depletion of a combination of multiple targets together, and not of one, is
important to sensitize mesenchymal PDAC towards trametinib. Therefore, broad
targeting is necessary to effectively target this lethal and therapy resistant subtype
of PDAC.
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Figure 14 | Genetic validation of the nintedanib targets cooperating with trametinib
in targeting mesenchymal PDAC

a, Outline of the experimental set-up of the RNP-based genetic validation experiment.
Three mesenchymal mPDAC cell cultures (9091, 8248 and 8570) were electroporated to
deliver the Cas9-sgRNA complex. Subsequently, the cells were cultured for 7-9 days in
presence of DMSO or trametinib (5 nM). The resulting cultures were either seeded to
perform clonogenic assays or the cells were harvested for DNA isolation. The DNA
isolated from these cultures was next sequenced to obtain indel frequencies. The indels
were used to calculate the log2 fold-change (log2FC) of the indel frequency. b,
Clonogenic assays representative of the validation experiment for the three mPDAC cell
lines 9091, 8248 and 8570. The targeted gene combinations or genes are indicated
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above. ¢, Quantification of the clonogenic assays shown in panel (b). Data are normalized
to DMSO treated non targeting control. The dashed lines are set at the mean of the
trametinib treated non targeting control (for each cell line individually). Data are shown as
mean * SD; n = 3 biological replicates. d, Left, Heatmap showing relative indel frequency,
log2FC (trametinib/DMSO) for the cell lines described in (a). Right, Heatmap representing
the relative viability, expressed in log2FC (trametinib/DMSQO) of the clonogenic assays
described in panels (b) and (c). T: trametinib. The RNP-based genetic validation
experiment was performed by Sebastian A. Widholz, Tim Ammon and myself.

4.6. T/IN treatment reprograms the tumor microenvironment and
induces a T cell dependent anti-tumor immune response

Our in vitro findings led us to investigate the response to the combination
treatment in vivo in orthotopic transplantation models of PDAC, which recapitulate
the aggressiveness, histology, and stroma of both classical and mesenchymal
subtypes (figure 6). Both drugs, trametinib and nintedanib, are FDA/EMA
approved with well-known safety profiles. We randomized tumor-bearing mice to
single agent and combination therapy and observed that the combination of
trametinib and nintedanib - but not single drug treatment - led to a substantial
response in the mesenchymal subtype. Indeed, in mesenchymal tumors, we
observed a reduction in tumor volume up to almost 40% (figure 15a, b) and
prolonged survival (figure 15¢). Mesenchymal tumors showed overall a stronger
response to the combination treatment with two partial remissions and 12/21 mice
showing a stable disease, according to the Response Evaluation Criteria in Solid
Tumors (RECIST) (figure 15a). Contrary to our expectations and in vitro results,
also mice transplanted with cell lines of the classical subtype responded to the
T/N combination; however, we could identify that this effect was mostly trametinib-
mediated, as shown by a comparable tumor volume of T/N and trametinib treated
tumors (p=0.786; figure 15a). Classical tumors did not show a partial remission
and only for 3/18 mice we could observe a stable disease according to RECIST.
In line, the difference in T/N mediated tumor regression, between classical and
mesenchymal tumors, is statistically significant (p=0.0108, figure 15a). This
stronger overall response also translated into improved overall survival. Indeed,
mice transplanted with mesenchymal mPDAC cells showed a doubled overall
survival, which went from 16 days for the controls to 36 days for T/N treated mice
(figure 15c). Contrary, mice of the classical subtype displayed only a 50%
increase in survival (27 days, T/N treated; 20 days, controls) (figure 15c). The T/N

treatment mediated survival benefit of mesenchymal PDAC bearing mice is
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statistically significant in comparison to the classical ones (p=0.0007; figure 15d,
right). Therefore, the T/N combination is to our knowledge the first preclinical
therapy inducing tumor regression and increasing overall survival in the

mesenchymal subtype of PDAC.

a 800 p=0.0009 p=0.0012 b Week 2 Week 3
g p=0.0006 p=0.1518
—_ p=0.235 p=0.2025 5
é 600 =0.786 p=5x10* E
p=0.0162 1 S
@ (&}
o £ 400
EQ
> [y
< £ ]’||| wantll] ‘ .|||I|| Mnﬂﬂﬂ“m"m"” “II""Il Jll H ‘ ‘ |I||||"II||| .MMHHIIHH &,
gEe 2 L r g
S o -204 o
(e} g
= -40 = =
£ -60 M hwimal @
S a0l Classical esenchymal 3
80 S
<
100 : : : . : : . : 3
S A > \s o A ~ \s 2
¢ S A
(&) [9)
@) )
100 —— Control 100+ —— Control 5
n=23 © n=24 z
= &% £ | 580 &8
g 2 Sl Y — TN Ee
2 60 n=16 sls 60- =14 o%
8 2 4l 1 BN zg
[$) (% 40 ——]p=00025 & (% 40 s
204 = 204 2t
0 T T T T ) 0 T T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50 60
Days Days

Figure 15 | The combination of trametinib and nintedanib reduces tumor volume
and prolongs survival in mesenchymal PDAC

a, Waterfall plot showing the change in tumor volume for classical and mesenchymal
tumors after one week of the indicated treatment as assessed by MRI quantification. Each
column shows one mouse in comparison with baseline MRI tumor volume quantification.
b, Representative MRI pictures of vehicle-treated and T/N-treated mice at baseline (week
2) and after treatment (week 3) for both classical and mesenchymal tumors. Scale bar, 5
mm. ¢, Left, Kaplan-Meier survival curves for classical (yellow) and mesenchymal (blue)
vehicle-treated and T/N-treated mice. Right, Comparison between the survival of mice
treated with T/N and the median survival of their respective controls. P values in (a) and
(c, right) were calculated by two-tailed unpaired t test. P values in (c, left and middle) were
calculated with log-rank (Mantel-Cox) test. T: trametinib, N: nintedanib, T/N:
trametinib/nintedanib. Implantation experiments were performed by Stefanie Barthel and
myself.

Analysis of tumor sections isolated from mice treated for one-week with T/N
revealed changes in tumor cells and surrounding microenvironment (figure 16).
Notably, we could observe a decrease in cancer cell proliferation, as assessed by
KI67 staining and mitoses number (figure 16 a-c). Moreover, this response was
associated with vascular remodeling, as shown by increased amount of CD31+

vessels (figure 16 a, d) both in classical and mesenchymal subtypes.
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Figure 16 | The T/N combination induces decreased tumor cell proliferation and
vascular reprogramming in vivo

a, Representative H&E and immunohistochemistry analysis, for KI67 and CD31, of
classical and mesenchymal tumors treated for one week with vehicle or the combination
of T/N. b, Quantification of KI67* cells of classical and mesenchymal tumors as identified
in panel (a). ¢, Quantification of the number of mitoses per high power field. d,
Quantification of CD31* vessels. Each dot in the violin plot represents a single mouse. P
values in (b-d) were calculated by two-tailed unpaired t test. T/N: trametinib+nintedanib.
Quantification were performed by Angelica Arenas Vargas and Moritz Jesinghaus.

As described in the introduction, the PDAC microenvironment is characterized by
lack of cytotoxic T cells and infiltration of immunosuppressive immune cells,
composed of regulatory T cells, myeloid-derived suppressor cells and M2-like
polarized macrophages (Morrison et al., 2018). PDAC is therefore considered an
immunologically “cold” tumor. Recent data provide evidence that endothelial cell
activation and vascular remodeling stimulates the accumulation of cytotoxic T
cells into PDAC making it immunologically hot (Ruscetti et al., 2020). We
therefore assessed the impact of the T/N combination on immune cell infiltrates
in our syngeneic models of the classical epithelial and mesenchymal PDAC
subtypes (figure 6). Close inspection of T/N treated tumor sections showed
spatially distinct immune microenvironments. Notably, T/N treatment led to a
strong increase in T cell infiltration in mesenchymal tumors, rendering them
immunologically “hot” (figure 17a-d). In contrast, tumors of the classical subtypes
showed immune exclusion — with only moderate enrichment of T cells at the

margins of the tumors (figure 17d).
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Figure 17 | The T/N combination enhances T cell infiltration in mesenchymal tumors
a, Pie charts representative of the fraction of adaptive immune cells infiltrating classical
and mesenchymal tumors as analyzed by flow cytometry. The analyzed mice were treated
for one week with vehicle or T/N before flow cytometry was performed. The number of
tumors per treatment condition is shown in the corresponding panel. b, Flow cytometry
assessment of CD4 and CD8 positive T cells in classical and mesenchymal vehicle- and
T/N-treated tumors. Each point in the violin plots represents one individual mouse. c,
Representative mesenchymal tumors sections stained for CD3 and CD8. Each section
was obtained from orthotopically transplanted models of both classical and mesenchymal
subtypes treated for 1 week with vehicle or the T/N combination. Scale bars, 50 pm. d,
Representative immunofluorescence stainings for CD3 (green), denoting T cells.
Epithelial PDAC cells in classical tumors were detected by keratin 18 staining while
undifferentiated PDAC cells in mesenchymal tumors were detected via vimentin staining
(both in white). DAPI was used to detect nuclei (blue). Tumor margins are marked by the
white dotted line. Scale bars, 25 ym. P values in (b) were calculated by two-tailed unpaired
t test. T/N: trametinib+nintedanib. Flow cytometry experiments were performed by
Stefanie Barthel and myself. Jeannine Heetmeyer did the immunofluorescence stainings.

To better understand the function of T cells in therapy response for the
mesenchymal subtype, we performed orthotopic transplantation experiments in
CD3¢ knock-out mice on C57BL/6 background, which lack T cells (DeJarnette et
al., 1998) (figure 18a). In mesenchymal PDAC, the absence of T cells reduced
the anti-tumor effect of the drug combination, leading to significantly smaller effect
on tumor volume (p=0.0124 T/N WT vs CD3¢ KO) and shorter survival benefit
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(figure 18b-f). These observations show therefore that T cells contribute to the
observed anti-tumor effect induced by the drug combination in mesenchymal
PDAC. However, this response is not mediated only by T cells, but rather it
depends on drug mediated TME reprogramming and tumor-cell intrinsic action in
concert. Contrary to the mesenchymal subtype, in the classical one we observed
a mixed response in T cell deficient animals. We did not observe an effect on
tumor volume between WT and knockout mice (P = 0.563, WT vs CD3¢e-knockout;
figure 18b, d), but we observed a slight decrease on survival for the T cell deficient
animals, which was reduced of 5 days in T/N treated CD3¢-knockout mice (P =
0.028; figure 18e, f). This indicates that, even though to a smaller extent in
comparison to the mesenchymal subtype, immune surveillance is also present in

this model upon treatment (P=0.0014; figure 18f).
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Figure 18 | T cell depletion reduces the efficacy of T/N in mesenchymal PDAC
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a, Left, schematic representation of the in vivo experimental approach. The classical
(8661) and mesenchymal (9091) cell lines were orthotopically transplanted into T cell
deficient CD3¢ knockout (KO) mice. Right, FACS plot of CD3¢-KO C57BL/6 and wild-type
C57BL/6 mice, showing the lack of T cells in the CD3¢-KO animals. b, ¢, Waterfall plots
of the change in tumor volume of classical (b) and mesenchymal (c) mice, treated for one
week with vehicle or T/N. C57BL/6 and CD3¢-KO mice were compared. d, Representative
MRI pictures of classical and mesenchymal CD3¢-KO mice vehicle- or T/N-treated. Scale
bar, 5 mm. e, Kaplan-Meier survival curves of classical (upper panels) and mesenchymal
(lower panels) C57BL/6 and CD3¢-KO mice, vehicle- or T/N-treated. The number of mice
contributing to each group is indicated in the figure. f, Ratio between the survival of mice
treated with T/N and the median survival of their respective controls. P values in (b), (c)
and (f) were calculated by two-tailed unpaired t test. P values in (e) by log-rank (Mantel-
Cox) test. T/N: trametinib+nintedanib. Implantations and flow cytometry experiments were
performed by Stefanie Barthel and myself.

Tumor therapies can affect multiple cell types composing the tumor
microenvironment, including macrophages, altering their function, recruitment or
polarization state (Pathria et al., 2019). The combination treatment did not change
the overall number of macrophages considerably (figure 19a). However, we
observed a trend towards a polarization shift from pro-tumorigenic M2-like
macrophages to antitumorigenic M1-like (figure 19b-d), suggesting a potential
function for these cell type in therapy response. As therapy-induced changes in
macrophage polarization were present in both PDAC subtypes, they do not
explain the profound differences in therapeutic response observed between the

classical and the mesenchymal subtypes.

Uniquely, classical tumors showed an increase in neutrophils upon treatment
(figure 19a). Tumor associated neutrophils have context-dependent functions in
cancer. While some studies have shown their tumor promoting properties, such
as blocking anti-tumor immune responses and mediating cytotoxic T cell
suppression, others have highlighted their anti-tumor potential, including direct
cytotoxicity, for instance towards tumor cells, or inhibition of tumor metastatic
potential (Gerrard et al., 1981; Granot et al., 2011; Nywening et al., 2018; Steele
et al., 2016). Therefore, the role of neutrophils in this context remains unclear and

future studies will have to uncover their function in classical tumors.
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Figure 19 | T/N treatment promotes a tendency in macrophage polarization change
in both classical and mesenchymal tumors

A, Pie charts showing the fraction of innate immune cell populations in classical and
mesenchymal PDACs treated with vehicle or T/N as determined by flow cytometry. The
number of analyzed tumors per conditions is shown in the corresponding panel. b,
Representative pictures of immunofluorescence stainings for M1-like macrophages,
defined by CD80/CD68 staining, and M2-like macrophages, defined by ARG1/CD68
staining. ¢, d, Quantification of the M1-like (c), CD80/CD68+ and INOS/CD68+, and M2-
like (d), ARG1/CD68+ and MRC1/CD68+, macrophages from immunofluorescence
stainings (panel (b) for representative examples). P values in (c) and (d) were calculated
by two-tailed unpaired t test. T/N: trametinib+nintedanib. Flow cytometry experiments
were performed by Stefanie Barthel and myself. Immunofluorescence experiments and
quantifications were done by Kathrin Grabichler and Stefanie Barthel.

4.7. TIN sensitizes non-glandular mesenchymal PDAC towards ICB

Our in vivo findings show that T/N treatment enhances CD8+ T cell recruitment
selectively in mesenchymal PDAC. This prompted us to investigate whether the
combination therapy could sensitize this highly aggressive PDAC subtype
towards ICB. We explored this in vivo by randomizing syngeneic tumor bearing
animals of both PDAC subtypes to the drug combination with and without anti PD-
L1 antibody treatment. The triple treatment, of T/N+anti PD-L1 induced tumor
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regression, up to around 80%, and increased survival selectively in the
mesenchymal subtype of PDAC, compared to control arm (p=0.016, T/N+anti PD-
L1 vs T/N; figure 20a-c). The overall median improvement in survival by anti PD-
L1 addition to T/N was 10.5 days compared to T/N and 30.5 compared to the
control arm of the experiment, representing therefore a 3-fold increase in survival
(figure 20c). 6/16 mice displayed an objective tumor regression, with a partial
response according to the RECIST criteria. 8/16 showed a stable disease and
only 2/16 a progressive disease (p=0.078 T/N+anti PD-L1 vs T/N; figure 20a).
Contrary, these responses where not observed in classical PDAC orthotopic
models (figure 20a-c). Moreover, both classical and mesenchymal models did not
respond to immune checkpoint blockade with PD-L1 alone (figure 20a, c).
Therefore, the T/N+anti PD-L1 therapy increased the anti-tumor responses and

offered a strong survival benefit selectively in the mesenchymal subtype of PDAC.
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Figure 20 | The combination of T/N renders mesenchymal tumors sensitive to anti
PD-L1 immune checkpoint blockade.

65



a, Change in tumor volume in classical and mesenchymal orthotopic PDAC models after
one week of treatment with T/N, anti PD-L1 or T/N+anti PD-L1. P values were calculated
by two-tailed unpaired t test. b, Representative MRI images of classical and mesenchymal
tumors treated with T/N or T/N+anti PD-L1. Scale bars, 5 mm. ¢, Kaplan-Meier survival
analysis of classical and mesenchymal tumors treated with vehicle, T/N, anti PD-L1 or
T/N+anti PD-L1. P values were calculated with log-rank (Mantel-Cox) test. T/N:
trametinib+nintedanib, T/N+anti PD-L1: trametinib+nintedanib+anti PD-L1. Implantation
experiments were performed by Stefanie Barthel and myself.

4.8. scRNA-seq reveals T/N driven changes in context-dependent

tumor, stromal and immune responses

To holistically explore causes and consequences of therapy-induced tumor and
TME changes, and to decipher the drug action on tumor cells and the surrounding
additional cell types in vivo, we analyzed classical and mesenchymal PDAC upon
vehicle, T/N or T/N+anti PD-L1 treatment by performing scRNA-seq of entire
tumors. We dissociated 1-2 PDAC per model and treatment condition, sorted
them into two fractions, an epithelial/immune-rich and a mesenchymal/fibroblast-
rich fraction and subjected them to scRNA-seq analysis (10x Chromium) (figure
21a). Next, we combined all the collected single cell data (30677 cells, 1677-
13169 cells per model and treatment condition; figure 21b) to define cell
populations characterizing these tumors. In both subtypes we could identify tumor
cells and a few acinar cells, immune cells such as T cells, natural killer cells, B
cells, myeloid cells, composed of macrophages and neutrophils, and fibroblasts
(figure 21 and table 10). Uniquely for classical tumors we could identify

endothelial cells (figure 21c and table 10).
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Figure 21 | Single cell RNA-seq (scRNA-seq) analysis to investigate subtype-
specific differences in response to therapy

a, Experimental set-up for the scRNA-seq experiment. 1 or 2 tumors were dissociated for
each subtype and treatment condition, sorted into two fractions (a -
mesenchymal/fibroblast enriched; b — epithelial/immune enriched) and single cells were
sequenced (10x Chromium). b, Upper left, UMAP plot of the identified cell populations.
Upper right, UMAP plot showing classical (yellow) and mesenchymal (blue) tumors cells.
Lower, UMAP plot of the treatment induced changes across cells of both subtypes. c,
Dotplot representing the main markers used to define cell types in the scRNA-seq
experiment for classical and mesenchymal sequenced tumors. T/N:
trametinib+nintedanib, T/N+anti PD-L1: trametinib+nintedanib+anti PD-L1. Single cell
experiments and analysis were performed by Stefanie Barthel and myself.

Classical Mesenchymal

Control T/N T/N+aPDL1 Control T/N T/N+aPDL1
Acinar cells 64 815 293 21 106 443
Tumor cells 686 1146 1329 440 3313 7874
Neutrophils 174 188 118 11 55 174
Fibroblasts 76 114 134 2 27 178
T cells 261 500 202 1053 580 664
B cells 1862 775 587 57 504 188
Endothelial cells 15 274 457 0 1 45
NK cells 125 115 22 80 247 507
Macrophages 100 316 160 13 90 3096
Total 3363 4243 3302 1677 4923 13169

Table 10 | Number of cells identified for the classified cell types in the scRNA-seq
experiment across subtypes and treatment conditions
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T/N-induced transcriptional changes in cancer cells in vivo

We performed gene set enrichment analysis (GSEA) of scRNA-seq data of tumor
cells and uncovered subtype-specific treatment-mediated changes of immune
signaling pathways (figure 22a-c). We observed an induction of antigen
processing and cross-presentation for both classical and mesenchymal subtypes
of PDAC (figure 22a, b). Moreover, we observed a unique enrichment for
interferon signaling related signatures in mesenchymal PDAC. Specifically, we
identified induction of interferon gamma response signaling, especially in the
context of mesenchymal PDAC treated with T/N+anti PD-L1 (figure 22c).
Numerous recent publications connect immune responses to errors in DNA
replication, DNA damage responses and genomic instability (Bakhoum and
Cantley, 2018; Mackenzie et al., 2017). GSEA revealed that, for both subtypes,
DNA damage pathways were enriched upon treatment (figure 22d). We validated
this signature by performing immunohistochemistry staining for yH2AX, a marker
for DNA damage (figure 22e, f). As expected, both classical and mesenchymal
tumors showed a DNA damage induction, however this was stronger in the
classical subtype, indicating that the strong response observed in mesenchymal
PDAC towards the combination therapy is most likely not mediated by DNA

damage alone.

Several studies have proposed a connection between DNA damage, senescence
activation and the senescence associated secretory phenotype (SASP), and anti-
tumor immune responses (Faget et al., 2019). GSEA analysis showed that among
the positively regulated “reactome” signatures, SASP was strongly enriched
exclusively in classical, but not mesenchymal PDAC (figure 22g). We confirmed
this phenotype by histological analysis of the treatment induced induction of
senescence-associated B-galactosidase (SA-B-gal) (figure 22h). In summary, this
shows that the effect of the treatment in classical PDAC is mediated by a complex
interplay of mechanisms, including induction of DNA damage, reduction in cell

proliferation and SASP induction.
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Figure 22 | T/N treatment induces subtype-specific tumor cell reprogramming

a, Venn diagram displaying the overlap of the enriched immune signatures derived from
gene set enrichment analysis (GSEA) of the tumor cells for each treatment conditions and
between subtypes. Only the signatures showing a false discovery rate (FDR) q value <
0.05 are represented in the figure. b, GSEA signatures with one or more overlaps in panel
(a). Normalized enriched scores (NES) are shown in the heatmap and signatures with a
FDR-q > 0.05 are marked by a red dotted line. ¢, GSEA shows that the top immune-
related “hallmark” signature for mesenchymal T/N+anti PD-L1 PDAC is “Interferon
gamma response”, shown in the figure for both subtypes. NES and FDR-q are indicated
in the respective panels. d, GSEA revels enrichment of DNA damage response signatures
in both subtypes upon T/N treatment. NES and FDR-q are indicated. e, Representative
immunohistochemistry staining for yH2AX of tumor sections from both subtypes, vehicle-
and T/N-treated. Scale bar, 70 ym. f, Quantification of the yH2AX positive cells, shown in
panel (e). P values were calculated with two-tailed unpaired t test. g, “Senescence
Associated Secretory Phenotype (SASP)” GSEA signature is shown for both subtypes
T/N treated. NES and FDR-q values are indicated. h, Representative pictures of the
staining senescence associated (SA)-B-gal of classical and mesenchymal vehicle- and
T/N-treated tumors. Scale bar, 70 ym. T/N: trametinib+nintedanib, T/N+anti PD-L1:
trametinib+nintedanib+anti PD-L1. Single cell experiments and analysis were performed
by Stefanie Barthel and myself. Quantifications were performed by Angelica Arenas
Vargas. SA-B-gal staining was performed by Magdalena Zukowska and Stefanie Barthel.
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T/N-induced immune responses

Our in vivo immune profiling suggests that the T/N combination provokes a robust
anti-tumor immune program in the mesenchymal PDAC subtype centered on T
cells. To accurately dissect the T cell subpopulations, we separated and analyzed
the T cells of our scRNA-seq data set (3260 cells) (figure 23). With this approach
we identified 6 T cell subpopulations for both classical and mesenchymal tumors
(cluster 1 to 6) that we could define by the expression of well-established marker
genes (figure 23a, for comprehensive description see method section).

In mesenchymal PDAC, we could observe a reduction in CD4+ and CD8+ T cells
with a naive-like gene expression signature. Moreover, we identified an increase
in the percentage of T cells presenting a functional cytotoxic, effector and memory
gene expression signature in comparison to the tumors isolated from vehicle-
treated mice (figure 23b, c) (Gubin et al., 2018; Zhang et al., 2020a). The triple
treatment resulted in an additional increase of cytotoxic and effector T cells,
composing almost 75% of sequenced T cells in the scRNA-seq experiment (figure
23b).

Contrary to recent studies pointing at an indirect role for SASP in leading to the
recruitment of T cells within the tumors via vascular remodeling (Ruscetti et al.,
2020), in classical epithelial tumors, we observed remarkable differences. There,
the T/N combination reprogrammed the immune microenvironment with a
substantial reduction of regulatory T cells. Interestingly, however, we also
observed a decrease of effector T cells and an increase in the naive-like CD4+
compartment (figure 23b). Moreover, the investigated T cell functional gene
expression signatures were weaker for cytotoxic and effector marker genes in
classical compared to mesenchymal tumors (figure 23c, cluster 2).

Overall, our findings indicate that the T/N combination alone leads to an increased
infiltration of effector-like, activated and cytotoxic T cells within mesenchymal
tumors, indicating an effective and functional antitumor immune response, further
strengthened by the addition of anti PD-L1 to the treatment. This contrasts the
classical subtype, which showed a reduction of regulatory T cells as well as of

effector T cell populations upon treatment.
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Figure 23 | The T/N combination induces a T cell mediated anti-tumor response in
mesenchymal PDAC

a, Left, UMAP plots showing the expression of marker genes (Cd3g, Cd4, Cd8a) across
the identified T cell populations. Center, T cell distribution across classical (yellow) and
mesenchymal (blue) tumors. Right, Clusters of identified T cell subpopulations. b,
Distribution of T cell subpopulations across tumor subtypes and treatment conditions as
annotated in panel (a). ¢, Heatmap of selected genes defining T cell function. Clusters (1-
6) identified in panel (a) are shown across subtypes and treatment conditions. T/N:
trametinib+nintedanib. Single cell experiments and analysis were performed by Stefanie
Barthel and myself.

To gain insights into the molecular changes that could mediate the observed
therapy induced T cell infiltration in the mesenchymal subtype, we analyzed the
secretomes of epithelial and mesenchymal tumor cells treated with the T/N
combination unbiasedly with mass spectrometry-based proteomics (figure 24a)
(Frauenstein and Meissner, 2018; Meissner et al., 2013). Tumor cells are known
to secrete a variety of immunomodulatory proteins that reprogram the tumor
microenvironment. T/N treatment led to profound changes in the secretion of
immunomodulatory chemokines and cytokines for both classical and

mesenchymal subtypes (figure 24b).

71



a b
\\m/{/ % Classical Mesenchymal
LK\ Classical Mesenchymal Tip1
mPDAC
6
Cell free T
filtering
s
Secret H E
ecretomics ; $ 4 e
> &
g g
2
r )
control control it
o »
™ ™ o XEMT:GTS%H\@M 0
-10 -5 0 5
log2 fold change (8661 T/N - 8661 ctrl)
. Mesenchymal
C Classical y
<+
& . < 3 N
‘%— §, S 2 wmr, © S
% = Tumor ~ el o > 'Acinar < &
& “‘Acinar S %, -like S
£ Naive-like <l AN D8 A N
CDB8+ Q0. / CDa+ M &
A, CD4+ %, <8
&> &>
e GF I 5
Te2 W
Spp1
Lgals9
Itgaq Tgib3 oot Have, W
Tgfb1
Spp1 . @ Cxcl12 Vegfa
XCl
pp Slc1as Tgb2 Tgfbr1
It 6 Cel2 Mif
gav Mif Cxcr |
L 4 Nrp Thisto . Tatbrg
Tnfsfo Csft Csft (‘E A\ Cell types
A GXeli2
o Loatso Y098 copp Slozay w0 W 915, Tumor cells
gals9 . TOQ Acinar cells
N \ S Naive-like T cells
$ Y, e 0 %3 CD8+ T cells
& 07 ) a CD4+ T cells
S & K
N v o "
§ %@ § s . 9 ??? (1) Receptorname
< & » <2 5 & ESECN (2) Receiver cell type
5 9 2 @ % @ @ =
o = k) = i @ ) (3) Receptorexpression level (log1p)
- € a g ) J
. ® 7 o
0 >15
PN (4) Ligand expression fold change
Y

Figure 24 | The T/N treatment induces a context-dependent reprogramming of the
cancer cell secretome

a, Classical and mesenchymal tumor cells were in vitro treated with DMSO or T/N and
subjected to secretome analysis. b, Volcano plots showing changes in secreted factors
upon treatment for both subtypes. b, Circos plots displaying the most important
interactions from tumor cells to T cells, acinar cells and tumor cells, for both classical and
mesenchymal tumors. Ligand expression fold change, identified via secretome analysis,
between T/N and control is shown in the center. Normalized expression levels inferred by
scRNA-seq experiments are shown in the outer circles. T/N: trametinib+nintedanib.
Secretome experiments and analysis were performed by Jonathan J. Swietlik, Jing-Yuan
Cheng and myself.

In order to characterize the communication networks among cell types, we
combined tumor cell secreted proteins, as identified via secretome analysis, with
the cell populations expressing the corresponding receptors, as quantified by
scRNA-seq. This analysis, performed across treatment conditions, revealed
substantial differences in the secretome remodeling upon T/N treatment between
classical and mesenchymal tumors (figure 24b, c), especially in factors known to

control recruitment of immune cells, their differentiation and expansion, as well as
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tumor immune responses (Hojo et al., 2007; Li et al., 2018a; Matsumura et al.,
2008; Mehta et al., 2021; Nagarsheth et al., 2017). The combination of T/N led to
specific induction, in mesenchymal PDAC, of CXCL16, CXCL12 and TNFSF12
whereas CSF1, CCL2 and LGALS9 were downregulated. Differently, for the
classical subtype we observed a reduction in the secretion of CXCL20, CXCL16
and CXCL12, whereas CSF1 and CCL2 were increased in presence of T/N (figure
24b, c). Interestingly, the secretion of CXCL16, a chemoattractant for TILs, was
highly increased in mesenchymal PDAC. The high expression of this chemokine
is correlated to increased survival and promotes TILs in colorectal and breast
cancer (Hojo et al., 2007; Matsumura et al., 2008). In line, patients with high
expression of CXCL16 mRNA in PDAC show an increased overall survival (n=176
samples, p=0.042, log rank test; https://www.proteinatlas.org, Uhlén et al.
(2015)). CXCL12 has been shown to increase cytotoxic T cell infiltration in
osteosarcoma (Li et al., 2018a) and CCL2 and CSF1 are known mediators of
immunosuppression in multiple tumor types (Mehta et al., 2021; Nagarsheth et
al., 2017). In summary, treatment with the combination of T/N leads to
reprogramming of the tumor-cell secretome which favors immune mediated anti-
tumor responses and primes mesenchymal PDAC for response to immune

checkpoint blockade.

Reprogramming of cancer associated fibroblasts

One obvious difference between classical and mesenchymal PDAC is the dense
desmoplastic stroma, composed of CAFs and extracellular matrix. This is
abundant in the classical subtype while almost absent in mesenchymal tumors
(Steins et al., 2020). Recent data demonstrated that MAPK signaling links stromal
activation with PDAC phenotypes and sensitizes PDAC cells to MEKIi treatment
(Ligorio et al., 2019).

We therefore investigated the effect of the combination and triple therapy on the
phenotype and differentiation state of CAFs. CAFs are an extremely
heterogenous population with different effects both on tumors and therapeutic
response (Kalluri, 2016; Sahai et al., 2020; Schneider et al., 2017). Recently, at
least three different CAF subpopulations with distinct functions were
characterized in PDAC (Elyada et al., 2019; Sahai et al., 2020). They are
classified as i) myoCAFs, that exhibit an extracellular matrix-producing contractile
phenotype; ii) iICAFs, which are characterized by an immunomodulating

secretome (e.g. IL6, IL11 and LIF) and involved in the regulation of inflammation;
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and iii) apCAFs that express MHC class Il and CD74, lack classical co-stimulatory
molecules, but are capable of engaging antigen-specific CD4+ T-cells with the
potential to modulate immune responses in PDAC (Elyada et al., 2019; Ohlund et
al., 2017), as described in the introduction.

In order to characterize the dynamic changes in CAF subtypes in classical and
mesenchymal models of PDAC upon combination treatment, we analyzed our
scRNA-seq dataset (figure 25). Fibroblasts are usually rich in epithelial tumors,
which are characterized by a strong desmoplastic reaction, however in scRNA-
seq experiments published so far they accounted only for <2% of all cells (Elyada
et al., 2019). In line with these finding the fibroblasts in our experiment were only
9% of sorted cells. In contrast, mesenchymal tumors are usually composed of
densely packed tumor cells lacking the desmoplastic stroma, hallmark of epithelial
tumors (figure 25a and Hosein et al. (2020); Ligorio et al. (2019)). Accordingly,
only very few CAFs were detected by our in vivo profiling. Due to the low number
of cells, we were not able to further analyze this population in mesenchymal
tumors. In the classical epithelial PDAC model, the T/N combination with and
without PD-L1 based ICB provoked a substantial change in the composition and
phenotype of CAF subtypes (figure 25a-e). Tumors treated with T/N displayed a
substantially reduced amount of myoCAFs and a noteworthy increase in iCAFs
(figure 25a-e). Moreover, upon T/N and T/N+anti PD-L1, myoCAFs showed
reduced Tgfb1 expression (figure 25f). Previous reports have shown that TGF{31
has a role in blocking immune responses within the TME (Batlle and Massagué,
2019). Accordingly, TGFB1 downregulation was accompanied by a considerable

decrease in the amount of regulatory T cells (figure 23b).

Overall, our data highlight a diverse and subtype specific reprogramming of the
tumor microenvironment. Mesenchymal tumors presented mainly changes in the
T cell compartment, with cytotoxic T cells increasing substantially, and a switch
from M2- to M1-like macrophages, thereby sensitizing them to PD-L1 inhibition.
In contrast, in classical PDAC, the combination therapy induced dramatically
different changes, such as i) SASP (figure 22), ii) stromal normalization and a
polarization switch from myoCAFs to inflammatory CAFs (figure 25), iii) a
reduction of regulatory T cells (figure 23), iv) a trend towards a switch from M2-
like to M1-like polarized macrophages (figure 19) and v) an increase in neutrophil
infiltration (figure 19). Developing rational combination therapies making use of
these changes could lead to a clinically effective double therapy also in classical
PDAC.
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Figure 25 | The T/N treatment induces a context-dependent reprogramming of
cancer associated fibroblasts

a, Left, UMAP plot showing the identified CAF populations in classical and mesenchymal
tumors. Right, UMAP plot highlighting the differences in identified cell types between
subtypes. b, Left, UMAP plot showing the distribution of CAFs across treatment conditions
in classical tumors. Right, UMAP plot displaying the identified CAF clusters and resulting
subpopulations for classical tumors. ¢, UMAP plots highlighting the expression of selected
marker genes of the identified CAFs. d, Heatmap displaying expression of selected genes
in CAFs across clusters. The y axis shows gene expression of the selected marker genes,
the x axis represents each of the identified clusters in (b, right). e, Proportion of identified
CAF subpopulations across the indicated treatment conditions. f, Violin plots of Tgfb1
expression by myoCAFs, as identified in (b), across treatment conditions. T/N:
trametinib+nintedanib, T/N+anti PD-L1: trametinib+nintedanib+anti PD-L1. Single cell
experiments and analysis were performed by Stefanie Barthel and myself.
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5. Discussion

5.1. Subtyping strategies to stratify PDAC and its

immunosuppressive TME

PDAC is a very heterogeneous disease characterized by diverse molecular and
morphological features. Several studies have tried to link these features with
treatment response, however so far these attempts have proven to be
unsuccessful. Extensive efforts to characterize both the molecular bases and
phenotypes of PDAC have identified two main subtypes. The classical subtype,
which identifies a class of tumors characterized by cancer cells arranged in a non-
organized duct-like structure, presents a dense desmoplastic stroma, fostering an
immunosuppressive and lowly vascularized TME, thought to have an important
role in primary resistance to chemo- and immunotherapy (Olive et al., 2009;
Ruscetti et al., 2020; Sherman et al., 2014). Contrary, the mesenchymal subtype
of PDAC, characterized by sarcomatoid non-gland forming cells, shows high
tumor cellularity, low density of stromal cells and is overall more aggressive.
Importantly, this tumor subtype displays the highest KRAS-mut increase in gene
dosage and gene expression levels and is characterized by the most dismal
prognosis and the worst response rate to standard chemotherapies (Aung et al.,
2018; Chan-Seng-Yue et al., 2020; Dijk et al., 2020; Hayashi et al., 2020; Jiang
et al., 2020; Kalimuthu et al., 2020).

KRAS signaling has been shown to regulate not only PDAC’s tumor cell intrinsic
features but also its immunosuppressive TME (Collins et al., 2012). Several
studies have identified that mutant KRAS can mediate a direct
immunosuppressive effect by regulating the expression of tumor cell surface
receptors, such as MHC-I, PD-L1 and CD47, which in turn interact with cells of
the adaptive and innate immune system (Casey et al., 2016; Coelho et al., 2017;
El-Jawhari et al.,, 2014; Yamamoto et al., 2020). At the same time KRAS-mut
expressing cells have been shown to mediate an indirect immunosuppression,
secreting cytokines and chemokines which contribute to the immunosuppressive
microenvironment, hallmark of PDAC (Collins et al., 2012). Recent studies started
to investigate the influence of different KRAS-mut levels on the TME of PDAC
(Ischenko et al., 2021). Similarly, in this thesis | showed that distinct PDAC
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subtypes, characterized by different KRAS levels, harbor context specific
immunosuppressive TMEs. Indeed, classical tumors show higher neutrophil
infiltration while mesenchymal ones show higher macrophages. In the future,
important efforts will have to extend these initial analyses and functionally validate

the mediators of the observed phenotypes.

5.2. Subtype specific effects of the T/N treatment on PDAC cells

and their immunosuppressive TME

The heterogeneous and immunosuppressive TME of PDAC is one of the main
confounding factors in the investigation of PDAC treatment response and
resistance (Biankin and Maitra, 2015; Carstens et al., 2017; Moffitt et al., 2015;
Neesse et al., 2015; Poschke et al., 2016). The poor characterization of the
different stromal and immune subpopulations composing the TME of PDAC limits
the understanding of their implications for treatment, and as a result hinders the

development of personalized PDAC therapies (Binnewies et al., 2018).

In this thesis, | reported the identification of a novel combinatorial approach to
target specifically the non-glandular mesenchymal subtype of PDAC by means of
high-throughput drug screening. | described how this combination treatment
targets mesenchymal tumor cells in vifro and at the same time induces
remodeling of PDAC’s immunosuppressive immune landscape in vivo, opening
new avenues for the use of immunotherapy, such as anti PD-L1 ICB, in this
subtype of PDAC.

From one side, the combinatorial treatment induces DNA damage and cell death
in mesenchymal tumor cells. From the other, it induces a substantial context-
dependent reprogramming of the immunosuppressive mesenchymal cancer cell
derived secretome. The T/N combination downregulated cytokines and
chemokines, such as CCL2, CSF1, which are able to attract and expand
immunosuppressive macrophages and myeloid derived suppressor cells.
Moreover, it leads to an increase in the secretion of T cell modulators, such as
CXCL16 and CXCL12, both playing an important role in TILs’ recruitment (Hojo
etal., 2007; Li et al., 2018a; Mehta et al., 2021; Nagarsheth et al., 2017). Further,
genes involved in antigen processing and presentation were upregulated in vivo

upon T/N therapy. Lastly, the T/N combination increases blood vessel density,
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thus enabling the infiltration of TILs, mostly cytotoxic and effector T cells, into
mesenchymal PDAC in a context-specific manner. Therefore, our study shows
that reprogramming of immunologically “cold” mesenchymal tumors and tumor
microenvironments into “hot” is possible and can be therapeutically exploited by

adding immune checkpoint blockade such as anti PD-L1 to the T/N combination.

The subtype-specific effects of the combination treatment were surprising.
Mesenchymal PDAC showed DNA damage response, antigen processing and
presentation induction, and activation of a strong immune response; events which
connection is known and deeply investigated in the field (Brzostek-Racine et al.,
2011; Hartlova et al., 2015; Kearney et al., 2018; Respa et al., 2011; Zhou, 2009).
Classical epithelial tumors did not show this cascade of response upon T/N.
Indeed, although treatment with T/N led to DNA damage in the classical subtype
of PDAC, it also led to an unfavorable reprogramming of the cancer cell derived

secretome, enhancing CCL2 and CSF1 secretion.

The classical and mesenchymal subtypes of PDAC differ in KRAS signaling
output, which might influence the responses to the T/N combination, both in terms
of immune reprogramming and tumor cell intrinsic responses. High levels of
KRAS-mut expression, like what we observed in mesenchymal PDAC, have been
shown to repress interferon gamma signaling in vivo (Liao et al., 2019). Therefore,
inhibition of the KRAS downstream signaling with MEK inhibitors in combination
with RTK blockade and PD-L1 inhibition might reactivate this pathway. Thus, this
in combination with T/N induced DNA damage could boost the presentation of
neoantigens and increase anti-tumor immunity specifically in mesenchymal
PDAC (Liao et al., 2019).

Even though the combination therapy showed a strong antagonistic effect in vitro
in classical PDAC, it demonstrated an anti-tumor effect in vivo, indicating that this
drug treatment might have a strong influence on the TME of the classical subtype,
which is rich in fibroblasts and ECM (Tape et al., 2016). The in vitro high-
throughput drug screen and validation experiments were not able to predict these
responses observed in vivo. Therefore, when investigating therapeutic
responses, a holistic approach including investigation of the effects the treatment

might have on the TME in vivo should be carried on.
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To study the mode of action of the combination therapy in classical PDAC, we
profiled the tumors by scRNA-seq. This revealed an antiproliferative effect, as
well as the selective induction of SASP. SASP is a well characterized process,
which is triggered by a nuclear factor kB-regulated transcriptional program
characterized by the secretion of chemokines, cytokines, matrix
metalloproteinases and additional paracrine signaling factors (Faget et al., 2019;
Kuilman and Peeper, 2009; Ruscetti et al., 2020). In models of classical PDAC, a
recent study has demonstrated that the combination of MEK and CDK4/6
inhibitors can lead to a strong SASP response, with release of pro-angiogenic
factors promoting tumor vascularization, endothelial cell activation and vascular
cell adhesion protein 1 expression. In that context and in contrast to our study,
the combination treatment promoted migration of T cells into tumors, thereby
sensitizing the glandular classical subtype of PDAC to ICB (Ruscetti et al., 2020).
Contrary to these observations, we did not identify SASP-induced vascular
remodeling in classical PDAC upon T/N treatment. In line, we did not observe T
cell infiltration in the core of classical T/N treated tumors. Reasons for this can be
multiple, among which insufficient levels of SASP induction or other T/N induced
context-specific effects, both on cancer cell and on their TME, which counteract
vascular remodeling, T cell extravasation and activation. Our study supports the
established concept that SASP induction is a context dependent process,
because we did not observe SASP induction in mesenchymal PDAC (Faget et
al., 2019). This shows that not only the biology and stromal composition of PDAC
tumors, but also the response to molecularly targeted therapies is extremely

context dependent and differs between PDAC subtypes.

Trametinib and nintedanib are both approved by FDA/EMA for clinical use.
Trametinib is employed in the treatment of patients with unresectable or
metastatic BRAF-mutant melanoma, anaplastic thyroid cancer and NSCLC.
Nintedanib has been approved as second line treatment for advanced NSCLC, in
combination with docetaxel, as well as first line therapy for idiopathic pulmonary
fibrosis. Our study shows for the first time that combining trametinib with
nintedanib is efficient in models of the highly aggressive immunologically “cold”
non-glandular mesenchymal KRAS-mut iGD PDAC subtype, a disease
unresponsive to all to date attempted polychemotherapies, targeted therapies
and immune checkpoint blockade. Nintedanib is used to treat idiopathic
pulmonary fibrosis, a disease characterized by the activation of fibroblasts with a

myofibroblast differentiation stage, characterized by subsequent proliferation and
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inflammation of the alveolar wall (Lederer and Martinez, 2018; Richeldi et al.,
2014). In line, inhibition of myofibroblast activation by nintedanib or pirfenidone,
targeting the TGFB pathway, delays the progression of pulmonary disease
substantially (Lederer and Martinez, 2018). Classical glandular PDAC is
characterized by a dense stroma which is composed in large parts by activated
CAFs with a myofibroblast-like differentiation state and TGFp expression (Elyada
et al., 2019; Hosein et al., 2020). Therefore, by adding nintedanib to trametinib
we thought we might achieve a normalization of the tumor stroma in classical
PDAC. Indeed, using scRNA-seq we could identify a remodeling of the CAF
subpopulations upon drug treatment. In line, the relative fraction of myoCAFs
within classical tumors decreased substantially. In addition, the expression of
TGFB1, which can contribute to immunosuppression via activation of regulatory
T cells, was also downregulated. This demonstrates that reprogramming of the
fibrotic TME is possible and could be exploited to improve therapeutic outcomes

also in the classical PDAC subtype.

5.3. Broad targeting is necessary to treat mesenchymal PDAC

In an attempt to identify the targets of the multikinase inhibitor nintedanib
mediating the therapeutic effect in mesenchymal PDAC, we performed analyses
on different layers, from (1) kinobead-based proteomic identification of the
nintedanib-bound kinases, to (2) genome-wide and (3) focused CRISPR/Cas9-
based genetic screens. This multiscale analysis revealed the existence of
nintedanib targets with different relevance, not only between classical and
mesenchymal PDAC, but also across cell lines of the same subtype. The most
important targets, mediating nintedanib efficacy in combination with trametinib
included FGFR, PDGFR regulated signaling networks and MEK/ERK associated
kinases. However, this systematic analysis uncovered that the relevance of the
individual nintedanib targets varies within the mesenchymal subtype of PDAC,
showing heterogeneity of the functional relevant targets between individual
tumors. This is important to be noted as it shows that broad targeting, like the one
provided by the multikinase inhibitor nintedanib, is needed to treat the aggressive
and therapy resistant PDAC subtype efficiently across all its heterogeneous
phenotypes. Moreover, it highlights that a broad spectrum of targets, and not a

single target protein alone is responsible for the synergistic effect of the T/N
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combination. This concept is novel, as it challenges the one biomarker-drug
notion in oncology. Instead, we show that tumor cell morphology and KRAS-mut
increased gene dosage and gene expression are the strongest predictors of

therapeutic response towards the T/N treatment.

5.4. Conclusions

In summary, the work that | presented in this thesis sets the ground for the
combinatorial application of T/N with immunotherapy in the treatment of the non-
glandular mesenchymal subtype of PDAC. Moreover, it provides a first step
towards molecularly stratified combinatorial treatment approaches for pancreatic
cancer in the clinic. A phase 1 clinical study combining T/N with immunotherapy
for patients with mesenchymal PDAC is planned and will evaluate if the treatment
with T/N could be beneficial also in the clinical setting. Considering that RAS-iGD-
driven tumors are common across different entities, our data suggest that
combining T/N with immunotherapy might induce anti-tumor immunity and might

provide improved therapeutic outcomes in different tumor types.

5.5. Limitations and outlook

The presented study is novel and represents an important step forward for the
development of molecularly stratified therapies in PDAC. However, it harbors still
some limitations and underexplored aspects. Indeed, even though the efficacy of
the T/N combination together with anti PD-L1 is unprecedented for mesenchymal
PDAC, the mice eventually relapse to the disease, underlying that complete
remission was not achieved upon treatment. Further studies characterizing the
mechanisms of response and resistance to the drug treatment will have to be
performed in order to understand the reasons for this effect. Additional
experiments combining T/N together with standard of care chemotherapy or
additional drugs will be important to identify (triple) combinatorial treatments

promoting complete tumor eradication.
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Another aspect not fully explored is the functional role of the tumor
microenvironment in therapeutic response. Notably, the work presented here
focused on the characterization of T cells in response to therapy. However, we
describe that additional tumor microenvironment cell types undergo changes
upon treatment with T/N. In fact, in mesenchymal PDAC we also observed a trend
towards a phenotype switch from M2-like to M1-like macrophages, suggesting
that they might also play a role in therapeutic response. Further functional
validation experiments will be needed to characterize if M1-like macrophages

participate to the response to treatment.

Interestingly, for the classical subtype while in vitro we observed an antagonistic
interaction between T and N, in vivo we observed anti-tumor response,
suggesting an important role of the tumor microenvironment remodeling in
mediating this effect. Indeed, we showed that upon T/N, classical PDAC shows a
substantial reprogramming of the TME, especially in CAF subtypes and Treg
infiltration. Therefore, further functional investigation of these aspect might lead

to the development of an effective combination treatment also in classical PDAC.
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Appendix

9. Appendix

Table 11 | sgRNA sequences of the Cas9 focused library

Target Target Genomic Position of Strand SgRNA Target Target Context PAM  Exon Rule rationale for library
Gene Transcript ~ Seq. Base After Sequence Sequence Seq. Number Set2 inclusion
Symbol Cut (1-based) score
Abl1 NM_00111 NC_00006 31784565 sense GTTAGTTCAC CTGAGTTAGTTC CGG 4 0.6724  Nintedanib_target
2703.2 8.7 CATCACTCCA ACCATCACTCCA
CGGTGG
Abl1 NM_00111 NC_00006 31792418 sense TCCATCAAGT GTTCTCCATCAA GGG 7 0.642 Nintedanib_target
2703.2 8.7 CGGACGTGTG GTCGGACGTGT
GGGGTAA
Abl1 NM_00111 NC_00006 31778937 antisense  TGTGATTATAA CCATTGTGATTA CGG 3 0.6527  Nintedanib_target
2703.2 8.7 CCCAAGACC  TAACCCAAGACC
CGGAGC
Abl1 NM_00111 NC_00006 31800420 antisense  CATCCTCACT CTGTCATCCTCA CGG 11 0.6976  Nintedanib_target
2703.2 8.7 AGCCCCTCTG CTAGCCCCTCTG
CGGTCT
Acvr1 NM_00111 NC_00006 58477801 antisense  GGTGGAAATT TCCAGGTGGAAA GGG 7 0.6798  Nintedanib_target
0204.1 8.7 CTGTGTTCCG TTCTGTGTTCCG
GGGAAG
Acvr1 NM_00111 NC_00006 58477610 sense TGTGGGAGAC CCAATGTGGGA CGG 7 0.6619  Nintedanib_target
0204.1 8.7 AGCACTCTAG GACAGCACTCTA
GCGGTGA
Acvr1 NM_00111 NC_00006 58479771 sense GCTTTCAGGT GGCTGCTTTCAG GGG 6 0.658 Nintedanib_target
0204.1 8.7 TTATGAGCAG GTTTATGAGCAG
GGGAAG
Acvr1 NM_00111 NC_00006 58463009 sense ATTGTACTGT TCGGATTGTACT CGG 10 0.6725  Nintedanib_target
0204.1 8.7 CCATAGCCAG GTCCATAGCCAG
CGGCCT
Aurkb NM_01149 NC_00007 69048583 sense CCTGGAATAC TAATCCTGGAAT GGG 5 0.6362  Nintedanib_target
6.1 76 GCCCCTCGCG ACGCCCCTCGC
GGGGAAC
Aurkb NM_01149 NC_00007 69048798 sense AATTCACAGA AGGTAATTCACA CGG 6 0.6607  Nintedanib_target
6.1 76 GACATAAAGC GAGACATAAAGC
CGGAGA
Aurkb NM_01149 NC_00007 69048342 antisense  GCGCCTGGAT AGGTGCGCCTG CGG 4 0.6135  Nintedanib_target
6.1 76 TTCGATCTCT  GATTTCGATCTC
TCGGCGA
Aurkb NM_01149 NC_00007 69048026 antisense  CTTGTTCTGG CCTACTTGTTCT AGG 3 0.5848  Nintedanib_target
6.1 76 GATCCTTGCG GGGATCCTTGC
GAGGCAG
Axl NM_00119 NC_00007 25774596 antisense  GGATATCCGG TGCAGGATATCC GGG 7 0.7025  Nintedanib_target
0975.1 3.6 ATGTGATACG GGATGTGATACG
GGGTGT
Axl NM_00119 NC_00007 25770728 antisense CCCAGCAGTA TGCTCCCAGCAG AGG 9 0.7235  Nintedanib_target
0975.1 3.6 CATACCACCA TACATACCACCA
AGGCCA
Axl NM_00119 NC_00007 25778432 sense CAGACAACCT TTTCCAGACAAC AGG 6 0.6176  Nintedanib_target
0975.1 3.6 ACGGAGCTAG CTACGGAGCTAG
AGGTAG
Axl NM_00119 NC_00007 25764435 sense TTGACCACCC GAATTTGACCAC AGG 13 0.6047  Nintedanib_target
0975.1 3.6 CAACGTCATG CCCAACGTCATG
AGGCTC
Azi2 NM_00128 NC_00007 118049386 sense GGCCTATCAT ATAAGGCCTATC AGG 3 0.6553  Nintedanib_target
6508.1 5.6 GCATATCGTG ATGCATATCGTG
AGGTTT
Azi2 NM_00128 NC_00007 118059110 sense GGAGATGTCT AGAGGGAGATG TGG 7 0.6658  Nintedanib_target
6508.1 5.6 AACTTACACC TCTAACTTACAC
CTGGTGA
Azi2 NM_00128 NC_00007 118049976 sense ACTTCTGCAG TAGAACTTCTGC AGG 4 0.7212  Nintedanib_target
6508.1 5.6 CTAAGAACAG AGCTAAGAACAG
AGGTGG
Azi2 NM_00128 NC_00007 118051449 sense AGCAAGAGCT TTGGAGCAAGAG AGG 5 0.6959  Nintedanib_target
6508.1 5.6 GGGACTACTG CTGGGACTACTG
AGGAAG
Ber NM_00108 NC_00007 75062017 sense CAGCGGAGGT AGGACAGCGGA CGG 1 0.6975  Nintedanib_target
1412.2 6.6 GGCTACACGC GGTGGCTACAC
GCCGGACT
Ber NM_00108 NC_00007 75135937 sense CTTTGTGGAT GAGCCTTTGTGG TGG 5 0.7241  Nintedanib_target
1412.2 6.6 AACTACGGAG ATAACTACGGAG
TGGCCA
Ber NM_00108 NC_00007 75061820 sense AACCTAATAA  GGACAACCTAAT CGG 1 0.6997  Nintedanib_target
1412.2 6.6 ATGCCAACGG AAATGCCAACGG
CGGCAA
Ber NM_00108 NC_00007 75061236 sense AGGAGAAGAA GCCAAGGAGAA CGG 1 0.6403  Nintedanib_target
1412.2 6.6 GAGCTACGAT GAAGAGCTACGA
TCGGCAG
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Gene Transcript ~ Seq. Base After Sequence Sequence Seq. Number Set2 inclusion
Symbol Cut (1-based) score
Bmp2k NM_08070 NC_00007 97027846 antisense  AGTCCGCACC TGTGAGTCCGCA TGG 2 0.6897  Nintedanib_target
8.1 1.6 AGGAAAACAG CCAGGAAAACAG
TGGAGA
Bmp2k NM_08070 NC_00007 97045130 antisense  GGGAGTAGC TTGTGGGAGTAG GGG 7 0.6629  Nintedanib_target
8.1 1.6 GAGAATTGTC CGAGAATTGTCT
T GGGATG
Bmp2k NM_08070 NC_00007 97037025 sense TAAGACTCCC AATGTAAGACTC GGG 4 0.6795 Nintedanib_target
8.1 1.6 ATAATCCACC CCATAATCCACC
GGGATC
Bmp2k NM_08070 NC_00007 97061416 sense AATATAGGAG TTGAAATATAGG TGG 11 0.6177  Nintedanib_target
8.1 1.6 CATTGAGACC AGCATTGAGACC
TGGAAA
Btk NM_01348 NC_00008 134559309 sense AATCCGGTAC CAGTAATCCGGT TGG 6 0.7105  Nintedanib_target
22 6.7 AATAGTGACC ACAATAGTGACC
TGGTAC
Btk NM_01348 NC_00008 134573924 sense TATGAATATG ATACTATGAATA TGG 2 0.6593  Nintedanib_target
22 6.7 ACTTTGAACG TGACTTTGAACG
TGGGGT
Btk NM_01348 NC_00008 134556817 sense TGGAGGAGAG ATCCTGGAGGA TGG 8 0.6799  Nintedanib_target
22 6.7 CAACCTACCG GAGCAACCTACC
GTGGTGG
Btk NM_01348 NC_00008 134554711 antisense  AGATTTAGCA CAGTAGATTTAG CGG 11 0.706 Nintedanib_target
22 6.7 AACACAGACA CAAACACAGACA
CGGTGT
Chek1 NM_00769 NC_00007 36716431 sense TACAACAAAC ATGGTACAACAA AGG 8 0.7176  Nintedanib_target
1.5 5.6 CACTTAACAG ACCACTTAACAG
AGGTAA
Chek1 NM_00769 NC_00007 36718332 antisense  CAACCCAGTT CAAACAACCCAG AGG 7 0.7622  Nintedanib_target
1.5 5.6 AGTTACCCAG TTAGTTACCCAG
AGGAGC
Chek1 NM_00769 NC_00007 36722770 sense TCTTCCACCA AGGTTCTTCCAC GGG 4 0.578 Nintedanib_target
1.5 5.6 ACTCATGGCA CAACTCATGGCA
GGGGTG
Chek1 NM_00769 NC_00007 36719617 sense CGCTTACTGA TGAACGCTTACT TGG 6 0.6359  Nintedanib_target
1.5 5.6 ACAAGATGTG GAACAAGATGTG
TGGGAC
Ddr1 NM_00119 NC_00008 35686534 sense ACTTACGCCC GGCCACTTACGC AGG 12 0.695 Nintedanib_target
8833.1 3.6 GTCCCCCTCG CCGTCCCCCTC
GAGGCCC
Ddr1 NM_00119 NC_00008 35691205 sense TGTCATATAC CTCCTGTCATAT GGG 6 0.7137  Nintedanib_target
8833.1 3.6 AGCCCCCGTG ACAGCCCCCGT
GGGGCAG
Ddr1 NM_00119 NC_00008 35693620 antisense  GGCAGCGGTA GGCGGGCAGCG AGG 3 0.6636  Nintedanib_target
8833.1 3.6 GAGTCCGACC GTAGAGTCCGAC
CAGGAGC
Ddr1 NM_00119 NC_00008 35691572 sense TCGGGTAACG GATTTCGGGTAA GGG 5 0.7477  Nintedanib_target
8833.1 3.6 AGGATCCCGG CGAGGATCCCG
GGGGAGT
Ddr2 NM_02256 NC_00006 170001890 sense CGGAACGAAA ATGGCGGAACG CGG 7 0.7357  Nintedanib_target
3.2 76 GTGCTACCAA AAAGTGCTACCA
ACGGTTT
Ddr2 NM_02256 NC_00006 169995555 antisense  CTAATCACAC AGTACTAATCAC TGG 9 0.6472  Nintedanib_target
3.2 76 GTACCATAGG ACGTACCATAGG
TGGTGG
Ddr2 NM_02256 NC_00006 170005193 sense TACACTTTATC ACCCTACACTTT GGG 4 0.6482  Nintedanib_target
3.2 76 ACTCTTGTG ATCACTCTTGTG
GGGACC
Ddr2 NM_02256 NC_00006 169998041 antisense  CCGTGACAAA GGCACCGTGAC GGG 8 0.7048  Nintedanib_target
3.2 76 CCGGGCACTG AAACCGGGCACT
GGGGTTC
Ephb3 NM_01014 NC_00008 21218209 sense ACAACGTAGA GATGACAACGTA CGG 5 0.7388  Nintedanib_target
3.1 26 GTTTGTACCT GAGTTTGTACCT
CGGCAG
Ephb3 NM_01014 NC_00008 21217328 sense CTACCGTGCA ACTTCTACCGTG CGG 4 0.6694  Nintedanib_target
3.1 26 GACTCAGACT CAGACTCAGACT
CGGCCG
Ephb3 NM_01014 NC_00008 21220522 sense TGTGTCCTGT TCGATGTGTCCT AGG 10 0.6481  Nintedanib_target
3.1 26 GTCAAGATCG GTGTCAAGATCG
AGGAGG
Ephb3 NM_01014 NC_00008 21218871 antisense  CCCGGACCTG CGAGCCCGGAC CGG 7 0.7399  Nintedanib_target
3.1 26 AACTACGTAG CTGAACTACGTA
GCGGGCA
Fer NM_00103 NC_00008 63941362 sense CCAGCAGTTG CAGTCCAGCAGT AGG 9 0.7097  Nintedanib_target
7997.3 3.6 CGATGCACTG TGCGATGCACTG
AGGCAA
Fer NM_00103 NC_00008 63981624 antisense  ACAGAAAGGA ATATACAGAAAG AGG 11 0.6848  Nintedanib_target
7997.3 3.6 CATATTCACC  GACATATTCACC
AGGTTT
Fer NM_00103 NC_00008 63911560 sense TATAAAGAAG GAAATATAAAGA AGG 4 0.6087  Nintedanib_target
7997.3 3.6 CCTTAGCGAA AGCCTTAGCGAA
AGGTAT
Fer NM_00103 NC_00008 63973137 antisense  GAAGATCCGA TGTTGAAGATCC TGG 10 0.5208  Nintedanib_target
7997.3 3.6 GTACCGACTT GAGTACCGACTT
TGGAGA
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Fgfr1 NM_01020 NC_00007 25564362 sense TGGAGTTAAT CTGCTGGAGTTA AGG 8 0.6902  Nintedanib_target
6.3 4.6 ACCACCGACA ATACCACCGACA
AGGAAA
Fgfr1 NM_01020 NC_00007 25560804 sense GCATCGTGGA ACCTGCATCGTG GGG 6 0.6384  Nintedanib_target
6.3 4.6 GAATGAGTAT  GAGAATGAGTAT
GGGAGC
Fgfr1 NM_01020 NC_00007 25566774 sense GATCATTATCT TGGAGATCATTA GGG 8 0.7643  Nintedanib_target
6.3 4.6 ACTGCACCG TCTACTGCACCG
GGGCCT
Fgfr1 NM_01020 NC_00007 25560829 antisense  ACCCACGACG TCTTACCCACGA AGG 5 0.6713  Nintedanib_target
6.3 4.6 TCAAGCTGGT CGTCAAGCTGGT
AGGTGT
FIt3 NM_01022 NC_00007 147356282 sense CAGTACTCTA CGAGCAGTACTC AGG 12 0.6863  Nintedanib_target
9.2 1.6 AATATGAGTG TAAATATGAGTG
AGGCCG
FIt3 NM_01022 NC_00007 147369537 antisense CCCACTTTCA TTCCCCCACTTT GGG 7 0.6909 Nintedanib_target
9.2 1.6 GGAATAACTG CAGGAATAACTG
GGGCAG
FIt3 NM_01022 NC_00007 147366991 antisense  TCCACGTGCA AAGATCCACGTG GGG 9 0.608 Nintedanib_target
9.2 1.6 TCGGATTCGT CATCGGATTCGT
GGGTAC
FIt3 NM_01022 NC_00007 147354832 sense CTATGAATAT GGGACTATGAAT GGG 14 0.669 Nintedanib_target
9.2 1.6 GACCTTAAGT ATGACCTTAAGT
GGGAGT
Fyn NM_00805 NC_00007 39526882 sense GTGGATACTA AATGGTGGATAC CGG 8 0.7569  Nintedanib_target
4.2 6.6 TATCACAACG TATATCACAACG
CGGGCC
Fyn NM_00805 NC_00007 39515612 sense TTATGACTATG CGCTTTATGACT CGG 5 0.6724  Nintedanib_target
4.2 6.6 AAGCACGGA  ATGAAGCACGGA
CGGAAG
Fyn NM_00805 NC_00007 39522789 sense AGCCCGCTCC GGGAAGCCCGC GGG 6 0.6109  Nintedanib_target
4.2 6.6 TTGACAACCG TCCTTGACAACC
GGGGAAA
Fyn NM_00805 NC_00007 39511839 antisense GGGTGGGGT TGAGGGGTGGG CGG 4 0.6551  Nintedanib_target
4.2 6.6 CTGTGCCATA GTCTGTGCCATA
G GCGGTAC
Grb2 NM_00816 NC_00007 115649778 antisense  AAACACTTAC CAGGAAACACTT GGG 4 0.6485  Nintedanib_target
3.3 76 TTGACGGACA ACTTGACGGACA
GGGAGA
Grb2 NM_00816 NC_00007 115646840 antisense  AATACTTCCC AGGAAATACTTC CGG 5 0.6472  Nintedanib_target
3.3 76 GGCTCCGTCG CCGGCTCCGTC
GCGGAGC
Grb2 NM_00816 NC_00007 115649842 sense AAGAAATGCT GCAGAAGAAATG CGG 4 0.6729  Nintedanib_target
3.3 76 CAGCAAACAG CTCAGCAAACAG
CGGCAT
Grb2 NM_00816 NC_00007 115655360 antisense  TAAAATCTGA  ACCATAAAATCT TGG 3 0.5455  Nintedanib_target
3.3 76 CTTACGGATG GACTTACGGATG
TGGTTT
Hek NM_01040 NC_00006 153124208 sense GTTCCTCCGA CCAGGTTCCTCC AGG 2 0.6576  Nintedanib_target
74 8.7 GATGGAAGCA GAGATGGAAGC
AAGGCCT
Hek NM_01040 NC_00006 153134719 antisense  TCCATCTGGA CTTCTCCATCTG AGG 8 0.6512  Nintedanib_target
74 8.7 GGGATTCTCG GAGGGATTCTCG
AGGAAT
Hek NM_01040 NC_00006 153129061 antisense  GTCGTACAGT CATAGTCGTACA TGG 4 0.7088  Nintedanib_target
74 8.7 GCGACCACAA GTGCGACCACAA
TGGTAT
Hek NM_01040 NC_00006 153136827 sense ACTGGTGAAG ACAAACTGGTGA TGG 9 0.6574  Nintedanib_target
74 8.7 CTACACGCTG AGCTACACGCTG
TGGTCT
Ikbke NM_01977 NC_00006 131270909 sense TGTCCAGCGA AGCATGTCCAGC GGG 10 0.7132  Nintedanib_target
7.3 76 CACACCTAAG GACACACCTAAG
GGGCTG
Ikbke NM_01977 NC_00006 131273388 antisense  ATGATCTCTTT GTACATGATCTC GGG 7 0.6425 Nintedanib_target
7.3 76 GTTGCGCCG  TTTGTTGCGCCG
GGGCCC
Ikbke NM_01977 NC_00006 131275721 sense CATCGTGAAG AGAACATCGTGA TGG 4 0.6725 Nintedanib_target
7.3 76 CTATTCGCAG AGCTATTCGCAG
TGGAGG
Ikbke NM_01977 NC_00006 131273770 sense TCCATCGGGA ATTGTCCATCGG GGG 6 0.6639  Nintedanib_target
7.3 76 CATCAAACCT GACATCAAACCT
GGGAAC
Incenp NM_01669 NC_00008 9893424 sense TTGGGAATAT CCTCTTGGGAAT CGG 4 0.7364  Nintedanib_target
23 5.6 TCGGTCAGTG ATTCGGTCAGTG
CGGCGA
Incenp NM_01669 NC_00008 9883714 antisense  ACCTTAGGGT CCTTACCTTAGG CGG 10 0.6216  Nintedanib_target
23 5.6 CCACACGAAG GTCCACACGAAG
CGGAGT
Incenp  NM_01669 NC_00008 9894850 sense ATGAAAACAG CAGGATGAAAAC AGG 3 0.7373  Nintedanib_target
23 5.6 AGATCCCGTG AGAGATCCCGTG
AGGAAA
Incenp  NM_01669 NC_00008 9893669 sense ACTAACACCC AGGAACTAACAC AGG 4 0.6965 Nintedanib_target
23 5.6 AAGAAATCAG CCAAGAAATCAG
AGGCTG
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Inppl1 NM_01056 NC_00007 101828465 antisense  AGAATCCGGT CCATAGAATCCG AGG 19 0.7174  Nintedanib_target
7.2 3.6 CACACCACGA GTCACACCACGA
AGGCAC
Inppl1 NM_01056 NC_00007 101829170 antisense CCTGGATATC GGCACCTGGATA CGG 16 0.7038  Nintedanib_target
7.2 3.6 CATGTCTAAG TCCATGTCTAAG
CGGTAG
Inppl1 NM_01056 NC_00007 101830094 antisense  TCACACTGGA GTCTTCACACTG TGG 14 0.6413  Nintedanib_target
7.2 3.6 CGTACTGACG GACGTACTGACG
TGGCTG
Inppl1 NM_01056 NC_00007 101833610 antisense  GCAGGGCACA AGCAGCAGGGC TGG 4 0.6819  Nintedanib_target
7.2 3.6 AACAAGACCC ACAAACAAGACC
CTGGTTG
Jak2 NM_00841 NC_00008 29284907 sense CGGGTATTAC TTGACGGGTATT CGG 9 0.7268  Nintedanib_target
3.3 5.6 AGACTAACTG ACAGACTAACTG
CGGATG
Jak2 NM_00841 NC_00008 29291284 sense AAGTCCTAGA TTGAAAGTCCTA AGG 13 0.6702  Nintedanib_target
3.3 5.6 TAAAGCACAT  GATAAAGCACAT
AGGAAC
Jak2 NM_00841 NC_00008 29275063 sense ACAGATACGG ACCTACAGATAC GGG 5 0.6165  Nintedanib_target
3.3 5.6 AGTGTCCCGT GGAGTGTCCCG
TGGGGCT
Jak2 NM_00841 NC_00008 29298311 sense TCTTCAGGAG AAGTTCTTCAGG GGG 17 0.6496  Nintedanib_target
3.3 5.6 AGAATACCAT  AGAGAATACCAT
GGGTAC
Jak3 NM_00119 NC_00007 71682409 sense CAGACATCGG ACTCCAGACATC AGG 12 0.7485  Nintedanib_target
0830.1 4.6 AACTGCATGG GGAACTGCATG
GAGGTGC
Jak3 NM_00119 NC_00007 71682078 sense AGAAAAGTCC ATCCAGAAAAGT TGG 11 0.6795 Nintedanib_target
0830.1 4.6 AATTTGATCG CCAATTTGATCG
TGGTGC
Jak3 NM_00119 NC_00007 71684313 sense GGGCTTTGGA AGTGGGGCTTTG GGG 16 0.66 Nintedanib_target
0830.1 4.6 GCCACCACGT GAGCCACCACG
TGGGAGG
Jak3 NM_00119 NC_00007 71679756 sense CACCACCGAG CGGCCACCACC TGG 6 0.6687  Nintedanib_target
0830.1 4.6 ACCTTCCGTG GAGACCTTCCGT
GTGGGGC
Lats1 NM_01069 NC_00007 7702445 sense CCTGCGCAGT TGCTCCTGCGCA CGG 4 0.6767  Nintedanib_target
0.1 6.6 CATCCCCAAG GTCATCCCCAAG
CGGTGG
Lats1 NM_01069 NC_00007 7697594 antisense  CAGACATCTG GCTGCAGACATC GGG 3 0.6708  Nintedanib_target
0.1 6.6 CTCTCGACGA TGCTCTCGACGA
GGGTCT
Lats1 NM_01069 NC_00007 7701837 antisense  GGAGTAACAC TGGAGGAGTAAC AGG 4 0.6892  Nintedanib_target
0.1 6.6 TCCTAACTTG  ACTCCTAACTTG
AGGTGG
Lats1 NM_01069 NC_00007 7702897 sense AGATGATAGT AGGAAGATGATA CGG 4 0.6782  Nintedanib_target
0.1 6.6 GAGAAGAGTG GTGAGAAGAGT
GCGGACA
Lck NM_01069 NC_00007 129556359 sense AAGATCCGTA TTACAAGATCCG CGG 6 0.7229  Nintedanib_target
3.3 0.6 ACCTAGACAA TAACCTAGACAA
CGGTGG
Lck NM_01069 NC_00007 129555701 sense GTACTACAAC CAGGGTACTACA AGG 8 0.7363  Nintedanib_target
3.3 0.6 GGACACACGA ACGGACACACG
AAGGTGG
Lck NM_01069 NC_00007 129556650 sense CCGGGAAAGC TGATCCGGGAAA CGG 5 0.7134  Nintedanib_target
3.3 0.6 GAAAGCACTG GCGAAAGCACT
GCGGGTG
Lck NM_01069 NC_00007 129555581 sense GCTTTATGCA TCCGGCTTTATG AGG 8 0.6544  Nintedanib_target
3.3 0.6 GTGGTCACCC CAGTGGTCACCC
AGGAAC
Map2k5 NM_01184 NC_00007 63377176 sense GATTCCAAAT TCAAGATTCCAA TGG 1 0.6596  Nintedanib_target
0.2 5.6 AGTGGCGCG ATAGTGGCGCG
G GTGGACT
Map2k5 NM_01184 NC_00007 63338147 sense TTCACTTATAG TCTCTTCACTTAT CGG 6 0.6425 Nintedanib_target
0.2 5.6 GTGAATACA AGGTGAATACAC
GGGCT
Map2k5 NM_01184 NC_00007 63303145 sense GAGCACATCA TATAGAGCACAT GGG 9 0.6738  Nintedanib_target
0.2 5.6 TGTCCCAAGT CATGTCCCAAGT
GGGAAA
Map2k5 NM_01184 NC_00007 63343444 antisense  TACTTGCTGTT CATTTACTTGCT TGG 4 0.5844  Nintedanib_target
0.2 5.6 CCATTACTG GTTCCATTACTG
TGGAAT
Map3k2 NM_01194 NC_00008 32200004 antisense  TAGATCCATA AGTGTAGATCCA AGG 5 0.7173  Nintedanib_target
6.3 4.6 GACTGCCCAA TAGACTGCCCAA
AGGCGA
Map3k2 NM_01194 NC_00008 32207417 antisense  GGAACTTCTA GAGGGGAACTT GGG 8 0.6862  Nintedanib_target
6.3 4.6 TCCCTATTAG CTATCCCTATTA
GGGGGAC
Map3k2 NM_01194 NC_00008 32212056 sense CACTCCTTAA TGATCACTCCTT TGG 12 0.5857  Nintedanib_target
6.3 4.6 GCACTAGTAG AAGCACTAGTAG
TGGAAG
Map3k2 NM_01194 NC_00008 32210008 antisense  CCTGGTGATG TACTCCTGGTGA TGG 11 0.6926  Nintedanib_target
6.3 4.6 ATAGGAAACG TGATAGGAAACG
TGGTAC
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Map3k3 NM_01194 NC_00007 106149607 antisense  GCACTCCGTA GTCTGCACTCCG GGG 11 0.6472  Nintedanib_target
73 76 GGCGCCCAC TAGGCGCCCAC
G GGGGGTC
Map3k3 NM_01194 NC_00007 106148867 antisense  ACAGACACAT ATGCACAGACAC GGG 10 0.6441  Nintedanib_target
7.3 76 GGTAGCGCCT ATGGTAGCGCCT
GGGATA
Map3k3 NM_01194 NC_00007 106142522 sense TATACGAGCA ATCCTATACGAG AGG 7 0.6559  Nintedanib_target
73 76 TCAACAGCGA CATCAACAGCGA
AGGTGA
Map3k3 NM_01194 NC_00007 106114205 antisense  CATCTTCGTAT TCCACATCTTCG CGG 4 0.6447  Nintedanib_target
73 76 CTCACAGGC  TATCTCACAGGC
CGGCTG
Map4k4 NM_00869 NC_00006 39974000 antisense  AATGAAAGCA TCTTAATGAAAG TGG 4 0.7419  Nintedanib_target
6.2 76 CCATAGTACG CACCATAGTACG
TGGCAA
Map4k4 NM_00869 NC_00006 40003803 antisense  GGAATGGGAT TGAAGGAATGG GGG 16 0.6765 Nintedanib_target
6.2 76 CTCGAGACAG GATCTCGAGACA
GGGGAGA
Map4k4 NM_00869 NC_00006 40010575 sense TCATCTCCGA CAGGTCATCTCC CGG 22 0.6601  Nintedanib_target
6.2 76 ACCTGAGCAA GAACCTGAGCAA
CGGTGA
Map4k4 NM_00869 NC_00006 39997127 sense GGAAAGGCG  AACTGGAAAGGC AGG 13 0.6289  Nintedanib_target
6.2 76 GCGTAAAGAA GGCGTAAAGAA
G GAGGAAG
Map4k5 NM_20151 NC_00007 69841946 sense CAACCATGCT CGGACAACCATG AGG 12 0.6837  Nintedanib_target
9.2 8.6 CCCTACAGTG CTCCCTACAGTG
AGGGCG
Map4k5 NM_20151 NC_00007 69856286 sense TCACTTCAAG CGGATCACTTCA CGG 4 0.6535  Nintedanib_target
9.2 8.6 ATATCTATCA  AGATATCTATCA
CGGTAC
Map4k5 NM_20151 NC_00007 69826349 sense CTGATCAGTG AAAACTGATCAG GGG 18 0.6442  Nintedanib_target
9.2 8.6 AAAATACAGA TGAAAATACAGA
GGGATC
Map4k5 NM_20151 NC_00007 69874289 sense TGCAGTAAAG TAGCTGCAGTAA TGG 2 0.5719  Nintedanib_target
9.2 8.6 ATCATCAAGT AGATCATCAAGT
TGGAGC
Melk NM_01079 NC_00007 44332894 antisense  CTGTCACGCA AGCTCTGTCACG AGG 11 0.718 Nintedanib_target
0.2 0.6 ATCCTCATCG CAATCCTCATCG
AGGTGA
Melk NM_01079 NC_00007 44324221 sense GGAAATACGA AGAGGGAAATAC TGG 9 0.6552  Nintedanib_target
0.2 0.6 AGTTCCTAAG GAAGTTCCTAAG
TGGCTC
Melk NM_01079 NC_00007 44340717 antisense  GCTGGCGGTT TGGTGCTGGCG AGG 12 0.6222  Nintedanib_target
0.2 0.6 CCACAAGAGA GTTCCACAAGAG
AAGGACA
Melk NM_01079 NC_00007 44347176 sense ATCTAAATCA  CAGCATCTAAAT GGG 14 0.603 Nintedanib_target
0.2 0.6 CCAGCGCCAG CACCAGCGCCA
GGGGTAC
Mylk3 NM_17544 NC_00007 85359090 sense AGCAATCGAC CCGTAGCAATCG AGG 3 0.7458  Nintedanib_target
1.5 4.6 AGAATCAGCG ACAGAATCAGCG
AGGTCC
Mylk3 NM_17544 NC_00007 85359240 sense GAAGGGAGCT CACTGAAGGGA AGG 3 0.6857  Nintedanib_target
1.5 4.6 GACCTAACCC GCTGACCTAACC
CAGGCAG
Mylk3 NM_17544 NC_00007 85352900 sense AGGTGCACAG GGCCAGGTGCA AGG 6 0.7237  Nintedanib_target
1.5 4.6 GTGTACAGAG CAGGTGTACAGA
GAGGTCT
Mylk3 NM_17544 NC_00007 85355352 sense TCTGGGGCTG AGGGTCTGGGG AGG 4 0.6457  Nintedanib_target
1.5 4.6 AGCCTATGAG CTGAGCCTATGA
GAGGACC
Ntrk1 NM_00103 NC_00006 87791438 antisense  GCGGAGGCC CAAAGCGGAGG TGG 3 0.7104  Nintedanib_target
31241 9.6 ACTCTTCACG CCACTCTTCACG
A ATGGTTC
Ntrk1 NM_00103 NC_00006 87788623 sense GACACAACAC CTGGGACACAAC AGG 5 0.7216  Nintedanib_target
31241 9.6 CAGTTGTGGT ACCAGTTGTGGT
AGGTGT
Ntrk1 NM_00103 NC_00006 87783822 sense ACTAATGAGA GCTGACTAATGA CGG 8 0.7031  Nintedanib_target
31241 9.6 CCATGCGGCA GACCATGCGGC
ACGGCTG
Ntrk1 NM_00103 NC_00006 87782253 antisense  ACCCAGTGTC TGCCACCCAGTG GGG 12 0.6128  Nintedanib_target
31241 9.6 ATGAAGTGTA TCATGAAGTGTA
GGGACA
Pdgfrb  NM_00114 NC_00008 61068877 antisense CGGACAGTGG CGTACGGACAGT TGG 10 0.7266  Nintedanib_target
6268.1 4.6 CTGATCCACG GGCTGATCCAC
GTGGCGC
Pdgfrb  NM_00114 NC_00008 61065726 sense CCGCAGAGAA CCTTCCGCAGAG CGG 7 0.6922  Nintedanib_target
6268.1 4.6 TGGCTACGTG AATGGCTACGTG
CGGCTG
Pdgfrb  NM_00114 NC_00008 61064920 sense ATGGACGTAC TCCAATGGACGT AGG 5 0.6164  Nintedanib_target
6268.1 4.6 CCCCGCATGA ACCCCCGCATGA
AGGTAA
Pdgfrb  NM_00114 NC_00008 61072697 sense CGGTCATGAG CTGACGGTCATG TGG 12 0.7077  Nintedanib_target
6268.1 4.6 TACATCTACG AGTACATCTACG
TGGACC
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Pdpk1 NM_01106 NC_00008 24093571 sense ATGTATAATCT TTGGATGTATAA TGG 8 0.6532  Nintedanib_target
24 3.6 ATCAGCTCG TCTATCAGCTCG
TGGCAG
Pdpk1 NM_01106 NC_00008 24111034 antisense  GGAATGCCAG ACTAGGAATGCC GGG 2 0.5972  Nintedanib_target
24 3.6 GGGACGAACC AGGGGACGAAC
CGGGCTC
Pdpk1 NM_01106 NC_00008 24101670 sense CATTTGATGA GGCTCATTTGAT CGG 5 0.6042  Nintedanib_target
24 3.6 GACCTGTACC GAGACCTGTACC
CGGTTT
Pdpk1 NM_01106 NC_00008 24093208 sense CCCTAAGGCT TCTTCCCTAAGG TGG 9 0.5511  Nintedanib_target
24 3.6 AGAGATCTTG CTAGAGATCTTG
TGGAAA
Prkaal NM_00101 NC_00008 5160675 sense GAAGATTCGG GGCAGAAGATTC TGG 2 0.6788  Nintedanib_target
3367.3 1.6 AGCCTTGACG GGAGCCTTGAC
GTGGTGG
Prkaal NM_00101 NC_00008 5143954 sense GATCGGCCAC TGAAGATCGGCC GGG 1 0.7614  Nintedanib_target
3367.3 1.6 TACATCCTGG ACTACATCCTGG
GGGACA
Prkaal NM_00101 NC_00008 5164737 antisense  ATCACCATGA TTCCATCACCAT TGG 3 0.6168  Nintedanib_target
3367.3 1.6 AAATATCAGA  GAAAATATCAGA
TGGTGT
Prkaal NM_00101 NC_00008 5168617 antisense  CCTGTGACAA TATGCCTGTGAC CGG 4 0.717 Nintedanib_target
3367.3 1.6 TAATCCACAC AATAATCCACAC
CGGAAA
Rassf5 NM_01875 NC_00006 131244840 sense CACACCGACC GGGTCACACCG AGG 1 0.6314  Nintedanib_target
0.3 76 CCGCGACGTG ACCCCGCGACG
TGAGGAGC
Rassf5 NM_01875 NC_00006 131244921 antisense  CGAGCGTGTC AGGGCGAGCGT GGG 1 0.6169  Nintedanib_target
0.3 76 GGCAGTCTCG GTCGGCAGTCTC
GGGGCGT
Rassf5 NM_01875 NC_00006 131244714 sense TGTGCGGACG GACCTGTGCGG CGG 1 0.627 Nintedanib_target
0.3 76 AGAGGTGCTG ACGAGAGGTGC
TGCGGCAG
Rassf5 NM_01875 NC_00006 131212318 sense CTGGACTGCA CCAGCTGGACT GGG 2 0.6777  Nintedanib_target
0.3 76 GACAGAAGGG GCAGACAGAAG
GGGGGCCC
Ret NM_00905 NC_00007 118173661 antisense CGGCACAGC CGTGCGGCACA TGG 11 0.7371  Nintedanib_target
0.2 26 GCATCACACA GCGCATCACACA
G GTGGGCC
Ret NM_00905 NC_00007 118176313 antisense  ATTTACAAATA TGTCATTTACAA AGG 7 0.7386  Nintedanib_target
0.2 26 GGGTCCCCG ATAGGGTCCCC
GAGGTGT
Ret NM_00905 NC_00007 118178515 sense CGTCACCCTG TGCCCGTCACCC GGG 6 0.6355  Nintedanib_target
0.2 26 AACCTACCCA TGAACCTACCCA
GGGCCT
Ret NM_00905 NC_00007 118184283 sense TCTATGGCGT CATCTCTATGGC CGG 2 0.5917  Nintedanib_target
0.2 26 CTACCGTACA GTCTACCGTACA
CGGCTG
Rps6ka NM_00909 NC_00007 133863653 sense TTCACGTCAC CGAGTTCACGTC GGG 13 0.7199  Nintedanib_target
1 75 0.6 GCACACCCAG ACGCACACCCA
GGGGTAC
Rps6ka NM_00909 NC_00007 133861433 antisense CTGTACCACC TCACCTGTACCA GGG 14 0.6803  Nintedanib_target
1 75 0.6 GAGTGTAGGG CCGAGTGTAGG
GGGGCCT
Rps6ka NM_00909 NC_00007 133860834 antisense  CTTGACAGCA TCACCTTGACAG TGG 15 0.6508  Nintedanib_target
1 75 0.6 TACTCCATGT CATACTCCATGT
TGGTGG
Rps6ka NM_00909 NC_00007 133871964 sense CTCCATCACA AGATCTCCATCA AGG 3 0.6146  Nintedanib_target
1 75 0.6 CACCACGTCA CACACCACGTCA
AGGCTG
Rps6ka NM_14894 NC_00008 159330881 sense CCAGAAGTAG GGCTCCAGAAGT AGG 9 0.7248  Nintedanib_target
3 52 6.7 TTAACCGCAG AGTTAACCGCAG
AGGTCA
Rps6ka NM_14894 NC_00008 159337938 antisense  TGATGTGCGT AAGCTGATGTGC TGG 14 0.6925 Nintedanib_target
3 5.2 6.7 TAGCACTAGG GTTAGCACTAGG
TGGAAT
Rps6ka NM_14894 NC_00008 159336739 antisense  AAGCATTCGT TGAAAAGCATTC GGG 11 0.571 Nintedanib_target
3 52 6.7 AAAAGACTCT  GTAAAAGACTCT
GGGCTT
Rps6ka NM_14894 NC_00008 159311504 sense TGCAATCACA AAATTGCAATCA AGG 3 0.5838  Nintedanib_target
3 5.2 6.7 CATCATGTGA CACATCATGTGA
AGGAAG
Sav1 NM_02202 NC_00007 69984421 antisense  GTGATGAGCC GACTGTGATGAG GGG 2 0.6459  Nintedanib_target
8.2 8.6 ACACTCTCGA CCACACTCTCGA
GGGACA
Sav1 NM_02202 NC_00007 69976142 sense TCTGTGGACT CTGGTCTGTGGA AGG 3 0.6465  Nintedanib_target
8.2 8.6 GGACAATGAG CTGGACAATGAG
AGGGAG
Sav1 NM_02202 NC_00007 69984639 antisense  GGACCGTGCC TGTTGGACCGTG AGG 2 0.6147  Nintedanib_target
8.2 8.6 GAATGAATGA CCGAATGAATGA
AGGCAT
Sav1 NM_02202 NC_00007 69976081 antisense  GGAAGTCCTT AGGAGGAAGTC GGG 3 0.6293  Nintedanib_target
8.2 8.6 CTCGTTCAAG CTTCTCGTTCAA
GGGGATG
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Sik2 NM_17871 NC_00007 50913468 sense TGGAACGTCT TTGGTGGAACGT AGG 8 0.7126  Nintedanib_target
0.3 5.6 AAAATCACAT  CTAAAATCACAT
AGGAGC
Sik2 NM_17871 NC_00007 50915559 sense TCATAGAGGT ATGCTCATAGAG AGG 7 0.6767  Nintedanib_target
0.3 5.6 TCCTGTACAG GTTCCTGTACAG
AGGCCT
Sik2 NM_17871 NC_00007 50899329 sense CCAATTGGTT CTAACCAATTGG GGG 10 0.6691  Nintedanib_target
0.3 5.6 GTGATGCCCG TTGTGATGCCCG
GGGCAG
Sik2 NM_17871 NC_00007 50917540 antisense  AATACCCATA  AAGCAATACCCA TGG 5 0.6878  Nintedanib_target
0.3 5.6 TATCCAGCTG TATATCCAGCTG
TGGTCC
Slk NM_00928 NC_00008 47620851 sense AGGGAAATGA GAAAAGGGAAAT GGG 9 0.6244  Nintedanib_target
9.3 5.6 CACCGACTCA GACACCGACTCA
GGGACT
Slk NM_00928 NC_00008 47615222 sense GAGTATCAGC TTTGGAGTATCA AGG 5 0.6326  Nintedanib_target
9.3 5.6 TAAAAATACC  GCTAAAAATACC
AGGACA
Slk NM_00928 NC_00008 47616577 sense AAAAGAATGT TTGGAAAAGAAT TGG 7 0.705 Nintedanib_target
9.3 5.6 GGATGCGCG  GTGGATGCGCG
G GTGGACC
Slk NM_00928 NC_00008 47619770 sense AATGAGAAAC TCTTAATGAGAA CGG 9 0.6073  Nintedanib_target
9.3 5.6 CTACGACTGA ACCTACGACTGA
CGGTCC
Stk10 NM_00928 NC_00007 32588788 sense GGTGCTGTGT AGGTGGTGCTGT AGG 6 0.6903  Nintedanib_target
8.2 76 GAAACCATGA GTGAAACCATGA
AGGACG
Stk10 NM_00928 NC_00007 32555240 antisense  GGAGCTTCAC CCCAGGAGCTTC TGG 2 0.7051  Nintedanib_target
8.2 76 GATATACGGG ACGATATACGGG
TGGTCA
Stk10 NM_00928 NC_00007 32600777 sense AGACCCTGAA AATAAGACCCTG CGG 10 0.6241  Nintedanib_target
8.2 76 ACGGACCCGC AAACGGACCCG
CCGGTTT
Stk10 NM_00928 NC_00007 32598725 sense AGAGAAACAA ATGAAGAGAAAC AGG 9 0.6181  Nintedanib_target
8.2 76 ATCCCTGACC AAATCCCTGACC
AGGATG
Stk26 NM_13372 NC_00008 50879524 antisense  CCAATGCTGA AGATCCAATGCT AGG 4 0.6593  Nintedanib_target
9.1 6.7 ACCTCCACCT GAACCTCCACCT
AGGTAT
Stk26 NM_13372 NC_00008 50885886 antisense CCAAAACGGA CCATCCAAAACG AGG 6 0.7111  Nintedanib_target
9.1 6.7 GTCCCTACGA GAGTCCCTACGA
AGGTGT
Stk26 NM_13372 NC_00008 50886708 antisense  GGATGCATGT CATTGGATGCAT AGG 7 0.6893  Nintedanib_target
9.1 6.7 CAGAATTCGG GTCAGAATTCGG
AGGCTC
Stk26 NM_13372 NC_00008 50886833 antisense  AATGCATACT TAACAATGCATA GGG 7 0.609 Nintedanib_target
9.1 6.7 CACAAATGAC CTCACAAATGAC
GGGTCT
Stk3 NM_01963 NC_00008 35008178 antisense  CTGTAACAGC TGACCTGTAACA TGG 7 0.6464  Nintedanib_target
52 1.6 TGTGTCGCAG GCTGTGTCGCA
GTGGCTC
Stk3 NM_01963 NC_00008 35072436 sense ATGCTGATAT CCTTATGCTGAT AGG 6 0.6359  Nintedanib_target
5.2 1.6 ACATCCGATG ATACATCCGATG
AGGGTA
Stk3 NM_01963 NC_00008 35072558 antisense  CTCAGGAGCC TTACCTCAGGAG GGG 6 0.6553  Nintedanib_target
52 1.6 ATCCAAAATG CCATCCAAAATG
GGGTTC
Stk3 NM_01963 NC_00008 35073106 sense AATATTCTCCT CGGGAATATTCT AGG 5 0.5963  Nintedanib_target
5.2 1.6 CAATACAGA CCTCAATACAGA
AGGACA
Stk4 NM_02142 NC_00006 164088932 sense AATACACCGA GAAAAATACACC CGG 5 0.7848  Nintedanib_target
0.3 8.7 GATATCAAGG GAGATATCAAGG
CGGGAA
Stk4 NM_02142 NC_00006 164086595 sense TATCTGATATC TCTGTATCTGAT CGG 4 0.6082  Nintedanib_target
0.3 8.7 ATTCGGCTA ATCATTCGGCTA
CGGAAC
Stk4 NM_02142 NC_00006 164096902 sense TGCTGATATC CATATGCTGATA GGG 6 0.6204  Nintedanib_target
0.3 8.7 CATCCAATGA TCCATCCAATGA
GGGTAA
Stk4 NM_02142 NC_00006 164096779 antisense  TTCAGGAGCC TAACTTCAGGAG GGG 6 0.6927  Nintedanib_target
0.3 8.7 ATCCAAAACG CCATCCAAAACG
GGGTCC
Tank NM_01152 NC_00006 61627010 sense CTTCTCGTGG GCTACTTCTCGT AGG 3 0.6306  Nintedanib_target
9.2 8.7 ATTCTAGTCG GGATTCTAGTCG
AGGTAC
Tank NM_01152 NC_00006 61643753 sense TCTGGAAAAG TTCTTCTGGAAA GGG 5 0.6211  Nintedanib_target
9.2 8.7 AATCCGCCAA AGAATCCGCCAA
GGGTCT
Tank NM_01152 NC_00006 61649932 antisense  ATAGAGTCAT AAAAATAGAGTC CGG 7 0.644 Nintedanib_target
9.2 8.7 TGTCCATAGG ATTGTCCATAGG
CGGAAA
Tank NM_01152 NC_00006 61613667 antisense  GCATCACTAT TGTAGCATCACT AGG 2 0.5807  Nintedanib_target
9.2 8.7 AAAGGATGGT ATAAAGGATGGT
AGGAAT
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Tbk1 NM_01978 NC_00007 121570660 sense TGCCGTTTAG TCGCTGCCGTTT GGG 6 0.6582  Nintedanib_target
6.4 6.6 ACCCTTCGAG AGACCCTTCGAG
GGGCCT
Tbk1 NM_01978 NC_00007 121563963 sense CTTCTCGCTA ATGTCTTCTCGC CGG 8 0.7304  Nintedanib_target
6.4 6.6 CAACACATGA TACAACACATGA
CGGCGC
Tbk1 NM_01978 NC_00007 121571950 sense CAACATCATG CAGGCAACATCA GGG 5 0.6484  Nintedanib_target
6.4 6.6 CGCGTCATAG TGCGCGTCATAG
GGGAGG
Tbk1 NM_01978 NC_00007 121561600 sense CGGGAACAAC GAGCCGGGAAC AGG 9 0.6513  Nintedanib_target
6.4 6.6 TCAATACCGT AACTCAATACCG
TAGGACT
Tbkbp1 NM_19810 NC_00007 97149423 sense GACATCAAGG CGGAGACATCAA AGG 2 0.7124  Nintedanib_target
0.2 76 AAAGGCTAGG GGAAAGGCTAG
GAGGCCT
Tbkbp1 NM_19810 NC_00007 97148950 sense ACTCAACCAA AACGACTCAACC AGG 2 0.7333  Nintedanib_target
0.2 76 TTCCAACACG AATTCCAACACG
AGGTAA
Tbkbp1 NM_19810 NC_00007 97146346 antisense  CATGTCACAT AAGCCATGTCAC TGG 6 0.5976  Nintedanib_target
0.2 76 TCCGACTGGT ATTCCGACTGGT
TGGAGG
Tbkbp1 NM_19810 NC_00007 97139302 sense GCTGTCGCAA CACCGCTGTCG CGG 8 0.6 Nintedanib_target
0.2 76 CGTCACTCCC CAACGTCACTCC
CCGGCcC
Tgfbr1 NM_00937 NC_00007 47396511 sense AGAGCGTTCA GAGAAGAGCGTT AGG 4 0.726 Nintedanib_target
0.2 0.6 TGGTTCCGAG CATGGTTCCGAG
AGGCAG
Tgfbr1 NM_00937 NC_00007 47393411 antisense  ATGAAAGGGC TGAAATGAAAGG TGG 3 0.5987  Nintedanib_target
0.2 0.6 GATCTAGTGA GCGATCTAGTGA
TGGATC
Tgfbr1 NM_00937 NC_00007 47396410 sense ATTGTGTTACA GACCATTGTGTT TGG 4 0.6587  Nintedanib_target
0.2 0.6 AGAAAGCAT ACAAGAAAGCAT
TGGCAA
Tgfbr1 NM_00937 NC_00007 47402849 sense GTGTCAGATT GTTGGTGTCAGA TGG 5 0.5848  Nintedanib_target
0.2 0.6 ATCATGAGCA TTATCATGAGCA
TGGATC
Tnik NM_02691 NC_00006 28630585 sense TGAGACACAT AGAGTGAGACAC TGG 22 0.6843  Nintedanib_target
0.1 9.6 GACGGGACG ATGACGGGACG
G GTGGCTG
Tnik NM_02691 NC_00006 28607317 antisense  CAAACTTCTC CTGTCAAACTTC GGG 17 0.658 Nintedanib_target
0.1 9.6 AATTCTCGTG TCAATTCTCGTG
GGGAGA
Tnik NM_02691 NC_00006 28621094 sense AGTGAGCGGT ATCTAGTGAGCG GGG 19 0.6407  Nintedanib_target
0.1 9.6 CCAGAGTGCG GTCCAGAGTGC
GGGGTAA
Tnik NM_02691 NC_00006 28577386 sense CTCCATTCTG ACAGCTCCATTC GGG 12 0.6807  Nintedanib_target
0.1 9.6 AACCTACCAG TGAACCTACCAG
GGGAGT
Yes1 NM_00953 NC_00007 32655203 antisense  CTAGTCGCAA ACCTCTAGTCGC GGG 7 0.6607  Nintedanib_target
5.3 1.6 TGATTCTCGA AATGATTCTCGA
GGGATT
Yes1 NM_00953 NC_00007 32640436 sense AAGTGCCAGT GCCCAAGTGCC TGG 2 0.6568  Nintedanib_target
5.3 1.6 CATTATGGAG AGTCATTATGGA
GTGGAAC
Yes1 NM_00953 NC_00007 32645035 antisense  TCTAGCTTCAT TAGTTCTAGCTT AGG 3 0.6249  Nintedanib_target
5.3 1.6 AATCATACA CATAATCATACA
AGGCCA
Yes1 NM_00953 NC_00007 32651717 antisense  CAGGCACTAC TCTGCAGGCACT GGG 4 0.6323  Nintedanib_target
5.3 1.6 GTAATTGCTA  ACGTAATTGCTA
GGGATA
OIfr155 NM_01947 NC_00007 43854417 sense GCTCATCCTG TCGTGCTCATCC TGG 1 0.6301  non_targeting_contro
3.1 0.6 ATGATGTACC TGATGATGTACC |_genic
TGGTGA
OIfr155 NM_01947 NC_00007 43854924 antisense  GACTGCCAAG CTGGGACTGCC TGG 1 0.6372  non_targeting_contro
3.1 0.6 AAGATCATGT AAGAAGATCATG |_genic
TTGGCCA
OIfr155 NM_01947 NC_00007 43854723 sense ATATCCTGTG TTAGATATCCTG AGG 1 0.5905  non_targeting_contro
3.1 0.6 GTCATGAACA TGGTCATGAACA |_genic
AGGCTG
OIfr155 NM_01947 NC_00007 43854803 sense TGCAGACATC GTAGTGCAGACA CGG 1 0.6239  non_targeting_contro
3.1 0.6 TTTGGCAATG TCTTTGGCAATG |_genic
CGGCTG
OIfr156 NM_01947 NC_00007 43821131 antisense  CAGGACTAAG CATCCAGGACTA AGG 1 0.7206  non_targeting_contro
4.2 0.6 GGAATCGAGG AGGGAATCGAG |_genic
GAGGTAG
OIfr156 NM_01947 NC_00007 43820963 sense CAACCCTCTT TCTGCAACCCTC TGG 1 0.7152  non_targeting_contro
4.2 0.6 AGATACCCTG TTAGATACCCTG |_genic
TGGTCA
OIfr156 NM_01947 NC_00007 43820873 antisense  GAAAGGCAAC CACAGAAAGGCA GGG 1 0.6165  non_targeting_contro
4.2 0.6 TGCACCGCAA ACTGCACCGCAA |_genic
GGGAGA
OIfr156 NM_01947 NC_00007 43820822 antisense  TAAGACTGCT GCTTTAAGACTG AGG 1 0.6211  non_targeting_contro
4.2 0.6 AGGATCTCAC CTAGGATCTCAC |_genic
AGGTGA
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OIfr159 NM_01947 NC_00007 43770502 sense AATGACACTG TAGCAATGACAC GGG 1 0.7108  non_targeting_contro
6.1 0.6 CCCTTCTGTG TGCCCTTCTGTG |_genic
GGGACA
OIfr159 NM_01947 NC_00007 43770559 antisense  AGTGATGCTT TGGCAGTGATGC AGG 1 0.623 non_targeting_contro
6.1 0.6 CCAGATACCC TTCCAGATACCC I_genic
AGGAGC
OIfr159 NM_01947 NC_00007 43770676 antisense GCCCAGGAG TCATGCCCAGGA TGG 1 0.6558  non_targeting_contro
6.1 0.6 CACACACTCT GCACACACTCTG |_genic
G TGGCTC
OIfr159 NM_01947 NC_00007 43770618 antisense  TGACCACAGG CTCATGACCACA GGG 1 0.6805 non_targeting_contro
6.1 0.6 ATATCTAAGG GGATATCTAAGG |_genic
GGGTTG
Olfr70 NM_01948 NC_00007 43696574 sense CAACGCGCTG CCCTCAACGCG TGG 2 0.7365 non_targeting_contro
52 0.6 ATATTAACGG CTGATATTAACG |_genic
GTGGCCA
Olfr70 NM_01948 NC_00007 43697101 antisense  GCACAAACAG CAGAGCACAAAC AGG 2 0.6391  non_targeting_contro
5.2 0.6 AGCGATCTCG AGAGCGATCTCG |_genic
AGGCCG
Olfr70 NM_01948 NC_00007 43696752 antisense CCTGCCATCT TATTCCTGCCAT CGG 2 0.6984  non_targeting_contro
5.2 0.6 GGATGCATAG CTGGATGCATAG I_genic
CGGCCC
Olfr70 NM_01948 NC_00007 43697035 antisense  CCAACACAAT GTGTCCAACACA AGG 2 0.6713  non_targeting_contro
52 0.6 CAGCCCCACA ATCAGCCCCACA I_genic
AGGAAG
Olfr71 NM_01948 NC_00007 43706376 antisense CCAAAATGGA ATGTCCAAAATG AGG 1 0.662 non_targeting_contro
6.1 0.6 AAGGTTACCC GAAAGGTTACCC |_genic
AGGAAA
Olfr71 NM_01948 NC_00007 43706177 antisense  ATGAGCACGG GCTCATGAGCAC TGG 1 0.6394  non_targeting_contro
6.1 0.6 GGTACCTGAG GGGGTACCTGA |_genic
GTGGCTG
Olfr71 NM_01948 NC_00007 43706477 antisense AGGTACATGA CACCAGGTACAT AGG 1 0.8024  non_targeting_contro
6.1 0.6 CTGAGCACAG GACTGAGCACA |_genic
GAGGAAA
Olfr71 NM_01948 NC_00007 43705999 antisense  GCTGACTGAG CATCGCTGACTG AGG 1 0.5931  non_targeting_contro
6.1 0.6 GTGTCACCAC AGGTGTCACCAC |_genic
AGGTCA
OIfr749 NM_02028 NC_00008 50736756 sense ATTACCCTAC TTACATTACCCT AGG 2 0.6613  non_targeting_contro
8.2 0.6 CATCATGACT ACCATCATGACT I_genic
AGGAGG
OIfr749 NM_02028 NC_00008 50736911 antisense  CTTGGTCTTA TGGCCTTGGTCT TGG 2 0.6075 non_targeting_contro
8.2 0.6 GACAGAATGT TAGACAGAATGT I_genic
TGGCTA
OIfr749 NM_02028 NC_00008 50736976 antisense  GGAAGGCAAA TCAAGGAAGGCA AGG 2 0.7047  non_targeting_contro
8.2 0.6 ATTTCCCAGG AAATTTCCCAGG |_genic
AGGAAG
OIfr749 NM_02028 NC_00008 50736628 antisense  TCAATGGGTC GCCATCAATGGG AGG 2 0.7667  non_targeting_contro
8.2 0.6 CATGTCACAG TCCATGTCACAG |_genic
AGGAAG
OIfr690 NM_02029 NC_00007 105329658 antisense  TATGCTCACA CCAATATGCTCA GGG 1 0.6756  non_targeting_contro
0.2 3.6 ATATGAGTGT CAATATGAGTGT |_genic
GGGATG
OIfr690 NM_02029 NC_00007 105329938 antisense  ATGGAACCAA CAGCATGGAACC AGG 1 0.6572  non_targeting_contro
0.2 3.6 AAGATAGCCA AAAAGATAGCCA I_genic
AGGTCT
OIfr690 NM_02029 NC_00007 105329752 sense GGCAATTGGA CTATGGCAATTG TGG 1 0.6405 non_targeting_contro
0.2 3.6 AAAATGACCC GAAAAATGACCC I_genic
TGGCCA
OIfr690 NM_02029 NC_00007 105329868 antisense  ACTCAGCCAC CCCGACTCAGC TGG 1 0.7622  non_targeting_contro
0.2 3.6 AAAAGCAACG CACAAAAGCAAC I_genic
GTGGATG
Olfr480 NM_02029 NC_00007 108066276 antisense  GGTAGGAAGT CCTAGGTAGGAA AGG 1 0.6376  non_targeting_contro
1.1 3.6 TCCAACTAGG GTTCCAACTAGG I_genic
AGGATG
Olfr480 NM_02029 NC_00007 108066430 sense AAAGGGAACA TCAGAAAGGGAA TGG 1 0.6878  non_targeting_contro
1.1 3.6 TTTATCCCTG  CATTTATCCCTG I_genic
TGGCTG
Olfr480 NM_02029 NC_00007 108066502 antisense  GGAGTACCCA AGCTGGAGTACC AGG 1 0.5509  non_targeting_contro
1.1 3.6 ATGTCTAGAA CAATGTCTAGAA I_genic
AGGCCA
Olfr480 NM_02029 NC_00007 108066155 antisense  GAACAAGAAA ATGAGAACAAGA TGG 1 0.5374  non_targeting_contro
1.1 3.6 GCTTCAATAG AAGCTTCAATAG I_genic
TGGTGA
OIfri50 NM_00117 NC_00008 52490405 antisense  CAGGCCAGTT AGTGCAGGCCA AGG 2 0.6905 non_targeting_contro
7 0918.1 0.6 CGATCACCTG GTTCGATCACCT I_genic
GAGGTAC
OIfri50 NM_00117 NC_00008 52490884 sense TACAAATCCG TATCTACAAATC TGG 2 0.596 non_targeting_contro
7 0918.1 0.6 AAAGTACAGA CGAAAGTACAGA I_genic
TGGCTA
OIfri50 NM_00117 NC_00008 52490526 sense TGGAAGGTGT GAACTGGAAGGT AGG 2 0.6091  non_targeting_contro
7 0918.1 0.6 GTATGGTGCT GTGTATGGTGCT I_genic
AGGAGG
OIfr150 NM_00117 NC_00008 52490671 antisense  CTGGACCACA ATATCTGGACCA AGG 2 0.5904  non_targeting_contro
7 0918.1 0.6 CAGTCATCAA CACAGTCATCAA |_genic
AGGAAA
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OIfr150 NM_02051 NC_00008 52450468 antisense CCAACACCCA ATCTCCAACACC AGG 1 0.6842  non_targeting_contro
9 4.2 0.6 GTTGTCAGTG CAGTTGTCAGTG |_genic
AGGCCC
OIfr150 NM_02051 NC_00008 52450918 sense ACTATTCGTCT CTTGACTATTCG TGG 1 0.6969  non_targeting_contro
9 4.2 0.6 ACCCTACTG TCTACCCTACTG |_genic
TGGCCC
OIfr150 NM_02051 NC_00008 52450549 antisense  AGACTATGGT GTGAAGACTATG AGG 1 0.7075  non_targeting_contro
9 4.2 0.6 AACAACAATG GTAACAACAATG |_genic
AGGAAG
OIfri50 NM_02051 NC_00008 52450636 antisense  TGGGCACGGT ATCTTGGGCACG TGG 1 0.6567  non_targeting_contro
9 4.2 0.6 GACAGATGAG GTGACAGATGAG I_genic
TGGCAG
OIfr140 NM_02051 NC_00006 90052138 antisense  CAATAAAGGA GTATCAATAAAG AGG 1 0.6639  non_targeting_contro
5.1 8.7 AAGATATGAG GAAAGATATGAG |_genic
AGGAAA
OIfr140 NM_02051 NC_00006 90052070 antisense  GATGGCTCTT AAGAGATGGCTC GGG 1 0.6241  non_targeting_contro
5.1 8.7 CCCTCATGCA TTCCCTCATGCA |_genic
GGGAGT
OIfr140 NM_02051 NC_00006 90051835 antisense  GACCACAGAA TTGGGACCACAG AGG 1 0.6458  non_targeting_contro
5.1 8.7 GGGCAACTGA AAGGGCAACTGA |_genic
AGGACC
OIfr1i40 NM_02051 NC_00006 90051914 antisense CAGCACAATA CCACCAGCACAA TGG 1 0.5989  non_targeting_contro
5.1 8.7 CAGACATGCC TACAGACATGCC |_genic
TGGTCA
OIfri60 NM_03055 NC_00007 37712166 sense GGGGATCTAC TCCTGGGGATCT TGG 1 0.7252  non_targeting_contro
3.2 5.6 ATAATCACCA  ACATAATCACCA |_genic
TGGTGG
OIfri60 NM_03055 NC_00007 37711729 antisense  GAGCAAGAGA ACTAGAGCAAGA GGG 1 0.6591  non_targeting_contro
3.2 5.6 GCTTCATGAG GAGCTTCATGAG |_genic
GGGGAG
OIfri60 NM_03055 NC_00007 37712003 antisense  TGCACCCCAC GACATGCACCCC AGG 1 0.6399  non_targeting_contro
3.2 5.6 ATAGGAGATG ACATAGGAGATG |_genic
AGGTTT
OIfr160 NM_03055 NC_00007 37712087 antisense  CCACGAGTGA AGATCCACGAGT AGG 1 0.6832  non_targeting_contro
3.2 5.6 CAGGTTACTG GACAGGTTACTG |_genic
AGGAAG
Olfr73 NM_05409 NC_00006 88034869 sense AATCTAGTTA  GGTAAATCTAGT AGG 1 0.685 non_targeting_contro
0.1 8.7 CAATGAACAG TACAATGAACAG |_genic
AGGCAT
Olfr73 NM_05409 NC_00006 88034738 sense CAACCCTCTA TCCGCAACCCTC TGG 1 0.8122  non_targeting_contro
0.1 8.7 CTCTACACAG TACTCTACACAG |_genic
TGGCCA
Olfr73 NM_05409 NC_00006 88034687 antisense  GCATACCACC AGGAGCATACCA AGG 1 0.5592  non_targeting_contro
0.1 8.7 CCCCAAGCAT CCCCCCAAGCAT |_genic
AGGATC
Olfr73 NM_05409 NC_00006 88034578 antisense  TGTCAGAGCG GATGTGTCAGAG AGG 1 0.5601  non_targeting_contro
0.1 8.7 TGAAAGTGAA CGTGAAAGTGAA |_genic
AGGAGA
Olfr74 NM_05409 NC_00006 87974231 sense GAAACTCTGT CCCAGAAACTCT TGG 1 0.6946  non_targeting_contro
1.2 8.7 ATCACACTGG GTATCACACTGG |_genic
TGGTGG
Olfr74 NM_05409 NC_00006 87974518 antisense GGGGATTAAT AGTTGGGGATTA AGG 1 0.6759  non_targeting_contro
1.2 8.7 TCTGATCACG ATTCTGATCACG |_genic
AGGATC
Olfr74 NM_05409 NC_00006 87974090 antisense  TTGACTGATG GTAATTGACTGA AGG 1 0.6051  non_targeting_contro
1.2 8.7 AGAGTATCAG TGAGAGTATCAG |_genic
AGGAAG
Olfr74 NM_05409 NC_00006 87974581 antisense CGAGAAACAC ATGACGAGAAAC GGG 1 0.6125 non_targeting_contro
1.2 8.7 CAAGAAGAGA ACCAAGAAGAGA |_genic
GGGACT
Olfr78 NM_13086 NC_00007 102742569 sense AACAGTCCAA CAGTAACAGTCC TGG 4 0.6786  non_targeting_contro
6.4 3.6 ATAGGCATGG AAATAGGCATGG |_genic
TGGCTC
Olfr78 NM_13086 NC_00007 102742875 sense ATTGTTTGGA TAGCATTGTTTG TGG 4 0.7374  non_targeting_contro
6.4 3.6 AACTGCATTG GAAACTGCATTG |_genic
TGGTCT
Olfr78 NM_13086 NC_00007 102742734 antisense  GGCATCAAAA GACAGGCATCAA GGG 4 0.6041  non_targeting_contro
6.4 3.6 GTAATCTCCC AAGTAATCTCCC |_genic
GGGAGT
Olfr78 NM_13086 NC_00007 102742512 sense CCCACTACTG CACTCCCACTAC TGG 4 0.5945  non_targeting_contro
6.4 3.6 ATCAAGCGAC TGATCAAGCGAC |_genic
TGGCTT
NonT 1 AAAAAGTCCG non_targeting_contro
CGATTACGTC I_NTC
NonT 2 CCGCCCGGGT non_targeting_contro
GTGAGTTGAG I_NTC
NonT 3 CCGGCTTGAA non_targeting_contro
TACCGTGCGG I_NTC
NonT 4 CTCGGATGGT non_targeting_contro
GTGTTGAACC I_NTC
NonT 5 GCGCGAGGG non_targeting_contro
CACCGACAAG I_NTC
T
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NonT 6 GTGTCTTTCG non_targeting_contro
GTCTTACGAG I_NTC
NonT 7 TTCGCCGGCG non_targeting_contro
ACGAAGTGCA I_NTC
NonT 8 TGTGCCTACG non_targeting_contro
CCATTCGGCT I_NTC
NonT 9 ATGTTACGTA non_targeting_contro
CGTGATCTCC I_NTC
NonT 10 TATGAACCTC non_targeting_contro
CGGATCGGTG I_NTC
Bcl2i11  NM_20768 NC_00006 128128772 sense AGGTAATCCC CGCAAGGTAATC GGG 2 0.6383  synthetic_lethal
0.2 8.7 GACGGCGAA  CCGACGGCGAA (Corcoran et al,
G GGGGACC 2013, PMID:
23245996)
Bcl2i11  NM_20768 NC_00006 128128945 antisense  GTTGACTTGT TTGTGTTGACTT GGG 2 0.5901  synthetic_lethal
0.2 8.7 CACAACTCAT  GTCACAACTCAT (Corcoran et al,
GGGTGC 2013, PMID:
23245996)
Bcl2i11  NM_20768 NC_00006 128129009 sense CAACCACTAT CCTTCAACCACT TGG 2 0.5613  synthetic_lethal
0.2 8.7 CTCAGTGCAA ATCTCAGTGCAA (Corcoran et al,
TGGGTA 2013, PMID:
23245996)
Bcl2i11  NM_20768 NC_00006 128128901 antisense  AAAAGAGAAA TGTCAAAAGAGA AGG 2 0.6943  synthetic_lethal
0.2 8.7 TACCCACTGG AATACCCACTGG (Corcoran et al,
AGGACC 2013, PMID:
23245996)
Raf1 NM_02978 NC_00007 115622984 sense ACCTGGCGAT GACAACCTGGC TGG 12 0.7197  synthetic_lethal (Lito
0.3 26 TGTGACTCAG GATTGTGACTCA etal, 2014, PMID:
GTGGTGT 24746704)
Raf1 NM_02978 NC_00007 115626378 sense GAGAGACTCG GGCAGAGAGAC GGG 10 0.6322  synthetic_lethal (Lito
0.3 26 AGTTATTACT  TCGAGTTATTAC etal, 2014, PMID:
TGGGAAA 24746704)
Raf1 NM_02978 NC_00007 115644415 sense GCCGAATAAG TCTTGCCGAATA TGG 2 0.6806  synthetic_lethal (Lito
0.3 26 CAAAGGACTG AGCAAAGGACTG etal, 2014, PMID:
TGGTAT 24746704)
Raf1 NM_02978 NC_00007 115631361 antisense GGGTGTAGAG CATGGGGTGTA GGG 7 0.6226  synthetic_lethal (Lito
0.3 26 TATCTGTGCT GAGTATCTGTGC etal, 2014, PMID:
TGGGAAC 24746704)
Shoc2 NM_00116 NC_00008 54003030 sense ATTATGTAAC  GTGAATTATGTA TGG 3 0.647 synthetic_lethal
8505.1 5.6 CTCATTACCC ACCTCATTACCC (Sulahian et al, 2019,
TGGATG PMID: 31577942)
Shoc2 NM_00116 NC_00008 54017675 sense TAACATTTCTA ACAATAACATTT AGG 4 0.6835  synthetic_lethal
8505.1 5.6 CTCTACCAG CTACTCTACCAG (Sulahian et al, 2019,
AGGTAA PMID: 31577942)
Shoc2 NM_00116 NC_00008 54003136 antisense  ACATACCTATT CCCCACATACCT AGG 3 0.7343  synthetic_lethal
8505.1 5.6 GTATCTGGG ATTGTATCTGGG (Sulahian et al, 2019,
AGGTCC PMID: 31577942)
Shoc2 NM_00116 NC_00008 54026447 antisense CATGTTGAGG GTTCCATGTTGA TGG 5 0.5965  synthetic_lethal
8505.1 5.6 GAATAAATGG GGGAATAAATGG (Sulahian et al, 2019,
TGGAAA PMID: 31577942)
Mapk1  NM_01194 NC_00008 17018465 antisense  GCTGACCTTG CTTGGCTGACCT TGG 3 0.6716  synthetic_lethal
9.3 26 AGATCACAAG TGAGATCACAAG (Sulahian et al, 2019,
TGGTGT PMID: 31577942)
Mapk1  NM_01194 NC_00008 17023531 antisense  TGGAGCTCTG TTTCTGGAGCTC TGG 4 0.6218  synthetic_lethal
9.3 26 TACCAACGTG TGTACCAACGTG (Sulahian et al, 2019,
TGGCTA PMID: 31577942)
Mapk1  NM_01194 NC_00008 16983703 antisense  TTCTCCGATG CGCCTTCTCCGA TGG 1 0.5675  synthetic_lethal
9.3 26 TACGAGAGGT TGTACGAGAGGT (Sulahian et al, 2019,
TGGTGT PMID: 31577942)
Mapk1  NM_01194 NC_00008 17018294 sense GTCACACAGA TCCTGTCACACA AGG 3 0.5847  synthetic_lethal
9.3 26 TATATAGTAC  GATATATAGTAC (Sulahian et al, 2019,
AGGACC PMID: 31577942)
Braf NM_13929 NC_00007 39688249 sense CCCACCATCA ATAACCCACCAT AGG 2 0.7312  synthetic_lethal
4.5 26 ATATACCTGG CAATATACCTGG (Sulahian et al, 2019,
AGGTAA PMID: 31577942)
Braf NM_13929 NC_00007 39677414 antisense GGCAGGAAGA GTTGGGCAGGA AGG 4 0.6539  synthetic_lethal
4.5 26 CTCTAACGAT AGACTCTAACGA (Sulahian et al, 2019,
TAGGTTT PMID: 31577942)
Braf NM_13929 NC_00007 39662030 antisense  TCATAATTTAC TTGGTCATAATT TGG 7 0.6165  synthetic_lethal
4.5 26 ACACATCAG TACACACATCAG (Sulahian et al, 2019,
TGGAAC PMID: 31577942)
Braf NM_13929 NC_00007 39660885 antisense CCTACCCAGT AAATCCTACCCA GGG 8 0.7276  synthetic_lethal
4.5 26 AGAGTCTGAG GTAGAGTCTGAG (Sulahian et al, 2019,
GGGGGT PMID: 31577942)
Usp33  NM_13324 NC_00006 152360320 antisense  ATAACACCAT AAGCATAACACC TGG 5 0.6826  synthetic_lethal
7.3 9.6 ACTCGAAGAG ATACTCGAAGAG (Szlachta et al, 2018,
TGGTGA PMID: 30323222)
Usp33  NM_13324 NC_00006 152370354 antisense  GGAGGGCTTG CTTAGGAGGGCT TGG 11 0.6579  synthetic_lethal
7.3 9.6 CTGATAACCG TGCTGATAACCG (Szlachta et al, 2018,
TGGACT PMID: 30323222)
Usp33  NM_13324 NC_00006 152374752 sense GTGAAGCGTA TGTGGTGAAGC GGG 13 0.6446  synthetic_lethal
7.3 9.6 CGCCCCGCA  GTACGCCCCGC (Szlachta et al, 2018,
G AGGGGTGG PMID: 30323222)
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Usp33 NM_13324 NC_00006 152368540 sense GGTGTGCAAT AGAAGGTGTGCA AGG 10 0.8031  synthetic_lethal
73 9.6 AAGATCAACA  ATAAGATCAACA (Szlachta et al, 2018,
AGGCAA PMID: 30323222)
Ppat NM_17214 NC_00007 76925803 sense ACCTTGGAAT TCAAACCTTGGA AGG 3 0.7443  synthetic_lethal
6.2 1.6 CGGACATACG ATCGGACATACG (Szlachta et al, 2018,
AGGTAC PMID: 30323222)
Ppat NM_17214 NC_00007 76922254 antisense  ATAAGACGCC TGGCATAAGACG AGG 5 0.7323  synthetic_lethal
6.2 1.6 CGATGCAGAG CCCGATGCAGA (Szlachta et al, 2018,
GAGGACG PMID: 30323222)
Ppat NM_17214 NC_00007 76950974 sense TGATCACTCT CATGTGATCACT GGG 1 0.6501  synthetic_lethal
6.2 1.6 GGGACTCGTG CTGGGACTCGT (Szlachta et al, 2018,
GGGGCTA PMID: 30323222)
Ppat NM_17214 NC_00007 76922510 antisense  AGGGGTGTAT GAGGAGGGGTG GGG 4 0.6471  synthetic_lethal
6.2 1.6 GCGAGTAACT TATGCGAGTAAC (Szlachta et al, 2018,
TGGGTAA PMID: 30323222)
Dusp6 NM_02626 NC_00007 99264596 sense CACTGCGAGA CCTGCACTGCGA CGG 2 0.6987  synthetic_lethal
8.3 6.6 CCAATCTAGA GACCAATCTAGA (Sulahian et al, 2019,
CGGCTC PMID: 31577942)
Dusp6 NM_02626 NC_00007 99263814 antisense  ACTCGTACAG GACGACTCGTAC CGG 1 0.7009  synthetic_lethal
8.3 6.6 CTCCTGTGGT AGCTCCTGTGGT (Sulahian et al, 2019,
CGGCAG PMID: 31577942)
Dusp6 NM_02626 NC_00007 99264715 sense CCGAGACCCC TTGACCGAGACC CGG 2 0.6709  synthetic_lethal
8.3 6.6 AATAGTGCAA CCAATAGTGCAA (Sulahian et al, 2019,
CGGACT PMID: 31577942)
Dusp6 NM_02626 NC_00007 99264817 antisense  CTCTTCCAAC CAAACTCTTCCA TGG 2 0.5855  synthetic_lethal
8.3 6.6 ACGTCCAAGT ACACGTCCAAGT (Sulahian et al, 2019,
TGGTCG PMID: 31577942)
Sox4 NM_00923 NC_00007 28952162 antisense  ACAACCCCAG TCGTACAACCCC GGG 1 0.8236  synthetic_lethal
8.2 9.6 TGGATCACTG AGTGGATCACTG (Sulahian et al, 2019,
GGGTCG PMID: 31577942)
Sox4 NM_00923 NC_00007 28952737 sense CCAAGCGGCT ATCTCCAAGCGG TGG 1 0.6167  synthetic_lethal
8.2 9.6 AGGCAAACGC CTAGGCAAACGC (Sulahian et al, 2019,
TGGAAG PMID: 31577942)
Sox4 NM_00923 NC_00007 28952332 sense CCACGGCCGT GAGCCCACGGC CGG 1 0.6542  synthetic_lethal
8.2 9.6 CTACAAGGTG CGTCTACAAGGT (Sulahian et al, 2019,
GCGGACT PMID: 31577942)
Sox4 NM_00923 NC_00007 28952418 sense CCACGCTAAG AGCCCCACGCTA CGG 1 0.6043  synthetic_lethal
8.2 9.6 CTGGTCCCGG AGCTGGTCCCG (Sulahian et al, 2019,
GCGGGCG PMID: 31577942)
Rock2 NM_00907 NC_00007 16948510 sense TCCCGACTAC GAACTCCCGACT AGG 6 0.7087  synthetic_lethal
22 8.6 ATATCGCCCG ACATATCGCCCG (Sulahian et al, 2019,
AGGTTC PMID: 31577942)
Rock2 NM_00907 NC_00007 16953354 antisense  AAAAGCTTTA  CCACAAAAGCTT AGG 9 0.6694  synthetic_lethal
22 8.6 GGAATCGGGA TAGGAATCGGGA (Sulahian et al, 2019,
AGGTCT PMID: 31577942)
Rock2 NM_00907 NC_00007 16958135 sense GATTACCTTA  TTCAGATTACCT TGG 14 0.605 synthetic_lethal
22 8.6 CGGAAAAGTG TACGGAAAAGTG (Sulahian et al, 2019,
TGGAAT PMID: 31577942)
Rock2 NM_00907 NC_00007 16965164 sense GCAGAAAGAT TGAAGCAGAAAG AGG 19 0.7202  synthetic_lethal
22 8.6 GTGCTGAACG ATGTGCTGAACG (Sulahian et al, 2019,
AGGATG PMID: 31577942)
Det1 NM_02958 NC_00007 78843196 sense GCGAGGACGT ACCAGCGAGGA CGG 2 0.6918  synthetic_lethal
5.3 3.6 AGTGACGCTG CGTAGTGACGCT (Sulahian et al, 2019,
GCGGGTC PMID: 31577942)
Det1 NM_02958 NC_00007 78843566 antisense  GCTGCACAGA TGCTGCTGCACA AGG 2 0.6407  synthetic_lethal
5.3 3.6 CAATATGGCC GACAATATGGCC (Sulahian et al, 2019,
AGGATG PMID: 31577942)
Det1 NM_02958 NC_00007 78843861 sense TCTGCTGCAC TTGTTCTGCTGC TGG 2 0.7486  synthetic_lethal
5.3 3.6 ATTACCAACG ACATTACCAACG (Sulahian et al, 2019,
TGGCGG PMID: 31577942)
Det1 NM_02958 NC_00007 78843995 sense CTTGAAATCT ATCTCTTGAAAT GGG 2 0.6729  synthetic_lethal
5.3 3.6 ATGAGTACCA CTATGAGTACCA (Sulahian et al, 2019,
GGGCTG PMID: 31577942)
Stk40 NM_02880 NC_00007 126135020 antisense  GTTGGTGATA AGAAGTTGGTGA GGG 7 0.639 synthetic_lethal
0.3 0.6 GTTATCCGAT TAGTTATCCGAT (Sulahian et al, 2019,
GGGTCC PMID: 31577942)
Stk40 NM_02880 NC_00007 126136800 sense GGGCAAGCC ACCGGGGCAAG GGG 8 0.6414  synthetic_lethal
0.3 0.6 GAGTGACATG CCGAGTGACATG (Sulahian et al, 2019,
T TGGGCCT PMID: 31577942)
Stk40 NM_02880 NC_00007 126123831 sense AGAGCAGGAC AAAGAGAGCAG GGG 2 0.5487  synthetic_lethal
0.3 0.6 CGTTCGTCCT GACCGTTCGTCC (Sulahian et al, 2019,
TGGGTAA PMID: 31577942)
Stk40 NM_02880 NC_00007 126128855 sense TCGAGGACAC GCGGTCGAGGA CGG 5 0.6582  synthetic_lethal
0.3 0.6 AGAGTCTGGT CACAGAGTCTGG (Sulahian et al, 2019,
TCGGATG PMID: 31577942)
Rps23 NM_02417 NC_00007 90923636 antisense  CATGCCACTT TTGTCATGCCAC CGG 2 0.5829  essential_controls
5.3 9.6 CTGGTCCCGT TTCTGGTCCCGT
CGGTGA
Rps23 NM_02417 NC_00007 90923706 antisense  GCATGAGAGG CTTTGCATGAGA CGG 2 0.5471  essential_controls
5.3 9.6 CACCCCCAAA GGCACCCCCAA
ACGGATT
Rps23 NM_02417 NC_00007 90924331 sense TTGATATTGCA GCCATTGATATT AGG 3 0.4602  essential_controls
5.3 9.6 GAGGGGTTG  GCAGAGGGGTT
GAGGCCA
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Rps23  NM_02417 NC_00007 90924437 antisense  AAGTCACCTC AAATAAGTCACC AGG 3 0.4008  essential_controls
5.3 9.6 AATGAAGTTC TCAATGAAGTTC
AGGCAG
Tubalc NM_00944 NC_00008 99037114 antisense  GAGCCGCTCC CAGAGAGCCGC AGG 4 0.6954  essential_controls
8.4 1.6 ATCAGCAGGG TCCATCAGCAGG
GAGGTGA
Tubalc NM_00944 NC_00008 99037349 antisense  ACACAATCTG GAAGACACAATC CGG 4 0.7019  essential_controls
8.4 1.6 GCTAATAAGG TGGCTAATAAGG
CGGTTA
Tubalc NM_00944 NC_00008 99037186 antisense  CACAGCAGTG CAACCACAGCAG GGG 4 0.6923  essential_controls
8.4 1.6 GAAACCTGGG TGGAAACCTGG
GGGGCTG
Tubalc NM_00944 NC_00008 99037451 antisense CCAGAGGGAA GTGGCCAGAGG GGG 4 0.6402  essential_controls
8.4 1.6 GTGGATGCGA GAAGTGGATGC
GAGGGTAG
Polrtb  NM_00908 NC_00006 129105315 antisense GCGATGGGG CATGGCGATGG GGG 4 0.7956  essential_controls
6.2 8.7 AAATTTCTCC  GGAAATTTCTCC
G GGGGCAC
Polrtb  NM_00908 NC_00006 129110168 sense TGATAGCCTA ACCCTGATAGCC AGG 7 0.7194  essential_controls
6.2 8.7 GTGAACCAAG TAGTGAACCAAG
AGGTCC
Polrtb  NM_00908 NC_00006 129119150 antisense  TCTGGTTGTG GGACTCTGGTTG GGG 12 0.6462  essential_controls
6.2 8.7 ATCCGAGAAG TGATCCGAGAAG
GGGATG
Polrtb  NM_00908 NC_00006 129109340 sense GCTGCGGATT AGATGCTGCGG AGG 6 0.6223  essential_controls
6.2 8.7 GTCATAGAAG ATTGTCATAGAA
GAGGGCT
Rps27  NM_02701 NC_00006 90213024 antisense  TTGTGCATGG CCGTTTGTGCAT TGG 3 0.7492  essential_controls
54 9.6 CTAAAGACCG GGCTAAAGACC
GTGGTGA
Rps27  NM_02701 NC_00006 90213011 antisense  ACAAGACTAC ACACACAAGACT TGG 3 0.6284  essential_controls
54 9.6 CGTTTGTGCA ACCGTTTGTGCA
TGGCTA
Rps27  NM_02701 NC_00006 90213193 sense GGACGTGAAA TTATGGACGTGA AGG 2 0.5427  essential_controls
54 9.6 TGCCCAGGTA AATGCCCAGGTA
AGGAAG
Rps27  NM_02701 NC_00006 90213263 sense CCTCTCCAGA CATCCCTCTCCA AGG 2 0.5695  essential_controls
54 9.6 AGAGGAGAAG GAAGAGGAGAA
GAGGAAA
Eif2s1 NM_02611 NC_00007 78874615 sense AGAGGAAGCA CTCCAGAGGAA AGG 3 0.664 essential_controls
4.3 8.6 ATCAAATGTG GCAATCAAATGT
GAGGACA
Eif2s1 NM_02611 NC_00007 78877222 antisense  TGCATGCTTA AGACTGCATGCT AGG 4 0.6426  essential_controls
4.3 8.6 AAAGCATCGT TAAAAGCATCGT
AGGCAC
Eif2s1 NM_02611 NC_00007 78880037 sense TAGGCGTTTG TCAATAGGCGTT CGG 5 0.6774  essential_controls
4.3 8.6 ACCCCACAAG TGACCCCACAAG
CGGTCA
Eif2s1 NM_02611 NC_00007 78877135 sense TGAGGTATTA TTGCTGAGGTAT AGG 4 0.7171  essential_controls
4.3 8.6 GAATATACCA  TAGAATATACCA
AGGATG
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