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Introduction

1. Introduction

1.1 The mammalian cell cycle and its regulation

1.1.1 The mammalian cell cycle

The cell cycle is a universal process by which cells reproduce through division into daughter
cells and duplication of DNA (DNA replication) (Nurse, 2000). It is strictly controlled by a
regulatory network which is - at least in parts - highly conserved from yeast to human (Morgan,
2007). The most important role of the cell cycle is to determine the cell’s decision to either
proliferate or to withdraw from the cycle and enter the quiescent state (Lania et al., 1999).
Precise cell cycle events ensure the survival of living organisms; loss of this precision would

cause genomic instability, which is associated with cancer formation (Nurse, 2000).

The cell cycle of most eukaryotic cells comprises four discrete phases: The Gap-phases G1
and G2, the synthesis phase (S-phase) and mitosis (M-phase). M-phase involves two distinct
division-related processes: mitosis and cytokinesis. The entirety of G1-, G2- and S-phase is
termed interphase. The activation of each phase is reliant on the adequate progression and
completion of the previous one, which can be monitored by cell cycle checkpoints (Li and
Wang, 2014). Cells which have stopped dividing, temporarily or reversibly, enter a state of

guiescence (GO phase).

The GO phase is a resting period in the cell cycle in which cells have left the cycle and stopped
proliferation (Lodish, 2000). Prior to cell division, cells acquire nutrients. This preparation phase
is called interphase. Upon external growth stimuli and intrinsic signals, cells enter the cell cycle
in early G1 and accumulate nutrients accompanied by cell growth in preparation for
subsequent cell cycle events (Cooper, 2000). During G1, also referred to as Growth 1/Gap 1
phase, the cell is metabolically active and continuously grows and increases its protein supply.
G1 is followed by S-phase (synthesis) in this part of the cell cycle DNA replication takes place
(Schafer, 1998). After DNA replication G2 phase (gap 2) occurs, in which cell growth continues
and proteins are synthesized in preparation for mitosis (Harrison, 2011, Alberts et al., 2000).
During M-phase, which comprises the nuclear (mitosis) and cellular division (cytokinesis), the
sister chromatids are separated and distributed into two daughter cells (Morgan, 2007). During
the five phases of mitosis, the pairs of chromosomes condense and attach to fibers that pull
the sister chromatids to opposites poles of the cell (Maton et al., 1997). These phases are
called prophase, prometaphase, metaphase, anaphase and telophase (Mitchison and Salmon,
2001). Mitosis is followed by cytokinesis, in which the division of the cytoplasm into two

daughter cells takes place (Paweletz, 2001).
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1.1.2 Reqgulation and control of eukaryotic cell cycle

Many proteins are involved in cell cycle control; however, cyclins and cyclin-dependent kinases
(CDKs) are the most important ones. This class of regulatory molecules is highly conserved
among all eukaryotes and was first identified in yeast (Lee and Nurse, 1987). Cyclins form the
regulatory subunits whereas CDKs serve as the catalytic subunits of an activated heterodimer.
CDKs belong to a family of multifunctional enzymes whose task is to modify various protein
substrates involved in cell cycle progression (Malumbres, 2014; Morgan, 2007). However,
cyclins have no catalytic activity but are necessary for CDK activation by binding to them. After
activation by cyclins, CDKs phosphorylate their substrates to progress in the cell cycle. All
eukaryotes possess multiple cyclins, each of which act during a specific stage of the cell cycle
(Nebreda, 2006). Most of them are classified as G1 cyclins or mitotic cyclins named after the
stage of the cell cycle in which they function. However, in S phase there are also some cyclins
required. In eukaryotes, D-type cyclins are the key regulators of G1 progression. D-type cyclins
and CDK4 or CDKG6 regulate events in early G1 phase, whereas cyclin E-CDK2 triggers the S-
phase (Satyanarayana and Kaldis, 2009). Cyclin A-CDK2 and cyclin A-CDK1 complexes
complete S phase and CDK1-cyclin B is responsible for mitosis (Nigg, 1995; Hochegger,
Takeda and Hunt, 2008; Santamaria et al., 2007; Malumbres et al., 2004). In general, every
cyclin-CDK complex modifies a specific group of protein substrates. (Hochegger, Takeda and
Hunt, 2008). Progression through the cell cycle is regulated by several CDKs whose activities
are in return constricted by CDK inhibitors (CKIs). Based on their structure and CDK targets,
two families of CKls have been identified to manage these events. The first class is the cip/kip
(CDK interacting protein/ Kinase inhibitory protein) family, which includes genes like p21 (Sherr
and Roberts, 1999). P21 is activated by tumor suppressor p53, which is triggered due to DNA
damage (El-Deiry et al., 1993). The inhibitory effect of the cip/kip family is based on the binding
and inactivating of cyclin-CDK complexes, leading to cell cycle arrest in G1 phase (Nigg, 1995;
Morgan, 1997). The second class of CKIs is the INK/ARF family, which contain genes like
pl4ARF and p16INK4a. pl6INK4a binds to CDK4, which leads to a cell cycle arrest in G1
(Sherr and Roberts, 1999).

Cell cycle checkpoints are mechanisms that control the order and timing of cell cycle transitions
to ensure that critical events like DNA replication and chromosome segregation are completed
accurately. Furthermore, checkpoints prevent cell cycle progression after the recognition of
DNA damage to provide time for repair (Murray, 1992; Hartwell and Kastan, 1994). There are
three main checkpoints distributed over the cell cycle: G1/S (restriction) checkpoint, G2/M (G2-
M DNA damage) checkpoint and metaphase (spindle assembly) checkpoint. At the G1/S
checkpoint it will be decided if a cell delay the cell cycle, enter a resting phase or progress and

complete the cycle (Robbins and Cotran, 2004). When DNA damage occurs, the kinases ATM
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and ATR, which act as sensors, are initiated and start the signalling cascade, in which p53 is
phosphorylated and thereby stabilized. P53 activates several target genes, including p21.
Through this mechanism, G1 CDKs are inhibited and DNA damage is repaired prior to DNA
replication (Barnum and O’Conell, 2014; Musacchio and Salmon, 2007; Harper and Elledge,
2007). The second checkpoint is the G2/M checkpoint, which prevents cells from entering
mitosis when DNA damage occurs. This process provides an opportunity for repairing and
stopping the proliferation of damaged cells and thus for maintaining genomic stability (Lobrich
and Jeggo, 2007). When genomic DNA is damaged, the sensory DNA-PK/ATM/ATR kinases
are activated, which leads to the initiation of two parallel cascades that inactivate the Cdc2-
cyclin B complex (Kastan and Bartek, 2004). The spindle assembly checkpoint (SAC) prevents
the start of the anaphase and the segregation of chromosomes until these processes have
been properly completed (Elledge, 1996; Lara-Gonzalez et al., 2012; Hauf, 2013). Checkpoint
proteins enrich at unattached kinetochores, which leads to the initiation of a signalling cascade
that ultimately blocks the APC/C (anaphase-promoting complex/cyclosome) and a multi-
subunit E3 ubiquitin ligase. Thus, the checkpoint delays the anaphase until a proper
attachment of all chromosomes is sensed. (Musacchio and Salmon, 2007; Musacchio, 2011).

assembly
check point

check point \

Figure 1: Simplified representation of the mammalian cell cycle

The cell cycle comprises four major phases (S, M, G1, G2) and coordinates DNA duplication and
segregation of replicated genomic material to emerging daughter cells. Checkpoints within the cell
cycle are crucial instruments to monitor the correct progression. Cells that are no longer dividing
withdraw from the cell cycle and enter into a non-proliferative state (GO0).
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1.1.3 The pRB/E2F pathway

To ensure proper progression during the cell cycle, proteins that are involved in its regulation
are expressed at certain times. The progression of the cell cycle is associated with a defined
set of genes, which are regulated at the transcriptional level through transcription activators
and repressors (Weinberg, 1995; Paggi et al., 1996). It is well known that the product of the
retinoblastoma tumor suppressor (pRB) inhibits cell growth by preventing the transcription of
growth-regulatory genes (Lania et al., 1999). pRB function is reliant, at least in part, on
interactions with the E2F family of DNA-binding transcription factors (E2F) (Chellappan et al.,
1991). E2F sites are present in many gene promoters that are essential for cell cycle
progression. In this context, pRB occurs to repress the transcription of these genes through its
interaction with E2F (Blake and Azizkhan, 1989; Thalmeier et al., 1989). In mammalian cells,
pRB and the two pRB-related proteins p107 and p130, referred to as the pocket protein family,
play a crucial role in cell cycle progression, especially in G1 to S transition (Dimova and Dyson,
2005). Based on the family name pRB, p107 and p130 share a high homology in a central
motif known as the pocket region. This pocket region consists of two highly conserved domains
(box A and B) separated by a nonconserved spacer that differ in length (Lania et al., 1999;
Harbour and Dean, 2000). DNA tumor viruses that express oncoproteins, such as adenovirus
E1A, SV40 large tumor antigen and human papillomavirus (HPV) E7, can bind to the
conserved pocket domain of pRB members, which leads to an inactivation of pRB followed by
a transformation of cells (DeCaprio et al., 1988; Whyte et al., 1988; Dyson et al., 1998). The
E2 factor (E2F) family of DNA- binding transcription factors, which are downstream effectors
of the retinoblastoma (RB) protein pathway, play an important role in cell division control in
higher eukaryotes. Three E2F family members, known as E2F1, E2F2 and E2F3a, act as
transcriptional activators whereas six members termed E2F3b and E2F4-8 act as suppressors
(Aslanian et al., 2004). The E2F proteins contain several conserved domains including a DNA
binding domain, a dimerization domain, a transactivation domain and a tumor suppressor
protein association domain (Dyson et al., 1998; Trimarchi and Lees, 2002). Structurally, E2F1-
6 harbour a highly conserved DNA binding and dimerization domain enabling the binding of
DNA target sequences as heterodimers with DP1 and DP2 (differentiation-regulated
transcription factor-1 and 2) (Gaubatz et al., 1998; Morkel et al., 1997; Cartwright et al.,1998).
In contrast, E2F7 has a duplicated conserved E2F-like binding domain but no DP-dimerization
domain (Di Stefano et al, 2003; Ren et al., 2002). In addition, E2F6 and 7 lack the
transactivation and pocket protein binding domains at the C-terminus in contrast to the rest of
the family (Ren et al., 2002). As mentioned before, E2Fs have been categorized according to
their structure and function into activators and repressors. E2F1, E2F2 and E2F3a contain an
additional cyclin binding domain and predominantly interact with pRb in a cell cycle dependent

manner, which leads to transcriptional activation. During the G1-S transition, cyclin D-CDK4/6

4
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and cyclin E-CDK2 phosphorylate pRB, resulting in the release of E2F, which leads to the
transcription of E2F target genes (Maiti, 2005; Harbour and Dean 2000). In contrast, E2F3b
and E2F4-8 inhibit gene expression. E2F3b, E2F4 and E2F5 are expressed and associated
with E2F binding elements and E2F target promotors during GO (Ogawa et al., 2002). E2F3b
represses specific E2F target genes. E2F4-5 act as repressors in two ways: first, they
associate with p107 and pl30 and bind to E2F regulated promoters, which leads to
inaccessibility for activators and secondly, they recruit histone deacetylases (HDAC) to
promoters, thereby enabling the silencing of gene transcription (Beijersbergen et al., 1994,
Ginsberg et al., 1994; Hijmans et al., 1995; Moberg et al., 1996). E2F6 mediates repression,
when Polycomb group of proteins or large multimeric complexes containing Max and Mga
proteins are recruited (Ogawa et al., 2002; Trimarchi et al., 2001). The least studied E2F family
members, E2F7-8, function independently of DP interaction by forming homo- and
heterodimers with each other (Moon and Dyson, 2008; Li et al., 2008).

1.2 The DREAM/ MMB complex

In 2004, two biochemical studies on Drosophila melanogaster described the identification of
an E2F/pRB repressor complex. A native multi-subunit complex that contained pRB
homologues RBf1 and RBf2, transcription factor E2F2 and MYB, DP, Myb interacting proteins
(Mip40, Mip120, Mip130) and chromatin assembly factor 1 (CAF1), a homologue to RB binding
protein 4 was identified (Korenjak et al., 2014). This complex includes several homologues of
proteins encoded by the synMuvB genes, which have been described to be controlled by a
pathway in Caenorhabditis elegans (Ferguson, Sternberg and Horvitz, 1987). According to the
model organism and the composition of the complex, it was termed dREAM (Drosophila Rbf,
E2F2 and Mip) (Korenjak et al., 2014). In the Botchan group, a highly related complex was
identified including Myb, Mips and Cafl and termed Myb—MuvB (MMB) in relation to the
synMuvB genes in worm (Beall et al., 2007). Furthermore, additional MuvB complexes have
been discovered over the years in Drosophila melanogaster. One in Drosophila glands and a
testis-specific paralog called tMAC (testis-specific Meiotic Arrest Complex). Due to the
biochemical studies in Drosophila melanogaster, a similar complex related to dREAM and
MMB was found in worm. This complex includes different LIN proteins and DPL1. Only MYB
was absent, therefore the complex was named DRM (DP, RB and MuvB) (Harrison et al.,
2006). Orthologs of LIN9, LIN54, E2F and MYB are also found in plants (Arabidopsis thaliana)
(Fischer et al., 2015; Kobayashi et al., 2015).

In 2007, a mammalian DREAM/MMB complex was discovered and was named DREAM/LINC
(Litovchick et al., 2007; Schmit et al., 2007; Pilkinton et al., 2007). The composition of the
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mammalian complex is cell cycle dependent: The five-protein core (MuvB core) module of LIN
proteins (LIN9, LIN37, LIN52, LIN54) and RbAP48 persists through the cell cycle. In quiescent
cells, this core module interacts with p130, DP1 and E2F4 establishing a repressor complex
named DREAM. In S-phase, this interaction is lost and the MuvB core now associates with the
transcription factor B-MYB, forming a transcriptional activator complex that is essential for the
expression of key mitotic genes (Osterloh et al., 2007; Pilkinton et al., 2007; Sadasivam and
DeCaprio, 2013). The active complex is termed MMB, when FOXML1 is recruited by MMB in
G2/M, it is named MMB-FOXM1 (Sadasivam et al., 2012; Down et al., 2012).

DREAM can function as a transcriptional repressor of cell cycle dependent genes, (Litovchick,
2007). MMB, in contrast, is a transcriptional activator important for activating G2/M gene
expression (Osterloh et al., 2007; Schmit et al., 2007; Pilkinton et al., 2007; Kittler et al., 2007,
Knight et al., 2009; Schmit et al., 2009; Reichert et al., 2010; Sadasivam et al., 2012; Wolter
et al., 2017). Stable repression of developmental genes by RNAi mediated depletion of several
subunits underlines the importance of DREAM leading to cell cycle arrest and delayed entry
into mitosis (Osterloh et al., 2007; Schmit et al., 2009).

Transcriptional regulation and control of cell cycle genes is mediated through promotors, which
contain common recognition sites such as cell cycle-dependent element (CDE), cell cycle
genes homology region (CHR) and CCAAT boxes that are often found near the transcription
start (Muller et al., 2011). Tandems of CDE and CHR sites regulate the promotors by
repression in GO and G1, therefore CCAAT boxes are essential for transcriptional activation
(Lange-zu Dohna et al., 2000). it has been shown that DREAM binds to CHR elements or
CDE/CHR tandem sites of late cell cycle gene promotors. In quiescent cells, binding of DREAM
to CHR element is mediated by LIN54 through 2 cysteine-rich domains with the DNA
consensus motif TTYRAA (Schmit et al., 2009). In contrast, binding of MMB to CHR elements
of late cell cycle gene promoters’ functions independently of the CDE (Mdller et al., 2012;
Sadasivam et al., 2012; Chen et al., 2012; Muller et al., 2017). The MMB members B-MYB and
FOXM1 themselves exhibit additional DNA-binding potential such as B-Myb binding sites
(MBS) and forkhead binding sites (FBS), which are supposed to be important for the
recruitment of the complex to target promoters (Knight et al., 2009; Schmit et al., 2009; Mller
et al., 2012; Sadasivam et al., 2012).

In vivo studies in Lin9 mutant mice revealed that Lin9 is essential for early embryonic mouse
development because the lack of LIN9 leads to embryonic lethality (Reichert et al. 2010).
Furthermore, adult Lin 9 mutant mice showed atrophy of the intestinal epithelium, which
resulted in rapid mortality among these animals (Reichert et al., 2010). In mice with deficient
DREAM (p107AD/AD; p130-/- mice), defects in endochondral ossification have been
observed so that these mice die shortly after birth (Cobrinik et al., 1996; Forristal et al., 2014).
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Figure 2: The mammalian DREAM/MMB complex

a) The mammalian DREAM/MMB complex regulates gene expression in a cell cycle dependent
manner. In GO/early G1, DREAM consists of the MuvB-core module (blue) and p130E2F4/DP1 (grey)
forming the repressive part of the complex. In S-phase, this binding is lost and B-Myb (red) associates
with the complex later FoxM1 (green) forming a transcriptional activator complex called MMB. Loss
of p53 results in constitutively active MMB which can lead to genomic instability.

b) The MMB complex serves as master regulator of mitotic genes.
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1.3. MYBL2 (B-MYB)

The v-Myb myeloblastosis viral oncogene homolog (avian)-like 2 (MYBL2 or B-MYB) is a 110
kDa sequence-specific DNA binding protein and belongs to the MYB oncoprotein family of
transcription factors. In contrast to his family members A-MYB and C-MYB, B-MYB is
expressed in all proliferating cells (Charasse et al., 2000). C-MYB is the homolog of the v-MYB
oncogene and is mainly expressed in immature hematopoetic cells. In contrast, A-MYB is
involved in spermatogenesis and highly expressed in the developing central nervous system
and in B-lymphocytes (Tanaka et al., 1999; Campanini et al., 2015). At the structural level, all
three members show a homology in three domains: The N-terminal DNA-binding domain and
two regions in the C-terminal region (Nomura et al, 1988; Sakura et al., 1989). In addition, an
acidic transactivation domain conserved in A-MYB and C-MYB is responsible for
transcriptional activation (Lipsick et al., 2001; Foos et al., 1992; Bergholtz et al., 2001).
Although B-MYB harbour this domain, the C-terminal portion is associated to be the region
required for transcriptional activation (Tashiro et al.; 1995; Oh et al., 1998). Regulation of B-
MYB occurs in a cell cycle dependent manner, which is reliant on the antagonistic effects of
cyclin D1 and A. Cyclin A/Cdk2 triggers B-MYB transactivation activity by phosphorylation but
it rather reduces the B-MYB protein level. In addition, cyclin A mediates the rate of B-MYB
degradation via a ubiquitination and proteasome-mediated pathway. The C-terminal domain of

B-MYB is important in mediating this effect of Cyclin A (Charasse et al., 2000).

1.3.1 Physiological Role of B-MYB

One important function of B-MYB is the role in early embryonic development supported by the
elevated expression levels of B-MYB in embryonic stem cells (Lang et al., 2005; Nordhoff et
al., 2001). Additionally, the analysis of B-Myb deficient embryos revealed that B-MYB is
necessary for inner cell mass (ICM) formation in an early stage of development. Moreover, B-
Myb mutation results in embryonic growth defects, which leads to lethality (Tanaka et al.,
1999). Furthermore, it has been shown in vivo that B-MYB is an essential regulator of
hematopoietic stem cell and myeloid progenitor cell development (Baker et al.,2014). Apart
from its role in activating mitotic genes as subunit of MMB, B-MYB is also essential for
progression through S phase and therefore important for chromosomal stability shown in
megakaryocytes and embryonic stem cells (Garcia and Frampton, 2006; Lorvellec et al., 2010;
Tarasov et al., 2008). A transcription independent function for B-MYB has also been identified:
B-MYB affects mitosis forming a MYB-Clafi complex, which is needed for the stabilisation of

kinetochores and the localisation of clathrin at the mitotic spindle. The absence of B-MYB
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reduces the amount of clathrin leading to mitotic arrest (Yamauchi et al., 2008; Werwein et al.,
2013).

It has been shown that the overexpression of B-MYB in Kkeratinocytes leads to an
undifferentiated phenotype shown by the suppression of differentiation markers or the retention
of proliferative activity. In contrast, the suppression of B-MYB resulted in the retention of the
differentiation capacity. These results indicate that B-MYB plays an essential role in the
maintenance of the undifferentiated phenotype of keratinocytes (Marujama et al., 2014).
Furthermore, B-MYB together with FOXM1 are identified to serve as master regulators of
proliferation in germinal centres (Lefebvre et al., 2010). Many studies reveal that B-MYB play
a role in apoptosis and in the response to DNA-damage. In this context, data suggest that B-
MYB promotes cell survival through the regulation of apoptotic genes (Sala, 2005). Several
target genes of B-MYB have been identified including the pro survival gene Bcl2. In contrast,
B-MYB inhibits the transcription of apototic genes indicating that B-MYB play a role in
apoptosis (Grassilli et al., 1999; Sala, 2005). In addition, the overexpression of B-MYB in
CTLL-2 cells causes resistance against apoptosis induced by doxorubicin. Furthermore, the
loss of B-MYB in cells leads to a higher susceptibility to DNA-damage induced via UV-
irradiation or alkylation, which results in higher genomic stability (Ahlbory, 2005; Mowla et al.,
2014). Moreover, B-MYB is required for neuronal apoptosis (Liu et al., 2004). Additionally, it
has been reported that B-MYB has a function in the cellular DNA-damage signalling by
supporting G2/M arrest and that B-MYB suppression promotes a DNA checkpoint response
(Henrich et al., 2017; Klein et al., 2015). B-MYB has also been implicated in senescence
(Mowla et al., 2014; Martinez and Dimaio, 2011; Zhou et al., 2017). B-MYB is highly
downregulated upon senescence (Mowla et al., 2014). Conversely, it has been reported that
B-MYB can rescue senescence induced by an activated Ras oncogene in rodent cells in vitro
(Masselink et al., 2001).

1.3.2 B-MYB in cancer

In cytogenic analysis of different cancer types, it has been shown up that chromosome 20q13,
where B-Myb is located, is amplified (Bar-Shira et al., 2002; Tanner et al., 2000). Furthermore,
the overexpression of B-MYB is often associated with the promotion of cell growth linked to
aggressive tumor growth and poor patient outcome (Jin et al., 2017; Musa et al., 2017; Tao et
al., 2014; Thorner et al., 2009). In neuroblastoma, constant expression levels of B-MYB
repress the differentiation of cells into neurons, whereas high B-MYB expression correlates
with a poor survival prognosis (Raschella et al., 1995; Raschella et al., 1999). In many studies,
B-MYB overexpression is connected with a poor long-term prognosis for patients affected by

salivary gland malignancies, acute myeloid leukaemia, glioma, cervical, gallbladder, prostate
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and colorectal cancer (Fujii et al., 2017; Fuster et al., 2013; Zhang et al., 2017; Astbury et al.,
2011; Liang et al.,, 2017; Bar-Shira et al., 2002; Ren et al., 2015). In breast cancer, the
overexpression of B-MYB is implicated in the development and progression of breast cancer.
B-MYB plays a critical role in stimulating genes that promote cell proliferation, migration and
invasion in breast cancer and on the other hand, in supressing differentiation and apoptosis of
breast cancer cells (Tao et al., 2014; Thorner et al., 2009; Budczies et al., 2015; Drabsch et
al.,, 2010). In contrast, loss of function of B-MYB in zebrafish leads to an increased rate of
tumors by causing genomic instability (Shepard et al., 2005). Also in myeloid malignancies,

the downregulation of B-MYB is associated with a poor outcome (Heinrichs et al., 2013).

1.4 DREAM/MMB as potential target for cancer therapy

Gain of function mutation in protooncogenes are very frequent in human cancer (Malumbres
and Barbacid, 2009; Collins et al., 1997). One prominent example is the activation of oncogenic
K-RAS having an activating mutation at codon 12. K-RAS belongs to a class of small GTPases
which regulate signal transduction underlying diverse cellular activities, including proliferation,
survival, growth, migration and differentiation (Inoue and Nukiwa, 2005). N-RAS and H-RAS
are also part of the RAS protein family and as G-proteins they function as binary signalling
switches meaning they switch between the active GTP-bound form and the inactive GDP-
bound form. Activation of RAS family leads to signal transduction into several downstream
pathways mainly the RAF-MEK-ERK pathway as well as the PISK-AKT-mTOR pathway
(Takashima and Faller, 2013; Fang, 2016). Mutation in RAS family members or the molecular
components of their downstream pathways often results in cancer formation. K-RAS is most
frequently mutated among these three isoforms in malignancies, especially prominent in non-
small cell lung cancer (16—40%) (Takashima and Faller, 2013). Therefore, targeting RAS
downstream signalling in form of inhibitors against components of the PI3K-AKT-mTOR and
RAF-MEK-ERK pathways is a promising approach in cancer therapy. However, these blocks
central physiological RAS signalling pathways which are required for the viability of all cells,
both normal and malignant. Therefore, the ability to utilize them in effective doses is limited
(Takashima and Faller, 2013; Fang, 2016). To identify cellular drug targets whose inhibition
leads to the selective killing of cancer cells while sparing normal cells, the group of Stephen
Elledge undertook a genome-wide RNAI screen to identify synthetic lethal interactions with the
K-RAS oncogene. They found a set of proteins whose depletion selectively impaired the
viability of Ras mutant cells mainly genes with mitotic functions like the mitotic kinase Plk1 (Luo
et al., 2009). Their data indicate that the mitotic machinery could be the Achilles’ heel for Ras
mutant cancer cells suggesting that pathways, which are involved in regulating the mitotic

machinery are attractive for a potential treatment of cancers harbouring Ras mutations (Luo et
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al., 2009). In this context, the MMB complex could be an attractive target for a potential
treatment of RAS cancer, because it is the master regulator of key mitotic genes including
Plk1.

Loss of function mutations in tumor suppressor genes such as in p53 are also very frequent in
human cancer. Under normal conditions, the p53 protein level is low. Upon cellular stress (e.g.
hypoxia, DNA and spindle damage), p53 is activated through phosphorylation by ATM, ATR,
Chk1l and MAPKs. Thereafter, p53 protein level increases to mediate growth arrest, DNA
repair or apoptosis (Vogelstein et al., 2000). An important function of p53 is to regulate cell
cycle and as “guardian of the genome” to maintain genomic stability. Therefore, p53 is able to
induce cell cycle arrest by activating p21 at G1/S phase or GADD45 at G2/M. Furthermore,
proapoptotic members of the Bcl-2 family like Bax and Puma are targets of p53. The pivotal
function to maintain genomic stability and so prevent cancer formation define the p53 gene as
a tumor suppressor gene (Yue et al., 2017). Inactivation of p53 is very frequent in human
cancer. Loss of p53 often leads to enhanced expression of mitotic genes leading to genomic
instability, which is a hallmark of cancer (Hanahan and Weinberg, 2011). Interestingly, it has
been shown that p53 triggers the switch to the repressive DREAM. Conversely, loss of p53
leads to a constitutively active MMB, which results in an enhanced expression of key mitotic
genes. Therefore, one prediction is that MMB contributes to tumorigenesis by mediating

overactivity of mitotic genes after loss of p53 (Mannefeld et al., 2009).

Differences in the expression of genes involved in cell cycle progression and regulation are
often found when expression profiles of normal tissue and cancer tissue are compared. In
many cancer types, increased levels of cell cycle genes are observed, which is often
associated with a higher fraction of proliferating cells in contrast to normal tissue (Whitfield et
al., 2006; Rhodes et al., 2004). Therefore, factors which promote late cell cycle gene
expression and which trigger proliferation are frequently overexpressed in tumors and
associated with a poor outcome (Perou et al., 2000). It has been reported that the MMB
members B-MYB and FOXM1, as well as their targets, belong to this group of factors (Thorner
et al., 2009). FOXM1 overexpression correlates with poor prognosis in glioblastoma, breast
and ovarian cancer (Liu et al., 2006; Francis et al., 2009; Lok et al., 2011). Furthermore,
FOXML1 is part of the chromosomal instability 70 (CIN70) and CIN25 gene signatures as well
as MMB target genes like kinesins (Lok et al., 2011; Carter et al., 2006; Wolter et al., 2017).
Moreover, in the MammaPrint (Agendia) breast cancer profile that is used to predict the risk of
metastasis, LIN9 is included (Tian et al., 2010). As described above, senescence is a process
which is induced after deregulation of certain oncogenes to prevent tumorigenesis. In this
context, it has been shown that loss of MMB members like LIN9 and LIN54 leads to the

induction of cellular senescence in fibroblasts (Hauser et al., 2012). Furthermore, a lack of
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LIN9 enables cells to overcome cellular senescence, which results in oncogenic transformation
and growth (Hauser et al., 2012).

1.5 Lung cancer

Lung cancer is one of the most common cancers and remains the leading cause of cancer
related mortality worldwide (Jin et al., 2017). Although new therapeutic advances have been
obtained over the years, the diagnosis for patients with lung cancer remains poor and the
mechanisms of tumor progression is still largely uncharacterised (Hirsch et al., 2017; Winslow
et al., 2011). Depending on stage and regional differences, the 5-year survival rates vary in a
low range from 4-17% (Hirsch et al., 2017). Although the use of tobacco remains the main
cause of lung cancer also asbestos, air pollution and genetic alterations are identified as
important risk factors (Hirsch et al., 2017). For therapeutic purposes, two major classes are
distinguished: non-small-cell lung carcinoma (NSCLC, about 85% of all lung cancers) and
small-cell lung carcinoma (SCLC, about 15%). NSCLC is further divided into three main
subtypes: adenocarcinoma, squamous-cell carcinoma and large-cell carcinoma (Jin et al.,
2017; Dela Cruz et al., 2011). In NSCLC, the most frequently altered pathways are the RAS
and p53 pathway. Activation of oncogenic K-Ras having an activating mutation at codon 12
compared with inactivation of p53 leads to a rapid development of adenocarcinomas. In lung
cancer, upregulation of mitotic genes is a characteristic feature (Feldser et al.,, 2010).
Interestingly, these mitotic genes are direct transcriptional targets of the MMB complex. In

addition, the RAS and the p53 pathway play a pivotal role for the MMB complex.
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1.6 Aim of this thesis

B-MYB and MMB target genes have been identified as overexpressed in many cancer types.
This suggest that the MMB complex could be required for tumorigenesis by mediating
overactivity of mitotic genes. In addition, it was shown that pathways, which are involved in the
mitotic machinery could be an effective target for treatment of cancers harbouring Ras
mutations. Furthermore, inactivation of p53 is very frequent in human cancer. Interestingly, the
tumor suppressor p53 mediates the switch to the repressive DREAM complex and inhibits the
function of B-MYB. Therefore, we predict that MMB contributes to tumorigenesis by mediating
overactivity of mitotic genes leading to genomic instability, which is a hallmark of cancer.
However, although MMB has been well characterized biochemically, the contribution of MMB

to tumorigenesis is largely unknown.

Therefore, the aim of this thesis was to identify the role of MMB in lung cancer by the inhibition
of the transcription factor B-MYB. B-MYB is only part of the MMB complex and therefore a
perfect factor to investigate if MMB contribute to lung tumorigenesis. To address the role of B-
MYB in lung cancer in vivo, a conditional allele of B-Myb was used in a mouse model of lung
cancer driven by mutant K-Ras and loss of p53. Furthermore, cell lines derived from tumors of
this mouse model were established to study the importance of B-MYB for lung cancer
development in more detail. In addition, the contribution of MMB to human lung tumorigenesis
was investigated. RNAi-mediated depletion of B-Myb by shRNA and siRNA in several human
lung cancer cell lines was used to analyse the role of MMB in human lung tumorigenesis in
detail. Moreover, another aim was to clarify, if MMB could be used as a therapeutic tool and

B-MYB could serve as a potential prognostic marker for lung cancer.
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2. Materials und Methods

2.1 Materials

2.1.1 Chemical stocks and reagents

Unless otherwise noted, chemicals were purchased from AppliChem, Invitrogen, Carl

Roth, Fluka or Sigma Aldrich.

A

Acetic acid

Agarose [Peglab]

Ammonium acetate (5M) pH 5.7

Ammonium hydroxide

Ammonium persulfate (APS)
10% in H.O

Bovine serum albumin fraction V (BSA)
3% in H20

Bromophenol blue
4 mg/mlin H.O

Calcium chloride dehydrate

Chloroform 99%

p-Coumaric acid
90mM in DMSO

Crystal violet
0.1% in HO

Diethylpyrocarbonate (DEPC), approx. 97%

Dimethylsulfoxide (DMSO), >99.9%

Dithiothreitol (DTT)
1 MinHO

dNTPs (dATP, dCTP, dGTP, dTTP)
[Promega] 2 mM (each NTP) in H2O

Doxycycline 1 pg/ml
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Eosin-G solution (0.5%)
add approximately 100 ul/100 ml acetic acid

Ethanol absolute (99.8%)

Ethidium bromide
10 mg/ml in H2O

Ethylenediaminetetraacetic acid (EDTA)

Formaldehyde (37%)

Glycine

Haematoxylin solution sour after Mayer

HEPES

Hoechst 33258
10 mg/ml in H,O

Hydrogen peroxide (30%)

4-Hydroxytamoxifene (4-OHT)

ImmoMount [Shandon]

K Ketavet [Pfizer]
100 mg/mi

Luminol
250 mM in DMSO

Methanol

Nonfat dry milk powder
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Paraformaldehyde

Paraplast (Paraffin — polyisobutylene

mixture)

Phenylmethylsulphonyl fluoride (PMSF),
100 mM in isopropanol [Roche]

Polybrene (Hexadimethrine bromide)
4 mg/mlin H20

Ponceau S solution

Propidium iodid (PI)
1 mg/ml

Protease Inhibitor Cocktail P8340 (PIC)

ProtoGel 30 % [Biozym]

Random primer, 0.5 ug/ul [Roche]

Roti® Histokitt

Sodium butyrate (500 mM)

Sodium citrate

Sodium dodecyl sulfate (SDS)
20% in H,0

Tetramethylethylenediamine (Temed) 99%

Tissue-Tek® O.C.T. Compound

Tris

Triton X-100

Tween 20

Trizol/ Trifast (Peglab)

Xylazine 2 % [CP-Pharma]

Xylene
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2.1.2. Antibiotics

Materials and Methods

Antibiotic Stock Final concentration | Application
concentration

Ampicillin 100 mg/mi 100 pg/ml in LB- | DH5a (E.coli)

medium
Blasticidin 10 pg/ml Cell line-dependent | Selection of human
lung cancer cell lines

Puromycin 10 mg/ml in ethanol | 2.5 pg/ml in 100% | lung tumor cell lines

absolute (25.8 mM) | ethanol expressing CretR™2

2.1.3 Enzymes

[Enzymes

Company

Absolute QPCR SYBER Green Mix

ThermoFisher

|DNase I, RNase free

IRoche

[M-MLV-RT Transcriptase (200 U/ul)

ThermoFisher

|His-Taq DNA Polymerase (15 U/pl)

|Provided by AG Prof. Gessler

|Phusion High Fidelity DNA Polymerase (2 U/pl)

[Finnzymes

[Restriction Endonucleases

New England Biolabs (NEB), Fermentas

|RiboLock RNase-Inhibitor (40 U/pl)

|Fermentas

[RNAse A (10 mg/ml)

Sigma-Aldrich®

T4-DNA Ligase (400 U/pl)

New England Biolabs (NEB)
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2.1.4 Buffers and solutions

2.1.4.1 General buffers

Materials and Methods

Buffer

Ingredients

DNA Loading Buffer (5x)

15% ficoll

0.05% bromophenol blue
0.05% xylene cyanol
0.05 M EDTA

in1 X TAE

Miniprep Solution S1

25 mM Tris/HCI, pH 8.0
10 mM EDTA
100 pg/ml RNAse A

Miniprep Solution S2

200 mM NaOH
1% SDS

Miniprep Solution S3

29.44 g KCH3COO

11.5 ml CH3COOH

28.5 ml H20
Phosphate buffered saline (PBS) 13.7 mM NacCl
(1x) 0.3 mM KCI

0.64 mM NaoHPO4

0.15 mM KH2PO4
adjust pH to 7.4 with HCI

TAE buffer (1x)

40 mM Tris base
5 mM CH3COOH
10 mM EDTA, pH 8.0

Tris buffered saline (TBS) (1X)

50 mM Tris/HCI, pH 7.4
150 mM NacCl

TE buffer (1x)

10 mM Tris/HCI, pH 7.5
1 mM EDTA
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2.1.4.2 Buffers for whole-cell lysates

Buffer Ingredients
Bradford 50 mg Coomassie Brilliant Blue G250
solution 23.75 ml ethanol

50 ml 85% (v/v) H3PO4

ad 500 ml H2O / filter twice

TNN lysis buffer

50 mM Tris/HCI, pH 7.5
120 mM HCI
5 mM EDTA
0.5% NP-40

10 mM NagP207
2 mM Na3VvO4
100 mM NaF

add to 500 ml H2O

Protease Inhibitor cocktail (PIC) 1:1000 (add fresh)

1 M DTT (add fresh): 1:1000
10 pg/ml PMSF (add fresh): 1:100
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2.1.4.3 Buffers for immunoblotting

Buffers Inaredients

Acrylamide solution 30% (w/v) acrylamide

0.8% (w/v) N,N"-methylenbisacrylamide

Blotting buffer (1x) 0.6 g Tris base
2.258 g glycine

150 ml methanol

addto 11 H20

Blocking Solution 3% milk poweder in TBS-T (W/V)

Electrophoresis samplel 300 mM Tris/HCI, pH 6.8
buffer (ESB) (3x) 15 mM EDTA

150 mM DTT

12% (w/v) SDS

15% (w/v) glycerol

0.03% (w/v) bromophenol blue

Enhanced 10 ml 100 mM Tris/HCI, pH 8.5

chemiluminescence (ECL) 50 ul 250 mM luminol

solution ) .
ut 22 ul 90 mM p-Coumaric acid
3 ul 30% H202
Ponceau S 0.1% Ponceau S

5% CH3COOH

SDS running buffer (10x) 144 g glycine

30 g Tris

10 g SDS

addto 11 H20O
Separating gel buffer 1.5 M Tris/HCI, pH 8.8
Stacking gel buffer 0.8 M Tris/HCI, pH 6.8
TBS-T 0.5% Tween-20 (v/v) in TBS
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2.1.4.4 Buffers for flow cytometry (FACS)

Buffer

Ingredients

Sodium citrate

38 mM in 1x PBS

2.1.4.5 Buffers for immunostaining

(3% paraformaldehyde,

2 % sucrose)

Buffer Ingredients

Blocking solution 3% BSA in PBS (w/v)

PBST 0.1-0.3% Triton-X in1x PBS (V/V)
PSP 15 g paraformaldehyde

10 g sucrose
add to 500 ml in 1x PBS, store at -20°C

4% PFA

4% PFA in PBS (w/v), store at -20°C

2.1.4.6. Buffers for immunohistochemistry

Buffer

Ingredients

4% PFA

4% PFA in PBS (w/v) adjust pH to 7.0 with NaOH,

store at -20°C

Citrate buffer

100 mM, pH 6.0

Blocking solution

3 % BSA in 1x PBS

2.1.4.7. Buffers for genomic DNA extraction (HotSHOT)

Buffer

Ingredients

1x Base buffer

25 mM NaOH
0.2 mM EDTA, pH 8.0

adjust pH to 12.0 with NaOH

1x Neutralization buffer

40 mM Tris-HCI, pH 5.0
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2.1.5 Transfection reagents

Tranfection reagent

Company

Lipofectamine® RNAIMAX reagent

Life Technologies

HEPES buffer solution (HBS) (2x)

8.2 g NaCl
5.95 g HEPES, acid

0.105 g NagPO4

add to 500 ml ddH20

adjust to pH 6.95, 7.00, 7.05 (with 5 M NaOH)
Storage at 4°C

sterile filtered

1x PEI solution

100x PEI stock diluted 1:100 in 0.15M NaCl

sterile filternd

2.5 M CacCl2

2.1.6 Antibodies

2.1.6.1 Primary antibodies

Application
Lab ID|Name Origin & Clonality |& Dilution |Vendor Catalog
- B-MYB Mouse WB 1:5 Gift from Watson Tavner et
monoclonal laboratory (Hybridoma)/ |al. 2007
self-made
#158 [a-tubulin Mouse IF 1:100 Sigma-Aldrich T6074
monoclonal
#185 |KI-67 Rabbit polyclonal |IHC 1.200 [Thermo Scientific IRM-9106
#196 |B-ACTIN Mouse WB 1:5000 |Santa Cruz SCc-47778
monoclonal Biotechnology
#232 |CENPF Rabbit polyclonal JIHC 1:2500 JAbcam ab5
#233 |p-B-MYB Rabbit IHC 1:600 [|Abcam ab76009
(Phospho monoclonal
T487)
#234 |[NUSAP1 Rabbit polyclonal [WB 1:1000 |Gift of Geert Carmeliet,
IHC 1:1500 f[against protein
sequence
#258 |PRC1 Rabbit polyclonal |WB 1:2000 |Santa Cruz sc-8356
Biotechnology
#289 |Phospho Rabbit IHC 1:400 [Cell Signaling cs-4376
p44/42 monoclonal
MAPK
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2.1.6.2 Secondary antibodies

Materials and Methods

Application
Name & Dilution |Vendor
Anti-mouse HRP conjugated WB 1:5000 |GE Healthcare

Anti-rabbit HRP conjugated WB 1:5000 |BD Biosciences

Anti-Protein A HRP \WB 1:5000 |BD Bioscience

Anti-mouse Alexa Fluor 488 IF 1:500 Invitrogen

2.1.7 Plasmids

Lab ID Plasmid Description

#210 pBabe-puro-empty Empty vector control for retroviral
transfection

#1746 pBabe-H2B-GFP GFP control for retroviral transfections

#924 pBabe-puro-CrefR™ Retroviral expression vector for inducible
Cre-recombinase

#1348 pCMV-VSV-G Lentiviral packaging plasmid

#1368 U6-shRNA pgkCre (lenti) Lentiviral vector allows constitutive Cre-
expression, used for infection of mice
(Young and Jacks, 2010); gift from Tyler
Jacks (Addgene plasmid # 24971)

#1369 pINDUCER10 (Blasticidin Backbone for inducible miR30-shRNA

resistance) expression (Meerbreyetal., 2011),

blasticidin resistance was cloned into the
vector by Marc Fackler.

#1386 psPAX2 Lentiviral packaging plasmid
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2.1.8 Primer sequences

2.1.8.1 Murine primer for quantitative real-time PCR

[Lab ID Gene Sequence (5'to 3) Directionality
SG 783 [Hprt TCCTCCTCAGACCGCTTTT fw
SG 784  [(house keeper) [CCTGGTTCATCATCGCTAATC rev
SG 820  [B-Myb TTAAATGGACCCACGAGGAG fw
SG 821 TTCCAGTCTTGCTGTCCAAA rev
SG 1026 [Aspm GATGGAGGCCGAGAGAGG fw
SG 1027 CAGCTTCCACTTTGGATAAGTATTTC |rev
SG 1030 [Nusap1l TCTAAACTTGGGAACAATAAAAGGA  Jfw
SG 1031 TGGATTCCATTTTCTTAAAACGA rev
SG 1038 _[Cenpf AGCAAGTCAAGCATTTGCAC fw
SG 1039 GCTGCTTCACTGATGTGACC rev
SG 2193 [Top2a CAAAAGAGTCATCCCCCAAG fw
SG 2194 GGGGTACCCTCAACGTTTTC rev

2.1.8.2 Human primer for quantitative real-time PCR

Lab ID Gene Sequence (5'to 3) Directionality
SG 568 IBirc5 GCCCAGTGTTTCTTCTGCTT [fw
SG 569 CCGGACGAATGCTTTTTATG rev
SG 570 |Bubl GGAGAACGCTCTGTCAGCA [fw
SG 571 TCCAAAAACTCTTCAGCATGAG rev
SG 574 Ccnbl CGCCTGAGCCTATTTTGGT [fw
SG 575 GCACATCCAGATGTTTCCATT rev
SG 645 Gapdh GCCCAATACGACCAAATCC [fw
SG 646  |(house keeper) [AGCCACATCGCTCAGACAC rev
SG 630 IB-Myb TCCACACTGCCCAAGTCTCT [fw
SG 631 AGCAAGCTGTTGGTCTTCTTTGA [rev
SG 1022 |[Foxm1 ACTTTAAGCACATTGCCAAGC fw
SG 1023 CGTGCAGGGAAAGGTTGT |-rev
SG 1060 Nusapl TTTTGAAGAACACAATTCCATGA  |[fw
SG 1061 GTCCTGACCCCTCCCTTATT rev
SG 1083 [Cenpf GAGTCCTCCAAACCAACAGC ffw
SG 1084 TCCGCTGAGCAACTTTGAC rev

2.1.8.3 Primer for cloning

Lab ID

Name

Sequence (5'to 3')

SG 1161

3'-miR30PCRECORIF

CTAAAGTAGCCCCTTGAATTCCGAGGCAGTAGGCA

fw

SG 1164

amplifysmir30shRNA

CAGAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG

rev
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2.1.8.4 Primer for sequencing

Name

Sequence (5'to 39

Lab 1D
SG 1162

SG1162-Mir5

GCTTCGGCAGCACATATACTA

2.1.8.5 Primers for genotyping

[Lab ID Allele Sequence (5' to 3") Product size

SG 1499 Lox stop lox cassette TCTCGACCAGCTTCTGATGGAA |LSL 645

SG 1500 (LSL) K-Ras for tails CAACCTCCCCTTCTACGAGCG

SG 1556 Floxed (fl) p53 for tails  |GGTTAAACCCAGCTTGACCA 390 bp fl

SG 1557 GGAGGCAGAGACAGTTGGAG  [270 bp wt

SG 1601 Floxed (fl) B-Myb for tails [TAATAAAGGAGTGTCTCAGA 410 bp fl

SG 1602 TACATGGTACAAGTAGGCA 360 bp wt

SG 2023/P1 |Deletion of floxed (fl) TACTACTTAGAGAGACTGCC 340 bp fl

SG 2024/P2 |B-Myb sequence for TCCTGGTAGTGTAACTCATC 300 bp wt

SG 2025/P7 |Umors CTCTTTAGACAGGCCATTC 249 bp Afl

SG 2031/P1 _[Deletion of floxed stop  [GTCTTTCCCCAGCACAGTGC 500 bp LSL

SG 2032/P2 _[cassette (LSL) K-Ras for [CTCTTGCCTACGCCACCAGCTC 622 bp wt

SG 2033/P3 [both tails and tumors  [AGCTAGCCACCATGGCTTGAG [650 bp ALSL

TAAGTCTGCA

SG 2034/P1 |Deletion of floxed (fl) p53 [CACAAAAACAGGTTAAACCCAG [288 bp wt
sequence for tumors

SG 2035/P2 AGCACATAGGAGGCAGAGAC [370 bp fl

SG 2036/P3 GAAGACAGAAAGGGGAGGG  [612 bp Afl

2.1.9 siRNA sequences

[Lab ID/ name [Gene SiRNA Sequence (5'to 39 Reference

S1 siRNA mBMYB1 [B-Myb

GCCCAUAAAGUCCUGGGU AAC

Knight et al., Oncogene

(mouse) (2009)
S2 siRNA mBMYB2 |B-Myb |GGU GCG ACC UGA GUA AAU U [Tarasov et al., Plos
(mouse) One (2008)
S7 siRNA MYB5 IB-Myb  |GCAGAGGACAGUAUCAACATT |Mannefeld M et al,
2009
S53 siCtrl Control |[UAGCGACUAAACACAUCAA SIGENOME
S55 siFoxM1 FoxM1 |GGACCACUUUCCCUACUUU Wu Qi-Fei et al., 2010
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2.1.10 Lentiviral sShRNA sequences

List of the 97-Oligo sequences used in the thesis:

Gene: B-Myb, Plasmid lab ID: #1485, Oligo lab ID: SG 1792
TGCTGTTGACAGTGAGCGagaggacagacaatgctgtgaaTAGTGAAGCCACAGATGTAttcacagcattgtctgtcctccTGCCTACTGCCTCGGA

Gene: B-Myb, Plasmid lab ID: #1486, Oligo lab ID: SG 1794
TGCTGTTGACAGTGAGCGaacagacaatgctgtgaagaatTAGTGAAGCCACAGATGTAattcttcacagcattgtctgtcTGCCTACTGCCTCGGA

Gene: B-Myb, Plasmid lab ID: #1487, Oligo lab ID: SG 1796
TGCTGTTGACAGTGAGCGccaggtatcaaagaagacaacaTAGTGAAGCCACAGATGTAtgttgtcttctitgatacctgaTGCCTACTGCCTCGGA

Gene: B-Myb, Plasmid lab ID: -, Oligo lab ID: SG 1921
TGCTGTTGACAGTGAGCGagacagacaatgctgtgaagaaTAGTGAAGCCACAGATGTAttcttcacagcattgtctgtccTGCCTACTGCCTCGGA

2.1.11 Cell lines

2.1.11.1 Murine cell lines

Cell line Tissue |Disease Medium JAdditives
KR1 Lung Own generated primary lung tumor cell line DMEM |+5 pg/ml
(pbabe (K-Ras mutated, p53 deficient) with 4-OHT for infection:
CreERT2) inducible Cre-recombinase expression, control +2.5 NnM OHT
KRbZb Lung Own generated primary lung tumor cell line DMEM |5 pg/mi
abe " : ; —

( : :
(p K-Ras mutated, p53 deficient) with 4-OHT- for infection
CreERTZ)

inducible Cre-recombinase expression, control +2.5 NnM OHT
BC1 Lung Own generated primary lung tumor cell lineglDMEM [+5 pg/ml
(Cilarbeigsz) (K-Ras mutated, p53 deficient, partial B-Myb ko) for infection:

with 4-OHT inducible Cre-recombinase expression +2.5 NnM OHT

i i +5 pg/ml

BCtI)Zb Lung Own generated primary lung tumor cell line DMEM Hg |
(pbabe (K-Ras mutated, p53 deficient, partial B-Myb for infection:
CreERTZ)

ko) with 4-OHT inducible Cre-recombinase +2.5 nM OHT

expression
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2.1.11.2 Human cell lines

Antibiotic
Cell line Tissue Cell type |Disease Medium [concentration for
selection
I[IMDA-MB-231 |Mammary gland |epithelial Jadenocarcinoma DMEM |Blasticidin
10 pg/ml
A549 Lung epithelial |carcinoma RMPI Blasticidin
1640 5.0 pg/ml
H460 Lung epithelial |carcinoma; RMPI Blasticidin
large cell lung cancer 1640 5.0 pg/ml
HOP62 Lung epithelial [adenocarcinoma, carcinoma|RMPI Blasticidin
1640 5.0 pg/ml
H23 Lung epithelial |Jadenocarcinoma; RMPI Blasticidin
non-small cell lung cancer 1640 5.0 pg/ml
[Packaging cell lines|Medium Description
[Plat-E DMEM Packaging cell line for retroviral
infection
|[HEK 293T DMEM (After transfection, Packaging cell line for lentiviral
medium was replaced by the infection
medium of the target cell line at
the next morning)

2.1.12 Media and additives
2.1.12.1 Media for cell culture

= DMEM (4.5 g Glucose/L-Glutamine) Gibco®, Life Technologies
=  RPMI 1640 (4.5 g Glucose/L-Glutamine) Gibco®, Life Technologies
= Opti-MEM® Gibco®, Life Technologies

2.1.12.2 Additives

» Fetal Calf Serum (FCS) Gibco®, Life Technologies

» Penicillin/Streptomycin (10 U/ul each) Cambrex/Lonza
= Trypsin/EDTA (0.05 %) Gibco®, Life Technologies

= Trypsin/EDTA (0.25 %) Gibco®, Life Technologies

= TrypLE™ Express Gibco®, Life Technologies

DMSO

2.1.12.3 Media for bacterial cell culture

= Luria Bertani (LB) Agar 40 g powder in 1 | H20, autoclaved
= Luria Bertani (LB) Medium 25 g powder in 1 | H20, autoclaved
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2.1.13 Bacterial strains

Materials and Methods

E.coli DH5a or XL1-blue competent cells for transformation of plasmid DNA

2.1.14 Mouse strains

All strains were maintained on a C57BL/6 background. The 86.129-Krastm4-ryj mice were

a generous gift from Dr. Daniel Murphy, whereas B6.129P2-Trp53

tmle/J mice were

purchased at the Jackson Laboratory (Bar Harbor, ME, USA) (Jackson et al., 2001; Marino
et al., 2000). The C57BL/6- B—MybtmlPGa mouse strain was a gift from Paloma Garcia

(Garcia et al., 2005).

B6.129-Krastm4-ryj mice:

tm1Brn

B6.129P2-Trp53 /3 mice:

Mybl2tm1.1Jofmice:

carrying a latent point mutation of K- Ras (G12D).
Cre-recombinase-mediated  deletion of a
transcriptional termination sequence (loxP-stop-
loxP, LSL) results in oncogenic protein expression.

carrying conditionally targeted Trp53

locus (floxed p53). Cre-recombinase- mediated
deletion of exons 2-10 results in non-functional
protein expression.

carrying conditionally targeted B-Myb allele (floxed
B-Myb). Cre-recombinase-mediated excision of
exon 2-5 results in frame shift abolishing functional
protein expression.

For infection experiments, mice were inter-crossed yielding the following mutant strains:

asLSL-G12D/+ 5

K-R p 3ﬂ/ﬂ mice:

LSL-G12D/+_fl/l

K-Ras p53

asLSL-G 12D/+ . flffl

K-R p53""B-Myb

B-Myb

carrying a removable stop cassette
(LSL) for a mutant K-Ras allele (G12D)
and floxed p53 alleles

mice: carrying a floxed stop cassette for a

mutant K-Ras allele (G12D), floxed p53
alleles and one floxed B-Myb allele

mice: carrying a floxed stop cassette

for a mutant K-Ras allele (G12D), floxed
p53 alleles and floxed B-Myb alleles
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2.1.15 Markers

Marker

Company

GeneRuler 1 kb DNA ladder

Thermo Scientific (Fermentas)

GeneRuler 100 bp DNA ladder

Thermo Scientific (Fermentas)

|[PageRuler Prestained Protein Ladder

Thermo Scientific (Fermentas)

2.1.16 Kits

[Kit Company
GeneJET Gel Extraction Kit Thermo Scientific
QIAquick PCR Purification Kit QIAGEN
[PureLink HiPure Plasmid Midi-/Maxiprep kit Life Technologies

2.1.17 Devices

[Device Company
Agarose gel electrophoresis system Peqglab
SDS-PAGE gel electrophoresis system BIORAD
Trans-Blot wet transfer apparatus BIORAD

[FACS Cytomics FC500

Beckman Coulter

Incubators

Heraeus and Nunc

Centrifuge 5417R, 5804 and 5414D Eppendorf
|[Flow cytometer Cytomics FC500 Beckman Coulter
[Frigocut 2800E Microtome Cryostat Leica

STP 120 Spin Tissue Processor

Thermo Scientific

[Microm EC 350 tissue embedding center

Thermo Scientific

[Hyrax M40 microtome Zeiss
SMZ1500 Stereomicroscope Nikon
Centrifuge Megafuge 1.0R Heraeus
Thermocycler Biometra
IMx3000P gPCR System Agilent
NanoDrop 2000 Thermo Scientific
Confocal microscope NikonEclipse Ti C1 Nikon
IFluorescence microscope Leica DMI 6000B Leica
Spectrometer Ultrospec 2100 pro Biosciences
[Multiskan Ascent Labsystems
GS Gene Linker® UV chamber BIORAD

29




Materials and Methods

2.2 Methods

2.2.1 Cell culture
2.2.1.1 Passaging of cells

Materials:

= Cell culture medium (DMEM or RPMI) with 10% FCS and 1%P/S, preheated to 37°C
= 1xPBS,pH7.4

=  Trypsin/EDTA (0.05%)

=  Trypsin/EDTA (0.25%) murine tumor cell lines

Method:

Murine and human cell lines were cultivated in a tissue culture incubator at 37°C, 95% humidity
and 5% carbon dioxide (COy). For passaging, cell culture medium was removed followed by a
washing step with PBS. According to adhesion of cells to the cell culture dish surface, cells
were treated with either Trypsin/EDTA (0.05%) or Trypsin/EDTA (0.25%) staying in the
incubator until cells detaches from the dish via gentle shaking and observation under the
microscope. The enzymatic reaction of trypsin was stopped through adding fresh culture
media. Finally, cells were resuspended and seeded at the desired density onto new cell culture

dishes.

2.2.1.2 Cryopreservation and Resuscitation of frozen cell lines
Materials:
= Cell culture medium (DMEM or RPMI) with 10% FCS and 1% P/S, preheated to 37°
= Freezing medium: 50% Cell culture medium + 40%FCS +10% DMSO (v/v), 4°C
= 1IxPBS,pH7.4
=  Trypsin/EDTA (0.05% or 0.25%)
= Cryotubes

Method:

Cells were trypsinized as described above. Then, cells were centrifuged for 5 minutes at 300
g. Finally, supernatant was removed and the cell pellet was resuspended in 1 ml freezing
media, transferred into cryotubes. After storage on ice for a few minutes, cryotubes were stored

at -80 °C (short term) or in liquid nitrogen (long term).
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For recovery, the cell suspension was quickly warmed up at 37°C and added to 9 ml warm
fresh media and centrifuged for 5 minutes at 300 g. The supernatant was discarded; cell pellet

was resuspended in fresh warm media and seeded onto new cell culture dishes.

2.2.1.3 Counting cells
Materials:

* Neubauer Chamber
Method:

10ul of a well resuspended suspension was loaded on a Neubauer chamber to determine the
cell number. Cells in 4 large squares were counted and the number of cells per ml in

suspension was calculated according to the formula:

Cells/ml = (Cells counted/ number of counted large squares) x 10*

2.2.1.4 Cell treatment with different reagents

4 Hydroxytamoxifen (4-OHT): Cells were treated with 2.5 nM 4-OHT and 5 pg/ml

puromycin for indicated time.

Doxycycline: Lentiviral shRNA expression was induced by adding the

desired concentration of doxycycline for indicated time.

2.2.1.5 Establishing of tumor cell lines
Materials:

= Cell culture dish
= Razor blades

= Scissors
= Scalpel
= Tryple E

= 70% ethanol for sterilization
= 1xPBS
= Cell culture medium (DMEM) with 10% FCS and 1% P/S, preheated to 37°

= |ce
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Method: modified after Basseres et al., 2010

Lung tumors from Lenti-Cre virus infected K-Ras"S-¢2PH*p531iB-Myp** o ¥+ ot il mjce were
isolated via scalpel, placed and washed in a cell culture dish on ice containing PBS. After
transfer into the cell culture hood, each lung tumor was placed in a 10 cm cell culture dish
containing Tryple E. Tumor tissue was finely minced with sterile razor blades in 1 ml Tryple E
and incubated for 30 min at 37 °C in a tissue culture incubator. Afterwards, the reaction of
Tryple E was stopped by adding 5 ml fresh media to the dish. Remaining tissue was comminute
via vigorous pipetting. Next, cell suspension was transferred to a 15 ml tube. Cell suspension
were left 10 minutes standing in which fibroblasts and trypsinized debris could settle in the
sediment. Next, 5 ml cell culture medium and supernatant/cell suspension were mixed and
plated on a new cell culture dish. To the remaining sediment 10 ml culture medium was added
a plated on a new culture dish. Cells were cultured until confluency was reached and then

genotyped.

2.2.1.6. Transient transfection
2.2.1.6.1 Plasmid transfection with calcium phosphate
Materials:

= 2x HBS, pH 7.05: 500 pl; preheated 37°C

= 2.5 M CaCly: 50 pl; preheated 37°C

=  ddH20: up to 450 ul

= plasmids [pbabeCreERT2 and pbabepuro]: 30 ug

Method:

Transfection of the retroviral packaging cell line Plat-E for the infection of murine tumor cell
lines

At the first day, a confluent 10 cm culture dish with Plat-E cells was split 1:4 to reach 80%
confluency on the next day. Cells were plated on a new 10 cm dish. On the second day, one
hour before transfection, the culture medium was removed and fresh one was added. In an
Eppendorf tube, 50 pl of 2.5 M CaCl, were mixed with 30 pug plasmid DNA resulting in a calcium
phosphate co-precipitation with DNA. The mixture was then filled up with ddH,O to 500 pl and
blended again. Next, 500 pl prewarmed HBS was transferred to a 15 ml tube. Under continuous
bubbling of the HBS, the CaCl,/DNA mix was slowly added dropwise to the HBS. The

HBS/CaCl,/DNA mix was slowly added dropwise to the Plat-E cells. In the evening, medium
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was removed, 8 ml fresh medium was applied and cells were incubated for 48 hours. The

infection procedure of murine tumor cell lines is described in 2.2.1.7.
Materials:

=  2x HBS, pH 7.05: 250 pl; preheated 37°C
= 2.5 M CaCly: 25 pl; preheated 37°C
= ddH20: up to 250 pl
= plasmids: pCMV-VSV-G: 1.5 ug
psPAX2: 2.25 ug

construct [plnducer or shRNAs against B-Myb or Luciferase]: 3 ug

HEK 293T cells were used as lentiviral packaging cell line for the infection of human cell lines
(2.2.1.7).

On the first day, a confluent 10 cm culture dish of HEK 293T cells were splitted 1:12 into 6 cm
culture dishes. On the second day, one hour prior transfection, the medium was replaced by 3
ml fresh medium. Under S2 conditions, 1.5 ug of the pCMV-VSV-G plasmid, 2.25 ug of the
psPAX2 plasmid and 3 ug construct plasmid were blended in an Eppendorf tube followed by
mixing 25 pl 2.5 M CaCl,. Next, mixture was filled up to 250 ul with ddH.O and mingled again.
Then, 250 pl of 2x HBS was transferred to a 15 ml tube. Under continuous bubbling of the
HBS, the CaCI2/DNA mixture was slowly added dropwise to the HBS. The HBS/CaCl,/DNA
mixture was slowly added dropwise to the HEK 293T cells to covering the plate completely and
incubated in the cell culture hood of S2. On the third day, in the morning, the old medium was
removed and 3 ml of fresh medium was applied to the cells. Cells were incubated further. The

infection procedure of human cell lines is described in 2.2.1.7.
Materials:

= 15 ml cell culture dish
*  Pur DMEM medium
= Cell culture medium (DMEM) with 10% FCS and 1% P/S, preheated to 37°
= 500 mM Sodium butyrate
*= ddH20: up to 250 pl
» plasmids: pPCMV-VSV-G: 10.2 ug
psPAX2: 15.4 pg
construct [SG 1368: U6-shRNA pgkCre (lenti)]: 20.4 ug
= 1x PEI: 100x PEI stock diluted 1:100 in 0.15M NacCl
= 2.5 ul 1x PEl/ug DNA
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Method:

On the first day, HEK 293T were seeded on 15 cm culture dishes to reach 70-80% confluency
on the next day. On the second day, one hour prior transfection, the medium was replaced by
12.5 ml medium. Under S2 conditions, 10.2 ug of the pCMV-VSV-G plasmid, 15.4 ug of the
psPAX2 plasmid and 20.4 pg construct plasmid were blended in an Eppendorf tube followed
by filling up to 1700 pl with pur DMEM medium. 115 pl 1x PEI-solution was mingled with 1585
pl pur DMEM medium. Next, PEI-mixture was added to DNA-mixture, blended and incubated
for 30 minutes at RT. Transfection-mix was added dropwise to the HEK 293T cells to covering
the plate completely and incubated in the cell culture hood of S2. On the third day, in the
morning, the old medium was replaced by 15 ml fresh medium and 150 pl 500 mM sodium
butyrate was applied to the cells. Cells were incubated further until infection. Infection

procedure of Lenti-Cre-virus is described in 2.2.1.7 (Tiscornia et al., 2006).

2.2.1.6.2 Liposomal transfection
Materials:

=  Opti-MEM® (life technologies)

= Cell culture medium (10% FCS, without P/S)

= Transfection reagent: Lipofectamine® RNAIMAX reagent (Life Technologies)
= sSiRNAs

Method:

The transfection was performed according to the manufacturer’'s protocol Lipofectamine®
RNAIMAX Reagent Protocol 2013 Protocol Pub. No. MANO0007825 Rev.1.0 on

www.lifetechnologies.com/support.The following table shows a list of seeded cell numbers:

Cell line 6 cm culture dish
BC2 2.5x10°
H23 4.5x10°
HOP62 3.0x10°
H460 2.0x10°

On the first day, cells were seeded in an appropriate cell number in 4.5 ml antibiotic free cell
culture medium to reach 60-80% confluency next day at transfection. 5 pl Lipofectamine RNAI

Max Reagent was diluted in 245 ul Opti-Mem in an Eppendorf tube and incubated for 5
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minutes. In another Eppendorf tube, 3.4 pl [5S0 nM] siRNA was diluted in 246.6 pl Opti-Mem
and also incubated for 5 minutes. The diluted siRNA was added to the diluted Lipofectamine
RNAI Max Reagent (1.7:2.5 ratio), mixed and incubated for 20 minutes. Finally, the siRNA-lipid
complex was added to the cells incubated in the cell culture hood. Cells were harvested 72 h

posttransfection and processed for RNA or protein analysis (see section 2.2.2.1 and 2.2.3.1)

The siRNA was mainly transfected in a concentration of 50 nM from a 75 uM stock. In BC2 a

concentration of 100 nM was tested, too.

2.2.1.7. Cell infection

2.2.1.7.1 Retroviral infection of murine tumor cell lines
Materials:

= Polybrene (4 mg/ml): 1:1000
= Filter (0.45 ym)

Method:

One day before infection, 1x10° murine tumor cells were seeded into a 6 well plate. The next
morning, the virus-containing supernatant (medium of calcium phosphate transfected Plat-E
cells) was filtered (0.45 ym) and transferred into a 15 ml tube. 8 ml fresh media was added to
the Plat-E cells to use them for second infection. The tumor cells were incubated with the viral
supernatant containing polybrene during the day. In the evening, the medium was replaced.
The following day, a second infection round was started. Target cells were selected with the

appropriate antibiotic and tested for positive infection.

2.2.1.7.2 Lentviral infection of pINDUCER-shRNAs
Materials:

*= Polybrene (4 mg/ml): 1:1000
= Filter (0.45 ym)

Method:

One day before infection, 1-2x10° human cells were seeded into a 6 well plate. The next
morning, the virus-containing supernatant (medium of calcium phosphate transfected HEK
293T cells) was filtered (0.45 um) and transferred into a 15 ml tube. The HEK 293T cells were
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discarded. The cell lines were infected for 24 h in 2 ml of the viral supernatant containing
polybrene. On the next morning, the medium was and the selection process was started in the

evening. Infection process was repeated once.

2.2.1.8 Concentration of Lenti-Cre virus
Materials:

= Filter (0.45 ym)

= 50 ml tubes

= Ultracentrifuge: Centrifuge tubes + TST41.14 rotor
=  Pur DMEM medium

Method:

On the next morning, the virus-containing supernatant (medium of calcium phosphate
transfected HEK 293T cells) was harvested, spun down at 300 x g for 5 min and filtered (0.45
um) and transferred into a 50 ml tube. Lenti-Cre virus particles were concentrated by
ultracentrifugation in a TST41.14 rotor for 2 hours at 27500 rpm. The supernatant was
discarded and tubes were filled with the remaining virus and centrifuged again until all virus

was concentrated. The virus pellet as dissolved in 30 pl medium for 2 hours at 4°C.

2.2.1.9 Lenti-Cre virus titer determination with NIH3T3 zeG reporter cell line
Materials:

= Polybrene (4 mg/ml): 1:1000
Method:

To determine the lentiviral titer, a NIH3T3 zeG reporter cell line (NIH3T3 stably transfected
with the GFP-reporter plasmid pZ/EG), which expresses GFP after Cre-mediated
recombination, was utilized (Novak et al., 2000). One day before infection, 3.5 x 105 NIH3T3
zeG cells were seeded into 6 well plates. For virus-titer determination, the NIH3T3 zEG was
infected with serial diluted lentivirus containing polybrene. The fraction of GFP-positive cells
was determined by fluorescence activated cell sorting. 1x10° lentivirus particles were aliquoted

in 50 pl medium in Eppendorf tubes and stored until use by -80°C.
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2.2.1.10 Cell proliferation assay with crystal violet staining (Growth curves)

Materials:

= 1xPBS,pH7.4

= 10% formalin (3.7% paraformaldehyde)

=  Tap water

= Staining solution: 20% ethanol + 0.1% crystal violet

» Drugs: 4-Hydroxytamoxifen + puromycin (2.5 nM +5 pg/ml) or doxycycline (1 mg/ml)
= 10% acetic acid for dye extraction

Cell number:

Cell line 24 Well plate
KR1 250

KR2 300

BC1 250

BC2 300

H23 8000

HOP62 1500

H460 1000

A549 400
Method:

Cells were seeded in an appropriate number at a 24 well plate as triplicates and treated with
either different drugs (4-OHT + puromycin or doxycycline) or solvent for 10 days. Every second
day, fresh media and drugs were applied. Furthermore, every second day the provided plate
for this day (time point plate) was rinsed with 1x PBS, fixed for 10 minutes with 10% formalin
(3.7 % formaldehyde) at room temperature, rinsed with tap water and air dried. At day zero
reference plate was fixed 8 hours after plating the cells. At day 10, all time point plates were
stained with 0.1 % crystal violet (in 20% ethanol) for 30 minutes at RT, washed with tap water

until they appear clear and then air-dried. The plates were scanned and stored at 4°C.

For quantification, the dye was extracted with 0.5 ml 10 % acetic acid for 30 minutes at RT on
a shaker. The crystal violet was quantified using a volume of 100 pl extract in a 96-well plate.
The absorbance was measured at 595 nm at an Elisa Reader. If absorbance was above 1.0;

samples were diluted. The results were normalized to the control (100 pl acetic acid).
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2.2.1.11 Flow cytometry analysis using the intercalating dye Propidium lodide

Materials:

= Cell culture medium (DMEM or RPMI) with 10% FCS and 1% P/S, preheated to 37°
= 1xPBS,pH7.4

=  Trypsin/EDTA (0.05% or 0.25%)

= 80% ethanol (-20°C): 1 ml

= Sodium citrate (38 mM): 500 ul

= Propidium iodide (1 mg/ml): 15 ul

= RNAse (10 mg/ml): 25 pl

Method:

The cell cycle phase was determined by quantitatively assessing the DNA content of a cell
using the intercalating dye Propidium lodide (PI). Cells were trypsinized, transferred in a 15 ml
tube, centrifuged for 5 minutes at 300 g at 4 °C and washed with cold 1x PBS. Cells were fixed
by adding 1 ml ice cold 80 % ethanol while slowly vortexing and stored at -20 °C before further
processing. 1-2 hours before measurement, cells were centrifuged for 10 minutes at 210 g and
washed once with cold 1x PBS. Cells were resuspended in 500 ul 38 mM sodium citrate, mixed
with 25 ul RNase and incubated 1 h at 37°C in a water bath. Finally, cell suspension was
transferred to FACS tubes, stained with15 pl Pl and measured in a Cytomics FC500 Flow

cytometer.
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2.2.2. Molecular biological methods

2.2.2.1 RNA isolation
Materials:

= Trizol or the analogue RNA isolation reagent TriFast
= Chloroform

=  75% and 100% ethanol in DEPC

= DEPC-H:0

=  Ammonium acetate (5 M), pH 5,7

Method:

Total RNA from cells was extracted with Trizol or TriFast. First, medium was removed, 1 ml
Trizol was applied covering the whole plate. Then cells were scraped, transferred into a
Eppendorf tube and incubated for 5 minutes at RT. Next, 200 ul chloroform was added and
the mixture was vortexted thoroughly for 30 seconds. Centrifugation for 10 minutes at 12000
g in a cooling centrifuge results in formation of 3 phases. The upper aqueous phase containing
RNA was transferred into a new reaction tube. RNA was precipitated with 0.1 volume 5 M
ammonium hydroxide and with 2 volumes 100% ethanol for an hour or overnight at -20°.
Samples were centrifuged for 10 minutes at 12000 g at 4 °C. The supernatant was removed
and the pellet was washed with 1 ml 75% ethanol and vortexed. Samples were centrifuged by
7000 g at 4°C. Finally, the supernatant was removed to allow the samples to air dry. Samples
were resuspended in 25 yl RNase free water and heated at 55°C for 10 min under slow
shaking. Purity and concentration of the RNA was determined in a NanoDrop 2000

spectrophotometer. RNA samples were stored at -80°C.

2.2.2.2 Reverse transcription (RT-PCR)
Materials:

» DEPC-H:0

Random primer (0.5 mg/ml)

» dNTP’s (2mM)

= Ribolock RNAse inhibitor (Fermentas, 40U/ul)

= RevertAid Reverse Transcriptase (Thermo Scientific, 250 U/ul)

= 5x RevertAid reaction buffer (Thermo Scientific)
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Method:

2 ug RNA in a final volume of 9.5 ul DEPC water were mixed on ice with 0.5 pyl random primers.
After denaturing at 70 °C for 5 minutes, samples were kept at 4 °C and the following mixture

was added:

5 ul 5x RevertAid reaction buffer

6.25 ul dNTP

0.5 yl RiboLock RNase inhibitor

0.5 pl RevertAid Reverse Transcriptase
2.75 yl DEPC water

The solution was mixed carefully by pipetting and incubated for 1 h at 37 °C. 15 minutes heat

inactivation at 70 °C stopped the synthesis process. Until use, cDNA was stored at -20 °C.

2.2.2.3 Quantitative real-time PCR (qRT-PCR)
Materials:

= AbsoluteTM QPCR SYBR Green Mix (Thermo Scientific).

= Primer mix (10 mM): Primer 1 (fw, 5 mM) and Primer 2 (rev, 5 mM)
= ABgene® PCR Plates (Thermo Scientific)

= ddH;0 (autoclaved)

Method:

The following set-up was used and measured in triplicate at the Mx3000P qPCR System by
Agilent:

PCR mix:

10.0 ul Absolute™ QPCR SYBR Green Mix
0.4 pl forward primer (10 M)

0.4 ul reverse primer (10 uM)

1 yl cDNA

8.2 pl H20
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Thermal profile set-up: activation 95 °C
amplification 95 °C

(40 cycles) 60 °C

95 °C

dissociation 95 °C

60 °C

95 °C

15 min
0.5 min
1 min

15 min
1 min

0.5 min
0.5 min

The relative expression of a specific MRNA compared to a housekeeping gene was

calculated according to the formula:

2-AACt
AACt = ACt (sample) — ACt (reference)

ACt = Ct (gene of interest) — Ct (housekeeping gene)

The standard deviation of AACt was calculated according to this formula:

s= \/512 + S,2
sl = standard deviation (gene of interest)

s2 = standard deviation (housekeeping gene)

The margin of error of 2-AACt was determined according to this formula: 2-AACt+/-s
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2.2.2.4 Isolation of plasmid DNA from bacteria

2.2.2.4.1 Mini preparation
Materials:

= LB medium (+ Ampicillin 1:1000)
= Buffer S1, 4°C

= Buffer S2

= Buffer S3

=  100% ethanol

= 70% ethanol

= TE buffer

Method:

DNA Mini preparation was performed of single colonies of transformed E.coli. colonies picked
from a LB agar plate and incubated overnight in 3 ml ampicillin-containing LB media at 37 °C
under vigorous shaking. On the next day, 1.5 ml of the bacterial culture were transferred into
an Eppendorf tube and centrifuged for 2 minutes at maximum speed. The pellet was
resuspended in 150 pl miniprep solution S1. For cell lysis, 150 ul miniprep solution S2 was
added, the samples were mixed by gently inverting the Eppendorf tube 5 times and incubated
5 minutes at RT. After 5 minutes, miniprep solution S3 was added for neutralisation and mixed
by gently inverting the Eppendorf tube 5 times. Samples were centrifuged for 10 minutes at
maximum speed. The aqueous phase (~ 400 ul) was transferred into a fresh reaction tube,
mixed with 800 ul absolute ethanol and vortexed thoroughly. Precipitated DNA was pelleted
by spinning for 10 minutes at maximum speed and washed with 500 pl 70 % ethanol. After a
second centrifugation step under same conditions, the supernatant was discarded, the pellet
was dried and dissolved in 20 pl TE buffer. Plasmid DNA concentration and purity was
determined with a NanoDrop 2000 spectrophotometer. The plasmid was stored at -20°C or

used for a control digestion to test the correct ligation of vector and insert.

The endonuclease Kpnl were used for digestion for 1 h at 37°C using the following pipetting

scheme:

KPN1 digestion

1-3 ul Plasmid (vector and Insert)
0.1 pl Kpnl

2 pl KPN1 buffer (10x)

Add up to 20 pl ddH20
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2.2.2.4.2 Midi/Maxi preparation
Materials:

= PureLink HiPure Plasmid Midi-/Maxiprep kit (Life Technologies)
= LB medium (+ Ampicillin 1:1000)
= TE buffer

Method:

After sequencing the mini preparation, the plasmids were purified using Midi and Maxi
preparations. Therefore, a pre- culture (a single colony was picked from an LB agar plate) was
incubated 8 hours in 2 ml ampicillin-enriched LB media. For high copy number plasmids, 1.5
ml of the pre-culture was added to 100-200 ml of LB medium (+ Ampicillin 1:1000) at 37°C
overnight under vigorous shaking. Bacterial cultures were harvested by centrifugation for 10
minutes at 4200 g at 4°C. The LB medium was removed and plasmid DNA was extracted with
PureLink HiPure Plasmid Midi-/Maxiprep Kit according to the manufacture’s instruction.
Concentration and purity was determined with a determined with a NanoDrop 2000

spectrophotometer and samples were stored at -20 °C.

2.2.2.5. Isolation of plasmid DNA fragments from agarose gels
Materials:

= Scalpel
=  GenelJET Gel Extraction Kit (Thermo Scientific)

Method:

After digestion of plasmid DNA with respective restriction endonucleases, fragments were
separated on 0.8-2 % agarose gels containing ethidium bromide (0.35 pg/ml) by
electrophoresis for 1-2 h at 100 V. Desired bands were excised under UV light and DNA was

extracted with GeneJET Gel Extraction Kit according to manufacturer’s protocol.

2.2.2.6. Isolation of genomic DNA from tumor slides

Materials:
= Forceps
=  Xylene
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= Ethanol (100%)

=  Bunsen burner
Method:

Tumor tissue was isolated under a stereomicroscope with forceps and added to an Eppendorf
tube containing 1 ml pure xylene. Samples were by centrifuged for 5 minutes at full speed at
RT and washed two times with 1 ml absolute ethanol. The genomic DNA pellet was further

processed (see section 2.2.2.7) and genotyped (see section 2.2.2.8).

2.2.2.7. Extraction of genomic DNA (HotSHOT)

For extraction of genomic DNA (gDNA) followed by a genotyping PCR, ear biopsies were lysed
in 75 ul base buffer for 30 minutes at 95 °C. After heating, samples were cooled down for 5
minutes and mixed with 75 ul of neutralizing buffer by inverting the Eppendorf tubes. For
isolated tumor material only 10 pl base buffer/10 pl neutralisation buffer was applied and the

heating step was reduced to 10 minutes.

2.2.2.8. Genomic DNA PCR

For genotyping of ear biopsies 1-5 pl of the final gDNA were used for each PCR reaction

according to the following program:

Genomic PCR for LSL-KRasG12D:

PCR mix PCR program

2.5 ul 10x ReproFast buffer 95 °C 5 min

2.5 pl dNTPs (2 mM) 95 °C 30sec

1 ul forward primer (10 uM)/ SG 1499 64 °C 30 sec :| 34 cycles
1 pl reverse primer (10 uM)/ SG 1500 72 °C 1 min

0.3 ul His Taq polymerase (15 U) 72 °C 3 min

ad 25 ul H.0 4°C hold
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Genomic PCR for p53 floxed:

PCR mix PCR program

2.5 pyl 10x ReproFast buffer 95 °C 5 min

2.5 pl dNTPs (2 mM) 95 °C 30sec

1 pl forward primer (10 puM)/ SG 1556 56 °C 1 min j 29 cycles
1 pl reverse primer (10 uM)/ SG 1557 72 °C 1 min

0.2 ul His Taq polymerase (15 U) 72 °C 3 min

ad 25 ul H20 4°C hold

Genomic PCR for B-Myb floxed:

PCR mix PCR program

2.5 yl 10x ReproFast buffer 95 °C 5 min

2.5 pl dNTPs (2 mM) 95 °C 30sec

1 pl forward primer (10 uM)/ SG 1601 56 °C 1 min j 34 cycles
1 pl reverse primer (10 uM)/ SG 1602 72 °C 1 min

0.2 ul His Taq polymerase (15 U) 72 °C 3 min

ad 25 ul H20 4°C hold

For genotyping of isolated tumor material. 5 pl of the final gDNA were used for each PCR

reaction according to the following program:

Genomic PCR for ALSL-KRasG12D:

PCR mix PCR program

4.0 ul 5x Phusion HF buffer 98 °C 1 min

2.0 pl dNTPs (2 mM) 98 °C 15 sec

1 ul primer (10 uM)/ SG 2031 67 °C 30 sec :| 34 cycles
1 pl primer (10 uM)/ SG 2032 72 °C 10 sec

0.1 ul primer (10 uM)/ SG 2033 72 °C 10 min

0.2 ul Phusion DNA polymerase (2 U) 4°C hold

ad 20 ul H.0
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Genomic PCR for AB-Myb floxed:

PCR mix PCR program

4.0 pul 5x Phusion HF buffer 98 °C 1 min

2.0 pl dNTPs (2 mM) 98 °C 10 sec

1 pl primer (10 pM)/ SG 2023 59 °C 30 sec j 34 cycles
1 pl primer (10 uM)/ SG 2024 72 °C 10 sec

1 pl primer (10 uM)/ SG 2025 72 °C 10 min

0.2 ul Phusion DNA polymerase (2 U) 4°C hold

ad 20 ul H20

2.2.2.9. Cloning of lentiviral shRNAs (miR30 shRNAs for the pINDUCER vector

system)

Potential ShRNA sequences for the gene of interest were predicted via the Designer of Small
Interfering RNA tool (DSIR. http://biodev.extra.cea.fr/DSIR/DSIR.html). Several criteria, which

were described in Dow et al. (2012) were used to select positive candidates. These candidates
were purchased as 97 bp long cloning template in a mir30-based format and restriction sites

were introduced by PCR according to the following reaction:

PCR mix PCR program (30 cycles)
5.0 yl 10x ReproFast buffer 95 °C 3 min

5.0 ul dNTPs (2 mM) 95 °C 45 sec

2 ul Primer SG 1161 (10 pM) 54 °C 30 sec

2 ul Primer SG 1164 (10 uM) 72 °C 1 min

0.5 ul His-Taq polymerase (15 U/ul) 72 °C 10 min

ad 34.5 yl H.0 4°C hold

2.2.2.10. Agarose gel electrophoresis

Materials:

= 1x TAE buffer
= DNA loading buffer (5x XB)
= 100 bp or 1 kb DNA ladder (Fermentas)

= Ethidium bromide solution (10 mg/ml)
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Method:

Separation and purification of fragments of varying size was conducted by electrophoresis in
agarose gels. Agarose powder was added to 1x TAE buffer, boiled in a microwave until
complete dissolution of the agarose. To visualize the DNA banding pattern with a UV light
source, ethidium bromide (0.35 pg/ml final concentration) was added and the complete mixture
was solidified in a gel chamber. DNA samples were mixed with 5x loading buffer including
bromophenol blue to monitor the progress of electrophoresis and loaded into pockets of the
gel. A DNA ladder of 100 bp or 1 kb was utlized as a marker to determine the size.
Electrophoresis ran for 1-2.5 hours at 100 V. DNA bands were visualized in a UV

transilluminator, photographed and - if necessary - excised for further processing.

2.2.2.11 Restriction digestion

Both. PCR product and pINDUCER vector were digested with the same endonucleases for

4 h at 37°C according to the following pipetting scheme:

\Vector digestion PCR digestion

5 ug pINDUCER10 (#1369) |All PCR product

5ul NEB4 5 ul NEB4

0.5 ul BSA 0.5 uI BSA

3 pl Xhol 1 pl Xhol

1.5 pl EcoR1 (High fidelity) 0.5 pl EcoR1 (High fidelity)
Add to 50 pl ddH20 addto  |Add to 50 ul ddH20

Digested DNA fragments were purified by gel electrophoresis or column purification using
GeneJET PCR Purification Kit or QIAquick PCR Purification Kit according to manufacturer’s
protocol. The DNA concentration of the purified PCR product and the pINDUCER vector was

measured using the NanoDrop 2000c spectral.

2.2.2.12 Ligation

Materials:

= T4-DNA-Ligase
= 10x T4-DNA-Ligase buffer
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Method:
For standardisation, DNA fragments were used in a molar ratio of 1:3-5 (vector to insert). The

reaction was incubated for 1 h at room temperature according to the following pipetting

scheme:

Ligation
4 ng Insert

100 ng Vector
0.5 ul T4-DNA-Ligase
1 pl 10x T4-DNA-Ligase buffer

Add to 10 pl ddH20

2.2.2.13 Transformation

Materials:

= Chemically competent DH5a E.coli bacteria, -80°C
= LB medium, pre-warmed 37°C

= LB agar plates (+ Ampicillin 1:1000)

= Heating block (37°C and 42°C)

= |ce

Method:

50 pl competent DH5a E.coli were thawed on ice, mixed with 5 pl ligation sample solution
and left on ice for 10 minutes. DNA uptake was achieved via heating bacteria for 45 seconds
at 42 °C in a heating block followed by a cool down on ice. Then, 400 pl pre-warmed LB
media was added and the transformation mixture was incubated for 45 minutes at 37 °C in
a heat block shaker with moderate agitation. The transformation mixture was centrifuged for
1 minute at maximum. 400 pl supernatant was discarded; bacteria were resuspended in the
rest of the media and spread over an ampicillin-containing LB agar plate. Selection plates

were incubated at 37 °C overnight and single colonies were picked for plasmid isolation.
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2.2.2.14 Sequencing

Materials:

= Sequencing primer (SG 1162)
= QIAquick PCR Purification kit (QIAGEN)

Method:

Purification of the plasmid was achieved using the QIAgen PCR purification kit. For
sequencing, the plasmid was sent to LGC genomics. Therefore, DNA was prepared to the

company’s specifications seen in the following table:

Sequencing
1 pg Plasmid

2 ul Primer SG 1162 (1:10)

Add to 14 pl ddH20

The results were analysed with the freeware computer software ApE (A plasmid editor).
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2.2.3 Biochemical methods

2.2.3.1 Whole cell lysates
Materials:

= 1xPBS,pH7.4at4°C
= Plastic cell scraper
= 3x ESB protein sample buffer
= TNN lysis buffer. 4°C:
Add fresh before use
= 1mMDTT (1M): 1:1000
= 10 ug/ml Protease inhibitor cocktail (PIC): 1:1000
= 10 pg/ml PMSF (100 mM): 1:1000

Method:

The cell culture dish was placed on ice, the cell culture medium was removed, washed with an
appropriate amount of ice cold PBS, scraped via a plastic cell scraper and transferred into a
15 ml tube. After centrifugation for 5 minutes at 950 g at 4 °C, the PBS was discarded and the
cell pellet was resuspended in 1 ml ice cold PBS followed by a transfer to an Eppendorf tube.
The tube was centrifuged for 5 minutes at 950 g at 4 °C. Then the supernatant was aspirated
and pellet was lysed in adequate volume of TNN lysis buffer containing DTT, PIC and PMSF
for 20 minutes on ice. Cell debris was removed by spinning for 10 minutes at 20000 g at 4°C
whereas the clear supernatant was transferred into fresh reaction tube. The protein
concentration was determined via Bradford assay (see section 2.2.3.2). Lysates were used

further or flash frozen and stored at -80 °C until use.

2.2.3.2 Bradford assay
Materials:

= Bradford solution

= BSA (10 mg/ml)

= 0.15 M NacCl

= 3x ESB protein sample buffer

=  Half-micro-cuvette
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Method:

The protein concentration was determined after the method established by Bradford (Bradford.
1976). Therefore, 100 ul 0.15M NaCl was applied into half-micro-cuvette. Then, 1 pl of the
protein lysate or a BSA dilution series was added. Next, 1 ml Bradford solution was added and
mixed well for the spectrometric measurement. Finally, the extinction was measured at 595
nm compared to a standard BSA dilution series and used for the calculation of the protein
concentration of the whole cell lysates. After calculation of the protein concentration of the
whole cell lysates, an appropriate amount of 3x ESB protein sample buffer was added to the

protein samples.

2.2.3.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Materials:

= ddH20
= 1.5MTris. pH 8.8
= 0.5MTris. pH 6.8
= Protogel (30% Acrylamide. 0.8% Bisacrylamide)
= 20% SDS
= 10% APS
* Protein marker
= SDS-running buffer
Method:

SDS-PAGE was performed using the discontinuous method described by Laemmli (Laemmli.
1970). A separating gel solution (ranging from 8-14 %) was prepared and applied into the gap
of the glass plates. After polymerisation, it was overlaid with a stacking gel (5 %). In the table

below, the composition of 1.5 mm gels is summarized:

Separating gel

Gel percentage: 8% 10% 12.5% 14%
ddH20 3.54 ml 3.04 ml 2.5 ml 2.2ml
1.5 M Tris. pH 8.8 1.85 ml 1.85ml [1.85ml 1.85 ml
Protogel 2ml 2.5ml 3.1ml 3.5ml
20% SDS 55 pl 55 ul 55 ul 55 ul
10% APS 50 pl 50 pl 50 pl 50 pl
TEMED 5l 5l Sul Sul
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Stacking gel

Gel percentage: 5% gel
ddH20 990 pl
0.5 M Tris. pH 6.8 1.0ml
Protogel 0.5ml
20% SDS 60 pl
10% APS 40
TEMED 4l

The electrophoresis was performed in SDS-running buffer with constant amperage of 35

mA/gel for approximately 1.5 hours.

2.2.3.4 Immunoblotting
Materials:

= PVDF membrane

= 4 Whatman filter paper

= 2 blotting pads from Biorad system

= 100% methanol

= Blotting buffer. 4°C

= Ponceau S

= TBS-T (0.05-0.1%)

= Blocking solution (TBS-T 3% milk powder)
= 1 MTris, pH 8.5

= Enhanced chemiluminescence (ECL) solution

Method:

The PVDF membrane was equilibrated 1 minute in 100 % methanol and the blotting pads and
Whatman filter papers were wet in blotting buffer. The blot was assembled in the following
order: on the white site of the blotting frame a blotting pad, two Whatman filter papers, PVDF
membrane, gel, two Whatman filter papers and a blotting pad is placed and closed. The
“sandwich” was transferred into a wet blot Biorad chamber; a cooling unit from -20°C freezer
was placed next to the sandwich and the chamber was filled up with ice cold blotting buffer.

Depending on the protein size, transfer was conducted for 1-2 h at constant voltage (100 V).
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Successful and equal protein transfer was visualized by staining of the membrane in Ponceau

S solution.

Membranes were blocked for 30 minutes in 3 % nonfat dry milk powder in TBST to reduce
unspecific binding followed by the incubation with primary antibodies overnight at 4 °C.
Unbound antibody was removed by three washing steps with TBST for 10 minutes under gentle
shaking. Incubation with respective secondary antibodies for 1 hour at RT followed by another
three washing steps with TBST for 10 minutes. Next, the ECL components were mixed
together in 1 M Tris (pH 8.5). activated by H>O,. The PVDF membrane was developed for 1
min in the staining solution. After removing excess liquid, membrane was wrapped in plastic

foil and exposed to X-ray films in a dark room.

2.2.3.5 Immunofluorescence
Materials:

» 1xPBS,pH 7.4

» Fixative: PSP (PBS + 3% paraformaldehyde + 2% sucrose)
» 1x PBS, pH 7.4 + 0.2% Triton-X

» PBST: 1x PBS, pH 7.4 + 0.1% Triton-X

= Blocking solution: 3% BSA diluted in 1x PBS

= Antibodies

= Humid chamber

= Hoechst 33258

= Shandon Immu-Mount (Thermo Scientific)

= Colourless nail polish

Method:

For immunostaining, cells were seeded with an appropriate cell number in a 6 well plate on
coverslips. Coverslips were washed carefully with 1x PBS, fixed for 10 min with PSP and
afterwards rinsed two times then washed once with PBS. Then, the cells were permeabilized
with PBS + 0.2% Triton-X for 5 min, rinsed and washed 5 minutes with 1x PBST followed by a
blocking step with 3% BSA for 30 minutes. After blocking, the coverslips were transferred to
humid chambers and incubated for 1 h with the first antibody on parafilm followed by three
washing steps with PBST for 3 minutes. After transfer to humid chambers, coverslips were
incubated for 30 min with the secondary antibody in PBS (1:500). After three washing steps
with PBST for 3 minutes in 6 well plate, Hoechst 33258 (1:1000) was applied for nuclear
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staining. The cells were rinsed and washed 5 minutes with PBS and the coverslips were
mounted onto a prepared slide. After drying in the dark, the slides were sealed by colourless

nail polish and stored at 4°C in the dark.

2.2.4 Immunohistochemical methods

2.2.4.1 Preparation of paraffin sections
Materials:

= Dissecting set: very small surgical scissors and forceps

1 ml Syringe

» 1xPBS.pH7.4

» Fixative: 4% PFA

= 50%, 70%, 80%, 90%, 95% and 100% Ethanol
= Paraffin

For preparation of lung paraffin sections, the mouse was sacrificed by cervical dislocation. For
revealing the lung, laparotomy by a longitudinal incision was performed. Furthermore,
separation of the diaphragm from the lung and detachment of the lung from the ribs was
achieved by cutting with very small surgical scissors. Next, lungs were perfused with 5 ml 1x
PBS to remove the remaining blood. After revealing the trachea, instillation of 4% PFA fixative
by a syringe was mediated through a minimal surgical cut in the trachea until lung was inflated.
Then the lung was isolated and washed in 1x PBS. Excess tissue was removed and the lung
was fixed in 4% PFA overnight at 4°C in a horizontal shaking platform. To document the
appearance of the lungs, images providing an overview of the lungs were created on the
Keyence microscope. Lungs were washed twice in 1x PBS and once in 0.9 % NacCl for 10
minutes. Next, lungs were treated with 50 % and 70 % ethanol for 1 h each on a rotating wheel
at RT. Serial dehydration of the lungs was performed automatically overnight in a TissueSpin

Processor:

70 % ethanol 1 h
80 % ethanol 1 h
90 % ethanol 1 h
95 % ethanol 1.5 h

100 % ethanol (2 times) 1 h
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Xylene (2 times) 1.5 h
Paraffin (2 times) 2 h

After the last dehydration step, tissue samples were embedded in paraffin using a Microm EC
350 modular tissue embedding center. The blocks were allowed to solidify and stored at 4 °C.
Paraffin blocks were sectioned into 5 ym (for immunohistochemical applications) or 10 um

thick slices (for tumor gDNA isolation) with a Hyrax M40 microtome.

2.2.4.2 H&E staining
Materials:

= Haematoxylin solution sour after Mayer

» Eosin-G solution (0.5%) add approximately 100ul/2100ml acetic acid
= Xylene

»  50%, 70%, 80%, 90%, 95% and 100% Ethanol

= Roti® Histokitt

Method:

For staining, dry slides were deparaffinized two times in xylene for 10 minutes and rehydrated
in a decreasing ethanol dilution series (100 %, 95 %, 80 %, 70 %, 50 %) for 3 minutes each.
After rinsing in H>O for 3 minutes, nuclei were stained in haematoxylin solution for 10 minutes
followed by washing with running tap water for 15 minutes to accelerate blueing of sections.
Slides were incubated in Eosin-G solution for 5 minutes, then rinsed with water to remove
excess stain. Next, slides were dehydrated in increased serial ethanol dilutions (70 %, 95 %,
100 %) for 3 minutes each, two times xylene for 10 minutes. Finally, slides were mounted with
Roti® Histokitt and observed under an Upright Microscope DMI6000B. Images of the lungs
were taken with Upright Microscope DMI6000B and evaluated to determine their tumor area

with ImageJ software and their tumor grade.

2.2.4.3 Antibody staining of tissue sections
Materials:

= 50%, 70%, 80%, 90%, 95% and 100% Ethanol
= Xylene
= 3% H,O.diluted in 1x PBS
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= Blocking solution: 3% BSA diluted in 1x PBS

* Antibodies in 3% BSA

= DAB staining solution: 250ul 1% DAB solution containing 200 pl 20 N HCI + 250 pl
0.3% H202 + 4.5 ml 1 M Tris, pH7.5

= Marking pencil

Lung sections were deparaffinized in xylene two times for 5 minutes and rehydrated in a
decreased ethanol dilution series (100 %. 95 %. 80 %. 70 %. 50 %) for 3 minutes each followed
by H20 treatment for 3 minutes. Endogenous peroxidase activity was blocked by incubating in
3 % H0O,. Next, sections were washed 3 times in 1x PBS for 5 minutes each. Lung sections
were placed in a coplin jar containing 10 mM sodiumcitrate buffer (pH 6.0) and boiled 8 minutes
for an acidic heat induced antigen retrieval. Sections were cooled down to RT and rinsed 3
times with 1x PBS for 5 minutes. Lung tissue on the sections was surrounded with a marking
pencil to avoid the merge of different antibodies. Next, 200ul-300ul BSA was applied to these
lung tissue to block and minimize unspecific staining. Overnight, lung tissue was incubated
with 200-300 pul primary antibody at 4 °C in a humidified chamber. Next morning, sections were
washed with 1x PBS three times for 2 minutes to remove excess antibody. Then, secondary
antibody was applied for 1 h at RT in a humidified chamber followed by three washing steps
with 1x PBS for 2 minutes to remove excess antibody. Visualization of binding reaction was
shown via 3.3'-Diaminobenzidine (DAB) staining. Therefore, 200-300 pl DAB staining solution
was applied on lung tissue for 10 minutes yielding a brown precipitate. Next, sections were
washed three times in H,O for 2 minutes and stained with haematoxylin for 3 minutes followed
by washing with running tap water for 15 minutes. Finally, sections were dehydrated in serial
ethanol dilutions (70 %, 95 %, 100 %) for 3 minutes each. two times in xylene for 10 minutes
and mounted with Roti® Histokitt. Images were taken ant an Upright Microscope DMI6000B

and evaluated.

2.2.5. Mouse husbandry

All animal experiments were conducted according to regulatory guidelines and protocols that
were approved by an institutional committee (Tierschutzkommission der Regierung von

Unterfranken).
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2.2.5.1 Mouse facility

An open cage system using type Il polycarbonate cages were utilized to keep mice and to
ensure species-appropriate husbandry. Furthermore, standard rodent diet and water were
provided every day. Moreover, cages were cleaned regularly and health monitoring of sentinel
mice was performed every 3-6 months. Preservation of strains was assured by continuous
breeding of respective pairs in a ratio of 1:2 (male to female). After three weeks, pups were
weaned, genotyped and separated from their parents before achieving maturity. All mice were
registered with identity number (ear clip), gender, genotype, date of birth and parental breeding

pair name. Mice were sacrificed with CO; or cervical dislocation (virus-infected mice).

2.2.5.2 Anaesthesia of mice
Materials:

= Xylazine

=  Ketamine

* 0.9% NaCl

= 25 gauge needle
= 1 ml Syringe

= Weighing scale

Method:

Injection anaesthesia was performed using a combination of Ketamine and Xylazine. To
determine the correct dose for anaesthesia, mice were weighed four hours before infection.
Prior to infection, 150 pl Xylazine and 450 ul Ketamine were mixed with 1800 pl 0.9 % NacCl.
Then, 175 pl suspension per 25 g body weight were administered with a 25 gauge needle
intraperitoneally to the mice. To ensure that the mice are fully anesthetized, it was controlled

if they lack the toe reflex.

2.2.5.3 Infection of mice with Lenti-Cre
Materials:
= |ntubation platform

=  Fiber-Lite llluminator
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= Exel Safelet IV catheter

= Flat forceps

= 1 ml Syringe

= 100 pl pipette with pipette tips
= Paper

= Lenti-Cre virus placed in ice box
Method:

Under a biosafety level 2 environment, infection of mice was performed with high precaution.
Delivery of Lenti-Cre was carried out using the intratracheal infection method. Therefore. 6-8
weeks old mice were anesthetized and intratracheal intubation was performed according to
DuPage et al. (DuPage et al., 2009). For infection, the mice were placed on a platform hanging
from its top front teeth on the bar and adjusted to the right position for inserting the catheter. A
Fiber-Lite llluminator was used to shine on the mouse’s chest to control breathing and later
inhalation of the virus. Then, the catheter was prepared, the mouth was opened and the tongue
was gently pulled out with flat forceps. The catheter was slid into the trachea until the top of
the catheter reaches the mouse’s front teeth and the needle was immediately removed from
the mouth to ensure that the mice can breathe through the catheter. Then, the platform
containing mouse and catheter was moved into the biosafety hood. 1x10° Lenti-Cre virus
particles diluted in 50 pl medium was pipetted directly into the opening of the catheter and the
mice started inhaling the virus immediately. The catheter was removed from the trachea when
the virus was no longer visible in the opening of the catheter and the entire volume was
travelled down the catheter. The mice were then placed on paper, breathing was controlled
and loss of liquid was noticed and documented. Finally, the mice were wrapped round with
paper to ensure that the mice become not hypothermic and the head of the mice were propped

up in the cage. Mice were regularly monitored until their recovery from anaesthesia.

2.2.6 Statistical analysis

Statistical significance was determined using Student’s t-test or Chi Square test with post-hoc
Fisher's Exact test and defined as significant according to following P values: *: p<0.05; **:
p<0.01; ***: p<0.001. ****: p<0.0001. All statistical analyses were performed with GraphPad
Prism 6 (GraphPad Software. Inc. La Jolla. CA. USA).
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3. Results

3.1 Role of MMB in lung tumorigenesis in vivo

The MMB complex serves as a transcriptional activator, which is essential for the expression
of key mitotic genes. It has been shown, that B-MYB, FOXM1 and target genes of the MMB
are a part the CIN signature and play a crucial role in many cancer types. Still there is not
much known about the role of the MMB in (lung) tumorigenesis in vivo. Therefore, the aim of
this part was to clarify if the MMB is required for lung tumorigenesis. For the investigation, |
used a well characterised in vivo non-small cell lung cancer (NSCLC) mouse model driven by
oncogenic K-Ras and loss of p53, which are the most altered pathways in NSCLC. This model
is based on a Cre-LoxP system harbouring a mutant K-Ras allele (K-Ras->-¢*?""*) and
conditional loss-of- function p53 alleles (p53"").

3.1.1 NSCLC mouse model with conditional alleles of B-Myb

Our group has shown, that p53 is able to inhibit the function of B-MYB. In return, B-MYB is
highly upregulated in p53 -/- cells, which is linked to its ability to promote checkpoint recovery
in these cells leading to enhanced expression of mitotic genes (Mannefeld et al., 2009).
Therefore, we predicted that B-MYB and MMB contribute to (lung) tumorigenesis by mediating
overactivity of mitotic genes after loss of p53. Accordingly, | tested if depletion of B-MYB
influences lung tumor formation. Double-mutant K-Ras"S-¢12"*p53" mice were crossed with
mice with conditional loss of function alleles of B-Myb (Fig. 3a). In B-Myb™ mice, exon 2-5 of
B-Myb are flanked by LoxP sites. When Cre-mediated recombination takes place, the part
between the LoxP sites is excised and a truncated non-functional protein is expressed resulting
in a frameshift (Fig. 3c). To determine the genotype of mice, PCR was used (Fig. 3b). A first
guestion, which was addressed, was if lung tumor formation is induced in the aforementioned
mouse model. Therefore 6-8 weeks old K-Ras-SY612P*p53MMB_Myp*+ and i+ and il mjca were
infected with a Cre-lentivirus. Cre was delivered by a recombinant lentivirus and used with a
titer of 1x10° virus particles per mouse. The virus was applied by an intratracheal infection
technique described in 2.2.5.3. 13 weeks after infection, known as optimal timepoint to
generate a modest number of lesions in the lung in K-Ras"s-¢?P*p53" mice, K-Ras-S"c120"*
p53"M B-Myb** andfirand il mice were sacrificed, dissected and their lungs were removed. Lungs
were embedded in paraffin and sectioned (Fig. 3d). As expected a spectrum of tumors arose,
which differ in size and cell appearance. This result showed that the mouse model, the

lentivirus concentration and time point fits.
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Figure 3: NSCLC mouse model to determine the requirement of B-MYB to lung tumorigenesis

(a) Double-mutant K-RasLSL®120/+; p53M mice were crossed with conditional B-Myb™ mice to receive
K_RaSLSL-GlzD/+ p53ﬂ/fl B- Mybﬂ/+ or fl/fl mice.

(b) For Genotyping primers for the LoxP-STOP-LoxP cassette (LSL) on K-Ras allele or LoxP sites on
alleles of p53 and B-Myb were used.

(c) NSCLC mouse model is based on a Cre-LoxP system. Addition of Cre-lentivirus leads to an
activation of oncogenic K-Ras®1?P, loss of p53 (p53 A/A) and depletion of B-Myb (B-MybAA).

(d) 13 weeks post infection was chosen as optimal timepoint for developing lung adenocarcinomas.
C57BI/6 mouse copyright: Wualex
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3.1.2 Tumor burden is reduced when B-Myb is depleted

Next, | asked whether B-Myb deletion has an impact on the tumor burden. As reported in part
3.1.1 K-Ras"S-e12bi g5 3iig_\yp*/* and i and il mice were infected with Cre-lentivirus. 13 weeks
post infection, mice were sacrificed and the surface of the lungs was inspected and showed a
lower number of tumors (white bulky spots on lung surface) in K-Ras"s=¢'?P"*p53"1B-Myb""
mice than in control mice (K-Ras-S-¢*2P*p53"1B-Myb** o ") (Fig. 4a). Histological lung
sections were stained with H&E and examined under the microscope (Fig. 4b and S1).
Determination of the tumor area revealed that K-Ras-S-¢'2P*p53"1B-Myb™ mice had a
significantly lower tumor area in comparison to the control (Fig. 4c). According to the inspection
of the lung surface, the reduction of the tumor area was dependent on the B-Myb status. In
addition, the tumor grade was classified by a four-stage grading system (described in DuPage
et al., 2009; Nikitin et al., 2004; Jackson et al., 2001) (Fig. 4e). Grade | lesions are atypical
adenomatous hyperplasia short AAH. These are lesions, which have uniform nuclei, show no
nuclear atypia. The lung architecture is largely preserved. Adenomas are classified as grade
Il tumors. They contain cells with uniform but slightly enlarged nuclei. In comparison to grade
| tumors they are more solid somehow more compressed. Compared with adenomas
adenocarcinomas, grade Il tumors, show enlarged, pleomorphic nuclei and increased
frequency of mitosis. Invasive adenocarcinomas (grade V) harbour all the characteristic of
grade Il tumors but in addition they show invasive stroma. Tumors in K-Ras-S-¢12/p53Mp.
Myb" mice were more represented in grade 1 and 2 tumors than in grade 3 and 4 meaning
they showed a shift to a lower, less aggressive tumor grade in comparison to K-Ras"S“
6120/+53MMB_Myb** mice (Fig. 4d). Together these observations illustrate that depletion of B-
Myb results in a lower tumor area and in a shift to lower, less aggressive tumor grade, which
indicate a lower tumor burden. In conclusion, depletion of B-Myb significantly impairs the
development of lung tumors and tumors, which arose are in most cases less aggressive. This

data demonstrates, that B-Myb is required for tumorigenesis in NSCLC in vivo.
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Figure 4: Requirement of B-MYB for tumorigenesis in an in vivo NSCLC mouse model

(a) Representative images of lungs. After 13 weeks post infection mice were sacrificed, lungs were
isolated and the surface inspected.

(b) Representative H&E sections of lungs from K-RastSLG12Di+ 531/l B_Myly+/+ and fi/+ and fifil mjce,

(c) Quantification of tumor area to total area of the lung. Symbols represent individual analysis of
tumor area in each mouse. Mean = S.E.M. is given.

(d) Quantification of tumor grades (n=766 tumors K-RaslSL-G12D/+ p53ifil B-Myb** and n=652 tumors
K-RastsL-6120+p53M B-Myb™), Error bars represent S.E.M. Statistical significance for all panels was

determined as *: P < 0.05, ***: P < 0.001 (e) Representative tumor grade images of histological
sections from K-Ras!SL6120/+ n53ilil B-Myl+/+ or i+ or il yymors. Scale bar 50um.
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3.1.3. Mitotic genes are targets of MMB in lung cancer in vivo

Previous microarray data have shown that genes such as Nusapl or mitotic kinesins are direct
transcriptional targets of the MMB (Esterlecher et al., 2013; Reichert et al., 2010). To analyse
the regulation of MMB targets genes in lung cancer in vivo, immunohistochemistry staining
was performed. Lung sections were rehydrated followed by an acidic heat induced antigen
retrieval. After incubation with antibodies against phosphorylated B-MYB (p-B-MYB) or mitotic
MMB-target genes (NUSAP1, CENPF), visualization of binding reaction was shown via DAB
staining, which produces a dark brown reaction product. Afterwards, the staining was
analysed. Elevated levels of active B-MYB expression was observed in high grade tumors
demonstrated by staining with an antibody that detects B-MYB phosphorylated on threonine
487 by cyclin A/ICDK2 during S phase (Fig. 5a). Reduced B-MYB expression was observed in
majority of tumors from K-Ras"S-¢12°"* p53"1B_Myb" mice compared to the control (Fig. 5b).
In addition, a correlation between B-MYB expression and tumor grade was found: High B-Myb
expression was associated with high grade, low expression of B-MYB with low grading (Fig
5¢). Related to the correlation between B-MYB expression and tumor grade, | studied if there
is a correlation between the MMB target NUSAP1 and tumor grade. NUSAPL1 is a MMB target
gene, required for spindle microtubule organization during mitosis. Indeed, NUSAP1 was
expressed in murine adenocarcinoma and its expression correlates with the tumor grade with
high NUSAP1 expression in high grade tumors and low expression in low grade tumors (Fig.
6a, b). Another MMB target gene is CENPF, which is associated with the kinetochore and
maintains this association through early anaphase. CENPF expression also correlates with
tumor grade (Fig. 6¢, d). We next wanted to know, if we can show the direct connection
between B-Myb and Nusapl in our lung cancer mouse model. Indeed, B-MYB and NUSAP1
were highly co-expressed in murine lung adenocarcinoma (Fig. 7). Together these data

support the notation, that mitotic genes are targets of MMB in lung cancer in vivo.
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Figure 5: Expression of B-MYB in lung adenocarcinoma

(a) Immunohistochemistry staining of histological sections from K-Ras-SL-G120/+ p53f/il B-Myl+/+ and fi/+
and il mice with an antibody against p-B-MYB (phospho T487). Expression of p-B-MYB in grade 1 and
3 tumors. Left: original magnification 5x, scale bar: 150 um; right: original magnification 20x; scale
bar: 50 um.

(b) Percentage of lung tumors expressing p-B-MYB at low (<10% of p-B-MYB positive cells), medium
(10-30% of p-B-MYB positive cells) or high (>30% of p-B-MYB positive cells) levels of indicated
genotypes. For each genotype, a high number of tumors (B-Myb**=233; B-Myb%+=284; B-
Myb™1=108) from four different mice were analysed. Statistical significance was determined (Chi
Square test) as ****P < 0.0001.

(c) P-B-MYB expression in murine lung tumors from grade 1 to grade 4 is quantified in K-Ras!S--G12b/*
p537 B-Myb*"*. Correlation between p-B-Myb expression and tumor grade.
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Figure 6: Expression of MMB target genes NUSAP1 and CENPF in lung tumors

(8) NUSAP1 expression in lung adenocarcinomas. Expression of NUSAPL1 in grade 1 and grade 3
tumors was determined by immunohistochemistry in K-Ras'S--G12D/+ n53il B-Myb** mice.

Left: Magnification 5x. Scale bar:150 um; right: magnification 20x. Scale bar: 50 pm.

(b) Quantification of NUSAP1 expression related to tumor grade.

(c) CENPF expression in lung adenocarcinomas. Expression of CENPF in grade 1 and grade 3
tumors was determined by immunohistochemistry in K-Rast-SL-612D/+ p531/l B-Myb**+ mice.

Left: Magnification 20x. Scale bar: 150 um; right: magnification 5x. Scale bar: 50 um.

(d) Quantification of CENPF expression related to tumor grade.
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Figure 7: Correlation between expression of B-MYB and its target gene NUSAP1

Coexpression of B-MYB and NUSAPL1 in murine lung adenocarcinoma. The table on the right shows
the number of tumors with and without B-MYB and NUSAP1 expression. Scale bar: 200 pm.
Statistical significance was determined (Student’s t- test, two-sided) as ****P < 0.0001.

3.1.4. Reduced expression of p-ERK and KI-67 in tumors after loss of B-Myb
Finally, the effect of B-Myb deletion on the expression of p-ERK and KI-67 was addressed. P-

ERK is a kinase of the MAPK signalling pathway and serves as a marker for activated Ras
signalling. Upregulation of MAPK pathway has been reported to be a characteristic feature of
advanced lung tumors (Juntilla et al., 2015). Therefore, lung sections of K-Ras-S-¢12/*p53M1B.
Myb" mice and respective controls were stained with an antibody against p-ERK and KI-67
(Fig. 8a, 9a). Expression levels were divided into low, medium and high staining. Indeed, |
could demonstrate, that p-ERK expression correlates with tumorgrade (Fig. 8c) and with a high
significance with genotype (Fig. 8b). The same is true for KI-67, a proliferation marker, which
has been shown to be upregulated in high grade tumors (Fig 9b, c). The fraction of KI-67-
positive tumor cells is often associated with the clinical course of the disease (Scholzen and
Gerdes, 2000). In conclusion, these data demonstrate, that RAS signalling pathway is
upregulated in advanced tumors and that loss of B-MYB impairs proliferation of lung tumors in

Vivo.
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Figure 8: p-ERK expression in murine lung adenocarcinomas

(a) Immunohistochemistry staining of histological sections from K-Ras\SL-G12b/+ p53fiil B-My/[p*/+ and fii+
and il mice with an antibody against p-ERK. Scale bar: 200 um; right: 50 um.

(b) Percentage of lung tumors expressing p-ERK on low (<10% of p-ERK positive cells), medium (10-
30% of p-ERK positive cells) and high (>30% of p-ERK positive cells) levels of shown genotypes. For
each genotype, a high number of tumors (B-Myb*+=221; B-Myb=95) from three different mice were
analysed. Statistical significance was determined (Chi Square test) as ****P < 0.0001.

(c) P-ERK expression in murine lung tumors from grade 1 to grade 4 was quantified in K-Ras-SL-G12b/+
p53ffi B-Myb*"* mice. Correlation between p-Erk expression and tumor grade.
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Figure 9: KI-67 expression in murine lung adenocarcinomas
(a) Immunohistochemistry staining of histological sections from K-Ras-SL-G120/+ p53f/fl B-Myl+/+ and fi/+
and il mjce with an antibody against KI-67. Scale bar: 50 pm.
(b) Percentage of lung tumors expressing KI-67 on low (<5% of KI-67 positive cells), medium (5-15%
of KI-67 positive cells) and high (>15% of KI-67 positive cells) levels of shown genotypes. For each
genotype, a high number of tumors (B-Myb*+=221; B-Myb1=95) from three different mice were
analysed. Statistical significance was determined (Chi Square test) as ****P < 0.0001.
(c) KI-67 expression in murine lung tumors from grade 1 to grade 4 was quantified in K-Ras-S.-612D/*
p531 B-Myb*"* mice. Correlation between KI-67 expression and tumor grade.

3.1.5 Incomplete recombination of B-Myb after lentiviral Cre-infection in vivo

Next, | wanted to address whether Cre-mediated recombination was efficient. In part 3.1.3 it
was mentioned, that B-Myb protein expression is reduced in K-Ras-S-¢2P*p53"B-Myb™ mice
but that it is still detectable. This could indicate, that Cre-mediated recombination was not

completely efficient. To answer that question, the status of conditional alleles was determined.
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Therefore, tumor material from embedded lung sections were scraped via forceps,
deparaffinized, purified and analysed by genomic PCR. In all tumor samples from K-Ras"S“
G120 n531MB-Myb"™ mice, a band corresponding to the unrecombined floxed B-Myb allele was
still present indicating that the recombination was incomplete. In addition, the efficient
recombination of “STOP cassette” (ALSL) of the K-Ras allele was checked and verified. A
weak band, of unrecombined, floxed K-Ras (LSL) was detected in some tumors, which is likely
a contamination from surrounding normal lung material (Fig. 10). In conclusion, these data
suggest that there is a selective pressure against the complete loss of B-Myb during lung tumor
formation.
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Figure 10: Incomplete recombination of B-Myb in primary lung tumors

Genomic PCR of B-Myb and K-Ras alleles in tumors dissected from K-RastSL-612b/+ pn53fiil B-Myh i/
mice showing incomplete recombination (floxed allele is still present). Fl, unrecombined B-Myb allele;
Afl, recombined B-Myb allele; LSL, non-recombined K-Ras®120* allele; ALSL recombined K-Ras®120+,
*A background band.

3.1.6 Incomplete recombination of B-Myb alleles in tumor cell lines

To be able to study further B-MYB dependent proliferation in vitro, primary cell lines from lung
tumors of K-Ras"S-¢12/*p5311B_Myb™ mice (BC1 and BC2) were established. Primary cell
lines from K-Ras"S-¢12P*p5311B_Myb** mice (KR1 and KR2) served as respective controls. As
expected, B-Myb was incompletely recombined in K-Ras"S-¢122/*p5311B-Myb™ cell lines, seen
by the presence of the floxed, unrecombined allele (fl) in genomic PCR (Fig. 11a). In contrast
to BC1, in BC2 no recombination has taken part seen by the missing delta floxed allele (Afl).
To achieve full recombination, the cell lines were infected with a retroviral vector expressing a
hormone-inducible CrefR™ recombinase. Unexpectedly the administration of 4-
hydroxytamoxifen (4-OHT) to BC1 and BC2 cells resulted not in the complete deletion of
remaining floxed B-Myb allele. After a second infection with retroviral CrefR™ and after
administration of 4-OHT, the remaining allele was still present in BC1 cells. In contrast, the
recombination pattern changed from fl/fl to Afl/fl in BC2 cells (Fig. 11b, c). The effect on the
relative mRNA expression of B-Myb for BC1 and BC2 was analysed by RT-qPCR. In BC1 there
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was no effect on B-Myb mRNA expression. In contrast, 4-OHT had an effect on B-Myb in BC2

cells (Fig. 11d). The BC2 cell line was therefore used for further experiments, whereas BC1

was not further considered because of the marginal effects of 4-OHT treatment on B-Myb

expression. As respective control, the KR1 cell line was utilized. Western blot analysis revealed
that protein expression of B-MYB was eliminated in BC2 cells after 4-OHT treatment (Fig. 11e).
Due to technical problems, the BETA ACTIN bands of BC2 cells for — and + 4-OHT differ (Fig.

11le).
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Figure 11: Incomplete recombination of B-Myb in lung cancer cell lines before and after multiple
infection with a retrovirus encoding for CreERT2

(a) B-Myb is incompletely recombined in K-RasSL-G12D/+ g53fitl B-Myhf/f cell lines. Wt, wildtype B-Myb
allele; fl, unrecombined B-Myb allele; Afl, recombined B-Myb allele.

(b) B-Myb lung cancer cell lines (KR1 and KR2 derived from K-Ras!SL-612D/+ 53l B-Myb** and BC1
and BC2 derived from K-Ras'SL-G120i+ p53iifl B-Myb"f) were stably infected twice with hormone a
retrovirus encoding for inducible CrefRT2 recombinase. BC1 and BC2 showed incomplete
recombination after treatment with 4-OHT (2.5 nM; 5 pg/ml puromycin) for 10 days, floxed B-Myb
allele is still present.

(c) Representative images and PCR of K-Ras!SL-6120/+ p53fifl B-Myh*+ or il Scale bar: 200 um

(d) Expression of B-Myb and MMB target genes were reduced after treatment with 4-OHT (2.5 nM; 5
pg/ml puromycin) for 7 days in BC2 cell line but not in BC1. Expression of indicated genes were
analysed via reverse transcriptase-quantitative PCR (RT-gPCR). One experiment has been
evaluated in triplicate by qPCR. The error bars of the experiment were calculated of triplicates
according to section 2.2.2.3.

(e) B-MYB protein levels were reduced in BC2 after treatment with 4-OHT (2.5 nM; 5 pg/ml puromycin)
for 8 days. B-MYB protein levels were determined by immunoblotting. BETA ACTIN served as loading
control.

3.1.7 Characterisation of B-Myb cell lines

Previous studies have reported that MMB serves as activator of mitotic gene expression
(Schmit et al., 2007; Mannefeld et al., 2009) in mammalian cells. In part 3.1.3 it was shown,
that mitotic genes are targets of MMB in lung cancer in vivo. | therefore next investigated,
whether B-Myb has an impact on the regulation of mitotic genes in primary lung cancer cells.
Therefore, relative mRNA expression of B-Myb lung tumor cell lines was analysed by RT-

gPCR. As expected, the control cell line KR1 showed no change in mRNA expression after 4-
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OHT treatment. In BC2 cell line, a significant effect on B-Myb and on the MMB targets after 4-
OHT treatment for 7 days was observed (Fig. 12a). Here | saw, that B-Myb was significantly
downregulated as well as some known MMB targets like Nusapl. These findings were
comparable to the in vivo part where Nusapl expression was also reduced. To independently
confirm this result, | depleted, B-Myb for 72 h by two different small interfering RNAs (SiRNAS),
siMYB1 and siMYB2. The expression of MMB genes was analysed by RT-gPCR. Indeed, |
detected also a significant effect on B-Myb and on the MMB target gene mRNA expression
with siMYB2 compared to sictrl in BC2 cell line. Despite increasing the concentration of the
siMYBZ2, no higher downregulation of MMB targets was observed (Fig. 12b). In contrast, sSiRNA
siMYB1 had a weak effect on B-Myb mRNA expression and no effect on the expression of
MMB targets (Fig. 12b).
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Figure 12: mRNA expression of B-Myb and MMB target genes in lung adenocarcinoma cell lines

(a) Expression of B-Myb and MMB target genes were reduced after treatment with 4-OHT (2.5 nM; 5
pg/ml puromycin) for 7 days in BC2 cells. KR1 served as control. Expression of indicated genes were
analysed via reverse transcriptase-quantitative PCR (RT-gPCR). Three independent experiments
have been evaluated in triplicate by gPCR. The error bars of the representative experiment were
calculated of triplicates according to section 2.2.2.3. One representative experiment is shown.

(b) Depletion of B-Myb was achieved by RNA interference (RNAI) in BC2 cells. Two different SIRNAs
directed at murine B-Myb (c:50nM) were used, labelled as siMYB1 and 2. Additionally, siMYB2 was
utilized with a concentration of 100 nM (siMYB22) to achieve a higher knockdown. Expression of
indicated genes were analysed via reverse transcriptase-quantitative PCR (RT-gPCR). One
experiment has been evaluated in triplicate by qPCR. The error bars of the experiment were
calculated of triplicates according to section 2.2.2.3.
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3.1.8 Proliferation is impaired in BC2 cell line after deletion of B-Myb

To investigate the requirement for MMB during proliferation of lung cancer cells in vitro, |
determined the proliferation by using growth curves. To do so, cell lines were seeded at low
density in 96 well plates and treated with 2.5 nM 4-OHT to delete B-Myb or with solvent for 10
days. Although there was no complete recombination, proliferation of BC2 cells was
significantly impaired by 4-OHT-treatment in comparison to untreated cells (Fig. 13).
Importantly, 4-OHT had no effect on the proliferation of control, cells. This data indicates, that

B-MYB is required for proliferation of primary lung cancer cell lines.
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Figure 13: B-MYB is required for proliferation of lung cancer cells

Proliferation was impaired in BC2 cell line after 4-OHT treatment compared to the control cell line
KRL1. Cells were seeded at a low density and treated with 2.5 nM 4-OHT and 5 pg/ml puromycin or
solvent for 10 days (growth curve). Three independent experiments have been evaluated. One
representative experiment is shown.

3.1.9 Loss of B-Myb results in a higher frequency of cellular abnormalities and
an abnormal cell cycle profile

In order to address whether loss of B-Myb has an effect on cytokinesis, examination under a
fluorescence microscope for determination of mitotic defects and PI- FACS for cell cycle profile
analysis were used. KR1 control cells and BC2 cells were treated with 2.5 nM 4-OHT for 10
days, fixed and stained with Hoechst and then evaluated under the fluorescence microscope.
200 cells were counted and mitotic defects were quantified. A high frequency of mitotic defects
including bi/multi nucleated cells, giant cells, multilobed cells and micronuclei was observed
(Fig. 14).

In addition, the cell cycle profile was studied after 4-OHT treatment (2.5 nM OHT) for 10 days.
The analysis revealed that the cell cycle profile for BC2 was abnormal in comparison to the
control cell line after 4-OHT treatment (Fig. 15a). Specifically, the percentage of cells in G1
was strongly reduced after deletion of B-Myb. In addition, an increase in subG1 fraction,

indicative of apoptotic cells, and a high percentage of polyploid cells was observed.
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Taken together, the partial loss of B-Myb in primary lung cancer cells leads to a high frequency

of mitotic defects and an abnormal cell cycle profile (Fig. 14 and 15).

Together these experiments can explain the requirement for B-MYB for lung tumorigenesis in

Vivo.
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Figure 14: Cytokinesis defects in BC2 cell line after 4-OHT treatment compared to KR1 cell line

BC2 cells show significant mitotic defects after treatment with 4-OHT (2.5 nM; 5 pg/ml puromycin) for
10 days. Per condition, 200 cells were counted and mitotic defects quantified. Three independent
experiments have been evaluated. One representative experiment is shown.
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Figure 15: Abnormal cell cycle profile in BC2 cell line after loss of B-Myb

Cell cycle profile of BC2 cell line showed an abnormal cell cycle distribution (reduced G1, more
polyploid and higher number of cells in SubG1) after treatment with 4-OHT (2.5 nM; 5 pg/ml
puromycin) for 10 days. PI-FACS was used to receive cell cycle profile. Three independent
experiments have been evaluated. One representative experiment is shown.

3.2 ShRNA mediated depletion of B-Myb in human lung cancer cell
lines

Examination of recently published microarray data sets showed that high expression levels of
B-MYB are associated with a poor prognosis for lung adenocarcinoma patients (lltzsche et al.,
2016). Recently, we showed that B-MYB is highly expressed in human lung adenocarcinoma
(lltzsche et al., 2016). Furthermore, our group demonstrated, that human lung cancer cell lines
possess high levels of B-MYB (lltzsche et al., 2016). These observations suggest, that B-MYB
could be involved in human lung tumorigenesis and might serve as a marker or a therapeutic
target. One central question is therefore whether B-MYB is required for proliferation of human
lung tumor cell lines. To address this possibility, lung cancer cell lines stably expressing
shRNAs directed at B-Myb were established.

To create several stable lung cancer cell lines that express doxycycline-inducible small hairpin
RNAs (shRNAs) directed at B-Myb (Fig. 16a), | used the multifunctional lentiviral vector
pinducer (Meerbrey et al., 2011). The advantage of the pinducer system is that it is a single

vector system, so that specialized cell lines or multiple vectors are not required. Furthermore,
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it has a minimal basal expression of ShRNAs and high inducibility in polyclonal populations,
which controls gene silencing. Moreover, it has a cistron encoding for both rtTA and a sortable
marker in the same transcription unit, which enables cells with higher rtTA expression and
shRNA inducibility to be identified and isolated in polyclonal populations (Meerbrey et al.,
2011).

The design of the shRNAs was conducted with an online siRNA prediction tool (per Dow et al.,
2012). Subsequently, | cloned promising candidates into the lentiviral pINDUCER vector.
Lentiviral supernatants were used to transduce MDA-MB-231 cells (breast cancer cell line) by
pPINDUCER-shRNAs and the cells were subsequently selected for lentiviral integration by
blasticidin. At the beginning, | tested if the shRNA was induced by measuring the expression
of RFP 48 h after treatment with 1 pg/ml doxycycline (Fig. 16a and S. 4) and the knockdown
efficiency of the shRNAs 60 h after treatment with 1 pg/ml doxycycline by immunoblotting (Fig.
16c). As shown in figure 16c, | could identify a set of ShRNAs against B-MYB with an adequate
knockdown efficiency. In some early experiments, it became apparent that shRNA 1792 was
most efficient (from now on abbreviated as 92). Therefore, shRNA 92 was used for further
experiments. A shRNA against Luciferase (LU) were created in lab and served as a control. In
the next step, the shRNA was tested in several lung cancer cell lines. To receive an adequate
knockdown efficiency, lung cancer cell lines were infected twice with shRNA 92. Knockdown
of B-MYB was validated 60 h after induction by different concentrations of doxycycline via
immunoblotting in H23 cell line (Fig. 17). Next, in order to analyse B-Myb and MMB target
expression on the transcriptional level, | treated the different lung cancer cell lines with 1 pg/ml
doxycycline for 7 days. Expression of indicated genes was analysed via RT-qPCR.
Surprisingly, only B-Myb expression was significantly reduced while the expression of selected
MMB target genes was unchanged (Fig.18).
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Figure 16: The knockdown efficiency of shRNAs against B-MYB was tested in the breast cancer cell
line MDA-MB-231

(a) Scheme of the pInducer vector for doxycycline- inducible expression is shown.

(b) Example for a FACS profile of ShRNA against B-MYB (1792) without (-) and with (+) doxycycline
(1 pg/ml) treatment [RFP expression correlates with sShRNA expression.

(c) Protein levels of B-MYB were efficiently downregulated after induction of the shRNAs with 1 pg/ml
doxycycline after 60 hours’ treatment. Beta actin served as loading control, pInducer vector as control.
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Figure 17: Knockdown of B-MYB in the human lung cancer cell line H23

Stable human lung cancer cell line H23 expressing the best shRNA (1792) against B-MYB here
labelled as 92 were generated. An shRNA against Luciferase (LU) served as control. Knockdown
efficiency of B-MYB after induction of the shRNA with indicated concentrations of doxycycline was
tested by RFP-FACS and immunoblotting. Beta Actin served as loading control.
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Figure 18: B-Myb but not MMB targets were efficiently downregulated on transcriptional level
Expression of B-Myb but not of MMB target genes were reduced after treatment with 1 pg/mi
doxycycline for 10 days in human lung cancer cell line. Human lung cancer cell lines expressing
inducible shRNA against luciferase served as control. Expression of indicated genes were analysed
via reverse transcriptase-quantitative PCR (RT-qPCR). Two independent experiments have been
evaluated in triplicate by gPCR. The error bars of the representative experiment were calculated of
triplicates according to section 2.2.2.3 One representative experiment is shown.
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3.2.1 Lentiviral system is not efficient enough for downregulation of MMB targets

Next, | determined whether B-MYB depletion has an impact on proliferation of human lung
cancer cell lines. Lung cancer cell lines stably expressing the B-MYB specific ShRNA were
seeded at low density in a 96 well plate and treated with different concentration of doxycycline
or with solvent for 10 days. Treatment with doxycycline resulted in a decrease in proliferation.
However, proliferation in control cell lines was also slightly impaired by doxycycline-treatment
(Fig. 19).

In addition, | asked whether depletion of B-MYB has an impact on the cytokinesis and the cell
cycle profile of lung cancer cell line. Lung cancer cell lines treated with 1 pg/ml doxycycline for
10 days were fixed, stained with Hoechst and then evaluated under the microscope. 200 cells
were counted and mitotic defects were quantified. A significant increase in micronuclei and in
binucleation was observed in human lung cancer cell lines after treatment with doxycycline
(Fig. 204, b).

In addition, the cell cycle profile was studied after doxycycline treatment (1 pug/ml) for 10 days.
However, no change in the distribution of cell cycle phases was observed after treatment with
doxycycline. In addition, no increase in the subG1 fraction and no increase of polyploid cells
was present (Fig. 21a).

Taken together, although B-Myb was downregulated on transcriptional level the MMB target
genes were not significantly affected. Small effects on proliferation and on the upregulation in
cytokinesis defects in human lung tumorigenesis could be observed. Thus, either B-MYB is
not important for proliferation of human lung cancer cell lines or that the lentiviral system is not

efficient enough in eliminating the expression of B-MYB.
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Figure 19: Impaired proliferation after loss of B-Myb in human lung cancer cell lines

Proliferation was impaired in human lung cancer cell lines after treatment with indicated doxycycline
concentrations. Cells were seeded at a low density and treated with indicated doxycycline
concentrations or solvent for 10 days (Growth curve). Human lung cancer cell lines expressing
inducible shRNA against luciferase served as control but also show a decrease in proliferation. Three
independent experiments have been evaluated. Statistical significance was determined only on day
10 (Student’s t- test, two-sided) as ****P < 0.0001. One representative experiment is shown.
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Figure 20: Cytokinesis defects in different lung cancer cell lines after loss of B-Myb

(a) H23 92 and HOP62 92 showed significant mitotic defects after treatment with 1 pg/ml doxycycline
for 10 days in comparison to the Luciferase control cell lines. Per condition, 200 cells were counted
and mitotic defects quantified. Two independent experiments have been evaluated. Statistical
significance was determined (Fisher's exact test, two-sided) as * P < 0.05, **** P < 0.001.
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(b) H460 expressing shRNA 92 but not A549 with shRNA 92 showed significant mitotic defects after
treatment with 1 pg/ml doxycycline for 10 days in comparison to the luciferase control cell lines. Per
condition, 200 cells were counted and mitotic defects quantified. Two independent experiments have
been evaluated. Statistical significance was determined (Fisher's exact test, two-sided) as * P < 0.05,
**+* P < 0.001. One representative experiment is shown.
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Figure 21: Cell cycle profile was largely unchanged after treatment with 1 pg/ml doxycycline

Cell cycle profile of human lung cancer cell line showed a normal cell cycle profile (after treatment
with 1 pg/ml doxycycline for 10 days. PI-FACS was used to receive cell cycle profile. Two independent
experiments have been evaluated. One representative experiment is shown.
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3.2.2 siRNA mediated depletion of B-Myb in human lung tumor cells

Because the lentiviral ShRNA system may not to work to deplete B-Myb sufficiently, | next used
a siRNA approach in which B-Myb was depleted by RNAI for 72 h. Also, FoxM1 was depleted
because it has been reported that inactivation of FoxM1 cause similar effects as B-Myb or
MuvB inhibition. Furthermore, a synergistic activity between B-MYB and FOXM1 has been
shown through network analysis to identify master regulators of B lymphocytes proliferation
(Lefebvre et al., 2010). It has been assumed that FOXM1 acts downstream of B-MYB with
MuvB serving as a bridge linking these two factors. Therefore, B-Myb, FoxM1 and both
together were depleted by siRNA to study gene expression. Changes in the gene expression
of MMB target genes in comparison to the non-specific SIRNA treated control were analysed
by RT-qPCR. Most of MMB target genes were strongly downregulated after depletion of B-
Myb or FoxM1 or both together in comparison to the non-specific SiRNA treated control (Fig.
22a, b, c). However, depletion of both, B-Myb and FoxM1, had no additive effect on the
downregulation of MMB target genes (Fig. 22a, b, c). For further characterisation, the human
lung cancer cell line H23, which harbour a mutation in K-Ras and in p53, was used. The H23
cell line was suitable for further testing because it is comparable to the mutation status of Ras

and p53 in murine lung tumors and cell lines.

Next, | tested, if NUSAP1 was downregulated on protein level in H23 cells. Indeed, NUSAP1
was downregulated in H23 cells by siRNA mediated depletion of B-MYB (Fig. 23a).

Next, | asked whether depletion of B-MYB is associated with mitotic defects. Conditions
remained the same as described before. 200 cells were counted and indicated mitotic defects
were quantified. In fact, | could demonstrate, that a higher frequency of mitotic defects
especially higher amount on micronuclei was detected (Fig. 23b). This result was comparable

to the effect in the lentiviral ShRNA system.

Finally, | analysed the cell cycle profile. Upon B-MYB depletion the fraction of cells in G1 was

decreased in whereas the fraction of polyploid cells was increased (Fig. 23c).

Together, these data illustrate, that B-MYB is required for expression of mitotic genes in human
lung cancer cells. In addition, these experiments showed that depletion of B-MYB by RNAI

using siRNA is more effective than by lentiviral ShRNA.
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Figure 22: Gene regulation in human lung cancer cell lines after RNAiI mediated depletion of B-Myb
or FoxM1

(a) B-Myb was depleted by RNAI in H23 cell line for 72 hours. A non-specific SIRNA was used as a
control. Expression of indicated genes was analysed via reverse transcriptase-quantitative PCR (RT-
gPCR). Two independent experiments have been evaluated in triplicate by qPCR. The error bars of
the representative experiment were calculated of triplicates according to section 2.2.2.3. One
representative experiment is shown.

(b) B-Myb and FoxM1 were depleted by RNAI in comparison to control RNAi in HOP62 cell line for
72 hours. Expression of indicated genes were analysed via reverse transcriptase-quantitative PCR
(RT-gPCR). The error bars of the experiment were calculated of triplicates according to section
2.2.2.3. One experiment has been evaluated in triplicate by gPCR.

(c) B-Myb and FoxM1 were depleted by RNAi in comparison to control RNAi in H460 cell line for 72
hours. Expression of indicated genes were analysed via reverse transcriptase-quantitative PCR (RT-
gPCR). One experiment has been evaluated in triplicate by gqPCR. The error bars of the experiment
were calculated of triplicates according to section 2.2.2.3.
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Figure 23: B-MYB is required for normal mitosis of human lung cancer cells

(a) Protein levels B-MYB and MMB target gene NUSAP1 were efficiently depleted by RNAI in
comparison to control RNAI after 72 hours in H23. Beta Actin and Vincullin served as loading control.
Protein levels were determined by immunoblotting. Two independent experiments have been
evaluated. One representative experiment is shown.

(b) Significant mitotic defects after treatment with RNAi for 72 hours in comparison control RNAi was
observed in H23. Per condition, 200 cells were counted and mitotic defects quantified. Two
independent experiments have been evaluated. Statistical significance was determined (Fisher's
exact test, two-sided) as * P < 0.05, *** P < 0.001. One representative experiment is shown.

(c) Cell cycle profile of H23 cell line looked abnormal after treatment with RNAi compared to control
RNAI after 72 hours. PI-FACS was used to determine the cell cycle profiles. Two independent
experiments have been performed. One representative experiment is shown.
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4. Discussion

B-MYB has distinct physiological functions for instance in transcriptional regulation,
proliferation, cell survival, apoptosis and senescence. Therefore, it is not surprising that B-
MYB plays also a crucial role in cancer development and progression (Sala, 2005; Mowla et
al., 2014; Martinez and DiMaio, 2011). However, whether B-MYB as part of the MMB complex
is required for lung tumorigenesis in vivo has not been investigated. In this study, | demonstrate
that deletion of B-Myb leads to a reduced tumor size (Fig. 4c) and a shift to lower less
aggressive tumor grade in a K-Ras dependent mouse model for lung tumorigenesis (Fig. 4d)
resulting in a lower tumor burden. Elevated levels of B-MYB and its target genes NUSAP1 as
well as CENPF were observed in advanced tumors (Fig. 5a, b, ¢ and 6a, b, ¢, d). Furthermore,
a direct correlation between B-MYB and NUSAP1 was seen in murine lung adenocarcinoma
(Fig. 7). Moreover, advanced lung tumors show up elevated p-ERK levels, a characteristic
feature of these tumors (Fig. 8a, b, c). On transcriptional level, inactivation of B-Myb expression
lead to a reduced expression on MMB target genes in a primary cell line derived from a lung
adenocarcinoma (Fig. 12a). Reduced proliferation was also observed after loss of B-MYB as
seen by a lower fraction of KI-67 positive cells in tumor sections (Fig. 9b) and in vitro by a
significantly impairment of proliferation in primary cells (Fig. 13). This was accompanied by a
high frequency of mitotic defects (Fig. 14). Unexpectantly, a complete suppression of tumor
development was not achieved by the knockout of B-Myb. The analysis of the allelic status in
primary tumors revealed that Cre-mediated recombination was not able to completely delete
B-Myb (Fig. 10). Incomplete recombination of B-Myb was also observed in primary tumor cell
lines (Fig. 11a, b).

The shRNA-mediated depletion of B-Myb in human lung cancer cell lines resulted in slight
effects on proliferation and in cytokinesis defects (Fig. 19 and 20a, b). After siRNA mediated
depletion of B-Myb or FoxM1, MMB target genes were strongly downregulated (Fig. 22a, b, c).
Furthermore, a high frequency of mitotic defects was detected (Fig. 23b). Moreover, the
fraction of cells in the G1 phase of the cells was decreased while the fraction of polyploid cells
was increased (Fig. 23c). Together, these data illustrate, that B-MYB is required for gene

expression and normal cell cycle progression of human lung cancer cell lines.

In this study, deletion of B-Myb leads to a reduced tumor area and a shift to lower less
aggressive tumor grade in K-Ras"S-¢122*p53M"1B_Myb" mice compared to control resulting in
a lower tumor burden. Together these data demonstrate that deletion of B-Myb significantly
impairs the development of lung tumors and tumors, which arose are in most cases less
aggressive. Furthermore, it illustrates that MMB is required for tumorigenesis in NSCLC in vivo
in a p53-negative background (Fig. 4c, d). Surprinsingly, complete suppression of tumor

development was not achieved by B-Myb knockout. Immunohistochemistry staining revealed
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that B-MYB expression is reduced in K-Ras"S-¢*2P*p53"B-Myb" mice but that it is still there

indicating that complete recombination of B-Myb allele failed (Fig. 4a).

Although a lentiviral Cre recombinase was utilized to ensure permanent expression by
integration into the genome as well as in vivo delivery by intratracheal intubation, which
provides the most direct and consistent method for the virus to reach the lungs, Cre-mediated
recombination of B-Myb seemed to be inefficient (DuPage et al., 2009). (Fig. 10a).
Interestingly, Cre-mediated recombination was also not efficient enough to inactivate Lin9 in
K-Ras"-S-¢12P*p53Ming™ mice (lltzsche et al., 2017). Similarly, in a lung tumor mouse model
driven by K-Ras and loss of Racl, only tumors develop and progress who are able to escape
inactivation of both alleles of Rac1 (Kissil et al., 2007). Findings in K-Ras"S-¢*2?*Luc FADD™"
mice revealed that lung tumors may arise due to persistent Fadd abundance because of
inefficient Cre recombination of the Fadd transgene (Bowman et al., 2015). Moreover, it has
been reported that all c-Jun NH,-Terminal Kinase lung tumors harbour a retained Jnk1-®
allele and so are incompletely recombined (Cellurale et al., 2011).

In this study, incomplete recombination was also observed in primary tumor cell lines (Fig.
11a). After expression of a hormone-inducible CrefR™ recombinase and administration of 4-
hydroxytamoxifen (4-OHT) only incomplete recombination of the remaining floxed B-Myb allele
was achieved. This was surprising, because treatment of CreER-expressing tumor cell lines
derived from K-Ras"S-¢1?P*p53"Ming™ mice with 4-OHT resulted in the deletion of the

remaining allele (llitzsche et al., 2016).

Cre-mediated recombination is an effective tool that allows the DNA modification to be targeted
to a specific cell type and generation of conditional somatic mouse mutants (Marth, 1996; Feil
et al., 2009). The Cre recombinase from bacteriophage P1 catalyses site specific
recombination at loxP sites to excise the intervening gene in prokaryotic as well as in
eukaryatic cells (Baubonis and Sauer, 1993). However, incomplete recombination may occur
due to variations in Cre activity and accessibility to chromatin (Hennet et al., 1995; Shao et al.,
2002). In this context, it has been proposed that the efficiency of Cre-mediated genomic
targeting is sensitive to chromosomal position effects (Baubonis and Sauer, 1993). In Hennet
et al. it has been reported that enhanced Cre function could be mediated by incorporating Flp
structures including eukaryotic translational and nuclear localization signals (Hennet et al.,
1995). Immunohistochemistry staining revealed that tumor size and grade correlates with B-
MYB expression and that only grade | lesions showed low B-MYB expression (Fig. 5a, c).
Although, isolation of grade | or Il tumors was performed, it was not possible to genotype this
material or to establish cell lines due to absence of sufficient tumor material. A possible solution
for future studies is the isolation of tumor material by laser capture microdissection. Also, other

knockout tools to avoid incomplete recombination can be considered. One approach could be
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the orthotopic and heterotopic implantation of cancer cell lines or freshly isolated tumors into
immunodeficient mice (Kim et al., 2009). Another promising knockout tool that has emerged is
the genome editing technology known as CRISPR/Cas9. Originally used by bacteria as
defence mechanism, it has been modified to facilitate genetic manipulations in a variety of cell
types and organisms (Horvath and Barrangou, 2010; Hsu et al., 2014). However, it is
guestionable whether a complete deletion of such a tumor essential gene is possible. Another
alternative approach to investigate the impact of B-MYB on tumorigenesis is to overexpress
B-MYB. Indeed, Jin et al. it has been shown that overexpression of B-MYB significantly

increases lung cancer cell growth, migration and invasion (Jin et al., 2017).

Together, these data suggest that there is a high selective pressure on tumors against the
complete loss of B-Myb, because only tumors that escape the complete deletion of B-Myb
allele are able to progress. Overall these experiments demonstrate that B-MYB is essential for

murine lung tumorigenesis

Similar to B-MYB, it has been shown that depletion of LIN9 significantly impairs the
development of lung tumors indicating a requirement of LIN9 for tumorigenesis in NSCLC in
vivo. LIN9 is a member of the MuvB core module and so present in both, the repressive
DREAM as well as in the active MMB complex, whereas B-MYB is only part of the MMB
complex. Impaired tumor development upon loss of LIN9 could therefore reflect a requirement
for the repressive function of the DREAM complex. However, the similar pgenotype of B-MYB
and LIN9 deletion on lung tumorigenesis and gene expression suggests a requirement for the
activating MMB complex in cancerogenesis as opposed to an active role of the DREAM

repressor module.

To investigate the role of B-Myb in human lung cancer cell lines, RNA interference (RNAI) was
used. RNAI is a natural process through which the expression of a targeted gene can be
knocked down with high specificity and selectivity. Therefore, RNA interference presents an
effective tool for personalized cancer therapy. RNAi can be mediated through two types of
molecules: the chemically synthesized double-stranded small interfering RNA (SiRNA) or
vector based short hairpin RNA (shRNA). Although shRNA and siRNA have similar functional
outcomes, they have a distinct structure, differ in molecular mechanism and in RNA pathways
(Rao et al., 2009). shRNA is a sequence of small RNA molecule which forms a solid hairpin
turn that allows silencing of target gene expression. Expression of shRNA is achieved by
delivery of plasmids or through viral or bacterial vectors (Paddison et al., 2002). The advantage
to use shRNAs for experiments in contrary to siRNAs is, if inserted via an appropriate viral
vector, it produces permanent gene silencing effects. Therefore, it can be utilized for long term

knockdown for instance in growth curve experiments. In contrast, SIRNA can be used only for
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short term knockdown of genes due to the transient effect. Considering these facts, | used a
multifunctional lentiviral vector (pinducer) to create several stable lung cancer cell lines that
express doxycycline-inducible small hairpin RNAs (shRNAs) directed at B-Myb to be able to
perform long term experiments (Fig.16a). However, although a seemingly adequate
knockdown rate for B-MYB was achieved in lung cancer cell lines (Fig. 18), MMB target gene
expression (Fig. 18) was only slightly affected maybe due to the late timepoint and effect on
proliferation (Fig. 19) and on cytokinesis were minor (Fig. 20a, b) and not comparable to those
in murine lung tumorigenesis. In contrast, siRNA treatment of human lung cancer cell lines
leads to a strong downregulation of MMB targets (Fig. 21a, b, ¢) and to strong effects on
cytokinesis defects. The knockdown of B-Myb through siRNA was more effective (up to 90%)
than per shRNA (up to 80%). This difference in the knockdown efficiency seems to be the

critical factor and determining for the strong effects.

It has been reported that inactivation of FOXM1 causes similar effects as B-MYB or MuvB
inhibition. Forkhead box protein M1 (FOXM1) belongs to a family of evolutionary conserved
transcriptional regulators. The DNA-binding domain called the forkhead box or winged helix
domain is characteristic feature of FOXM1 (Wierstra and Alves, 2007). FOXML1 regulates
expression of a large array of G2/M-specific genes like Pkl or Cenpf and is therefore
implicated in cell cycle progression (Grant et al., 2013). FoxM1-deficient MEFs displayed
defects in G2/M transition, chromosome segregation and cytokinesis (Laoukili et al., 2005). In
vivo studies showed that deletion of FOXM1 lead to growth defects and mitotic failures (Wang
et al., 2005). FOXML1 has also been linked to cancer. Upregulation of FOXM1 was found in
most of solid human cancers including lung cancer (Kim et al., 2006). Synergistic activity
between B-MYB and FOXM1 has been shown through network analysis to identify master
regulators of B lymphocytes proliferation (Lefebvre et al., 2010). Furthermore, recent data
suggest that B-MYB is required for FOXM1 binding to promotors. Inactivation of B-MYB or
MuvB proteins reduce the binding of FOXM1 to late cell cycle promotors (Saddavasim and
DeCaprio, 2012; Down et al., 2012). This suggests that FOXM1 acts downstream of B-MYB

with MuvB serving as a bridge linking these two factors.

To compare the effects of B-Myb depletion to FoxM1, FoxM1 depletion through siRNA was
performed. In addition, it was tested if RNAi knockdown of both B-Myb and FoxM1 has additive
effects on cell cycle gene expression. Knockdown of both factors has no additive effect, which
is consistent with other findings (Saddavasim and DeCaprio, 2012). Interestingly, knockdown
of FoxM1 through siRNA in H460 and HOP62 cell line (Fig. 22 b,c) revealed that B-Myb
expression is also reduced. Zhang et al. found that downregulation of FOXM1 is associated
with a significant reduction of B-MYB expression on protein level, whereas B-MYB inactivation
result only in a slight reduction of FOXM1 (Zhang et al., 2017). Wiseman identified LIN9 and

not B-MYB as the direct binding partner for FOXM1 in oesophageal adenocarcinoma
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(Wiseman et al., 2015). However, Lefebvre investigated whether B-MYB and FOXM1 may
regulate each other due to studies in which synergistic transcription factors often participate in
feed-forward loops (Lefebvre et al., 2010; Palomero et al., 2006; Carro et al., 2010). B-MYB
MRNA and protein levels were not affected by FOXM1 inactivation, whereas FOXM1 levels
were reduced in a time-dependent manner after B-Myb silencing. This underlines that B-MYB
is a transcriptional activator of FOXM1. In addition, quantitative chromatin immune precipitation
assays showed that B-MYB binds in vivo the FOXM1 promotor suggesting that B-MYB and
FOXML1 form a feed-forward loop (Lefebvre et al., 2010).

As mentioned in the introduction, data of the Stephen Elldege group indicate that the mitotic
machinery could be the Achilles’ heel for Ras mutant cancer cells. These data suggest that
pathways, which are involved in regulating the mitotic machinery are attractive for a potential
treatment of cancers harbouring Ras mutations (Luo et al., 2009). In this context, the MMB
complex could be a target for a potential treatment of Ras-dependent cancer. Although it
seems to be promising to use MMB as therapeutic target for the treatment of lung cancer,
inhibiting its function with small molecules will be difficult due to the fact that no enzymatic
activities have been identified. As transcription factor, B-MYB is not a conventional drug target.
Recently a new promising tool emerged to inhibit multidomain scaffold proteins, notably
transcription factors, through ligand-induced protein degradation using bifunctional ligands.
One part of the bifunctional ligand is specific for the target protein whereas the other part
mediates the recruitment of a cellular E3 ligase to the target protein leading to proteasomal
degradation (Winter et al., 2015).

Other new therapeutic modalities for B-MYB targeting emerged. Peptides or small molecules
that could be identified by high-throughput screening or rational design, could be useful
(Gonda, Leo and Ramsey, 2008; Winter et al., 2015). Another approach to target B-MYB is to
induce degradation of its MRNAs by siRNA. However, effective delivery in vivo and off- target
effects remain problematic (reviewed in De Fougerolles et al., 2007). Targeting B-Myb
transcription could be a promising tool, too (Gonda, Leo and Ramsey, 2008; Winter et al.,
2015). Although there is no direct B-MYB inhibitor available, CDK2 inhibition could be utilized
to reduce B-MYB activity in cancers, which show high B-MYB expression. Although a potent
CDK2 inhibitor is lacking, other CDK inhibitors, which are in clinical trials could be also
beneficial (Musa et al., 2017). Recently a promising therapeutic tool emerged underlying the
molecular mechanisms of action of bromodomain and extraterminal protein inhibitors (BETi).
Recent data suggest that BET inhibitors directly suppress the MuvB components Lin9, B-Myb
and FoxML1 in triple-negative breast cancer (Sahni et al., 2017). BET inhibitors have also been
shown to be effective in mouse models in diverse cancers and therefore currently investigated

in early phase clinical trials (Shi et al., 2014).
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The downstream transcriptional network of MMB could also serve as effective targets. MMB
targets, which have specialized functions in mitosis might allow a more precise prognostic
outcome for therapy avoiding side effects. The MMB target Survivin (Birc5), which is strongly
overexpressed e.g. in human neuroblastoma tumors correlating with poor patient outcome, is
already under investigation in phase | and Il clinical trials (Islam et al., 2000; Giaccone et al.,
2009; Lamers et al., 2011; Garg et al., 2016). Silencing of Survivin within these tumors resulted
in mitotic catastrophe leading to apoptosis. Moreover, RNAi-mediated depletion of the kinesin
Kif23 (MLKP1) was shown to suppress lung tumor formation in vivo and to induce apoptosis
in lung cancer cells (llitzsche et al.,, 2017). In addition, mitotic kinesins and microtubule-
associated non-motor proteins, which are direct transcriptional targets of the MMB, are
identified to suppress proliferation in breast cancer indicating their potential to act as prognostic
markers (Wolter et al., 2017). Several inhibitors against MMB targets have already been in

clinical trial for instance Aurora kinases (Gautschi et al., 2008).

Other MMB regulated genes and possible targets for therapy include NUSAP1 and CENPF.
NUSAPL1 (Nucleolar and Spindle-Associated Protein 1) has been identified as an essential
microtubule stabilizing and bundling protein that is enriched at the central part of the spindle
(Ribbeck et al., 2007; Raemaekers et al., 2003). Requisition of Nusapl to the nucleus during
interface prevents interaction with microtubules as long as mitosis begins (Raemaekers et al.,
2003). Nusapl expression is restricted to late S/G2 and M phases consistent to the fact that
Nusapl is a direct transcriptional target of the MMB. Comparable to B-Myb, Nusap1 deficiency
in mice leads to early embryonic lethality caused by failures in the chromosome alignment
(Vanden Bosch et al., 2010). However, increased Nusapl levels are associated with inhibition
of proliferation (Raemaekers et al., 2003; Okamoto et al., 2015). Nevertheless, elevated levels
of Nusap1l are connected to cancer formation and are associated with a poor prognosis, which
is consistent to the results in figure 6 a and b (Gulzar et al., 2013; Chen et al., 2015).
Centromere binding protein F (Cenpf) is a 367 kDa cell cycle dependent kinetochore
associated protein (Fowler et al., 1998; Rattner et al., 1993; Yang et al., 2003). It belongs to
a class of proteins that are found at the centrosome in a cell cycle specific manner in contrast
to those that associate throughout the cell cycle like Cenpa (Rattner et al., 1993). It localizes
onto the kinetochore in late G2/M to metaphase, relocates at the spindle midzone and the
intracellular bridge in late anaphase and is degraded following completion of mitosis (Fowler
et al., 1998). Comparable to NUSAP1, elevated levels of CENPF are associated with cancer

formation underscoring the results shown in Fig. 6 ¢ and d (Cohen et al., 2014).

In addition to the development of efficient lung cancer therapies, the identification of prognostic
markers remains indispensable. B-MYB has prognostic value for predicting outcomes in
cancer patients including breast cancer, colorectal cancer, cervical cancer, acute myeloid

leukemia, neuroblastoma, gallbladder cancer and prostate cancer (Shi et al., 2012; Ren et al.,
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2015; Astbury et al., 2011, Fuster et al., 2013; Raschella et al., 1999; Liang et al., 2017; Bar-
Shira et al., 2002). Data presented here and in lltzsche et al. (2017) indicate that B-MYB could
serve as potential target in lung cancer. Comparable results were provided by Jin et al. (2017),
who showed that B-MYB is significantly upregulated in NSCLC correlating with
clinicopathological parameters.
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Conclusion

In this thesis, it was demonstrated that the MMB complex is required for lung tumorigenesis in
vivo in a p53-negative background by the inhibition of the transcription factor B-Myb using a
conditional B-Myb knockout NSCLC mouse model. The requirement of the MMB in murine
lung tumorigenesis was shown by a reduced tumor area and a shift to lower less aggressive
tumor grade in K-Ras-S-¢12P/p53"MB_Myb™ mice compared to control. Furthermore, a direct
connection between B-MYB and its target gene NUSAPL1 in vivo was corroborated by the
coexpression of both through immunohistochemistry staining. Elevated levels of either B-MYB,
NUSAPL or CENPF in advanced tumors and in contrast low levels in grade 1 or 2 tumors
underlined additionally the contribution of MMB in lung tumorigenesis and the oncogenic
potential of B-MYB. To further characterise physiological functions in murine lung
tumorigenesis, cell lines derived from tumors of this mouse model have been established. The
tumor growth promoting function of B-MYB was illustrated after loss of B-Myb by a lower
fraction of KI-67 positive cells in vivo and a significantly high impairment in proliferation in BC2
in vitro. Defects in cytokinesis shown by a high frequency of cytokinesis defects and an
abnormal cell cycle profile after loss of B-Myb underscore the impact of B-MYB and so MMB
in lung tumorigenesis. It could be further demonstrated that B-Myb is a tumor essential gene,
because only tumors that escape the complete loss of B-Myb allele were able to progress as
seen by the incomplete recombination of B-Myb in murine lung tumors and in the derived cell

lines.

In addition, the contribution of MMB to proliferation of human lung tumor cell lines was
demonstrated. Therefore, RNAi-mediated depletion of B-Myb by shRNA and siRNA in several
human lung cancer cell lines was used. On transcriptional level, B-Myb and MMB target genes
were highly downregulated in comparison to the non-specific siRNA treated control. An
analogues result was observed also on protein level. Furthermore, loss of B-MYB resulted in
a reduced proliferation. Moreover, a higher frequency of cytokinesis defects especially higher
amount of micronuclei was detected, which is equivalent to the effect in the lentiviral system.
Cell cycle profile analysis showed up the switch to an abnormal profile. Interestingly, RNAI-
mediated depletion of B-Myb through siRNA was more efficient than inactivation through
lentiviral sShRNA.

Finally, the ability of MMB to act as therapeutic target and B-MYB to serve as a potential
prognostic marker in lung tumorigenesis has been elucidated. Detection of elevated B-MYB
levels in human adenocarcinoma underlines the potential of B-MYB to serve as a clinical
marker (lltzsche et al., 2017; Jin et al., 2017).
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5. Summary

The evolutionary conserved Myb-MuvB (MMB) multiprotein complex is a transcriptional master
regulator of mitotic gene expression. The MMB subunits B-MYB, FOXM1 as well as target
genes of MMB are often overexpressed in different cancer types. Elevated expression of these
genes correlates with an advanced tumor state and a poor prognosis for patients. Furthermore,
it has been reported that pathways, which are involved in regulating the mitotic machinery are

attractive for a potential treatment of cancers harbouring Ras mutations (Luo et al., 2009).

This suggest that the MMB complex could be required for tumorigenesis by mediating
overactivity of mitotic genes and that the MMB could be a useful target for lung cancer
treatment. However, although MMB has been characterized biochemically, the contribution of

MMB to tumorigenesis is largely unknown in particular in vivo.

In this thesis, it was demonstrated that the MMB complex is required for lung tumorigenesis in
vivo in a mouse model of non small cell lung cancer. Elevated levels of B-MYB, NUSAP1 or
CENPF in advanced tumors as opposed to low levels of these proteins levels in grade 1 or 2
tumors support the possible contribution of MMB to lung tumorigenesis and the oncogenic
potential of B-MYB.The tumor growth promoting function of B-MYB was illustrated by a lower
fraction of KI-67 positive cells in vivo and a significantly high impairment in proliferation after
loss of B-Myb in vitro. Defects in cytokinesis and an abnormal cell cycle profile after loss of B-
Myb underscore the impact of B-MYB on proliferation of lung cancer cell lines. The incomplete
recombination of B-Myb in murine lung tumors and in the tumor derived primary cell lines
illustrates the selection pressure against the complete loss of B-Myb and further demonstrats
that B-Myb is a tumor-essential gene. In the last part of this thesis, the contribution of MMB to
the proliferation of human lung cancer cells was demonstrated by the RNAi-mediated depletion
of B-Myb. Detection of elevated B-MYB levels in human adenocarcinoma and a reduced
proliferation, cytokinesis defects and abnormal cell cycle profile after loss of B-MYB in human

lung cancer cell lines underlines the potential of B-MYB to serve as a clinical marker.
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6. Zusammenfassung

Der evolutionar konservierte Myb-MuvB (MMB) Multiproteinkomplex ist ein transkriptionaler
Meisterregulator der mitotischen Genexpression. Die MMB Untereinheiten B-MYB, FOXM1
und ihre Zielgene sind oft tberexprimiert in verschiedenen Krebsarten. Die erhdhte Expression
dieser Gene korreliert mit einem fortgeschrittenen Tumorstadium und einer schlechten
Prognose fur Patienten. Aulerdem wurde berichtet, dass Signalwege, die die
Mitosemaschinerie betreffen, reizvoll sind als mdgliches Target fur die Behandlung von Ras
mutierten Krebsarten (Lao et al., 2009).

Dies weifdt auf darauf hin, dass der MMB Komplex an der Tumorentstehung beteiligt sein
konnte, indem er die Uberexpression mitotischer Gene férdert und damit ein geeignetes Target
zur Behandlung von Krebs darstellen kdnnte. Obwohl der MMB biochemisch eingehend
untersucht wurde, ist die Beteiligung des MMB an der Tumorgenese weitestgehend unbekannt
speziell in vivo.

In dieser Doktorarbeit wurde anhand eines NSCLC Mausmodells gezeigt, dass der MMB fur
die Lungentumorgenese in vivo erforderlich ist. Erhéhte Level von B-MYB, NUSAP1 oder
CENPF in fortgeschrittenen Tumoren und im Gegenzug niedrigen Leveln in Grad 1 und 2
Tumoren unterstreichen die mdgliche Beteiligung des MMB an der Lungentumorgenese und
das onkogene Potential von B-MYB. Die Tumorwachstum-férdernde Funktion von B-MYB
wurde veranschaulicht durch eine geringere Anzahl an KI-67 positiven Zellen in vivo und einem
signifikant hohen Beeintrachtigung der Proliferation nach dem Verlust von B-MYB in vitro.
Defekte in der Zytokinese und ein abnormales Zellzyklusprofil nach dem Verlust von B-MYB
heben den Einfluss von B-Myb auf die Proliferation von Lungenkrebszelllinien hervor. Die
unvollstandige Rekombination von B-Myb in murinen Lungentumoren und den daraus
hergestellten primaren Tumorzelllinien veranschaulichen den Selektionsdruck auf den
kompletten Verlust von B-MYB und zeigen zusétzlich, dass B-MYB ein fir den Tumor
essentielles Gen ist. Im letzten Teil der Doktorarbeit konnte die Beteiligung des MMB auf die
Proliferation auf Lungenkrebszellen gezeigt werden durch den Verlust von B-MYB durch RNAI-
Interferenz (RNAI). Detektion erhéhter B-Myb Level in humanen Adenokarzinomen und eine
verminderte Proliferation, Zytokinese-Defekte und ein abnormales Zellzyklusprofil nach B-
MYB Verlust in humanen Lungenkrebszelllinien unterstreichen das Potential von B-MYB als

klinischer Marker zu fungieren.
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