Crosstalk between the MMB complex and YAP

Iin transcriptional regulation of cell cycle genes

Interaktion zwischen dem MMB-Komplex und YAP bei der

transkriptionellen Regulation von Zellzyklusgenen

Dissertation
for a doctoral degree
at the Graduate School of Life Sciences,
Julius-Maximilians-Universitat W irzburg,

Section Biomedicine

submitted by

Grit Pattschull

from

Kyritz, Germany

Wirzburg, 2018







SUDMITEEA 0N seviiiirirrnn i rraneraransrasnenrrarnnrannnees

office stamp

Members of the Promotionskomitee:

Chairperson: Prof. Dr. Manfred Gessler
Primary Supervisor: Prof. Dr. Stefan Gaubatz
Supervisor (Second): Prof. Dr. Almut Schulze
Supervisor (Third): Prof. Dr. Alexander Buchberger

Date Of PUBIIC DefEnNCe: ...cvviiiiiiiie i i e i e rasnn s rarnnerannns

Date of Receipt of Certificates: ..ouviiiiiiiiiiiiiirirr e e






Substantial parts of this thesis were published in the following article:

litzsche F.*, Simon K.*, Stopp S.*, Pattschull G.*, Francke S., Wolter P., Hauser S.,
Murphy DJ., Garcia P., Rosenwald A., and Gaubatz S. (2016): An important role for
Myb-MuvB and its target gene KIF23 in a mouse model of lung adenocarcinoma.
Oncogene 36, 110-121; https://doi.org/10.1038/onc.2016.181

(lltzsche et al. 2017)

* These authors contributed equally to this work.






SUMMARY

The Myb-MuvB (MMB) multiprotein complex is a master regulator of cell cycle-dependent
gene expression. Target genes of MMB are expressed at elevated levels in several
different cancer types and are included in the chromosomal instability (CIN) signature of
lung, brain, and breast tumors.

This doctoral thesis showed that the complete loss of the MMB core subunit LIN9 leads to
strong proliferation defects and nuclear abnormalities in primary lung adenocarcinoma
cells. Transcriptome profiling and genome-wide DNA-binding analyses of MMB in lung
adenocarcinoma cells revealed that MMB drives the expression of genes linked to cell
cycle progression, mitosis, and chromosome segregation by direct binding to promoters of
these genes. Unexpectedly, a previously unknown overlap between MMB-dependent
genes and several signatures of YAP-regulated genes was identified. YAP is a
transcriptional co-activator acting downstream of the Hippo signaling pathway, which is
deregulated in many tumor types. Here, MMB and YAP were found to physically interact
and co-regulate a set of mitotic and cytokinetic target genes, which are important in
cancer. Furthermore, the activation of mitotic genes and the induction of entry into mitosis
by YAP were strongly dependent on MMB. By ChlP-seq and 4C-seq, the genome-wide
binding of MMB upon YAP overexpression was analyzed and long-range chromatin
interaction sites of selected MMB target gene promoters were identified. Strikingly, YAP
strongly promoted chromatin-association of B-MYB through binding to distal enhancer
elements that interact with MMB-regulated promoters through chromatin looping.
Together, the findings of this thesis provide a so far unknown molecular mechanism by
which YAP and MMB cooperate to regulate mitotic gene expression and suggest a link

between two cancer-relevant signaling pathways.



ZUSAMMENFASSUNG

Der Myb-MuvB (MMB) Multiproteinkomplex spielt eine wichtige Rolle in der Expression
Zellzyklus abhangiger Gene, welche erhthte Expressionsraten in verschiedenen
Krebsarten aufweisen und Teil der sogenannten chromosomalen Instabilitatssignatur
(CIN) von Lungen-, Gehirn- und Brusttumoren sind.

In dieser Arbeit konnte gezeigt werden, dass die Deletion von LIN9, einer zentralen
Untereinheit des MMB-Komplexes, in priméaren Lungenkarzinomzellen der Maus zu
starken Proliferationsdefekten und Anomalitaten des Zellkerns fiihrt. Analysen des
gesamten Transkriptoms mit Hilfe von RNA-Seq ergaben, dass der MMB-Komplex die
Expression einer Gruppe von Genen reguliert, die mit dem Voranschreiten des Zellzyklus,
der Mitose und der Trennung der Chromosomen in Verbindung stehen. Die Regulation
dieser Gene erfolgt durch direkte Bindung des MMB-Komplexes an die dazugehérigen
Promotoren, wie die Analyse der genomweiten DNA-Bindung des MMB-Komplexes durch
ChIP-Seq erkennbar werden lie3. Weiterhin wurde in dieser Arbeit eine neuartige
Interaktion zwischen MMB und YAP, einem transkriptionellen Co-Aktivator und
Effektorprotein des Hippo-Signalweges, gefunden. Die Dysregulation von Hippo/YAP ist
an der Entstehung verschiedener Tumorentitéaten beteiligt. Die Ergebnisse dieser Arbeit
zeigen, dass YAP mit Untereinheiten von MMB interagiert und dass beide Signalwege ein
Uberlappendes Set von Zielgenen, die fur die Entstehung von Tumoren relevant sind,
regulieren. Es konnte aufRerdem nachgewiesen werden, dass YAP den MMB-Komplex
bendtigt, um die Expression mitotischer Gene zu aktivieren und dass der durch YAP
induzierte Eintritt in die Mitose vom MMB-Komplex abhangig ist.

In einem weiteren Teil der Arbeit wurden mittels ChIP-Seq und 4C-Seq Chromatin-
Interaktionen von Promotoren der MMB-Zielgene mit weiter entfernt liegenden Bereichen
des Genoms identifiziert. Hierbei konnte festgestellt werden, dass YAP die Bindung der
MMB-Untereinheit B-MYB an die Promotoren der MMB-Zielgene verstarkt, indem es an
weiter entfernte Enhancer bindet. Diese von YAP gebundenen Enhancer interagieren
Uber Schleifenbildung des Chromatins mit den Promotoren MMB-regulierter Gene.
Zusammengefasst konnten die Ergebnisse dieser Arbeit einen bisher unbekannten
molekularen Mechanismus fir die gemeinsame Regulation von Genen durch den
MMB-Komplex und YAP enthiullen und somit einen Zusammenhang zwischen zwei

krebsrelevanten Signalwegen aufdecken.
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1 Introduction

1 Introduction

1.1 The mammalian cell cycle

1.1.1 Phases and checkpoints of the eukaryotic cell cycle

For the replication of the genomic DNA and the distribution of the replicated DNA among
the two newly formed dividing daughter cells, a eukaryotic cell passes through the
synthesis (S) and mitosis (M) phases of the cell cycle. These two phases are separated
by the two gap phases G1 (before the S phase) and G2 (before the M phase), which allow
cells to grow and to prepare for the entrance into the S or M phase (Figure 1).
The M phase, which consists of the four sub-phases prophase, metaphase, anaphase,
and telophase, is followed by cytokinesis, in which the two daughter cells separated by a
plasma membrane are formed. As the G1, S, and G2 phases together display the section
between two mitosis phases, they are often referred to collectively as the interphase.
In the presence of anti-mitogenic signals or in the absence of mitogenic signals a cell will
exit the cell cycle to enter a non-dividing, quiescent state referred to as GO phase
(Malumbres and Barbacid 2001; Harashima et al. 2013; Weinberg 2014).

Several checkpoints within the cell cycle exist to ensure that a cell will not progress into
the next cell cycle phase before all steps of the current phase are completed properly.
In general, there are three major checkpoints. The first, the G1/S checkpoint or the
restriction point (see section 1.1.4), occurs in mid to late G1 and represents a point of no
return after which cells do no longer respond to extracellular signals. At this point, entry
into S-phase is blocked upon the presence of inhibitory signals or withdrawal of growth
stimulatory factors (Blagosklonny and Pardee 2000-2013; Morgan 2007). The second, the
G2/M checkpoint, ensures that a cell will not enter mitosis until the DNA replication is
completed or if the DNA is damaged. The third, the mitotic spindle or spindle assembly
checkpoint (SAC), controls metaphase-to-anaphase transition during mitosis and ensures
that all sister-chromatids are attached correctly to the mitotic spindle in a bi-oriented

manner (Morgan 2007; Barnum and O'Connell 2014).
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1.1.2 Cell cycle control by cyclins, CDKs, and CKls

The progression of the cell cycle is controlled by a class of serine/threonine kinases
named cyclin-dependent kinases (CDKs). These kinases are regulated by binding of
activating (cyclins) or inhibiting (CDK inhibitors, CKIs) partners as well as by
phosphorylation at certain residues. As the name suggests, CDKs are bound by a class of
proteins known as cyclins, which form their regulatory subunits and stimulate their
catalytic activity. Throughout the cell cycle, several cyclin-CDK complexes consisting of
different types of cyclins and CDKs are formed. Whereas the concentration of CDK
proteins remains largely constant during the cell cycle, the levels of cyclins fluctuate
during the distinct phases of the cell cycle, thereby regulating the activity of the different
cyclin-CDK complexes.

From the onset of the G1 phase to the restriction/R point (see section 1.1.4), D-type
cyclins (D1-3) bind to and activate CDK4 and CDK®6, which in turn activate the expression
of E-type cyclins (E1 and E2). After the R point in late G1 phase, cyclin E1 and E2 bind to
and activate CDK2, which will allow entry into S phase. Progression of S phase is
promoted by exchanging the E-type cyclins with the A-type cyclins (A1 and A2) as the
binding partners of CDK2. From mid S to late G2 phase, A-type cyclins are bound to
CDK1, also known as CDC2, until they are replaced by B-type cyclins (B1 and B2) at the
end of G2 phase. The cyclin B-CDK1 complex is finally active from late G2 until the end of
M phase and regulates entry into and successful progression through mitosis (Figure 1).
Apart from binding to their corresponding cyclins, CDKs need to be further phosphorylated
by the CDK-activating kinase (CAK, also known as CDK7-cyclin-H complex) to become
fully activated. In addition to this activating phosphorylation, there are also known
inhibitory phosphorylations mainly affecting the mitotic CDK1 kinase, which is inhibited by
WEE1 or MYT1 phosphorylation and activated by CDC25A, -B, and -C dephosphorylation
(Malumbres and Barbacid 2001; Morgan 2007; Weinberg 2014). Another mechanism of
CDK regulation is the inhibition of CDK activity by CDK inhibitors (CKIs). There are two
types of CKiIs: the inhibitors of CDK4/6 (INK4) and the CDK-interacting protein/CDK
inhibitory protein (Cip/Kip) family. The INK4 family comprises four members namely
p16NKAA 1 5INK4B 1 8INKAC " and p19'NK4P which bind to CDK4 and CDK®6 to inhibit their
association with D-type cyclins during early and mid G1 phase. In contrast, the Cip/Kip
family members p21°Pt, p27KPl and p57KP2 form heterotrimeric complexes by binding to
all other cyclin-CDK complexes active from late G1 to M phase, thereby preventing cell
cycle progression. However, p21©P* and p27KP! can also promote cell-cycle entry by

stimulating the assembly of cyclin D-CDK4/6 complexes.
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The expression of CKls is influenced by both intra- and extracellular signals.
Whereas transforming growth factor-3 (TGF-R) is known to induce the expression of
p15™K48 and weakly of p21°P! mitogens lead to the cytoplasmic retention and thus
inhibition of p21°P! and p27KP! through protein kinase B (AKT/PKB) signaling. DNA
damage and subsequent stabilization of the tumor suppressor p53 increase the level of
p21°Pt  which in turn inhibits cyclin-CDK complexes resulting in cell cycle arrest
(Harper et al. 1993; Polyak et al. 1994; Roussel 1999; Sherr and Roberts 1999; Weinberg
2014; The UniProt Consortium 2017).

1.1.3 The RB-E2F regulatory network

There are two major groups of proteins, which regulate cell cycle entry and G1/S
transition. The first group is known as the pocket protein family and consists of the
retinoblastoma protein (pRB) and its paralogs p107 and p130. The second group consists
of transcription factors known as adenovirus early gene 2 binding factors (E2FS)
(Frolov and Dyson 2004; laquinta and Lees 2007; Fischer and Muller 2017).

The best described pocket protein is pRB, the protein product of the retinoblastoma tumor
susceptibility gene (RB1). The RB1 gene was first identified as a gene whose germ-line
mutations cause a malignant childhood tumor of the retina called retinoblastoma. Later on,
oncoproteins expressed by small DNA viruses suggested that pRB and its paralogs p107
and p130 play a role in controlling cell proliferation. Specifically, viral oncoproteins such as
the adenovirus E1A, SV40 large T antigen, or the human papillomavirus E7 can bind to
and inactivate pRB, p107, and p130. This results in activation of E2F target genes and
induction of cell proliferation even in the absence of growth factor stimulation
(Classon and Dyson 2001; Bracken et al. 2004).

Although all three pocket proteins associate with E2F transcription factors, several
differences have been revealed. Regarding the amino acid sequence, one can say that
p107 and p130 are more related to one another than either of them is to pRB. Whereas
p107 is expressed at low levels in differentiated cells and increases in proliferating cells,
p130 is highly expressed in quiescent and differentiated cells and its level decreases
rapidly when cells enter the cell cycle. In contrast, pRB is expressed equally in quiescent,
non-proliferating and proliferating cells. Another essential difference is the interaction with
specific E2F transcription factors (Classon and Dyson 2001). Before going into detall, it is
necessary to get to know the different members of the E2F family. There are eight E2F
genes encoding in total nine E2F proteins, which are classified into activator and

repressor E2Fs according to their effect on transcription.
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E2F1, E2F2, and E2F3a are considered as activator E2Fs, whereas E2F3b and E2F4-8
mainly act as transcriptional repressors. The transcriptional activity of E2F1-5 is regulated
through binding to members of the pocket protein family. In contrast, E2F6-8 lack domains
for interacting with pocket proteins. In order to bind to DNA, E2F1-6 form heterodimers
with their dimerization partners DP1 and DP2. As E2F7 and E2F8 contain a second DNA
binding domain, they are able to bind DNA independently from DP proteins (Bracken et al.
2004; laquinta and Lees 2007).

To come back to the difference between p107/p130 and pRB regarding their binding
behavior to certain E2Fs, p107 and p130 bind specifically to the repressor E2Fs, E2F4
and E2F5, whereas the activator E2Fs, E2F1, E2F2, and E2F3a, are exclusively bound
by pRB (Frolov and Dyson 2004; laquinta and Lees 2007).

1.1.4 Cell cycle entry and the restriction point

In GO/G1 phase, the quiescent, non-proliferating state of the cell cycle, E2F4 and E2F5
bound to p107 and p130 repress E2F-responsive genes to keep the cell in a GO/G1 arrest
and prevent expression of genes required for S phase entry. In this state, activator E2Fs
are expressed at very low levels, as their respective genes are repressed by E2F4 and
E2F5. The remaining low levels of activator E2Fs are bound to promoters of their target
genes but are prevented from activating gene expression through the binding of pRB.
There are several ways how pRB blocks transcription of genes when bound to E2F
targets. Besides direct binding and blocking of the E2F transactivation domain, pRB also
prevents the assembly of pre-initiation complexes and recruits enzymes such as histone
deacetylases (HDACs) that modify the structure of the chromatin to a repressive
conformation (Frolov and Dyson 2004; laquinta and Lees 2007; Morgan 2007).

To enter into the cell cycle, a cell can respond to extracellular mitogens or intracellular
growth-regulating signals only in a certain window of the cell cycle, which ranges from the
beginning to almost the end of G1. The point at which cells need to decide whether they
want to stay in G1, exit the cell cycle into GO, or progress into S, G2, and M phases is
referred to as the restriction or R point. In response to extracellular signals in early G1,
several signaling pathways such as the RAS/RAF/MAPK pathway induce the expression
of D cyclins, which subsequently bind to and activate CDK4/6. The cyclin D-CDK4/6-
complex in turn weakly phosphorylates the pocket proteins pRB, p107, and pl130
(Malumbres and Barbacid 2001; Barbacid et al. 2005; Weinberg 2014).
Subsequently, E2F1-3a are patrtially released from their repression by pRB and as a

consequence, genes important for G1/S transition such as E-type cyclins are expressed.
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E-type cyclins bind to and activate CDK2, which further phosphorylates pRB, p107, and
p130, leading to their complete release from binding to E2Fs (Figure 1). In contrast to the
activator E2Fs, E2F4 and E2F5 lack a nuclear localization signal and, without the binding
of p107 and p130, can no longer enter the nucleus (Barbacid et al. 2005; Sun et al. 2007).
Activator E2Fs, now released from pRB-mediated inhibition, activate the expression of
genes important for G1/S transition and DNA synthesis such as cyclin E1/E2,
cyclin A1/A2, dihydrofolate reductase, and Myb-related protein B/Myb-like protein 2
(B-MYB/MYBL2) (Johnson and Walker 1999; Bracken et al. 2004; Barbacid et al. 2005;
The UniProt Consortium 2017).

CDK1 B

(oo (@ ° W

‘ CDK4/6! ‘
R point
| cok2 (‘

Figure 1: The mammalian cell cycle.

The mammalian cell cycle is subdivided into four major phases G1, S (synthesis; replication of DNA), G2, and
M (mitosis; separation and distribution of replicated DNA among two daughter cells) phase. G1, S, and G2 are
collectively called the interphase. Cells that exit the cell cycle enter a quiescent, non-proliferating state, the GO
phase. Progression through the cell cycle is controlled by complexes of different types of cyclins bound to
certain CDKs. In G1, cyclin D-CDK4/6 hypophosphorylates the retinoblastoma protein pRB. When passing
through the restriction “R” point, hyperphosphorylation of pRB by cyclin E-CDK2 leads to the release of E2F
from its repressive binding by pRB and subsequent transcription of cell cycle genes. Adapted from Weinberg
(2014) .
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1.2 The DREAM and MMB complexes

1.2.1 Thediscovery of the DREAM and MMB complexes

The aforementioned pocket proteins p107/p130, the transcription factors E2F4/5, and their
heterodimeric partners DP1/2 repress transcription in GO/G1 as part of the DP, RB-like,
E2F and multi-vulval class B (MuvB) (DREAM) complex (Fischer and Muller 2017).
The DREAM complex contains a core of proteins commonly known as the MuvB core.
MuvB is composed of five evolutionary conserved proteins, which are homologous to
proteins that were first discovered by the laboratory of Robert Horvitz in Caenorhabditis
elegans. Genes encoding these proteins were named synthetic mulit-vulva class B
(synMuvB) genes. Together with synMuvA and C genes, synMuvB genes belong to a
group of genes in which synthetic loss-of-function mutations resulted in worms with a
multi-vulva phenotype (synMuv). The synMuvB genes encode for LIN-35, EFL-1/-2, and
DPL-1, the homologs of pRB, E2F, and DP1, but also for genes with at that time unknown
functions: lin-9, lin-37, lin-52, lin-53, and lin-54 (Sadasivam and DeCaprio 2013).

More than ten vyears later, the Botchan laboratory identified that in Drosophila
melanogaster proteins encoded by homologs of the synMuvB genes are together with the
protein Myb part of a five-subunit complex with important functions in DNA replication
(Beall et al. 2002). Later on, the same laboratory found that the Drosophila Myb and MuvB
proteins are part of a larger complex together with dLin52, RBF1, RBF2, E2F2, and DP
(the fly homologs of human LIN52, pRB, E2F4/E2F5, and DP1/2) named the Myb-MuvB
complex (Lewis et al. 2004; Sadasivam and DeCaprio 2013). At the same time, the Brehm
and Dyson laboratories purified a Drosophila complex in which several Myb-interacting
proteins (Mips) encoded by homologs of the synMuvB genes interact with RBF1, RBF2,
DP, E2F2, and Myb. Thus, the complex was named the Drosophila RBF, E2F, and Mip
(dREAM) complex (Korenjak et al. 2004). Two years after the discovery of the fly MMB
and dREAM complexes, the same laboratory that initially identified the synMuvB genes
purified a similar complex from C. elegans called the DP, Rb and MuvB (DRM) complex.
In addition to the proteins encoded by the aforementioned synMuvB genes with so far
unknown functions, this complex contained the worm RB, E2F, and DP homologs LIN-35,
EFL-1, and DPL-1. In contrast to the fly MuvB complex, the DRM complex did not contain
any Myb, which can be attributed to the absence of a related Myb gene in C. elegans as

discovered later on (Harrison et al. 2006; Davidson et al. 2013).
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Before a homologous complex in human cells was identified, the laboratory of Stefan
Gaubatz initially isolated and characterized LIN9, the human homolog of the C. elegans
LIN-9 synMuv and the D. melanogaster Mip130 proteins (Gagrica et al. 2004), as an pRB-
interacting protein. Follow-up experiments indicated that human LIN9 also interacts with
p130 and E2F4 in quiescent cells and that this interaction gets lost once the cell enters
into S phase. During S/G2 phase LIN9 was found to bind to B-MYB independently of
pocket proteins and to activate the expression of G2/M genes by binding to their
promoters (Osterloh et al. 2007; Pilkinton et al. 2007). Later on, two mammalian
homologous complexes consisting of the MuvB core with LIN9, LIN37, LIN52, LIN54, and
RBBP4 were identified. The main difference to the fly complexes is that p107/p130,
E2F4/5, and B-MYB are not permanent subunits but instead their interaction with MuvB
dynamically changes throughout the cell cycle. Specifically, during GO/G1 phase, the
MuvB core interacts with E2F4/5, DP1/2, and p107/p130 to form the DREAM (also known
as LINC) complex, which represses G1/S and G2/M E2F target genes.

In late G1 phase, the repressive components dissociate from MuvB, which then binds to
B-MYB in S phase to form the Myb-MuvB (MMB) complex (Figure 2). MMB activates the
expression of G2/M genes required for mitosis and cytokinesis (Litovchick et al. 2007;
Schmit et al. 2007; Fischer and Muller 2017).

1.2.2 The DREAM complex: repression of cell cycle genes

In GO and early G1 phase of the cell cycle, the transcription of cell cycle-dependent genes
is repressed by RB-E2F and DREAM complexes. On the one hand, E2F1-3 together with
DP bind to E2F promoter sites (5-TTTSSCGC-3’; with S being G or C) but are repressed
from activating those genes through binding of pRB (see sections 1.1.3 and 1.1.4).
On the other hand, the DREAM complex represses E2F genes by binding to E2F
promoter sites through the DNA binding domains of E2F/DP (Sadasivam and DeCaprio
2013; Fischer and Muller 2017). Binding of DREAM to E2F promoter sites can be
supported through a weak interaction of the MuvB core protein LIN54 with cell cycle
genes homology region (CHR)-like elements (CLE: CTTGAA, CTTGAC, or TCTGAA)
located close to E2F binding sites (Muller et al. 2017). LIN54 contains two cysteine-rich
(CXC) domains separated by a spacer. The CXC domains function as a DNA-binding
domain (DBD) enabling LIN54 to bind to DNA in a sequence-specific manner
(Schmit et al. 2009). As the promoters of G2/M genes such as CDC20, CENPF, and
AURKA generally lack E2F consensus binding sites, pRB-E2F1-3 cannot bind to these

late cell cycle genes.



1 Introduction

Instead, G2/M genes are repressed by DREAM through the binding of LIN54 to cell cycle
gene homology regions (CHRs: TTTGAA, TTCGAA, or TTTAAA), which is supported by
binding of E2F/DP to nearby cell cycle-dependent elements (CDEs: GGGCGG or
TGGCGG) (Schmit et al. 2009; Muller et al. 2012; Fischer and Muller 2017; Muller et al.
2017). Recently, the Hippo pathway (see section 1.3) was shown to be connected to the
assembly of the DREAM complex and entry into quiescence: The downstream effector
kinase large tumor suppressor 2 (LATS2) of the Hippo pathway phosphorylates and
activates the dual specificity tyrosine-phosphorylation-regulated kinase 1A (DYRKZ1A).
DYRKI1A in turn specifically phosphorylates LIN52 on serine residue 28 (S28), which
promotes the assembly of the repressor DREAM complex (Litovchick et al. 2011; Tschop
etal. 2011).

The precise mechanisms how DREAM represses gene expression are still being debated.
Crystal structure analyses of the laboratory of Seth Rubin showed that LIN52 of the MuvB
core uses an LxCxExL sequence and the S28 phosphate to bind to the LxCXE binding
cleft of p130 and pl07. This restricts the capability of p130/p107 to interact with
repressive chromatin modifiers in an LxCxE-dependent manner, suggesting that an
LxCxE-independent recruitment of co-repressors by DREAM could contribute to gene
repression (Guiley et al. 2015; Fischer and Muller 2017). Another possible mechanism of
gene repression by DREAM might be connected to the enrichment of the histone variant
H2A.Z in gene bodies of DREAM target genes. In D. melanogaster, the loss of Myb
resulted in a binucleate phenotype due to transcriptional repression of cytokinesis genes
by the dREAM complex. This Myb-null binucleate phenotype could be suppressed by
reducing the expression of His2Av (H2Av), the Drosophila ortholog of H2A.Z. Thus, one
mechanism of Drosophila dREAM to repress gene expression might be due to the
recruitment of H2Av, which promotes the formation of heterochromatin
(DeBruhl et al. 2013). In line with this, target genes of DREAM in C. elegans show high
levels of HTZ-1/H2A.Z, which is associated with transcriptional repression. Loss of LIN-35,
the pocket protein ortholog in C. elegans, caused a loss of HTZ-1/H2A.Z in gene bodies
and an enhanced expression of DREAM target genes (Latorre et al. 2015).

One important factor that has been shown to favor the formation of DREAM is cell stress
such as DNA damage, which leads to the stabilization of p53 and the subsequent
activation of the cyclin-CDK inhibitor p21°*. In proliferating cells, CDK-mediated
phosphorylation leads to the dissociation of p130/p107 from MuvB and activation of
B-MYB and forkhead box M1 (FOXM1) (see section 1.2.3). However, through p21¢P!
activation and subsequent CDK inhibition, p130 and p107 will change from a hyper- to a
hypophosphorylated state and, as part of the DREAM complex, contribute to the

downregulation of cell cycle genes.
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In addition, CDK inhibition blocks B-MYB and FOXM1 activation, further shifting the
balance from the activator MMB/FOXM1-MuvB to the repressor DREAM complex
(Mannefeld et al. 2009; Quaas et al. 2012; Sadasivam and DeCaprio 2013; Fischer and
Muller 2017). Conversely, oncoproteins from small DNA tumor viruses such as HPV E7
(Nor Rashid et al. 2011) or SV40 large T (Fine et al. 2012; Hauser et al. 2012) can bind to
p107 and p130, which disrupts DREAM complex formation and subsequently, induces an
upregulation of cell cycle genes (Fischer and Muller 2017). Mechanistically, HPV E7 was
shown to use an LxCxExL motif to bind the LXCXE cleft of p130, which prevents the
interaction of p130 with LIN52 and DREAM assembly (Guiley et al. 2015).

1.2.3 The MMB complex: activation of cell cycle genes

Once a cell receives growth stimulatory signals, cyclin D-CDK4/6 and cyclin E-CDK2
complexes phosphorylate the pocket proteins in mid- and late G1 phase leading to the
release of pRB-inhibited activator E2Fs and the dissociation of p130/p107 from E2F4/5-
DP1/2 and MuvB of the DREAM complex (Figure 2). Recent findings of the laboratory of
Seth Rubin suggest that CDK-mediated phosphorylation of p130/p107 not only interferes
with the E2F4/5 interaction but also inhibits direct binding of p130/p107 to LIN52
(Guiley et al. 2015; Fischer and Muller 2017). Dissociated p130/p107 is degraded and
E2F4/5 are transported out of the nucleus. Released activator E2F1-3 together with DP1/2
bound to E2F promoter sites activate the expression of G1/S genes such as genes
encoding for B-MYB, cyclin E, the activator E2F1-3 themselves but also repressor E2F7
and E2F8. With progression through S phase, activator E2Fs are released from binding to
the DNA through cyclin A-CDK2-mediated phosphorylation. Finally, when DNA synthesis
is completed at the end of the S phase, G1/S genes are repressed by the replacement of
E2F1-3 with E2F7 and E2F8 (Fischer and Muller 2017).

During S phase, the transcription factor B-MYB binds to the MuvB core to form the
activator MMB complex (Litovchick et al. 2007; Schmit et al. 2007). B-MYB itself is
encoded by a gene whose expression is repressed by DREAM and pRB/E2F complexes
in GO/G1 and activated by E2F1-3 transcription factors during G1/S transition.
Moreover, for full transactivation activity, B-MYB is phosphorylated at multiple residues by
cyclin E- and cyclin A-CDK2. Through LIN54, MMB binds to CHR elements in promoters
of several late cell cycle genes whose products have important functions in mitosis and
cytokinesis. One of these target genes of the MMB complex is the gene encoding for
FOXM1, which is recruited by MMB to the promoters of late cell cycle genes during G2.
FOXM1 itself receives full transcriptional activity through phosphorylation by cyclin A- and
cyclin B-CDK complexes and later on by PLKL1.
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It appears that both B-MYB and FOXM1 cannot bind and activate G2/M genes
independently from MuvB, because promoters of MMB target genes are not enriched for
Myb and Forkhead binding sites. While ubiquitinated B-MYB is degraded by the
proteasome, the remaining FOXM1-MuvB complex bound to CHR promoter elements fully
activates G2/M genes in G2 (Johnson et al. 1999; Down et al. 2012; Sadasivam et al.
2012; Sadasivam and DeCaprio 2013; Fischer and Muller 2017). During mitosis, FOXM1
is ubiquitinated by the anaphase-promoting complex/cyclosome-cadherin 1 complex
(APC/CCPHL) | leading to its proteasomal degradation (Park et al. 2008). At the end of
mitosis, the pocket proteins pRB, p107, and p130 are dephosphorylated and reactivated
by PP1 and PP2A phosphatases. Together with the phosphorylation of LIN52-S28 by
DYRK1A, this enables the reassembly of DREAM and pRB-E2F complexes
(Kolupaeva and Janssens 2013; Fischer and Muller 2017).

FOXM1-MuvB

FOXM1-MMB

Myb-MuvB (MMB)

activation repression
of of
G2/M genes G1/S and G2/M genes
p21
mitosis growth stimulatory GO/G1 arrest
cytokinesis signals p53 senescence

Figure 2: DREAM and MMB complexes regulate G1/S and G2/M gene expression.

The MuvB core consisting of LIN9, LIN37, LIN52, LIN54, and RBBP4 binds to p107/p130, E2F4/5, and DP1/2
to form the DREAM complex, which represses G1/S and G2/M gene expression in GO/G1 arrested, quiescent
cells. In late G1 phase, p107/p130, E2F4/5, and DP1/2 dissociate from MuvB. During S phase, B-MYB binds
to MuvB to form the MMB complex, which activates G2/M gene expression. In late G2 and M phase, MMB
recruits FOXM1 to MuvB, which fully activates G2/M genes. Growth stimulatory signals leading to the entry
into the cell cycle stimulate MMB formation. In contrast, DNA damage leads to p53 stabilization, which in turn
induces expression of p21©eL, Inhibition of CDK2 and CDK1 complexes by p21©P! results in reassembly of the
repressor DREAM complex and cell cycle arrest. Adapted from Sadasivam and DeCaprio (2013); Fischer and
Muller (2017).
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1.2.4 The MMB complex in vivo and its role in cancer

The importance of DREAM and MMB for cell cycle-dependent gene regulation is
supported by several in vivo studies. Loss of the DREAM/MMB core subunit LIN9 in mice
resulted in embryonic lethality at the peri-implantation stage (Reichert et al. 2010).
Furthermore, conditional knockout of Lin9 in adult mice led to lethality within 7 days due to
rapid loss of the intestinal epithelium. In line with this, conditional Lin9 knockout mouse
embryonic fibroblasts (MEFs) exhibit a decreased expression of mitotic genes, several
mitotic defects, and premature senescence (Reichert et al. 2010). These in vivo findings
together with data showing that LIN9 directly binds to several MMB and DREAM subunits
such as FOXM1, LIN52, and RBBP4 suggest that LIN9 is a central structural component
of both MMB and DREAM (Schmit et al. 2007; Wiseman et al. 2015). Similarly to Lin9,
knockout of the transcription factors B-myb and Foxm1b in mice resulted in lethality during
embryogenesis between E4.5 and E6.5 for B-myb and E18.5 for FoxM1 (Tanaka et al.
1999; Krupczak-Hollis et al. 2004).

Interestingly, LIN9, B-MYB, FOXM1, and several MMB target genes such as Aurora
kinase A (AURKA) and DNA topoisomerase 2a (TOP2A) are frequently expressed at
elevated levels in human tumors (Sadasivam and DeCaprio 2013). B-MYB and MMB
target genes such as CCNB1 and AURKA are included in the Oncotype Dx (Genomic
Health) clinical biomarker test. This test analyzes the expression of 16 cancer-related and
five reference genes to quantify the likelihood of recurrence in node-negative, tamoxifen-
treated breast cancer (Paik et al. 2004). Additionally, several direct mitotic targets of MMB
including CDC20 and KIF20A but also B-MYB and FOXM1 themselves are part of the
chromosomal instability 70 (CIN70) signature, which can be used as a predictor of clinical
outcome for several cancer types such as breast and lung cancer. High expression of
genes included in the CIN70 signature is associated with aneuploidy as a consequence of
CIN and with a poor outcome in cancer patients (Carter et al. 2006). In addition, LIN9 and
MMB targets (e.g., NUSAP1 and PRC1) are part of the MammaPrint (Agendia) profile,
which includes 70 genes whose expression is associated with tumor progression and is
used as a diagnostic tool to predict breast cancer metastasis (Tian et al. 2010).

The high expression of genes encoding for MMB subunits and target genes and its
correlation with survival of cancer patients suggest a role of MMB in tumorigenesis.
This hypothesis is supported by recent data from our laboratory showing that Cre-
mediated deletion of Lin9 and B-Myb in a non-small cell lung cancer (NSCLC) mouse
model driven by oncogenic K-RAS and loss of p53 resulted in reduced tumor formation
(lltzsche et al. 2017).
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Furthermore, RNA interference-mediated knockdown of the MMB target genes Kif23 and
Prcl in the same mouse model significantly impaired the development of lung tumors
(lltzsche et al. 2017; Hanselmann et al. 2018). In summary, these results represent the

first milestone on the way to better understand the role of MMB in tumorigenesis.

1.3 The Hippo pathway

1.3.1 An overview about the Hippo signhaling cascade

Another important pathway that regulates cell proliferation by controlling cell cycle gene
expression and that is often altered in human cancers is the highly conserved Hippo
pathway (Ehmer and Sage 2016). This pathway was first discovered in Drosophila
melanogaster through screens for genes that generally restrict cell growth and whose
mutations lead to tissue overgrowth (Kango-Singh et al. 2002; Tapon et al. 2002; Harvey
et al. 2003; Wu et al. 2003).

Hippo signaling is involved in several physiological processes such as organ size control,
cell differentiation, and tissue homeostasis. The core of the Hippo pathway consists of the
two kinases mammalian STE20-like kinases 1/2 (MST1/2) and LATS1/2, in Drosophila
Hippo (Hpo) and Warts (Wts) kinases, and the two adaptors/activators salvador
homolog 1/45 kDa WW domain protein (SAV1/WW45) and Mps one binder (MOB) kinase
activator-like 1B/1A (MOB1A/B), in Drosophila Sav and Mats. In response to upstream
signals, MST1/2 are activated and together with SAV1/WWA45 they phosphorylate and
activate LATS1/2 kinases and MOB1A/B (Figure 3). LATS1/2 together with MOB1A/B
phosphorylate the downstream effectors Yes-associated protein (YAP) and transcriptional
co-activator with PDZ-binding motif (TAZ), the mammalian homologs of Drosophila Yorkie
(Yki). Phosphorylation by LATS kinases results in 14-3-3-mediated cytoplasmic retention
and ubiquitination-dependent proteasomal degradation of YAP/TAZ. Thus, active Hippo
pathway signaling inhibits the function of YAP/TAZ through its nuclear exclusion and
degradation. However, when Hippo signaling is inactive, unphosphorylated YAP/TAZ
translocate into the nucleus and activate gene expression (Yu et al. 2015; Ehmer and
Sage 2016; Meng et al. 2016; The UniProt Consortium 2017).

Due to differential splicing, there are two isoforms of YAP, called YAP1 and YAP2. Both
isoforms contain an N-terminal proline-rich domain, a TEAD binding region, one (YAP1) or
two (YAP2) WW domains, an SH3-binding motif, a coiled-coil domain, a transcription

activation domain, and a C-terminal PDZ-binding motif.
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TAZ is 50% identical with the sequence of YAP and has a very similar topology but it lacks
the proline-rich domain, a second WW domain, and the SH3-binding motif.
Although YAP/TAZ have a transactivation domain, they lack a DNA-binding domain and
thus need to associate with several transcription factors to bind to DNA (Zhao et al. 2010;
Guo and Zhao 2013). The primary binding partners of YAP/TAZ are the TEA domain
family members/transcriptional enhancer factors 1-4 (TEAD/TEF 1-4). Together with
TEAD and other binding partners YAP/TAZ activate the expression of several genes,
which mainly promote cell proliferation, inhibit apoptosis, or drive migration and invasion.
Mechanisms by which YAP/TAZ/TEAD activate gene transcription include the recruitment
of the switch/sucrose non-fermenting (SWI/SNF) chromatin remodeling complex or the
nuclear receptor co-activator 6 (NCOAG6) methyltransferase complex (Kadoch and
Crabtree 2015; Ehmer and Sage 2016; Meng et al. 2016; The UniProt Consortium 2017).
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Figure 3: The mammalian Hippo sighaling cascade.

When Hippo signaling is on (left), the upstream kinases MST1/2 are active and phosphorylate their binding
partner SAV1, the kinases LATS1/2, and MOB1. LATS1/2 together with MOB1 phosphorylate the Hippo
downstream effectors YAP and its paralog TAZ. This results in 14-3-3 protein-mediated cytoplasmic retention
or ubiquitin-mediated proteasomal degradation of YAP and TAZ. When Hippo signaling is off (right),
unphosphorylated YAP and TAZ translocate into the nucleus and together with members of the TEAD family,
their main transcriptional binding partners, they induce the expression of pro-proliferative genes. Adapted from
Yu et al. (2015) and Ehmer and Sage (2016).
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1.3.2 Regulation of Hippo signaling and YAP/TAZ activity

Generally speaking, YAP/TAZ activity can be regulated either directly by LATS1/2
(canonical signaling) or independently of LATS1/2 (non-canonical signaling)
(Low et al. 2014). The regulation of YAP/TAZ through both canonical or non-canonical
signaling can be triggered by a plethora of extracellular signals or intracellular cell
machineries such as soluble factors and their appropriate membrane receptors, cell
mechanics and cytoskeleton status, the apical membrane protein Neurofibromin 2 (NF2;
ortholog of Drosophila Merlin), interactions of YAP/TAZ with cell junction proteins, and
Whnt signaling (Yu et al. 2015; Ehmer and Sage 2016).

1.3.2.1 Soluble factors and membrane receptors

Activation of G-protein-coupled receptors (GPCRs) linked to Gouzas and Gaui through
ligands such as serum-borne lysophosphatidic acid (LPA), sphingosine 1-phosphate
(S1P), thrombin, angiotensin Il, and estrogen can activate YAP/TAZ. In contrast,
activation of GPCRs linked to Gos by epinephrine and glucagon is associated with
YAP/TAZ inhibition. Although the detailed mechanisms how GPCRs regulate YAP/TAZ
remain elusive, the activation of Rho GTPases and subsequent inactivation of LATS1/2 by
Gouzinz- and Goui-coupled GPCRs seem to be involved (Yu et al. 2012; Yu et al. 2015).
In addition to GPCRs, receptor tyrosine kinases (RTKs) such as the epidermal growth
factor receptor (EGFR) have been shown to be important membrane receptors for
YAP/TAZ regulation. Upon binding of EGF to EGFR, phosphoinositide-3-kinase (PI3K)
and 3-phosphoinositide-dependent protein kinase 1 (PDK1) of the AKT/PKB pathway are
activated. As TAZ degradation is induced by glycogen synthase kinase-3 (GSK3)
phosphorylation, EGF-dependent activation of AKT/PKB signaling and subsequent GSK3
inhibition lead to enhanced levels of TAZ (Huang et al. 2012; Ehmer and Sage 2016;
The UniProt Consortium 2017). In addition, it has been shown that in the absence of
growth factors, PDK1 contributes to YAP inhibition by forming a complex with LATS, MST,
and SAV. However, in the presence of growth factors, the PDK1 complex dissociates due
to recruitment of PDK1 to the membrane and as a consequence, YAP can translocate into
the nucleus (Fan et al. 2013).
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1.3.2.2 The apical membrane protein NF2

A very important negative regulator of YAP/TAZ activity is the tumor suppressor NF2, the
mammalian ortholog of Drosophila Merlin. In both mammals and flies, NF2 directly binds
and recruits cytoplasmic LATS1/2 to the plasma membrane, which in turn promotes
phosphorylation and activation of LATS1/2 by the MST1/2-SAV1 complex (Yin et al.
2013). Furthermore, NF2 can bind to and inactivate the E3 ubiquitin ligase CRL2-DCAF,
which otherwise would inactivate LATS1/2 by ubiquitination and induce YAP/TAZ-
dependent gene expression (Li et al. 2014).

1.3.2.3 Cell contact and mechanical stress

Several tight and adherens junction proteins such as members of the angiomotin (AMOT)
family, protein tyrosine phosphatase non-receptor type 14 (PTPN14), and o-catenin
inactivate YAP by recruiting it to cellular junctions (Yu et al. 2015). In line with this, cell-cell
contacts were shown to modulate YAP/TAZ activity. High cell density in tissue culture and
subsequent increased adherens and tight junctions activate LATS kinase activity. This in
turn results in YAP/TAZ phosphorylation and cytoplasmic translocation, finally leading to
growth inhibition. In sparse low-density cell cultures, LATS kinases are inactive and
YAP/TAZ are localized in the nucleus leading to enhanced transcription of pro-proliferating
genes. These findings suggest a critical role for the Hippo pathway and its effectors
YAP/TAZ in cell contact inhibition. Because loss of cell contact inhibition has been shown
to be a major hallmark of oncogenic transformation, dysregulation of the Hippo pathway
might contribute to tumorigenesis by mediating proliferation of cancer cells (Zhao et al.
2007; Yu et al. 2015; Meng et al. 2016).

The laboratory of Stefano Piccolo could show that mechanical signals such as
extracellular matrix (ECM) stiffness and cell geometry influence the activity of YAP/TAZ.
When cells are grown on soft matrices or small islands, YAP/TAZ are mostly cytoplasmic.
In contrast, in cells grown on stiff hydrogels or spread onto large islands, YAP/TAZ are
active and mainly localized in the nucleus. Nuclear localization of YAP upon ECM stiffness
seems to be independent of upstream LATS kinases and instead requires RhoA GTPase

activation and tension of the actomyosin cytoskeleton (Dupont et al. 2011).
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1.3.2.4 Wnt/B-catenin and other signaling pathways

Binding of Wingless/Ints (Wnt) ligands to their membrane receptors leads to disassembly
of the R-catenin-destruction complex and thus stabilization of R-catenin, which stimulates
Wnt target gene expression. Without Wnt ligand, cytoplasmic YAP/TAZ are part of the
3-catenin destruction complex and recruit the E3 ubiquitin ligase B-TrCP, which promotes
phosphorylated 3-catenin degradation, thereby inhibiting Wnt signaling. In the presence of
Whnt ligand, cytoplasmic YAP/TAZ are released from the R-catenin destruction complex.
As a consequence, recruitment of B-TrCP for [3-catenin degradation is lost and both
3-catenin and YAP/TAZ translocate into the nucleus, leading to the transcription of 3-
catenin and YAP/TAZ/TEAD target genes (Azzolin et al. 2014)

In addition to the regulation of YAP/TAZ by canonical Wnt signaling, binding of some Wnt
ligands to the GPCR-like Frizzled receptor has been shown to activate YAP/TAZ
independently of 3-catenin by Gauz/13-Rho-LATS1/2 signaling. Additional findings support
a model in which YAP/TAZ antagonize canonical Wnt/3-catenin signaling by inducing the

expression of Wnt inhibitors (Park et al. 2015).

1.3.2.5 Energy and oxidative stress

Energy stress induced by glucose deprivation and subsequent activation of AMP-activated
protein kinase (AMPK) can inhibit YAP/TAZ activity in two ways. On the one hand, AMPK
phosphorylates and thereby stabilizes AMOTL1, which in turn promotes phosphorylation
and inactivation of YAP/TAZ by LATS1/2 kinases (DeRan et al. 2014). On the other hand,
YAP, which can induce glucose metabolism by upregulating the expression of glucose-
transporter 3 (GLUTS3), is directly phosphorylated by energy stress induced AMPK.
This phosphorylation disrupts the interaction between YAP and TEAD and inhibits YAP-
dependent gene transcription (Mo et al. 2015; Wang et al. 2015).

Besides energy stress, the Hippo pathway has an important role in oxidative stress
response. MST1 is activated upon exposure to hydrogen peroxide and induces cell death
in primary mammalian neurons (Lehtinen et al. 2006). Moreover, it was shown that in the
heart, YAP forms a complex with FOXOL1 to induce antioxidant gene expression, thereby
preventing reactive oxygen species (ROS) accumulation and promoting cardiomyocyte
survival. Upon ischemia/reperfusion, activated LATS2 kinase results in YAP inhibition and
subsequent suppression of antioxidant gene expression followed by ROS accumulation
and cell death (Shao et al. 2014a). Other data show that in response to hypoxia, the
hypoxia-inducible factor 1 (HIF-1) stimulates not only the expression of TAZ but also the
expression of the E3 ubiquitin ligases seven in absentia homolog 1 and 2 (SIAH1/2),
which promote ubiquitin-mediated degradation of LATS2 and thus activation of YAP/TAZ
(Xiang et al. 2014; Ma et al. 2015; The UniProt Consortium 2017).

16



1 Introduction

1.3.3 Cell Cycle regulation by YAP/TAZ

Several studies have shown that YAP/TAZ/TEAD regulate the expression of pro-
proliferative genes and are essential for cell cycle entry and G1/S transition. A large
proportion of genes regulated by YAP are known E2F-target genes. Importantly, YAP
target genes are enriched for E2F binding sites, which supports the hypothesis that E2F
cooperates with YAP and TEAD to regulate gene expression (Ehmer et al. 2014; Kapoor
et al. 2014; Hiemer et al. 2015; Shen and Stanger 2015). Although some data indicate co-
binding of YAP along with E2F at promoters of target genes, more recent data suggest
that YAP regulates gene expression mainly by binding to distal enhancers (Kapoor et al.
2014; Galli et al. 2015; Stein et al. 2015; Zanconato et al. 2015). In addition to inhibiting
YAP/TAZ-degradation and thus preventing gene expression, active LATS1/2 kinases can
inhibit the expression of G1/S and G2/M genes by stimulating the assembly of the
repressor DREAM complex (chapter 1.2.2) (Litovchick et al. 2011; Tschop et al. 2011).

Besides inducing S-phase entry, YAP/TAZ also seem to be involved in the regulation of
G2/M phase, since several mitotic and cytokinetic genes have been shown to be activated
by YAP/TAZ (Bai et al. 2012; Tremblay et al. 2014; Lange et al. 2015). Hitherto, the
detailed mechanisms by which YAP/TAZ regulate G1/S and G2/M gene expression still
remain elusive but might involve interaction of YAP/TAZ with other cell cycle regulating

transcriptional complexes (Ehmer et al. 2014; Ehmer and Sage 2016).

1.3.4 Keeping the balance — physiological role of the Hippo pathway

The Hippo pathway is of great importance for the control of embryonic development and
tissue homeostasis (Ehmer and Sage 2016). Whereas YAP-null mice die at embryonic
day E8.5 with several developmental defects, TAZ-null mice are viable but have a higher
risk of suffering from kidney or pulmonary diseases (Hossain et al. 2007; Tian et al. 2007;
Makita et al. 2008). The key physiological functions of YAP/TAZ include organ size
control, the maintenance of tissue-specific stem cells, tissue regeneration, wound healing,
and control of differentiation (Ehmer and Sage 2016). The best-known physiological
function of the Hippo pathway is, however, regulating organ size (Yu et al. 2015).
Mutations of the Hippo kinases or their upstream regulators as well as transgenic
expression of Yki have been shown to result in overgrowth of several organs in
Drosophila. Similarly, liver-specific transgenic expression of Yap or knockout of Mst1/2,
Savl, or Nf2 in mice led to liver enlargement. In line with this, deletion of Savl, Mst1/2, or
Lats1/2 induced an increase in the size of mouse embryonic hearts, further indicating the

important role of YAP for organ size control (Yu et al. 2015).
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Stem and progenitor cells of multiple tissues have an increased activity of YAP/TAZ
whose key functions regarding stem and progenitor cells involve cell cycle regulation and
the interaction with other stem cell-relevant signaling pathways such as the Hedgehog
(Hh), wnt, or Notch signaling pathway. Conversely, together with specific binding
partners, such as the Runt-related transcription factor 2 (RUNX2) or the Krueppel-like
factor 4 (KLF4), YAP/TAZ can also induce lineage-specific differentiation. Moreover, it has
been shown that upon damage, YAP is required for the regeneration of multiple tissues
such as the liver, intestine, and the heart (Yu et al. 2015; Ehmer and Sage 2016;
The UniProt Consortium 2017). In addition, YAP/TAZ seem to be required for wound
healing as indicated by delayed wound closure and reduced expression of TGF-R1 upon
downregulation of YAP/TAZ at mouse skin wound sites (Lee et al. 2014). Overall, the
main function of the Hippo pathway is keeping the balance between the induction of
physiological proliferation and prevention of pathological uncontrolled cell divisions that

can cause cancer (Ehmer and Sage 2016).

1.3.5 Role of YAP/TAZ in cancer

Besides the physiological role, the pathological role of YAP/TAZ is no less important.
In many cancers, high levels of nuclear YAP/TAZ can be found due to dysfunctional Hippo
signaling. This can be caused either directly through mutations in Hippo pathway genes or
indirectly through alterations in other signaling pathways that interact with Hippo signaling.
With the exception of both inherited and somatically acquired mutations found in the tumor
suppressor NF2, mutations in other components of the Hippo pathway are quite rare
(Harvey et al. 2013; Ehmer and Sage 2016). However, some human and murine cancers
such as head and neck, pancreatic, breast, and liver cancer were found to have amplified
and overexpressed YAP (Overholtzer et al. 2006; Zender et al. 2006; Kapoor et al. 2014;
The Cancer Genome Atlas Network 2015). Mutations in the upstream Hippo kinases
MST1/2 and LATS1/2 are uncommon, instead hypermethylation of MST1/2 and LATS1/2
promoters, which is associated with reduced expression of these genes, could be
observed amongst others in soft tissue sarcomas and breast cancer (Takahashi et al.
2005; Seidel et al. 2007).

In addition to alterations directly affecting Hippo pathway genes, somatic mutations in
genes of other signaling pathways that interact with the Hippo pathway such as the Wnt,
Notch, or Hh pathway have been shown to cause YAP and TAZ hyperactivation in several
cancers, e.g., in gastrointestinal tract, colorectal, or non-small-cell lung cancers
(Harvey et al. 2013).
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Accordingly, activating Hippo signaling or inhibiting YAP/TAZ to prevent uncontrolled
proliferation and tumor development represent promising approaches to treat tumors with
increased YAP/TAZ activity (Ehmer and Sage 2016).

1.4  Aim of this thesis

Elevated levels of B-MYB, FOXM1, and some MMB target genes can be observed in
several human cancers and are associated with a poor prognosis. These findings strongly
suggest a role of MMB in tumorigenesis (Sadasivam and DeCaprio 2013). Even though a
lot of research regarding the MMB complex has been done at the biochemical level, the
specific function of MMB in tumor cells has not been investigated up to now. In order to
consider MMB as a therapeutic target for the treatment of cancer, however, it is absolutely
essential to gain a deeper insight into the role and the specific mechanisms of
MMB-regulated gene expression in cancer cells.

The aim of this thesis was to better understand how MMB regulates cell cycle-dependent
gene expression in cancer cells using genome-wide expression and binding analyses of

Lin9-deleted primary murine lung adenocarcinoma-derived cells.
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2 Materials and Methods

2 Materials and Methods

2.1 Materials

2.1.1 Chemical stocks and reagents

Unless otherwise stated, chemicals were purchased from AppliChem, Invitrogen, Merck,

Roth, and Sigma Aldrich.

Table 1: Chemical stocks and reagents

Chemical

Stock concentration

Acetic acid (CH3COOH) N/A
Agarose N/A
Ammonium persulfate (APS) 10% in ddH-.O
AMPure XP Beads (Beckman Coulter) N/A
Bovine serum albumin (BSA) N/A

Bromophenol blue

4 mg/ml in ddH.O

Crystal violet

1% in ddH>O

Diethyl pyrocarbonate (DEPC)

ready-to-use

Dimethyl sulfoxide (DMSO)

ready-to-use

Dithiothreitol (DTT)

1 Min ddH.0

dNTPs

2 mM in ddH>O

Eosin Y solution 0.5% in water (Roth)

dilute 5-fold to 0.1% in ddH-O, add 1-2 drops
CH3COOH

Ethanol N/A

Ethidium bromide ready-to-use (10 mg/ml)
Formaldehyde, 37% N/A

Glycine 1 Min dH20O

Glycogen (Roche)

ready-to-use (20 mg/ml)

Hemalum solution acid acc. to Mayer

ready-to-use

(Roth)

Hoechst 33258 10 mg/ml in ddH20O
Isopropanol N/A

Ketamine/Ketavet (Pfizer) ready-to-use (100 mg/ml)
Luminol 250 mM in DMSO

NP-40 ready-to-use

p-Coumaric acid

90 mM in DMSO

peqGOLD TriFast (Trizol; Peglab)

ready-to-use

Phenylmethylsulfonyl fluoride (PMSF)

100 mM in isopropanol

Polyethylene glycol (PEG) 6000

50% in ddH-O (sterilized by autoclaving for
cell culture use)

Ponceau S solution

0.1% Ponceau S in 5% CH3:COOH

Protease inhibitor cocktail (PIC; Sigma)

ready-to-use
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Chemical

Stock concentration

Protein G Dynabeads (Thermo Fisher)

ready-to-use

Proteinase K

10 mg/ml in 50 mM Tris pH 8.0, 1 mM CaCl,

ProtoGel (30%; Acrylamide)
(National Diagnostics)

ready-to-use

PSP 3% paraformaldehyde, 2% sucrose in ddH.0
Random primer (Roche) 500 pg/ml in ddH20
RNase A 10 mg/ml in 10 mM Tris pH 7.4, 150 mM NacCl

Shandon Immu-Mount (Thermo Fisher)

ready-to-use

Sodium dodecyl sulfate (SDS)

20% in ddH20

3-Glycerolphosphate

1 Min ddH20O

SYBR Green (Sigma)

1:10 in DMSO for storage

Triton X-100

ready-to-use

Tween-20

ready-to-use

Xylazine (CP-Pharma)

ready-to-use (2%)

2.1.2 Antibiotics

Table 2: Antibiotics used for the selection of bacteria and mammalian cells

Antibiotic | Stock concentration L . Application
concentration
_— Selection of transformed
Ampicillin | 200 mg/ml 100 pg/ml DH50 bacteria
Maintenance of KP and KPL cells
1 pg/mi stably transduced with retroviral
Puromycin | 10 mg/ml CreER™ recombinase
Added to KP and KPL cells
2.5 pg/ml seeded for the treatment with
4-hydroxytamoxifen (4-OHT)

2.1.3 Enzymes

Table 3: Enzymes and corresponding buffer

Enyzme

Company

5x RT reaction buffer (for Reverse Transcriptase)

Thermo Fisher

EcoRI [10 U/pl]

Thermo Fisher

Haelll [10 U/pl]

NEB

HindIll [10 U/p]

Thermo Fisher

HisTagl6 DNA Polymerase [5 U/ul]

provided by AG Gessler

Nlalll [10 U/pl]

NEB

Phusion Hot Start II DNA Polymerase [2 U/ul]

Thermo Fisher

RevertAid Reverse Transcriptase (RT) [200 U/ul]

Thermo Fisher

RiboLock RNase Inhibitor (RI) [40 U/ul]

Thermo Fisher

SYBR Select Master Mix

Thermo Fisher

T4 DNA Ligase

NEB
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2.1.4 Kits and Protein/DNA markers

Table 4: Kits used for molecular biology and next-generation sequencing

Name

Company

(DNF-474) High Sensitivity NGS Fragment Analysis Kit
(1bp — 6,000bp)

Advanced Analytical
Technologies

Duolink In Situ Detection Reagents Red Sigma-Aldrich
Experion DNA 1K Analysis Kit Bio-Rad
Experion RNA StdSens Analysis Kit Bio-Rad
NEBNext Multiplex Oligos for lllumina (Dual Index Primers Set 1) | NEB
NEBNext Poly(A) mRNA Magnetic Isolation Module NEB
NEBNext Ultra Il DNA library Prep Kit for lllumina NEB
NEBNext Ultra RNA Library Prep Kit for lllumina NEB

NucleoSpin Tissue XS Kit

Macherey-Nagel

PureLink™ HiPure Plasmid Filter Midi- or Maxiprep Kits

Thermo Fisher

QIAquick PCR Purification Kit Qiagen
Quant-iT PicoGreen dsDNA Assay Kit Thermo Fisher
RNase-Free DNase Set Qiagen
RNeasy Mini Kit Qiagen

Table 5: Protein and DNA markers

Marker Company

DNA Ladder 100 bp

Thermo Fisher

GeneRuler 1 kb DNA Ladder

Thermo Fisher

PageRuler Prestained Protein Ladder, 10 to 180 kDa

Thermo Fisher

2.1.5 Buffers and solutions

2.1.5.1 General buffers

Table 6: General buffers

Buffer Ingredients

Storage temperature

0.5 M EDTA in ddH.0O
0.5M EDTA, pH 8.0 . . RT
P adjust pH to 8.0 with NaOH pellets

1.37 M NaCl
26.8 mM KCI
101.4 mM NazHPO4 RT
17.5 mM KH2PO4

adjust pH to 7.4 with HCI

10x PBS

1x PBS dilute 10x PBS 1:10 in ddH-0, RT
autoclaved

100 mM Tris-HCI, pH 7.5

10x TE 10 mM EDTA (pH 8.0)

RT

dilute 10x TE 1:10 in ddH20O,

Ix TE
autoclaved

RT
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2.1.5.2 Buffers for mammalian cell culture

Table 7: Buffers used for mammalian cell culture

Buffer

Ingredients

Storage temperature

1x PBS

see 2.1.5.1, autoclaved

RT

50% Polyethylene glycol (PEG)

6000 in ddH-0, autoclaved 4°C
4 M NacCl in ddH,0O, autoclaved 4°C
50 mM Tris-HCI pH 7.4 in ddH»0, autoclaved 4°C
PSP (3% paraformaldehyde, 2% 15 g paraformaldehyde R
sucrose in PBS) 10g sucrose 20°C
ad 500 ml 1x PBS
see Table 27, sterile .
2x HBS (pH 7.05) filtered 4°C
2.5 M CaCl, ;ee Table 27, sterile 4°C
filtered
1% Crystal violet dissolved
0.1 % Crystal violet staining solution | in ddH2O is diluted 1:10 in RT
20% Ethanol
100% Acetic acid
10% Acetic acid (CHsCOOH) (CH3COOH) is diluted 1:10 | RT
in ddH>0

2.1.5.3 Buffers for molecular biology

Table 8: Buffers used for molecular biology

Buffer

Ingredients

Storage temperature

LB medium

see 2.1.13

RT

Base buffer

25 mM NaOH
0.2 mM EDTA, pH 8.0
adjust pH to 12.0 with NaOH

RT

Neutralization buffer

40 mM Tris-HCI, pH 5.0

RT

Tail buffer

100 mM Tris-HCI pH 8.5
5mM EDTA

0.2% SDS

200 mM NacCl

RT

6 M NaCl

in ddH20

RT

10x ReproFast buffer

100 mM (NH4)2SO4

200 mM Tris-HCI, pH 8.8
100 mM KCI

20 mM MgSO,

1% BSA

1% Triton X-100

sterile filtered

-20°C
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Buffer

Ingredients

Storage temperature

50x TAE

242 g Tris base

57.1 ml CH3zCOOH

100 ml 0.5 M EDTA, pH 8.0
ad 11ddH20

RT

Ix TAE

dilute 50x TAE 1:50 in VE H,0O

RT

5x Loading buffer

15% Ficoll

0.05% Bromophenol blue
0.05% Xylene cyanol
0.05 M EDTA

4°C

DEPC water

1 mlI DEPC is added per 1000 ml of
ddH-0 to a final concentration of
0.1%, stirred until completely
dissolved, and autoclaved

RT

2.1.5.4 Buffers for protein biochemistry

Table 9: Buffers used for whole cell lysates and nuclear extracts

Buffer

Ingredients

Storage temperature

TNN buffer, pH 7.5

50 mM TrisHCI, pH 7.5

120 mM NacCl

5mM EDTA

0.5% NP-40

10 mM Na4P207

2 mM NazVOq

100 mM NaF

adjust pH with 37% HCIto 7.5

4°C

Bradford solution

50 mg Coomassie Brilliant Blue G250
23.75 ml Ethanol

50 ml 85% (V/V) HsPO4

ad 500 ml ddH.O

filter twice

4°C

Buffer A
(for nuclear extracts)

10 mM HEPES, pH 7.4
10 mM NacCl
3 mM MgCl,

4°C

Nuclei lysis buffer
(for nuclear extracts)

20 mM HEPES, pH 7.4
400 mM NacCl

1.5 mM MgCl;

0.1 mM EDTA

15% Glycerol

4°C

20 mM HEPES,
pH 7.4

in ddH20

RT
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Table 10: Buffers used for SDS-PAGE and immunoblotting

Buffer Ingredients

Storage temperature

0.5 M Tris base in ddH,O

5 M Tris, pH 6. : :
0.5M Tris, pH 6.8 adjust pH with 37% HCI to 6.8

RT

1.5 M Tris base in ddH,0O

1.5 M Tris, pH 8.8 adjust pH with 37% HClI to 8.8

RT

144 g Glycine
30 g Tris

10 g SDS

ad 1 1ddH.O

10x SDS running buffer

RT

dilute 10X SDS running buffer

1x SDS running buffer 1:10 in ddH,O

RT

300 mM Tris-HCI pH 6.8
15 mM EDTA

150 mM DTT

12% (w/v) SDS

15% (w/v) Glycerol
0.03% Bromophenol blue

3x ESB

- 20°C

75 g Tris
5x Blotting buffer 282.25 g Glycine
ad 51 ddH»0, autoclaved

RT

dilute 5X Blotting buffer 1:10 in
1x Blotting buffer ddH-0 and add 150 ml
Methanol per 1|

4°C

0.1% Ponceau S

Ponceau S solution 506 CH.COOH

RT

1 M Tris-HCI
20x TBS 3 M NaCl
adjust pH with 37% HCIto 7.4

RT

1Ix TBS dilute 20x TBS 1:20 in ddH0O

RT

TBS-T 1x TBS with 0.1% Tween 20

RT

10 ml 100 mM Tris-HCI pH 8.5
50 ul 250 mM Luminol

22 ul 90 mM p-Coumaric acid
3 pl 30% H-0-

Enhanced
chemiluminescence
solution (ECL)

RT

Table 11: Buffers used for Proximity Ligation Assay (PLA)

Buffer Ingredients Storage temperature
10 mM Tris-HCI, pH 7.4

Wash buffer A 150 mM NacCl 4°C
0.05% Tween 20

Wash buffer B 200 mM Tris-HCI, pH 7.5 4°C

100 mM NacCl
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Table 12: Buffers used for ChIP and 4C-seq

Buffer

Ingredients

Storage temperature

Lysis buffer |

5 mM PIPES, pH 8.0
85 mM KCI
0.5% NP-40

4°C

Lysis buffer Il (RIPA buffer)

50 mM HEPES, pH 7.9
140 mM NacCl

1 mMEDTA

1% Triton X-100

0.1% Cy4H39NaO4
0.1% SDS

5 M NaCl

in ddH20

RT

3 M C2H3NaO2
(sodium acetate)

in ddH20

RT

Wash buffer |

20 mM Tris-HCI, pH 8.1
150 mM NacCl

2mM EDTA

0.1% SDS

1% Triton X-100

4°C

Wash buffer Il

20 mM Tris-HCI, pH 8.1
500 mM NacCl

2mM EDTA

0.1% SDS

1% Triton X-100

Wash buffer Il

10 mM Tris-HCI, pH 8.1
250 mM LiCl

1 mM EDTA

1% NP-40

1% Cz4H39NaO4

4°C

Elution Buffer
(freshly prepared)

1% SDS
0.1 M NaHCOs3

RT

Lysis buffer for 4C-seq

50 mM Tris-HCI, pH 7.5
150 mM NacCl

5mM EDTA

0.5% NP-40

1% Triton-X 100

2 M C,H3NaO2 for 4C-seq
(sodium acetate)

in ddH20

RT

1x PK buffer for 4C-seq

10 mM Tris-HCI, pH 8.0
5 mM EDTA, pH 8.0
0.5% SDS

RT
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Table 13: Buffers used for histology

Buffer

Ingredients

Storage temperature

4% Paraformaldehyde
(PFA)

40 g PFA

+ 100 ml 10x PBS (DEPC)

+ 3.5 ml 2 M NaOH (DEPC)

warm up to approx. 68 °C; adjust pH
with 1 M HCI to 7.0; ad 1 | DEPC-H,0

-20°C

0.1% Eosin Y solution

dilute 0.5% Eosin Y solution (Roth) in
ddH20 to 0.1% and add 1-2 drops
CH3COOH

RT (dark)

1% DAB

0.1 g DAB dissolved in 10 ml ddH-0,
acidified with 200 pl 10 M HCI

-20°C

DAB staining solution
(freshly prepared)

4.5 ml Tris, pH 7.5
250 pl 1% DAB
250 pl 0.3% H20,

for immediate use

2.1.6 Antibodies

Table 14: Primary antibodies

Internal - Application Catalog
Name no. Origin and dilution Company number
orTUBULIN 1 505 MoUse IF 1:150 SantaCruz | sc-23948
(B-5-1-2) monoclonal
mouse
3-ACTIN (C4) 196 WB 1:5000 Santa Cruz | sc-47778
monoclonal
. IP 2 ug
I(3I\_I|-VI1;;3 79 ri?bc'fonal ChIP-gPCR 3 ug | Santa Cruz | sc-724
poly ChiIP-seq 9 ug
B-MYB
it PLA 1:1
phospho T487 | 233 ::Egl)clonal vy 488 Abcam ab76009
(EPR2204Y) '
) gift from
ony (M0 e |weras | wasnia | TS
' (Hybridoma) ’
CYCLIN A mouse ]
(BF683) 39 monoclonal WB 1:500 Santa Cruz sc-239
CDC20 mouse ]
(P55 CDC: E-7) 197 monoclonal WB 1:500 Santa Cruz | sc-13162
FLAG (M2) 93 mouse IP 2.5 ug Sigma- F3165
monoclonal | WB 1:5000 Aldrich
mouse
HA (HA.11) 92 WB 1:1000 Covance MMS-101P
monoclonal
Histone rabbit
H3KAme3 307 polyclonal ChiP-seq 5 pg Abcam ab8580

28



2 Materials and Methods

Internal - Application Catalog
Name no. Origin and dilution Company number
Histone rabbit
H3K4Amel 308 polyclonal ChlP-seq 5 ug Abcam abh8895
Histone rabbit Merck
309 ChIP- 5l . 07-360
H3K27ac polyclonal seasH Millipore
. IP 2 ug .
IgG 104 r"’(‘)tl’b(':tlonal ChIP-gPCR 3 g i:g?ci 15006
POy ChiP-seq 9 ug
IP 1ug Biomol A300-
rabbit WB 1:2000 (Bethyl); BL2981;
LIN9 292 olvclonal PLA 1:150 from the lab | Litovchick
poly ChIP-gPCR 3 ug | of James A. | et al.
ChiP-seq 9 ug DeCaprio (2007)
phospho M3 290 rabbit IF 1:100 - 1:200 | Santa Cruz | sc-8656-R
(Ser10) polyclonal
TOP2A
224 mouse | wa 1:1000 SantaCruz | sc-365916
(Topo lla; F-12) monoclonal
rabbit Cell
YAP (D8H1X) 299 IF 1:200 . . 14074S
monoclonal Signaling
. IP 2 ug
YAP 302 ra;)?btljonal ChiP-gPCR 3 ug :i?)\llgj S‘icals 2;3315180-
POl ChiP-seq 9 ug g
rabbit IHC 1:200 Cell
YAP 0 . . 4912
303 polyclonal | WB 1:1000 Signaling
mouse WB 1:1000 sc-101199
YAP 4 297
(63.7) o monoclonal | PLA 1:200 Santa Cruz
Table 15: Secondary antibodies
Application Catalog
Name and dilution Company number
anti-mouse HRP conjugated WB 1:5000 GE Healthcare NXA931
anti-mouse 1gG (H+L) Alexa Fluor 488 | IF 1:500 Thermo Fisher A-11029
anti-mouse IgG (H+L) Alexa Fluor 594 | IF 1:500 Thermo Fisher A-11032
anti-rabbit HRP conjugated IHC 1:200 Thermo Fisher 656120
anti-rabbit IgG (H+L) Alexa Fluor 488 IF 1:500 Thermo Fisher A-21206
anti-rabbit 1IgG (H+L) Alexa Fluor 594 IF 1:500 Thermo Fisher A-11037
Duolink In Situ PLA Probe Anti-Mouse PLA 15 Sigma-Aldrich DUO92001
PLUS
Duolink In Situ PLA Probe Anti-Rabbit PLA 15 Sigma-Aldrich DUO92005
MINUS
HRP Protein A WB 1:5000 BD Biosciences | 610438
lrgg“z;g“eB'm ULTRA-At-MOUSe | \wp 1:1000 | eBiosciences | 18-881733
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2.1.7 Plasmids

Table 16: Plasmids for transient expression and lentivirus production in mammalian cells

Name Internal Description
lab no.
GFP expression vector used to determine
pBABE-H2B-GFP 746 transfection efficiency and for co-transfection of KP
and KPL cells in YAP rescue experiment
pBABE-Puro-CreER™ 924 retroviral infection of KP and KPL cells
DCDNA3 212 empty vector used to transfect equal plasmid
amounts
pcDNA4/TO-HA-BMYB | 1159 transient expression of HA-tagged B-MYB
empty control vector (ev) for YAP rescue experiment
PCMV-2N3T 645 in KP and KPL cells
pCMV-2xFlag-YAP 1504 transient expression of FLAG-tagged wild-type YAP
transient expression of FLAG-tagged constitutively
pCMV-2xFlag-YAP-5SA | 1505 active YAPSSA
pCMV-VSV-G 1348 lentiviral envelope plasmid
psPAX2 1386 lentiviral packaging plasmid
- ing lentiviral fori heal
Ubc-shLuc-pgk-Cre 1558 Cre-expressing lentiviral construct for intratrachea

infection of K-Ras!S--¢120/+: p531fl mjce

2.1.8 Primers

All primers for genotyping or gPCR were purchased from Metabion or Eurofins Genomics.

4C-seq primers were purchased from Sigma-Aldrich. Primers were dissolved in 1x TE to a

stock concentration of 100 uM for long-term storage at — 20 °C. For setting up PCRs,

primers were pre-diluted in ddH;O to a concentration of 10 uM.

Table 17: Primers for genotyping of mice and murine cells

Gene Ln;ernal Sequence (5 to 3’) Directionality
SG2031 | GTCTTTCCCCAGCACAGTGC forward

K-Ras SG2032 | CTCTTGCCTACGCCACCAGCTC reverse
SG2033 | AGCTAGCCACCATGGCTTGAGTAAGTCTGCA forward

Ling SG893 | CCTGGCTGCCTAGCATTTAC forward
SG722 | GCAAAAGCTGCAAGTCCTCT reverse

053 SG1556 | GGTTAAACCCAGCTTGACCA forward
SG1557 | GGAGGCAGAGACAGTTGGAG reverse
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Table 18: Primers for quantitative real-time PCR (qPCR) of murine cDNA

Gene Innoternal Sequence (5’ to 3) Directionality
Aspm 1026 GATGGAGGCCGAGAGAGG forward
1027 CAGCTTCCACTTTGGATAAGTATTTC reverse
Ax 2397 TGCATGAAGGAATTTGACCA forward
2398 ATCTGAGTGGGCAGGAACAC reverse
Bircs 961 CCCGATGACAACCCGATA forward
962 CATCTGCTTCTTGACAGTGAGG reverse
Cde20 2191 ACATCAAGGCGCTGTCAAG forward
2192 AATGTGCCGGTCACTGGT reverse
Cenpf 1038 AGCAAGTCAAGCATTTGCAC forward
1039 GCTGCTTCACTGATGTGACC reverse
Cyr6l 2395 CAGCACCTCGAGAGAAGGAC forward
2396 GGTCAAGTGGAGAAGGGTGA reverse
Ect2 2195 TGCTCTGCTTCACTGGATTC forward
2196 ATGATGAACCAACGTCACCA reverse
Gas2l3 1034 GCAGCCTGCAATCCAAGT forward
1035 AGGGGACACCTGGGACTTA reverse
Hmmr 1202 TCACGGAGTCTAAGGGAAAAAT forward
1203 TTCATCGATCTTTTCTTTCTCTATTG reverse
Hprt 783 TCCTCCTCAGACCGCTTTT forward
784 CCTGGTTCATCATCGCTAATC reverse
Ling 785 TTGGGACTCACACCATTCCT forward
786 GAAGGCCGCTGTTTTTGTC reverse
Mybl2 820 TTAAATGGACCCACGAGGAG forward
821 TTCCAGTCTTGCTGTCCAAA reverse
Nusapl 1030 TCTAAACTTGGGAACAATAAAAGGA forward
1031 TGGATTCCATTTTCTTAAAACGA reverse
Sdpr 2203 CTTCAAAGTGCTCATCTTCCAG forward
2204 CCTCCAGGGACTTGTTCTCA reverse
Top2a 2193 CAAAAGAGTCATCCCCCAAG forward
2194 GGGGTACCCTCAACGTTTTC reverse
vap 2170 GAGGGACTCCGAATGCAG forward
2171 CGAGAGTGATAGGTGCCACTG reverse

31



2 Materials and Methods

Table 19: Primers for gPCR of human cDNA

Internal

Gene no. Sequence (5’ to 3) Directionality
ANLN 2275 GCGAGCTAGACAGCCACTTT forward
2276 TTTTTGATGGCGATGGTTTT reverse
AURKA 2548 GCAGATTTTGGGTGGTCAGT forward
2549 TCCGACCTTCAATCATTTCA reverse
BIRCS 568 GCCCAGTGTTTCTTCTGCTT forward
569 CCGGACGAATGCTTTTTATG reverse
CCNA2 572 GGTACTGAAGTCCGGGAACC forward
573 GAAGATCCTTAAGGGGTGCAA reverse
CDC20 2273 CTGTCTGAGTGCCGTGGAT forward
2274 TCCTTGTAATGGGGAGACCA reverse
1083 GAGTCCTCCAAACCAACAGC forward
CENPF 1084 TCCGCTGAGCAACTTTGAC reverse
CTGE 2295 CAAGGGCCTCTTCTGTGACT forward
2296 ACGTGCACTGGTACTTGCAG reverse
ECT? 2269 GTGGTTCTGGGGAAGCATT forward
2270 AAGCATTGACACTGATTTCTTGAG reverse
GAPDH 645 GCCCAATACGACCAAATCC forward
646 AGCCACATCGCTCAGACAC reverse
GAS?2L3 1058 GCTGTCGGCATGAAGAGC forward
1059 AATCGATGAGAACAACTACAAGGA reverse
KIF23 1862 CCTAACGTCCCGCAGTCTT forward
1863 AGGTTTCCGGGGTGTCTTAG reverse
LING 580 CCCCACCACGGTTACATTAT forward
581 CGGCGACTGTCCTAATAAAGG reverse
LING 2572 CAAAGTTTTGCATAAAGTTCAACAGT forward
2573 CGTCTCATATCTGTTGGCTGAT reverse
MYBL2 630 TCCACACTGCCCAAGTCTCT forward
631 AGCAAGCTGTTGTCTTCTTTGA reverse
NUSAPL 1060 TTTTGAAGAACACAATTCCATGA forward
1061 GTCCTGACCCCTCCCTTATT reverse
TBP 2297 CACGAACCACGGCACTGATT forward
2298 TTTTCTTGCTGCTGCCAGTCTGGAC reverse
TOP2A 2421 TCTGGTCCTGAAGATGATGCT forward
2422 TTAGTTAACCATTCCTTTCGATCA reverse
VAP 2277 GACATCTTCTGGTCAGAGATACTTCTT forward
2278 GGGGCTGTGACGTTCATC reverse
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Table 20: Primers for gPCR of human ChIP-DNA.

Name Inn(;[ernal Sequence (5’ to 3) Directionality
AMOTL2 2364 TGCCAGGAATGTGAGAGTTTC forward
promoter 2365 AGGAGGGAGCGGGAGAAG reverse
AURKA 2534 CGCACTTGCTCCCTAAGAAC forward
promoter 2535 TGGGACTGCCACAGGTCT reverse
AURKA 2528 TTCAGCTCCCATGACACATC forward
enhancer 2529 TTTCCCTGCACACAGACCTT reverse
BIRC5 612 CCATTAACCGCCAGATTTGA forward
promoter 613 GCGGTGGTCCTTGAGAAAG reverse
CDC20 2556 GGTTGCGACGGTTGGATTTT forward
promoter 2557 CTTTAACACGCCTGGCTTACG reverse
CDC20 2558 GGATCAGACCACACCCTCAA forward
enhancer 2559 GCCCTCATTCCGTGCATACT reverse
CENPF 1091 GGCGTGGAGGTAAGTTTGG forward
promoter 1092 TGGAGCCCAGAGTCTAATTCA reverse
CTGF 2366 TGTGCCAGCTTTTTCAGACG forward
promoter 2367 TGAGCTGAATGGAGTCCTACACA reverse
CYR61 2368 CACACACAAAGGTGCAATGGAG forward
promoter 2369 CCGGAGCCCGCCTTTTATAC reverse
ECT2 2354 ACACACGCACAACCAATCAA forward
promoter 2355 CGCGTGATGTCAACCTCTTT reverse
GAPDHS 540 GGCAGCAAGAGTCACTCCA forward
promoter 541 TGTCTCTTGAAGCACACAGGTT reverse
KIF23 1894 CCTAACGTCCCGCAGTCTT forward
promoter 1895 GCCTCGTACTCACGCTGAC reverse
KIF23 2592 TGCAGAACCCCTCAGTCTCA forward
enhancer 1 | 2593 CCCAATTCCCCGCAACACA reverse
KIF23 2590 GCTTGGCATTTGGTCTTGGA forward
enhancer 3 | 2591 CACACCACTCACGACTTCTGA reverse
MYBL2 2600 CTGGGGTGTGTGTGTGTGTT forward
promoter 2601 CCCAGGACGCAGCATTTCC reverse
MYBL2 2602 GTGGCCTCGACCTCTTCAC forward
enhancer 2603 TTGCTCCCTTCCCCAAATCC reverse
TOP2A 2342 GGTGCCTTTTGAAGCCTCTC forward
promoter 2343 TCCACCTATGAACGGCTGAG reverse
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Table 21: Primers for 4C-seq (*indicates a phosphorothioate bond)

Internal

Primer

Gene Sequence (5’ to 3) Sample
no. name
AURKA AATGATACGGCGACCACCGAGATCTACACT
2482 P5 C G'F CTTTCCCTACACGACGCTCTTCCGATCTCGT - doxy
- AACAGCCCCTTGACGTCA*A
AURKA AATGATACGGCGACCACCGAGATCTACACT
AURKA | 2483 P5 AC AT CTTTCCCTACACGACGCTCTTCCGATCTACA + doxy
- AACAGCCCCTTGACGTCA*A
AURKA CAAGCAGAAGACGGCATACGAGATGTGACT
2484 p7 — | GGAGTTCAGACGTGTGCTCCCGTCCCTGAG -/+ doxy
TGTCCTT*G
CDC20 AATGATACGGCGACCACCGAGATCTACACT
2479 P5 C G? CTTTCCCTACACGACGCTCTTCCGATCTCGT - doxy
- TGAGGTTGAAAAGGGTGAATG*A
CDC20 AATGATACGGCGACCACCGAGATCTACACT
CDC20 2480 P5 AC ; CTTTCCCTACACGACGCTCTTCCGATCTACA + doxy
- TGAGGTTGAAAAGGGTGAATG*A
CDC20 CAAGCAGAAGACGGCATACGAGATGTGACT
2481 P7 — | GGAGTTCAGACGTGTGCTCGGTGGCCCTGA | -/+ doxy
TTTTGTG*G
KIF23 AATGATACGGCGACCACCGAGATCTACACT
2491 P5 C C_ET CTTTCCCTACACGACGCTCTTCCGATCTCGT - doxy
- GAGACTGAATGTTTGTTGAATG*A
KIE23 AATGATACGGCGACCACCGAGATCTACACT
KIF23 2492 P5 A C_i A CTTTCCCTACACGACGCTCTTCCGATCTACA + doxy
- GAGACTGAATGTTTGTTGAATG*A
KIE23 CAAGCAGAAGACGGCATACGAGATGTGACT
2493 p7 GGAGTTCAGACGTGTGCTCACCACCACACC | -/+doxy
CAGCTAAT*T
MYBL2 AATGATACGGCGACCACCGAGATCTACACT
2488 P5 C G? CTTTCCCTACACGACGCTCTTCCGATCTCGT - doxy
- ACCACAGAAGGAAGACTAACTC*A
MYBL2 AATGATACGGCGACCACCGAGATCTACACT
MYBL2 2489 P5 AC ; CTTTCCCTACACGACGCTCTTCCGATCTACA + doxy
- ACCACAGAAGGAAGACTAACTC*A
MYBL2 CAAGCAGAAGACGGCATACGAGATGTGACT
2490 p7 — | GGAGTTCAGACGTGTGCTCAATCAGTTCTCC | -/+ doxy

CACCTCG*G
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2.1.9 siRNAs

Non-targeting control siRNA and siRNAs specifically targeting murine Yap/Taz, human

Lin9 or human Mybl2 were purchased from Dharmacon or Eurofins Genomics and

dissolved in the appropriate buffer provided by the supplier to a stock concentration of

75 UM.
Table 22: siRNAs and their corresponding sequences
Target . Internal , , .
gene Name Species lab no. Sequence (5 to 3) Supplier
LIN9 siLIN9 human | S5 GGAAGAGAGAUCAGCAUUAUU | Dharmacon
MYBL2 | siMYBL2 | human | S6 GAAACGAGCCUGCCUUACAUU | Dharmacon
Non- . ACA ACUAA
on . siCtrl / Sh2 UGGUUUACAUGUCGACU Dharmacon
targeting
Taz siTaz | mouse |S69 | CAGCCGAAUCUCGCAAUGA | Eurofins
Genomics
. Eurofins
Yap siYap #1 | mouse | S67 CGGUUGAAACAACAGGAAU .
Genomics
. Eurofin
Yap sivap #2 | mouse | S68 | GAAGCGCUGAGUUCCGAAA urotins
Genomics
2.1.10 Cell lines
Table 23: Human and mouse cell lines
Designation | Organism | Description Reference
homo o . .
A549 . epithelial lung carcinoma cell line ATCC® CCL-185™
sapiens
human embryonic kidney cells with
h ituti i f SV40 | T
HEK293TN | O° constitutive expression of SV40 large SBI Cat.-no.: LVO0OA-1
sapiens antigen and neomycin resistance gene;
used as a lentivirus producer cell line
homo epithelial cervical adenocarcinoma cell
HelLa . line; used for protein-protein interaction ATCC® CCL-2™
sapiens .
studies
primary cell line from a dissected lung
mus adenocarcinoma from a K-Ras!St-6120/+;
KP1 musculus p53" Lin9** mouse; stably transduced | lltzsche et al. (2017)
with the hormone-inducible CreER™
recombinase
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Designation | Organism | Description Reference
primary cell line from a dissected lung
mUS adenocgrcinoma from a K-RasSL-G12D/+:
KP2 musculus p53"M: Lin9** mouse; stably transduced | lltzsche et al. (2017)
with the hormone-inducible CreER™
recombinase
primary cell line from a dissected lung
mus adenocarcinoma from a K-Ras-SL-612D/+:
KPL1 musculus p53": Lin9"" mouse; stably transduced | lltzsche et al. (2017)
with the hormone-inducible CreER™
recombinase
primary cell line from a dissected lung
MUS adenocarcinoma from a K-Ras-S-¢120+;
KPL2 musculus p53": Lin9" mouse; stably transduced llitzsche et al. (2017)
with the hormone-inducible CreER™
recombinase
MCE10A homo non-tumorigenic, epithelial cells from the
YAPSSA sapiens m.ammary gland/breast stably transduced | von Eyss et al. (2015)
with pinducer21-Strep-YAP5SA
embryonic fibroblasts (NIH/3T3) stably
NIH/3T3- mus transfected with the GFP-reporter Novak et al. (2000)
pZ/EG musculus | plasmid pZ/EG; used for lentivirus litzsche et al. (2017)
titration
Plat-E homo retrovirus packaging cell line based on Morita et al. (2000)
sapiens 293T cells

2.1.11 Cell culture reagents, media, and additives

Table 24: Reagents used to culture mammalian cells

Reagent Supplier
13.7 mM NaCl
0.3 mM KCI
1x PBS 0.64 mM NaHPO4

0.15 mM KH2PO4
adjust pH to 7.4 with HCI

Cholera Toxin

Sigma-Aldrich

DMEM (1X) + GlutaMAX

Thermo Fisher

FBS Thermo Fisher
Ham’s F-12 Nut Mix (1X) + GlutaMAX | Thermo Fisher
Horse serum (donor herd) Sigma-Aldrich
Human EGF Sigma-Aldrich
Hydrocortisone Sigma-Aldrich
Insulin solution human Sigma-Aldrich

Penicillin-Streptomycin (10,000 U/ml) | Thermo Fisher
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Reagent

Supplier

RPMI Medium 1640 (1X) + GlutaMAX

Thermo Fisher

Trypsin-EDTA (0.05%), phenol red

Thermo Fisher

Trypsin-EDTA (0.25%), phenol red

Thermo Fisher

Table 25: Composition of media

Media

Cell line

Composition

DMEM

KP, KPL, HEK293TN, NIH/3T3-pZ/EG, HelLa

DMEM
10% FBS
1% pen-strep

MCF10A
medium

MCF10A YAP5SA

DMEM/F-12 (1:1)

5% horse serum

1% pen-strep

20 ng/ml hEGF

100 ng/ml cholera toxin
10 pg/mlinsulin

500 ng/ml hydrocortisone

RPMI A549

RPMI
10% FBS
1% pen-strep

Table 26: Reagents used for the treatment of mammalian cells

Reagent Dissolved in Stock : Final : Supplier
concentration concentration
4- Hydroxytamoxifen | 100% . .
(4-OHT) Ethanol 25 M 10 nM Sigma-Aldrich
. 2 mg/ml . .
Verteporfin DMSO (2.78 mM) 7.5 uM Sigma-Aldrich
(Ddc();;))/cyclme (hyclate) ddH-0 1 mg/ml 0.5 pg/ml Sigma-Aldrich
Nocodazole DMSO 1 mg/ml 50 ng/ml Sigma-Aldrich
Polybrene ddH.0O 4 mg/ml 8 pg/ml Sigma-Aldrich
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2.1.12 Transfection reagents

Table 27: Reagents used for transfections

Transfection reagent

Supplier/composition

2.5M CaCl2

sterile filtered

2x HBS (HEPES buffered saline)

8.2 g NaCl

5.95 g HEPES, free acid

0.105 g Na,PO4

add ddH20 to a final volume of 500 ml
adjust pH with 5 M NaOH to 7.05
sterile filtered

Lipofectamine 2000

Thermo Fisher

Lipofectamine RNAIMAX

Thermo Fisher

Opti-MEM (1X) + GlutaMAX

Thermo Fisher

2.1.13 Bacterial strains and media

Bacterial strain: DH50.  genotype: F— ®80lacZAM15 A(lacZYA-argF) U169 recAl
endAl hsdR17 (rK—, mK+) phoA supE44 A— thi-1 gyrA96
relAl (source: Thermo Fisher)

Media: Luria Bertani (LB) agar

Luria Bertani (LB) medium

2.1.14 Mouse strains

40 g powder in 1 | ddH20,
autoclaved
25 g powder in 1 | ddH20,
autoclaved

All mouse strains were maintained on a C57BL/6 background. Kras'™™ (K-Ras-S-¢12D/)

mice were crossed with Trp53™®8m (p5371M) to get K-Ras-S-C12D+: p53ff mice

(Marino et al. 2000; Jackson et al. 2001).
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2.1.15 Devices

Table 28: Devices and their suppliers

Device

Supplier

Agarose gel electrophoresis system

Peqglab

Cytomics FC 500 flow cytometer

Beckman Coulter

DynaMag-2 Magnet

Thermo Fisher

DynaMag-96 Side Magnet

Thermo Fisher

Electrophoresis Power Supply E835 Consort

Experion Automated Electrophoresis Station Bio-Rad

Fragment Analyzer Automated CE System Advanced Analytical
Hyrax M 40 Carl Zeiss

Infinite M200 plate reader Tecan

Leica DFC350 FX digital camera

Leica Microsystems

Leica DMI 6000B inverted microscope

Leica Microsystems

Lumen 200 fluorescence light source Prior
Microm EC 350 modular paraffin embedding center Thermo Fisher
Min-PROTEAN 3 Cell System Bio-Rad
Mini Trans-Blot Cell System Bio-Rad
Multiskan Ascent plate reader Labsystems
Mx3000P gPCR System Stratagene
NanoDrop 2000 spectral photometer Peqglab
NextSeq 500 lllumina
Nikon Eclipse TS100 Nikon
PowerPac HC High Current Power Supply Bio-Rad
Sonifier W-250 D Branson

T1 Thermocycler Biometra

Ultrospec 2100 pro spectrophotometer

Amersham Biosciences
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2.1.16 Software

Table 29: Software and supplier/reference

Software

Supplier/Reference

BEDTools v2.26.0

Quinlan and Hall (2010)

Bowtie v1.1.2 Langmead et al. (2009)
Bowtie v2.3.2 Langmead and Salzberg (2012)
CASAVA [llumina

CXP Acquisition and Analysis
(Cytomics FC 500)

Beckman Coulter

DAVID v6.8 Huang da et al. (2009)
EdgeR Robinson et al. (2010)
FASTQ Generation Software v1.0.0 lllumina

Fiji Schindelin et al. (2012)

GSEA (Broad Institute)

Subramanian et al. (2005)

Integrative Genomics Viewer (IGV)

Ramirez et al. (2016)

KM-plotter

Gyorffy et al. (2013)
http://kmplot.com/analysis/

Leica Application Suite (LAS) 3.7

Leica Microsystems

MACSv.2.1.1

Zhang et al. (2008)

Rhodes et al. (2004)

Oncomine .
www.oncomine.org
Prism 7.0c GraphPad Software, Inc
R environment https://lwww.r-project.org
ROSE Loven et al. (2013); Whyte et al. (2013)
SICER v1.1 Xu et al. (2014)

Tecan i-control

Tecan

TopHat v2.1.0

Kim et al. (2013)

Venn diagram webtool

http://bioinformatics.psb.ugent.be/webtools/Venn/

w4CSeq

Cai et al. (2016)
https://github.com/WGLab/w4CSeq

40



2 Materials and Methods

2.2 Methods

2.2.1 Mammalian cell culture

2.2.1.1 Cell lines and culturing conditions

Cells used in this thesis were cultured at 37 °C and 95% humidity with 5% CO.. All cell
lines except for MCF10A YAPS5SA and A549 cells were maintained in GIBCO®
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% (v/v) penicillin-streptomycin (pen-strep). KP1, KP2, KPL1, and KPL2
cells were cultured in the presence of 1 pg/ml puromycin, since they were stably
transduced with a Cre-expressing retroviral vector encoding a puromycin resistance gene.
A549 cells were maintained in GIBCO® Roswell Park Memorial Institute (RPMI) 1640
medium with 10% FBS and 1% pen-strep. MCF10A YAP5SA cells were cultured in a 1:1
mixture of Ham’s F-12 Nutrient Mix and DMEM supplemented with 5% horse serum, 1%
pen-strep, 20 ng/ml human EGF, 100 ng/ml cholera toxin, 10 pg/ml insulin, and 500 ng/ml

hydrocortisone.

2.2.1.2 Passaging and seeding cells

Cells were subcultured every two to three days by washing once with 1x PBS followed by
a 5-15 min incubation with 0.05% (HEK293TN, NIH/3T3-pZ/EG, Hela, Plat-E, A549 and
MCF10A YAPS5SA cells) or 0.25% (KP1, KP2, KPL1, and KPL2 cells) Trypsin/EDTA at
37 °C. Subsequently, detached cells were resuspended in medium and seeded onto a
new cell culture dish or plate according to demand or individual growth rate. Table 30
shows the seeding densities for subconfluent and confluent cultures of MCF10A YAP5SA
cells used for isolation of RNA, generation of whole cell lysates for Western Blot, and

chromatin immunoprecipitation (ChliP).

Table 30: MCF10A YAP5SA cell numbers for subconfluent and confluent cultures

Foslieaian MCF10A YAP5SA cell number
subconfluent/low density confluent/high density
RNA isolation 145,000 cells/6 cm dish 735,000 cells/6 cm dish
Whole cell lysates (proteins) | 1x10° cells/15 cm dish 5x10° cells/15 cm dish
ChiP 1x10° cells/15 cm dish 5x10° cells/15 cm dish
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2.2.1.3 Freezing cells

Trypsinized cells were resuspended in fresh culture medium, transferred into a 15 ml
falcon tube and centrifuged for 5 min at 300xg and room temperature (RT).
After discarding the supernatant, the cell pellet was dissolved in freezing medium
(for KP1, KP2, KPL1, KPL2, HEK293TN, NIH/3T3, Plat-E, and HelLa cells: 50% DMEM,
40% FBS, 10% DMSO; for MCF10A YAPS5SA cells: 25% F-12, 25% DMEM, 40% horse
serum, 10% DMSO; for A549 cells: 50% RPMI, 40% FBS, 10% DMSO). Aliquots of 1 mi
were transferred into cryotubes, which were placed at -80 °C for short-term and

transferred into liquid nitrogen for long-term storage.

2.2.1.4 Thawing cells

Cells were quickly thawed in a 37 °C water bath, immediately transferred to a 15 ml falcon
tube filled with 9 ml of fresh pre-warmed culture medium and centrifuged for 5 min at
300 x g and RT. The supernatant was removed, the cell pellet resuspended in 10 ml of the

appropriate cell culture medium (2.2.1.1) and transferred onto a 10 cm cell culture dish.

2.2.1.5 Counting cells

In order to seed an appropriate cell number, cells were trypsinized and resuspended in
medium as described in 2.2.1.2. For counting, 10 pl of the cell suspension were filled into
a Neubauer chamber. Cells within all four quadrants of the grid were counted under a light
microscope. Cells touching the upper and left limits of the grid were counted, whereas
cells touching the lower and right limits were not included. The average number of cells of
all four quadrants was multiplied with the factor 10,000 to calculate the number of cells

per milliliter.

2.2.1.6 Treatment of cells with reagents
With the exception of puromycin and 4-OHT treatment for growth curves, all substances

were added in fresh medium one day after seeding.

4-OHT KP and KPL cells were seeded in 2.5 ug/ml puromycin. The
next day, to induce the hormone-inducible CreERT™
recombinase and subsequent deletion of Lin9, the medium was
replaced by fresh medium containing 2.5 pg/ml puromycin and
10 nM 4-OHT. Cells were incubated with 4-OHT for the time

indicated.

Verteporfin To disrupt the interaction between YAP and TEAD, A549 cells
were treated with 7.5 pM verteporfin for 24 h.
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Doxycycline To induce the expression of constitutively active YAPS5SA,
MCF10A YAPS5SA cells were treated with 0.5 pg/mi

doxycycline (dox) for the time indicated.

Nocodazole Treatment with 50 ng/ml nocodazole for 24 h was used to
arrest serum-starved MCF10A YAPS5SA cells in G2/M phase of
the cell cycle.

2.2.1.7 Plasmid transfection using Lipofectamine 2000

For transient overexpression of wild-type YAP (YAPwt) or constitutively active YAP5SA in
Lin9 deleted KP and KPL cells followed by immunofluorescence, 18,750 KP or KPL cells
per well were seeded with 2.5 pg/ml puromycin on coverslips in a 6-well plate. 24 h later,
Lin9 deletion was induced by treating cells with 10 nM 4-OHT. Another 20 h later and 4 h
before transfection, cells were fed with fresh antibiotic-free (w/o pen-strep and w/o
puromycin) DMEM (10% FBS) containing 10 nM 4-OHT. Cells were transfected with
2.5 ug plasmid DNA in total (2.0 ug empty/ YAPwt/ YAP5SA plasmids + 0.5 ug GFP

plasmid) using Lipofectamine 2000 according to the following scheme:

Table 31: Lipofectamine 2000 transfection setup for overexpressing YAP (6-well plate)

For 2 wells

350 ul Opti-MEM containing

A=DNAMIX | |5 6 ig empty vector (#645), YAPW (#1504) or YAP5SA (#1505)
+ 1.4 ug GFP vector (#746)
B = Lipo mix 288 pl Opti-MEM

+ 12 pl Lipofectamine 2000

Mixture B (Lipo mix) was incubated for 5 min at RT before 300 pul of A (DNA mix) were
added to B (Lipo mix). The transfection solution was mixed by pipetting up and down
carefully and incubated for 20 min at RT. 250 pl/well of DNA-Lipo mix was added
dropwise to the cells. The next day, medium was aspirated and replaced by complete
DMEM supplemented with 2.5 pg/ml puromycin and 10 nM 4-OHT. Cell were harvested

for immunofluorescence two days after transfection.
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2.2.1.8 Plasmid transfection using calcium phosphate

For calcium phosphate transfection of cells seeded onto 10 or 15 cm cell culture dishes,
plasmid DNA was added to 50 pl (10 cm dish) or 125 pl (15 cm dish) 2.5 M CaCl; in a
1.5 ml tube and filled up with sterile ddH>0 to 500 pl (10 cm) or 1250 pl (15 cm). A pipette
aid and a Pasteur pipette were used to bubble 500 pl (10 cm) or 1250 pl (15 cm) of 2x
HBS solution (pH 7.05) in a 15 ml falcon. While continuously bubbling, the DNA/CaCl;
mixture was added dropwise to the 2x HBS solution by using a P1000 pipette. The
transfection mixture was directly added to the cells by dropping slowly into the medium
trying to evenly cover the whole plate. To assess transfection efficiency, a separate 10 or
15 cm cell culture dish was transfected with a GFP encoding vector (pBABE-H2B-GFP;
#746).

2.2.1.9 siRNA transfection with Lipofectamine RNAIMAX reagent

Cells seeded one day before were transfected with each siRNA (Table 22) at a final
concentration of 30 nM in antibiotic-free medium (2 ml/6 cm dish or 22.5 pl/per well of 18-
well ibidi slide for KPL2 cells; 3 ml/6 cm dish or 1.5 ml/6-well for MCF10A YAP5SA cells)

as indicated below.

Table 32: siRNA transfection set-up for knockdown of murine Yap/Taz in KPL2 cells on a 6 cm cell
culture dish (for RNA isolation)

For one 6 cm

el etivie g | PO siYap/Taz

496.4 pl Opti-MEM

A = SIRNA mix 496.4 pl Opti-MEM + 1.2 pl siYap #1 (S67) (30 nM)
+ 3.6 ul siCtrl (S52) (90 nM) + 1.2 yl siYap #2 (S68) (30 nM)
+ 1.2 ul siTaz (S69) (30 nM)
B = Lipo mix 488.75 pl Opti-MEM 488.75 pl Opti-MEM
+11.25 pl RNAIMAX + 11.25 pul RNAIMAX

Table 33: siRNA transfection set-up for knockdown of human LIN9 and MYBL2 in MCF10A YAP5SA
cells on a 6 cm cell culture dish (for RNA isolation)

Forone6em | g SILING SIMYBL2
cell culture dish
498.4 I Opti-MEM 498.4 |l Opti-MEM | 498.4 pl Opti-MEM
A=siRNA mix |+ 1.6 ul siCtrl (S52) +1.6 W SiLINO (S5) | + 1.6 pl SIMYBL2 (S6)
(30 nM) (30 nM) (30 nM)
5= Lpomix | 495 H OPI-MEM 495 pl Opti-MEM 495 pl Opti-MEM
+ 5 ul RNAIMAX + 5yl RNAIMAX + 5 ul RNAIMAX
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Table 34: siRNA transfection set-up for knockdown of human LIN9 and MYBL2 in MCF10A YAP5SA
cells on a 6-well plate (for pH3 immunofluorescence and RNA isolation)

For 2 wells SiCtrl SiLIN9 SiMYBL2
598 ul Opti-MEM 598 ul Opti-MEM 598 ul Opti-MEM

A =siRNA mix | +1.92 pl siCtrl (S52) | + 1.92 pl siLIN9 (S5) | + 1.92 pl siMYBL2 (S6)
(30 nm) (30 nM) (30 nM)

B = Lipo mix 594 ul Opti-MEM 594 ul Opti-MEM 594 ul Opti-MEM
+ 6 ul RNAIMAX + 6 il RNAIMAX + 6 il RNAIMAX

For transfecting cells seeded on 0.2 cm?-wells in 18-well ibidi slides for proximity ligation

assay (PLA), siRNAs were pre-diluted using RNase free water as follows:

1 ul siCtrl (S52) + 9 ul RNase free water

1l siYap #1 (S67) +1 pl siYap #1 (S68) +1 ul siTaz (S69) +27 ul RNase free water

Table 35: siRNA transfection set-up for knockdown of murine Yap/Taz in 18-well ibidi slides (for PLA)

For 5 wells siCtrl siYap/Taz
20.34 pl Opti-MEM 20.34 pl Opti-MEM
+ 2.16 pl siCtrl (S52) + 2.16 pl siYap/Taz-Mix (S67-69)
A= siRNA Mix | (pre-diluted 1:10) (each pre-diluted 1:30)
(2 90 nM per 30 pl) (2 30 nM of each siRNA per 30 pl)
B = Lino Mix 21.825 pl Opti-MEM 21.825 pl Opti-MEM
- P + 0.675 ul RNAIMAX +0.675 pl RNAIMAX

Lipo mix B was incubated for 5 min at RT before siRNA mix A was added to Lipo mix B.
After carefully mixing by pipetting up and down, the siRNA/Lipo mix was incubated for 10-
20 min at RT and finally 1 ml (per 6 cm dish), 500 ul (per 6-well) or 7.5 ul (per 18-well of
ibidi slide) was added dropwise to the cells. The next day, medium was aspirated and
fresh medium was added. Cells were harvested for RNA isolation, immunofluorescence or

PLA, 2-3 days after transfection.

2.2.1.10 Retrovirus production and infection of KP and KPL cells

The retroviral packaging cell line Platinum-E (Plat-E) was used to produce retroviral
vectors encoding Cre-recombinase (pBABE-Puro-CreER™; #924) for the infection of KP
and KPL cells. Plat-E cells were seeded on 10 cm cell culture dishes one day before
transfection. Approx. 2-3 h prior to transfection, cells were about 80% confluent and old

medium was replaced by 8 ml fresh medium.
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Plat-E cells were transfected with 30 pg DNA using calcium phosphate as described in
2.2.1.8. The next morning, the medium was replaced by 8 ml of fresh medium. Another
24 h later and two days after transfection, the retroviral supernatant was harvested from
Plat-E cells, filtered (0.45 pm pore size), diluted 1:1 with fresh DMEM and supplemented
with 8 pg/ml polybrene. To infect KP and KPL cells seeded one day before infection
(8 x 10° cells/10 cm dish) on 10 cm cell culture dishes, 6-7 ml of the retrovirus mixture was
added to the cells. The next morning, cells were fed with fresh medium and 48 h after

infection selection was started using 2.5 pg/ml puromycin.

2.2.1.11 Lentivirus production using HEK293TN cells

Lentivirus production, concentration (2.2.1.12), and titration (2.2.1.13) were carried out
under Biosafety Level 2 (BSL-2) conditions. Human embryonic kidney 293TN
(HEK293TN) cells were used as a lentiviral vector producer cell line and seeded onto 10
or 15 cm cell culture dishes (5 x 10° cells/ 10 cm dish; 1.35 x 107 cells/ 15 cm dish) 24 h
before transfection. On the next day, approx. 2-3 h before transfection, medium was
aspirated and 8 ml (10 cm) or 15 ml (15 cm) of antibiotic-free DMEM supplemented with
10% FBS was added. HEK293TN cells were transfected using calcium phosphate
(2.2.1.8) with the following amounts of plasmid DNA:

9pug (10 cm) or 24 pug (15cm) lentiviral construct (e.g., Ubc-shLuc-pgk-Cre #1558)
6 ug (10cm) or 16 pg (15cm) psPAX2
3ug (10cm) or 8 pug (15cm) pCMV-VSV-G

To assess transfection efficiency, a separate cell culture dish of HEK293TN cells was
transfected solely with 18 ug (10 cm) or 48 pg (15 cm) GFP-encoding vector (pBABE-
H2B-GFP; #746). The next morning, old medium was replaced by 8 ml (10 cm) or 15 ml
(15 cm) fresh DMEM (10% FBS, 1% pen-strep). On the next day approx. 40 h after
transfection, lentiviral supernatant was collected and stored at 4 °C and fresh medium was
added to the dish. Another 20 h later (60 h after transfection), lentiviral supernatant was
harvested for a second time and mixed with the 40-h supernatant stored at 4 °C.
After centrifugation at 1000 rpm for 5 min (RT), the supernatant was filtered (0.45 um) and
either stored for a few days at 4 °C or directly concentrated using PEG-precipitation
(see 2.2.1.12).
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2.2.1.12 Lentivirus concentration using PEG-precipitation

In order to concentrate the lentiviral supernatant of HEK293TN cells, polyethylene glycol
6000 (PEG 6000) precipitation was used as described by (Kutner et al. 2009).
The following solutions were added per ml of collected virus supernatant in a 50 ml

falcon tube:

50% PEG 6000 250.0 pl
4 M NaCl 106.4 pl
1x PBS 114.2 pl

The falcon tubes were inverted several times and incubated for 1.5hat 4 °C while
inverting every 20 to 30 min. The precipitation mixture was centrifuged for 30 min at
4500 rcf (RT) and the supernatant was aspirated completely. The precipitated virus pellet
was resuspended either in 5.88 pl 50 mM Tris-HCI, pH 7.4 (for the use in cell culture) orin
4 pl PBS (for infection of mice) per ml of original HEK293TN supernatant by vigorously
pipetting liquid up and down. Aliquots of 10-20 pl precipitated lentivirus were stored
at -80 °C.

2.2.1.13 Lentivirus titration by flow cytometry

To determine the biological titer of Cre-expressing lentiviral vectors, a Cre-reporter cell
line generated by stable transfection of NIH/3T3 cells with the GFP reporter plasmid
pZ/EG was used (Novak et al. 2000; lltzsche et al. 2017). NIH/3T3-pZ/EG cells, which
express GFP upon Cre-mediated recombination, were seeded in 24-well plates
(35,000 cells/well) 24 h prior to infection. Medium was changed with 1 ml/well of fresh
DMEM (10% FBS; w/o pen-strep; with 8 ug/ml polybrene) 2-3 h before infection and cells
out of 3 wells were counted to determine the average number of cells at the time of
infection. NIH/3T3-pZ/EG cells were infected with 10 ul of the following serial dilutions of

lentivirus with sample 1 being the negative control and containing no lentivirus:

Table 36: Serial dilution set-up for lentiviral vector titration

Sample Dilution Volume of lentivirus [pl] Volume of medium [ul]
1 / / /

2 1:40 1 pl of concentrated lentivirus stock | 39 ul

3 1:80 20 pl of sample 2 (1:40 dilution) 20 pl

4 1:160 20 ul of sample 3 (1:80 dilution) 20 ul

5 1:320 20 pl of sample 4 (1:160 dilution) 20 pl

6 1:640 20 pl of sample 5 (1:320 dilution) 20 ul
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The next day, the medium was replaced by fresh DMEM (10% FBS, 1% pen-strep).
Three to four days after infection, cells were washed twice with 1x PBS, trypsinized and
resuspended in 500 pl medium. The number of GFP-positive cells was determined using a
Cytomics FC 500 flow cytometer (Beckman Coulter). The virus titer was calculated in

transducing units per ml (TU/ml) according to the following formula:

[(F/100) = N = D]

TU/ml =
/m v

F = percentage of GFP — positive cells
N = cell number at the time of infection
D = dilution factor

V = volume of virus used for infection (10 pl = 0.01 ml)

2.2.1.14 Cell proliferation assay using crystal violet staining

KP and KPL cells were plated at a very low density (1,500 cells/6 cm dish;
750 cells/24-well) in the presence of 2.5 ug/ml puromycin and 10 nM 4-OHT. Every two to
four days, cells were fed with fresh medium containing puromycin and 4-OHT.
For generating growth curves, three wells of cells were seeded per condition.

Cells were harvested for crystal violet staining six hours (time point: 0 days), two, four, six,
eight, and ten days after seeding. To do so, cells were washed once in 1x PBS, fixed with
3.7% formaldehyde (37% formaldehyde diluted 1:10 in ddH2O) for 10 min at RT and
rinsed two to three times with tap water. Air-dried plates were stained with 0.1% crystal
violet staining solution (1% crystal violet dissolved in ddH,O is diluted 1:10 in
20% ethanol) for 30 min at RT. Finally, stained plates were rinsed several times with tap
water and air-dried.

For quantification, the crystal violet dye was extracted by adding 200 ul 10% acetic acid
per well of a 24-well plate and shaking slowly for 30 min at RT. The absorbance at 590 nm
of 100 pl extracted crystal violet dye was measured in a 96-well plate using a Multiskan
Ascent microtiter plate reader (Labsystems). If the absorbance exceeded a value of 1.0,
the dye was diluted 1:10 and measured again. The average absorbance values of three
wells per condition were calculated and depicted in relation to the “O days” values

(harvested six hours after seeding) of the untreated or 4-OHT treated cells.
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2.2.1.15 Immunofluorescence

For immunostaining, cells were seeded on coverslips in 6-well plates. All the following
steps were conducted at RT. After cells were washed once in PBS, they were fixed in
PSP (3% paraformaldehyde, 2% sucrose in PBS) for 10 min. Cells were then rinsed twice
in PBS for a few seconds and once in PBS for 5 min. For permeabilization, cells were
incubated for 5 min in PBS with 0.2% Triton X-100, rinsed once and washed for 5 min in
PBS with 0.1% Tween 20 (PBS-T).

Blocking of unspecific binding sites was done by an incubation with 5% BSA in PBS-T
for 1 h. Cells on coverslips were incubated with primary antibody diluted in 1% BSA in
PBS-T in a humidified chamber for 1 h, followed by three washing steps in PBS-T for
5 min each. Incubation with Alexa Fluor® 488 (green) or 594 (red) secondary antibody
and Hoechst 33258, both diluted 1:500 in 1% BSA in PBS-T for 30 min in a humidified
chamber was followed by four washing steps with PBS-T for 5 min each. Coverslips were
mounted on glass slides using ImmuMount, dried for at least 1 h in the dark and finally,
sealed with colorless nail polish. Glass slides were stored at 4 °C in the dark before being
analyzed using an inverted Leica DMI 6000B microscope equipped with a Prior Lumen
200 fluorescence light source and a Leica DFC350 FX digital camera. Leica Application
Suite (LAS) 3.7 and Fiji (Schindelin et al. 2012) were used for the analysis.

2.2.2 Molecular biology

2.2.2.1 Transformation of chemically competent bacteria with plasmid DNA

For transformation of plasmid DNA, chemically competent DH5a E.coli bacteria were
thawed on ice,1 ul of plasmid DNA was added to 50 ul of bacteria and mixed gently by
flicking the tube. The DNA-bacteria mix was incubated for 10 min on ice and subsequent
heat-shock transformation was performed by incubating tubes for 45s at 42 °C.
Directly afterwards, samples were placed on ice for 3 min and 400 pl of pre-warmed LB
medium without any antibiotics was added. Samples were incubated for 30-60 min in a
thermomixer at 37 °C while shaking at 600 rpm. Bacteria were pelleted in a centrifuge for
1 min at full speed, resuspended in LB medium and spread onto pre-warmed LB agar
plates containing the appropriate antibiotics. Plates were incubated overnight upside down
at 37 °C.
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2.2.2.2 Midi and Maxi preparation of plasmid DNA from bacteria

A single colony of transformed bacteria picked from an LB agar plate was transferred into
3 ml of LB medium supplemented with antibiotics and cultured at 37 °C for 6-8 h with
vigorous shaking at 130 rpm. The starter culture was diluted 1:500 to 1:1000 in
100-150 ml (Midi preparation) or 250-300 ml (Maxi preparation) LB medium with
antibiotics and grown overnight at 37 °C and 130 rpm until an absorbance of 1-1.5 of
600 nm was reached. Plasmid DNA was purified using the PureLink™ HiPure Plasmid
Filter Midi- or Maxiprep Kits from Thermo Fisher according to the manufacturer’s

instructions and quantified with the NanoDrop 2000 spectral photometer (Peglab).

2.2.2.3 Genomic DNA isolation of mouse tails

In order to genotype mice, mouse tails were lysed in 75 ul base buffer at 95 °C for 30 min.
After samples were cooled down for 5min at4 °C, 75 ul of neutralization buffer was
added. Samples were then mixed and centrifuged shortly. Samples were stored at 4°C
and 1-3 pl of the supernatant were used for genotyping polymerase chain reactions
(PCRs) (2.2.2.5).

2.2.2.4 Genomic DNA isolation of cells

To isolate genomic DNA (gDNA), cells were trypsinized (2.2.1.2), resuspended in medium
and transferred to a 15 ml falcon tube. Samples were centrifuged for 5 min at 300 x g and
the supernatant was discarded. After the pellet was resuspended in 1 ml PBS and
transferred to a 1.5 ml tube, cells were centrifuged again for 5 min at 300 x g. Pelleted
cells were resuspended in 300 pl tail buffer and 10 pl Proteinase K and incubated at 55 °C
in a thermomixer while shaking at 600 rpm. After 6 hours of incubation, samples were
vortexed for 20 s and incubated for 10 min at 95 °C to inactivate Proteinase K. Samples
were allowed to cool down before 166.7 ul 6 M NaCl was added. Samples were then
mixed, centrifuged for 10 min at full speed (4 °C) and the supernatant was transferred into
a fresh tube containing 767 ul ice-cold 95% ethanol. Tubes were carefully mixed by
inverting a few times and spun for 15 min at full speed (4 °C). The remaining solution was
carefully aspirated and the gDNA pellet was washed once in 700 pl ice-cold 70% ethanol
by a 5 min long centrifugation at 4 °C and full speed. The supernatant was removed and
the air-dried pellet was resuspended in 30 pl TE buffer by incubating it for 45 min at 60 °C
with gentle shaking. gDNA samples were stored at -20 °C and 1-3 pl were used for PCR

(see below).
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2.2.2.5 PCR of genomic DNA

For genotyping of mice and cells using isolated gDNA, PCR reactions with primers
specific for murine K-Ras, p53, and Lin9 were set up as stated below. PCR products were
mixed with 5x loading buffer and analyzed on 1% (Lin9 PCRs) or 2% (K-Ras and p53
PCRs) (w/v) agarose gels (2.2.2.6).

K-Ras PCR mix PCR conditions

ddH.0O 13.7 ul Cycles
10x ReproFast buffer 2.5 ul 95 °C 2 min 1
primer SG2031 [10 uM] 1.0 pl 95 °C 30s

primer SG2032 [10 uM] 1.0 pl 61 °C 30s 35
primer SG2033 [10 uM] 1.0 pl 72 °C 45s

dNTPs [2mM] 2.5 ul 72 °C 10 min 1
HisTaql6 [5 U/ul] 0.3 pl 10°C hold

gDNA 3.0l

total volume 25.0 ul

p53 PCR mix PCR conditions

ddH.0 16.8 pl Cycles
10x ReproFast buffer 2.5 ul 95 °C 5 min 1
primer SG1556 [10 uM] 1.0 ul 95 °C 30s

primer SG1557 [10 uM] 1.0 ul 56 °C 1 min 30
dNTPs [2mM] 2.5l 72 °C 1 min

HisTaql16 [5 U/ul] 0.2 pl 72 °C 3 min 1
gDNA 1.0 pl 10°C hold

total volume 25.0 ul

Lin9 PCR mix PCR conditions

ddH;0 16.5 pl Cycles
10x ReproFast buffer 2.5l 94 °C 2 min 1
primer SG893 [10 uM] 1.0 ul 94 °C 30s

primer SG722 [10 pM] 1.0 pl 58 °C 1 min 31
dNTPs [2mM] 2.5 ul 72 °C 1 min

HisTaql16 [5 U/ul] 0.5 ul 72 °C 4 min 1
gDNA 1.0 pl 10°C hold

total volume 25.0 pl
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2.2.2.6 Agarose gel electrophoresis

PCR products were separated and analyzed using agarose gel electrophoresis.
The appropriate amount of agarose was weighed in a 250-ml Erlenmeyer flask and boiled
in 50 ml (small gel tray) or 120 ml (bigger gel tray) 1x TAE using a microwave until the
agarose was completely dissolved. When the agarose solution was cooled down to
approx. 50-60 °C, ethidium bromide was added to a final concentration of 0.2 to 0.5 ug/ml
and the gel was mixed by swirling the flask gently. The agarose was poured into a gel tray
with inserted well comb. After 20-30 min the gel was completely solidified and placed into
the gel box, which was filled with 1x TAE to completely cover the agarose gel. Samples
mixed with 5x loading buffer were loaded onto the gel alongside a 100 bp or 1 kb
molecular weight ladder and the gel was run at 80 V (small gel tray) or 100 V (bigger gel

tray) for 45 to 90 min. DNA bands were visualized using a UV transilluminator.

2.2.2.7 RNA isolation

Total RNA was isolated using the ready-to-use reagent peqGOLD TriFast (Peqglab), which
contains phenol and guanidinium thiocyanate. Immediately after taking out of the
incubator, cells were placed on ice and the medium was aspirated completely. Cells were
lysed directly on the cell culture dish by adding 1 ml of peqgGOLD TriFast and passing the
solution several times over the cell culture dish and through a pipette. Lysed cells were
transferred into a 1.5 ml tube and either frozen at -80 °C for a few days up to several
weeks or incubated at RT for 5 min.

Then, 200 ul chloroform was added, samples were mixed by vortexing for approx. 15 s
and incubated at RT for 2-3 min. After samples were centrifuged at 12,000 x g and 4 °C
for 10 min, the mixture separated into three phases: the lower red, the interphase, and the
upper colorless agueous phase. Without taking anything from the inter- or lower phase,
the upper aqueous phase was transferred to a new tube, 500 pl ice-cold isopropanol was
added and mixed by inverting a few times. Samples were incubated at RT for 10 min
before being vortexed shortly and spun down at 12,000 x g and 4 °C for 10 min again.
As the resulting RNA pellet is quite loose, the supernatant was removed carefully using a
P1000 pipette with a P10 tip on top of the P1000 tip. The pellet was then washed twice by
adding 1 ml of ice-cold 75% ethanol and centrifuging at 7,000 x g and 4 °C for 5 min.
Following removal of the supernatant, the RNA pellet was air-dried for 5-10 min and
dissolved in 15-25 pul RNase-free or DEPC water. RNA concentration and purity were

examined using the NanoDrop 2000 spectrophotometer. RNA was stored at -80 °C.
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2.2.2.8 Reverse transcription of RNA into cDNA

For reverse transcription of RNA into cDNA, 0.5 pl random primer was added to 1.0 to
2.5 pg RNA and filled up with DEPC water to a final volume of 10 pl on ice. After RNA was
denatured at 70 °C for 5 min, the following mixture containing RevertAid Reverse
Transcriptase (RevertAid RT) and RiboLock RNase Inhibitor (RiboLock RI) was added
while keeping the RNA mix at 4 °C:

5.0 ul 5x RT reaction buffer
2.75 ul DEPC water

6.25 pl dNTPs

0.5 ul RevertAid RT

0.5l RiboLock RI

15 ul Total volume

The reaction was incubated at 37 °C for 60 min before being terminated at 70 °C for
15 min. cDNA was diluted 1:15 with ddH»O and stored at -20 °C.

2.2.2.9 Quantitative real-time PCR (qPCR)

Quantitative real-time PCR (gPCR) was used for two applications: First, for analyzing the
expression of a specific gene in a given sample relative to the expression of this gene in a
reference sample after normalizing to the expression of a housekeeping gene (relative
MRNA expression). For this approach cDNA reversely transcribed from RNA was used
(2.2.2.8). Second, gPCR along with chromatin immunoprecipitation (ChIP) (2.2.3.8) was
used to measure the enrichment of a certain DNA region of the genome upon

protein-specific immunoprecipitation relative to the total amount of input DNA (% of input).

2.2.2.9.1 gPCR with cDNA

SYBR Green (Sigma Aldrich) diluted 1:10 in DMSO was stored at -20°C. For setting up a
self-made master mix, the 1:10-diluted SYBR Green was further diluted 1:200 in ddH->O
(final dilution 1:2000). The self-made gPCR master mix was set up as follows and stored
at -20 °C:

gPCR master mix

dNTPs [2 mM] 3.50
10x ReproFast 2.50
SYBR Green [1:2000 in DMSO] 0.75 ul
ddH20 11.45 pl
Total volume 18.20 pl
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For setting up a gPCR, the required amount of gPCR master mix was thawed and mixed

with primers, HisTaq polymerase, and ddH-O as stated below.

gPCR master mix 18.20 pl
primer forward [10 uM] 0.75 pl
primer reverse [10 uM] 0.75 ul
HisTaql6 [5 U/ul] 0.30 ul
Total volume 20.00 pl

20 pl of this mix were pipetted in triplicates into a 96-well plate before adding 5 pl of cDNA
(diluted 1:15) (2.2.2.8) or ddH20 as a no-template control (NTC) into each well. The plate
was sealed using transparent adhesive foil, centrifuged shortly at 1000 x g for 1 min and
the gPCR was run onto a Stratagene Mx3000P gPCR machine with the following
thermal profile:

95 °C 2 min 1 cycle initialization
95 °C 15s

60 °C 30s 40 cycles  amplification
72 °C 30s

95°C 15s

60 °C 15s 1 cycle melting curve
95 °C 15s

The relative expression of a gene in a given sample relative to the gene expression in a

reference sample was calculated according to the comparative Ct method:

2—AACT

with AC; = C; (gene of interest) — Cy (housekeeping gene)
and AACr = ACy (sample) — ACy (reference)

The error of AAC; was calculated using the law of error propagation:

S =4/51% + 5,2

with s; = standard deviation (housekeeping gene)

and s, = standard deviation (gene of interest)

Finally, the error of 272A¢r ysed for the error bars was determined using the error margin

with (Z—AACT+S) _ (Z—AACT)_
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2.2.2.9.2 gPCR with ChIP-DNA
The commercially available SYBR Select Master Mix (Thermo Fisher) was used for gPCR

of DNA material from ChIP experiments (2.2.3.8) and set up as follows:

SYBR Select Master Mix 10.0 ul
ddH20 8.2 ul
primer forward [10 uM] 0.4 ul
primer reverse [10 uM] 0.4 ul
ChIP DNA 1.0yl
Total volume per well 20.0 pl

A master mix containing everything except DNA was prepared and 19 pl were pipetted in
triplicate into a 96-well plate. Next, 1 pl of ChIP-DNA or 1 pl of ddH>O (NTC) per well was
added. After the plate was sealed and centrifuged shortly, the experiment was run onto

the Stratagene Mx3000P cycler with the following settings:

95 °C 15 min 1 cycle initialization
95 °C 30s .

_ 40 cycles  amplification
60 °C 1 min
95 °C 1 min
60 °C 30s 1 cycle melting curve
95 °C 30s

The % of input was calculated with 274¢r | where AC; = Cr(ChIP sample) — Cr(input).
First, the error was determined by calculating the error of AC; according to the error
propagation law with s = m, where s, = standard deviation of input and
s, = standard deviation of ChIP sample. Second, this was used to calculate the final

error margin with 2=A¢r+s) — o5 of input.

2.2.3 Protein biochemistry

2.2.3.1 Whole cell lysates

Cells were scraped off from plate on ice in ice-cold PBS, transferred to a falcon tube and
centrifuged at 1,200 rpm and 4 °C for 5 min. Supernatant was aspirated and the cell pellet
was resuspended in 1 ml PBS to be transferred to a 1.5 ml tube. Cells were spun down
and resuspended in TNN lysis buffer with freshly added protease inhibitor cocktail (PIC)
1:1000, 1 mM PMSF, 1 mM DTT, and 10 mM 3-glycerophosphate.
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Samples were incubated on ice for 20 min, briefly vortexed and centrifuged at 14,000 rpm
and 4 °C for 10 min. The protein-containing supernatant was transferred to a fresh tube
and the protein concentration was determined according to Bradford (2.2.3.3).

Protein lysates were either used for immunoprecipitation of transient, exogenous proteins
(2.2.3.5) followed by Western Blot (2.2.3.7) or directly used for Western Blot. For the
latter, samples were mixed with 0.5x volume of 3x electrophoresis sample buffer (ESB),
boiled at 95 °C for 5 min and finally, either directly loaded on SDS gels or frozen at -20 °C

for later use.

2.2.3.2 Nuclear extracts

For co-immunoprecipitation of endogenous proteins (2.2.3.4.2) from KPL2 cells, nuclear
extracts were generated. For this purpose, cell culture dishes were placed on ice, scraped
off in PBS and transferred to a falcon tube. Cells were centrifuged at 1200 rpm and 4 °C
for 5min and the resulting pellet was washed in 1 ml PBS once in a 1.5 ml tube by
spinning at 4,000 rpm and 4 °C for 1 min. The supernatant was discarded and the pellet
resuspended in five volumes of buffer A with freshly added PIC 1:100 by pipetting up and
down 10 times. Cells were allowed to swell on ice for 20 min, before they were transferred
to a glass Dounce homogenizer and homogenized with 20 tight but slow up-and-down
strokes. Nuclei were collected by centrifuging 5 min at 2800 rpm, 4 °C. The supernatant
containing the cytoplasmic proteins was removed and the nuclei pellet was resuspended
in five volumes of nuclei lysis buffer with freshly added PIC 1:100 and 0.5 mM DTT.
Samples were incubated on ice for 20 min and spun down for 10 min in a cooling
centrifuge at full speed. The supernatant containing the nuclear extracts was transferred
to a fresh tube. Proteins were quantified as described in 2.2.3.3 and either immediately
used for immunoprecipitation of endogenous proteins (2.2.3.4.2) or for later use, shock

frozen in liquid nitrogen and stored at -80 °C.

2.2.3.3 Protein quantification according to Bradford

The protein concentration was determined with the assay established by Bradford
(Bradford 1976). 1 ul of whole cell lysates or nuclear extracts were mixed with 100 pl of
0.15 M NaCl in disposable semi-micro cuvettes. To generate a standard curve, 1 pl of a
BSA dilution series was used for comparison. Finally, 1 ml of Bradford solution was added
and the extinction at 595 nm was measured using a spectrophotometer. Measurements
were made in duplicates and protein concentrations were calculated by dividing the

average extinction by the slope of the standard curve.
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2.2.3.4 Immunoprecipitation of endogenous proteins

2.2.3.4.1 Immunoprecipitation of endogenous LIN9

For immunoprecipitation (IP) of endogenous LIN9, 2.5 mg proteins in 500 pl TNN (with
1 mM DTT, 1 mM PMSF, and PIC 1:1000) were incubated with 1 ug of LIN9-antibody on
the rotating wheel overnight at 4 °C. 2% of the protein amount used for the IP were heated
in 3x ESB at 95 °C for 5 min and stored at -20 °C for later use as input material.

The next day, 30 pl of Protein G Dynabeads were added and incubated for 1.5 h at 4 °C
while rotating. Tubes were placed in a magnetic rack (DynaMag-2 magnet, Thermo
Fisher), the supernatant was discarded and beads were washed five times in 1 ml TNN
(with 2 mM DTT, 1 mM PMSF, and PIC 1:1000), each time for being 5 min in the cold
room on the rotating wheel. After the last step, samples were transferred to a fresh tube,
the remaining fluid was removed and beads were boiled in 3x ESB for 5 min at 95 °C.
Half of the supernatant containing the immunoprecipitated LIN9 was loaded together with

half of the input (25 ug) on 8% SDS-gels and used for immunoblotting LIN9.

2.2.3.4.2 Co-immunoprecipitation of B-MYB and YAP

For immunoprecipitation (IP) of endogenous proteins, 2 mg of nuclear extracts were used
per IP and brought to a volume of 500 pl with nuclei lysis buffer. The nuclear extracts were
further diluted 1:1 with 20 mM HEPES, pH 7.4 to a final volume of 1 ml containing
0.5mM DTT, 1 mM PMSF, 1:100 PIC, and 10 mM R-glycerophosphate.

Per IP and for pre-clearing (calculate 5 pul per IP + additional 5 ul), 25 ul Protein G
Dynabeads were added to a 1.5 ml tube. Beads were washed once for 5 min in 1 ml BSA
in PBS (5 mg/ml) on a rotating wheel at 4 °C. The tubes were placed into a magnetic rack
and the supernatant was removed. 1 ml BSA in PBS (5 mg/ml) and 2 pug antibody were
added to the beads used for IP and incubated in the cold room on a rotating wheel for 1 h.
In parallel, beads for pre-clearing were resuspended in BSA to reach the initial volume
and 5 pl of beads were added to 2 mg nuclear extracts in a volume of 1 ml. Samples for
pre-clearing were incubated in the cold room on a rotating wheel for 1 hour. Beads with
antibodies were washed with 1 ml BSA three times for 3 min in the cold room and, after
removal of the supernatant, pre-cleared lysates were added to the antibody-coupled
beads. Samples were incubated in the cold room on the rotating wheel for 4 h. Beads
were washed five times on the rotating wheel with 1 ml of a 1:1 mixture of nuclei lysis
buffer and 20 mM HEPES, pH 7.4 (with freshly added PIC 1:1000). After the last wash
step, beads in buffer were transferred into a fresh tube and placed into the magnetic rack.
The supernatant was aspirated completely, beads were centrifuged shortly and placed

back into the magnetic rack to remove the last remaining fluid using a P10 pipette.
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Beads were heated in 25 pl 3x ESB at 95 °C for 10 min and the supernatant containing
the denatured proteins was transferred to a fresh tube. In parallel, 6.25% (=125 ug) of the
protein amount used for the IP was heated in 3x ESB at 95 °C for 10 min and loaded as

input next to the IP samples on 10% SDS gels.

2.2.3.5 Immunoprecipitation of transient, exogenous proteins

For studying protein-protein interactions with co-immunoprecipitation (Co-IP) of transiently
expressed exogenous tagged-proteins, HelLa cells seeded at a density of 1.5 x 10° cells
per 10 cm cell culture dish were transfected with 15 pug plasmid DNA using calcium
phosphate (2.2.1.8) according to the following scheme:

Table 37: Transfection set-up for Co-IP of HA-tagged B-MYB and FLAG-tagged YAP

Plasmid #1 Plasmid #2
Internal .. | Internal Plasmid
. . Plasmid . :
Sample | plasmid | Plasmid name plasmid | Plasmid name amount
amount
no. no. [mg]
pCMV-2xFlag-
pcDNA4/TO-HA-
1 1159 BMYB 75ug | 1504 YAP 7.5 ug
pcDNA4/TO-HA- pcDNA3
2 1159 7.5 212 7.5
BMYB Hg (empty vector) HO
3 246 pBABE-H2B -GFP 15 g / / /

Cells were harvested two days after transfection. Whole cell lysates were prepared
(500 ul TNN/pellet) and protein concentration was determined as described in 2.2.3.3.
Per IP, 2.5 ug of FLAG-antibody (0.5 pl) was added to 2 mg protein in a volume of 500 pl
and incubated overnight at 4 °C on a rotating wheel. The next day, 30 pl Protein G
Dynabeads were added and incubated for 2 h on a rotating wheel in the cold room.
Next, the tubes were placed in a magnetic rack and the supernatant was aspirated.
Beads were washed by resuspending in 1 ml TNN (with freshly added 1 mM DTT, PIC
1:1000, 1 mM PMSF, and 10 mM R-glycerophosphate) and by incubating on a rotating
wheel in the cold room for 5 min. After five washing steps in total, beads were transferred
into a fresh. The supernatant was removed completely and the beads were heated in
50 ul 3x ESB at 95 °C for 5 min. In parallel, 2% of the protein amount (=40 ug) used for
the IP was heated in 3x ESB for 5 min and used as input material. After heating, tubes
with beads were placed back into the magnetic rack, the supernatant was transferred to a
fresh tube and both, input and IP, were stored at -20 °C until being used for SDS-PAGE

and immunoblotting.
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2.2.3.6 Proximity ligation assay (PLA)

Proximity ligation assay (PLA) was developed by Fredriksson and colleagues in 2002
(Fredriksson et al. 2002). Several years later, the company Olink Bioscience developed
Duolink immunoassay based on in situ PLA to study protein-protein interactions, making
PLA commercially available for the first time (Gullberg and Andersson 2010).

In PLA, cells fixed on microscopy slides are incubated with two primary antibodies specific
for the proteins, which are analyzed for their interaction with each other, e.g., antibodies
against YAP and B-MYB. These primary antibodies must be produced in two different host
species — such as mouse and rabbit — and are recognized by two Duolink species-specific
secondary antibodies, which are coupled to unique DNA strands. Only when secondary
antibodies are in close proximity (< 40 nm), the attached DNA strands can interact and will
be ligated to circle-forming DNA oligonucleotides. DNA circles are amplified by rolling-
circle amplification using a polymerase and are detected using complementary
fluorescence-labeled oligonucleotide probes. Single-molecule protein interactions result in
distinct fluorescent spots, which can be visualized using a fluorescence microscope
(Fredriksson et al. 2002; Soderberg et al. 2006; Gullberg and Andersson 2010).

For PLA, cells seeded in 18-well ibidi slides, were washed in PBS once and fixed for
10 min at RT in PSP. Fixed cells were washed two times shortly and one time for 3 min in
PBS and then, permeabilized for 5min at RT in PBS with 0.2% Triton X-100.
Subsequently, cells were rinsed twice in PBS and blocked in PBS with 3% goat serum
and 0.2% Tween 20 for 20 min at RT. The blocking solution was removed and cells were
incubated with primary antibody diluted in PBS with 3% goat serum and 0.2% Tween 20
overnight at 4 °C in a humidified chamber. The primary antibody solution was discarded
and slides were washed twice for 5 min in a 10 cm dish filled with PBS while slowly
shaking. Cells were incubated with 20 pl/well of the PLA Probe Anti-Mouse PLUS and
Anti-Rabbit MINUS diluted 1:5 in antibody diluent for 1 h at 37 °C in a humidified chamber.
Slides were then washed two times for 5 min in wash buffer A, before being incubated for
30 min at 37 °C with ligase (1 U/ul) diluted 1:40 in ligation buffer. Slides were washed two
times with wash buffer A for 2 min and incubated with polymerase (10 U/ul) diluted 1:80 in
amplification buffer for 120 min at 37 °C in a humidified chamber in the dark. To visualize
nuclei, cells were incubated with 20 pl Hoechst 33258 diluted 1:1000 in PBS for 5 min at
RT, washed twice with 1x wash buffer B for 10 min on the shaker and one additional time
with 0.01x wash buffer for 1 min. Wash buffer was removed completely, one droplet of
ImmuMount was added per well and slides were immediately analyzed by fluorescence

microscopy.
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2.2.3.7 Western Blot

2.2.3.7.1 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out
using the Min-PROTEAN 3 Cell system from Bio-Rad according to the instruction manual.
For casting SDS-gels, 8-15% separating gels were prepared as stated in Table 38 and
poured between a 1.5 mm spacer plate and a short plate, which were assembled in the
casting frame and fixed in the casting stand. The separating gel was overlaid with water
and allowed to polymerize completely. Water on top of the separating gel was removed,
the stacking gel (

Table 39) was poured on top of the separating gel and a 10- or 15-well comb was

inserted.

Table 38: Composition for 10 ml of 8-15% separating gel

Acrylamide percentage

Reagent 8% 10% 12% 15%
ddH.O 4.6 ml 3.8 ml 3.2ml 2.2ml
1.5M Tris pH 8.8 2.6 ml 2.6 ml 2.6 ml 2.6 ml
30% Acrylamide/ProtoGel | 2.6 ml 3.4ml 4.0ml 5.0 ml
20% (w/v) SDS 50 ul 50 ul 50 ul 50 ul
10% (wiv) APS 50 ul 50 ul 50 ul 50 pl
TEMED 5ul 5ul 5ul 5ul

Table 39: Composition for 5 ml stacking gel

Reagent Volume
ddH>0O 3.0ml
0.5 M Tris pH 6.8 1.25 ml
30% Acrylamide/ProtoGel 0.67 ml
20% (w/v) SDS 25 pl
10% (wiv) APS 25 pl
TEMED 25 ul

The polymerized gel was placed into the electrode assembly with the short plate facing
inwards, which was further assembled in the clamping frame. After putting everything into
the mini tank, the inner chamber of the electrode assembly and the lower chamber of the
mini tank were filled with 1x SDS-running buffer. The comb was removed, the wells rinsed
with buffer and samples were loaded onto the gel. The lid was placed on the mini tank and
connected to a power supply. Gels were run with constant amperage (35 mA per gel) for
lto2h.
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2.2.3.7.2 Immunoblotting

To transfer proteins from SDS gels onto Polyvinylidene fluoride (PVDF) membranes, the
Mini-Trans Blot system from Bio-Rad was used. The PVDF membrane was incubated in
100% methanol for 30 s, then placed into ddH>O for 2 min and finally equilibrated in
1x blotting buffer for 5 min. To prepare the membrane-gel-sandwich, the gel holder
cassette was placed in a box filled with 1x blotting buffer with the transparent side down.
The following pre-wetted layers were placed on the transparent side of the cassette in the
same order as they are listed here: fiber pad, three sheets of filter paper, PVDF
membrane, gel pre-equilibrated in blotting buffer, three sheets of filter paper, and a fiber
pad. The cassette was closed and placed into the electrode module inserted in the buffer
tank with the transparent cassette side to the red side and the black cassette side to the
black side of the electrode module. A frozen cooling unit was placed in the buffer tank and
the tank was filled with pre-cooled 1x blotting buffer. The lid was put on, connected to a
power supply and the transfer was conducted at 250 mA per blotting tank for 90 min.
Successful transfer of proteins onto the PVDF membrane was verified by staining the
membrane for a few minutes in Ponceau S solution and subsequent destaining with
ddH20. To detect proteins of interest using specific antibodies, non-specific binding was
first blocked by incubating the membrane in either 5% BSA or milk powder in TBS with
0.1% Tween 20 (TBS-T) for 1 hour at RT. The membrane was then incubated with the
primary antibody diluted in blocking solution overnight at 4 °C. The next day, the
membrane was washed three times for 5 min in TBS-T and incubated with the secondary
HRP-conjugated antibody diluted in blocking solution for 1 h at RT.

For whole cell lysates, either HRP-coupled Protein A (specifically used to detect primary
antibodies raised in rabbit) or HRP-coupled anti-mouse antibody was used. In case of
immunoprecipitated tagged-proteins (2.2.3.5), anti-mouse TrueBlot ULTRA antibody was
utilized to avoid immunoblotting of the denatured heavy and light chain of the antibody
used for immunoprecipitation and thus specifically detect the non-reduced primary
antibody used for immunoblotting. After three wash steps in TBS-T for 5 min, the
membrane was incubated in freshly prepared enhanced chemiluminescence (ECL)

solution for 1 min, packed in plastic wrap and exposed to X-ray films in a dark room.
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2.2.3.8 Chromatin-immunoprecipitation (ChIP)

Cross-linking and cell lysis

Cells were plated in 15 cm cell culture dishes and treated as appropriate. On the day of
harvest, dishes were placed on ice and proteins were cross-linked to DNA by adding
540 pl 37% formaldehyde dropwise to the medium (final concentration: 1%). Dishes were
then gently rocked at RT for 10 min before 2.5 ml of 1 M glycine was added to a final
concentration of 125 mM and incubated at RT for 5 min on a shaker. Cells were placed on
ice and rinsed twice with 20 ml ice-cold PBS. Subsequently, cells were scraped off in
5-8 ml ice-cold PBS with freshly added PMSF (1:100) and PIC (1:1000) and scraped cells
of several dishes were pooled in 50 ml falcon tubes. Cells were centrifuged at 1200 rpm
and 4 °C for 8 min and the pellet was resuspended in Lysis buffer | (3 ml per 5 x 107 cells)
containing freshly added PMSF (1:100) and PIC (1:1000). After an incubation of 20 min on
ice, all lysed cells were pooled and aliquots of 3 ml containing 5 x 107 cells were spun
down at 1200 rpm, 4 °C for 5 min. Supernatants were removed and pellets snap frozen in

liquid nitrogen were stored at -80 °C.

Fragmentation of chromatin by sonication

For sonication, one cell pellet was thawed on ice, resuspended in 1.5 ml Lysis Il buffer
(with 1:1000 PIC and 1:100 PMSF) and incubated on ice for 10 min. To shear DNA, lysed
nuclei were transferred to a 15 ml falcon tube from which the upper part was cut off at
around 12.5 ml. Tubes were placed in a beaker filled with ice and water and sonication
was performed for 15 min in total using a Branson Sonifier equipped with a microtip with
the following settings: 25% amplitude, 10 s ON and 45 s OFF (duration: 82.5 min per
sample/per 5 x 107 cells). After sonication, all samples were pooled, placed on ice in the
cold room and 60 pl were taken off to check the size of the chromatin. To do so, the
sample was centrifuged at max. speed for 15 min at 4 °C and 50 pl were transferred to a

new 1.5 ml tube.

Determination of DNA concentration and analysis of successful fragmentation

To reverse cross-links, 2 ul 5M NaCl and 1 pl RNase A (10 mg/ml) were added to the
sample and incubated overnight in a thermomixer at 65 °C and 550 rpm. Samples were
cooled down briefly to RT and incubated with 2 pl Proteinase K (10 mg/ml) at 45 °C for 2 h
while shaking at 550 rpm. DNA was purified by adding 1 ml peqGOLD TriFast Trizol
reagent and 200 pl chloroform. Samples were vortexed for 15 s and incubated at RT for
5 min. Centrifugation at 12,000 x g, 4 °C for 10 min separated the sample into three
phases. The upper aqueous phase was discarded and DNA was precipitated by adding

1 ml ice-cold 100% ethanol and 50 ul 3 M sodium acetate to the lower and interphase.
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Samples were inverted a few times and incubated at -80 °C for at least 30 min. Frozen
samples were centrifuged at maximum speed and 4 °C for 10 min and the resulting DNA
pellet was washed with 1 ml ice-cold 70% ethanol at max. speed, 4 °C for 5 min. Ethanol
was removed completely and the DNA pellet was air-dried for approx. 5min and
resuspended in 50 ul 1x TE buffer. DNA concentration was measured using a
NanoDrop2000. DNA fragment size was analyzed using agarose gel electrophoresis
(2.2.2.6). 20 pl of DNA was mixed with 5x loading buffer and loaded on a 1.2% agarose
gel. When the size of the fragmented DNA was between 150 and 300 bp, the sheared
chromatin stored overnight in the cold room was transferred to 2 ml tubes and centrifuged
at max. speed for 15 min. Supernatants of all samples were pooled and aliquots were

shap frozen in liquid nitrogen and stored at -80 °C.

Immunoprecipitation

For immunoprecipitation, 30 pl (ChiIP-gPCR) or 90 pl (ChlP-seq) Protein G Dynabeads
were washed three times with 1 ml BSA-PBS (5 mg/ml) using the DynaMag-2 Magnet
(Thermo Fisher). After the last wash step, BSA was removed and beads were
resuspended in 1 ml fresh BSA-PBS. Per IP, 3 ug (ChlIP-gPCR) or 9 ug (ChiP-seq)
specific primary antibody or non-specific IgG (as a negative control) was added and
incubated overnight on a rotating wheel in the cold room. Beads were washed with 1 ml
BSA-PBS three times and resuspended in 30 ul or 90 pl BSA-PBS. Chromatin (see Table
40 for amounts) diluted in 500-1000 pl Lysis Il buffer (PIC 1:1000, PMSF 1:100) was
added to the antibody-coupled beads and incubated on a rotating wheel in the cold room
for 6 h. For the input, 1% of chromatin used for the IP was transferred to a fresh tube and
stored at 4 °C.

Table 40: Chromatin amounts used for ChIP-gPCR and ChlIP-seq

Chromatin amount used for:

Cell line ChIP-gPCR ChiP-seq
KPL2 cells 80 ug (approx. 6.6 x 10° cells) 240 ug (approx. 2 x 107 cells)
MCF10A YAP5SA | 100 ug (approx. 1.4 x 107 cells) 250 ug (approx. 3.5 x 107 cells)

Afterwards, beads were washed three times with Wash Buffer | (PIC 1:1000, PMSF
1:100), three times with Wash Buffer Il (PIC 1:1000, PMSF 1:100) and another three times
with Wash Buffer Il (PIC 1:1000, PMSF 1:100) by incubating each time for 5 min on a
rotating wheel in the cold room. After washing one more time with 1 ml 1x TE Buffer (PIC
1:1000, PMSF 1:100), beads in 1x TE Buffer were transferred to a fresh 1.5 ml tube and

placed in the magnetic rack.
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The supernatant was removed completely and proteins were eluted from beads by
incubating two times with 250 pl freshly prepared Elution Buffer on a rotating wheel at RT

for 15 min each time.

Reversal of cross-links and DNA purification

16 Wl 5M NaCl (final concentration: 160 mM) and 1 ul 10 mg/ml RNase A (final
concentration: 20 pg/ml) were added to merged eluates (500 pl in total) and incubated first
at 37 °C for one hour and then at 65 °C overnight with shaking at 550 rpm to revert the
cross-links. The next day, 5.2yl 0.5M EDTA (final concentration: 5 mM) and 10.3 pl
10 mg/ml Proteinase K (final concentration: 200 pug/ml) were added and incubated at
45°C for 2 h. DNA was purified using the QIAquick PCR Purification Kit (Qiagen)
according to the manufacturer’s instructions and eluted in 50 yl EB buffer provided with
the kit. 1 ul of ChlP DNA was used in gPCR to analyze the enrichment of a certain DNA
region relative to the DNA input amount (% of input) as stated in 2.2.2.9.2.

2.2.4 Next-generation sequencing (NGS)

2.2.4.1 RNA-sequencing (RNA-seq)

For RNA-sequencing (RNA-seq), 25,000 KPL2 cells were seeded in triplicate on 6 cm cell
culture dishes in DMEM with 2.5 pg/ml puromycin. One day later, medium was replaced
by fresh medium containing 2.5 pg/ml puromycin and 10 nM 4-OHT. RNA was isolated 4 d
after starting 4-OHT treatment using the RNeasy Mini Kit with on-column DNase |
digestion from Qiagen as described in the manual. RNA quality was assessed using the
Experion Automated Electrophoresis System (Bio-Rad) with the Experion RNA StdSend
Analysis Kit as described by the manufacturer. RNA concentration was determined using
a NanoDrop2000 photometer. 500 ng RNA were used to generate cDNA libraries with the
NEBNext Ultra RNA Library Prep Kit for lllumina (NEB) together with the Poly (A) mMRNA
Magnetic Isolation Module (NEB) and the DynaMag-96 Side Magnet (Thermo Fisher).
Adapter ligation was performed using the NEBNext adapters for lllumina and the USER
enzyme provided with the NEBNext Multiplex Oligos for Illumina (Dual Index Primers Set
1; E7600) Kit. cDNA libraries were size-selected and purified using Agencourt AMPure XP
Beads (Beckman Coulter). Finally, cDNA libraries were enriched by 12 cycles of PCR
amplification using the i5/i7 Dual Index primers from the abovementioned kit and again
purified using Agencourt AMpure XP Beads. The complete protocol is outlined in detail in
the instruction manual of the NEBNext Ultra RNA Library Prep Kit for lllumina (NEB)
(#E7530).
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Library quality and concentration were assessed using the Experion Automated
Electrophoresis system with the DNA 1K Analysis Kit (Bio-Rad). Libraries were pooled
with each sample being present at an equimolar concentration (multiplexing) and were

sequenced on the NextSeq 500 platform (lllumina).

2.2.4.2 ChlP-sequencing (ChlP-seq)

Chromatin immunoprecipitation was performed as described in chapter 2.2.3.8.

Quantification of ChIP-DNA using PicoGreen

Purified ChIP-DNA (2.2.3.8) was quantified in duplicate using the Quant-iT PicoGreen
dsDNA Assay Kit (Thermo Fisher). 20x TE was diluted to 1x TE in nuclease-free water.
1x PicoGreen was prepared from the 200x PicoGreen stock using 1x TE and protected
from the light by covering with aluminum foil. For PicoGreen, 1750 pul for the standard
curve, 250 pl per sample/blank (EB buffer only), and 500 ul as backup were calculated.
For the standard curve, the lambda DNA (100 pg/ml) was diluted 1:50 with 1x TE to a final

concentration of 2 ng/pl. The following standard curve was prepared in 1.5 ml tubes:

Table 41: Standard curve for PicoGreen measurement

Final
Sample concentration DNA Ix TE
(ng/ml)
Standard 7 10 5ul of 2 ng/ul lambda DNA | 495 pl
Standard 6 4 220 yl  of Standard 7 330 ul
Standard 5 2 275yl of Standard 6 275 ul
Standard 4 1 275yl of Standard 5 275 pl
Standard 3 0.5 275yl of Standard 4 275 ul
Standard 2 0.1 100 uI of Standard 3 400 pl
Standard 1 0 oul 500 pl

Input DNA was diluted 1:10 using EB buffer from the QIAquick PCR Purification Kit
(Qiagen). 1 pl of diluted input DNA, undiluted ChIP DNA, and EB buffer (blank) was
brought to a final volume of 250 ul with 1x TE and mixed with 250 yl 1x PicoGreen.
200 pul/well of each sample were pipetted in duplicate into a black 96-well plate with
F-bottom (Greiner) and the fluorescence intensity was measured using the Tecan Infinite
M200 plate reader and the Tecan i-control software with settings stated in Table 42. DNA

concentrations were calculated using the standard curve.
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Table 42:Settings for PicoGreen measurement using the Tecan Infinite M200

Mode Fluorescence Top Reading
Excitation Wavelength 485 nm

Emission Wavelength 535 nm

Excitation Bandwidth 9 nm

Emission Bandwidth 20 nm

Gain 178 Optional (100%)
Number of Flashes 25

Integration Time 20 ps

Lag Time O ps

Settle Time 0ms

DNA library prep for ChIP-DNA

Quantified ChIP-DNA was diluted in EB buffer (QIAquick Kit) to a volume of 50 pl.
The NEBNext Ultra || DNA Library Prep Kit for lllumina (NEB) was used for generating
DNA libraries. In doing so, purified DNA was end-repaired (generation of blunted ends),
dA-tailed, ligated to lllumina adapters (single A 3’ overhangs will enable adapter ligation
with single T overhangs) and size selected using Agencourt AMPure XP Beads (150 bp).
Adapter-ligated DNA was amplified by PCR with i5 and i7 Index Primers included in the
NEBNext Multiplex Oligos for lllumina (Dual Index Primers Set 1; E7600) Kit.
Finally, PCR amplified DNA libraries were purified using AMPure XP beads. All steps
were performed as stated in the instruction manual from the NEB Kit (#E7645) with the

following DNA amounts, adapter dilutions, and number of PCR cycles:

Table 43: DNA amount, adapter dilution, and number of PCR cycles for DNA library prep of ChIP DNA

Number
Cell line ChIP sample DNA Adapter of PCR
amount | dilution
cycles
input (for LIN9 and YAP),
diﬁJteé 1:10 ) 2ng 1:25 13
LIN9 1ng 1:25 14
YAP 1ng 1:25 14
KPL2 input (for histone modifications),
diﬁJteé 1:10 ) 10ng 110 10
H3K4mel 10 ng 1:10 10
H3K4me3 10 ng 1:10 10
H3K27ac 10 ng 1:10 10
input, diluted 1:10 15ng |1:25 15
LIN9 1.5ng 1:25 15
B-MYB 1.5ng 1:25 15
MCF10A YAP5SA | YAP 1.5ng 1:25 15
H3K4mel 1.5ng 1:25 15
H3K4me3 1.5ng 1:25 15
H3K27ac 1.5ng 1:25 15
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DNA library size and concentration were analyzed using the Experion Automated
Electrophoresis system with the DNA 1K Analysis Kit (Bio-Rad) or the Fragment Analyzer
Automated CE System with the DNF-474 High Sensitivity NGS Fragment Analysis Kit
(1 bp — 6,000 bp) (Advanced Analytical) according to the manufacturer’s instructions.
Libraries were pooled to an equimolar ratio and subjected to lllumina NextSeq 500

sequencing.

2.2.4.3 Circular chromosome conformation capture sequencing (4C-seq)

Circular chromosome conformation capture followed by high-throughput sequencing
(4C-seq) is based on the original chromosome conformation capture (3C) technology
introduced by Dekker and colleagues in 2002 (Dekker et al. 2002). 3C and 3C-based
methods allow to analyze the nuclear organization and conformation of the chromosome
by identifying genome-wide interactions (Dekker et al. 2002; Stadhouders et al. 2013).
In contrast to 3C, 4C-seq does not require prior knowledge of the interaction loci and can
thus be used to identify all genomic sites interacting with a genomic site of choice
(viewpoint) (Splinter et al. 2012; Stadhouders et al. 2013). With the help of 3C and 4C,
distal enhancers, which can initiate transcription by getting in contact with promoters

through chromatin looping, can be identified (Stadhouders et al. 2012).

Cell lysis and nuclei preparation

4C-seq was performed as described previously with some modifications (Stadhouders et
al. 2013). MCF10A YAPS5SA cells were seeded on 15 cm cell culture dishes and treated
with 0.5 pg/ml doxycycline for 2 days. On the day of harvest, dishes were placed on ice
and cells were washed once in 20 ml ice-cold PBS. For cross-linking, cells were incubated
with 20 ml 1.5% formaldehyde in PBS for 10 min at RT while shaking slowly. 2.5 ml of 1 M
glycin was added to a final concentration of 125 mM and incubated at RT for 5 min.
Cells were washed once with ice-cold PBS and were scraped off in 3 ml ice-cold PBS
containing PIC (1:1000). The cell suspension of all dishes was collected in a 50 ml falcon
and cells were centrifuged at 1200 rpm and 4 °C for 5min. Cells were lysed by
resuspension in Lysis Buffer (3ml per 15cm dish) containing PIC (1:1000) by a
freeze/thaw cycle (frozen at -20 °C for 1 h/thawing on ice for 1 h) and by passing 20 times
through a 20G needle attached to a syringe. Nuclei were collected at 1200 rpm, 4 °C for

5 min, snap frozen in liquid nitrogen and stored at -80 °C.
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3C library preparation: first digestion, ligation, de-cross-linking, and DNA purification

Thawed nuclei were washed in 500 pl 1.2x restriction buffer (EcoRI or R buffer, Thermo
Fisher; see Table 44 for combinations of restriction enzymes), resuspended in 500 pl 1.2x
restriction buffer and incubated with 7.5 pl 20% SDS (final: 0.3% SDS) at 37 °C for 1 h
while shaking at 900 rpm. 50 pl of 20% Triton X-100 (final: 2% Triton X-100) was added
and incubated at 37 °C and 900 rpm for 1 h. 10 ul aliquots were taken from each sample
as undigested controls and stored at -20 °C. To the remaining sample, 400 U of EcoRI or
Hindlll (Thermo Fisher) was added and incubated overnight at 37 °C while shaking at
900 rpm. The next day, 10 pl were taken as the digested control and stored at -20 °C.
Samples were incubated with 40 pl of 20% SDS (final: 1.6% SDS) for 20 min at 65 °C,
900 rpm. Digested nuclei were transferred to 50 ml falcon tubes and 6.125 ml of 1.15x T4
ligation buffer (NEB) together with 375 pl of 20% Triton X-100 (final: 1% Triton X-100)
were added. Samples were mixed, distributed to 1.5 ml tubes and incubated on a
thermomixer at 37 °C and 450 rpm for 1 h. Samples were transferred back to a 50 ml
falcon tube and incubated with 20 pl T4 ligase (400 U/ul, NEB) for 4 h at 16 °C in order to
enable proximity ligation. To reverse cross-links, 30 pl of 10 mg/ml Proteinase K (300 ug
in total) was added. Falcon tubes were mixed by inverting and the sample was distributed
to 1.5 ml tubes and incubated overnight at 65 °C, 450 rpm. The next day, samples were
pooled in a 50 ml falcon tube and incubated with 30 pl of 10 mg/ml RNase A in a 37 °C
warm water bath for 30 min. DNA was purified using phenol-chloroform extraction and
precipitated with ethanol as described in steps 25 to 32 by Stadhouders et al. (2013).

Determination of digestion and ligation efficiency

To determine digestion efficiency, DNA was purified from 10 pl undigested and digested
control samples frozen at -20 °C as described in Box 2 of the Nature protocol written by
Hagege et al. (2007). Samples were mixed with 500 pl 1x PK buffer and 2 ul of 10 mg/ml
Proteinase K (20 ug in total) and incubated for 30 min at 65 °C. After equilibrating for a
few minutes at 37 °C, 1 pl of 1 mg/ml RNase A (1 ug in total) was added and incubated for
2h at 37 °C. Samples were mixed with 500 pl of phenol/chloroform/isoamyl alcohol
(25:24:1) and centrifuged at 16,100 x g at RT for 5 min. The supernatant was transferred
to a fresh 2 ml tube. 50 pl of 2 M sodium acetate, pH 5.6 was added before samples were
mixed with 1.5 ml 100% ice-cold ethanol and 2 pl of 20 mg/ml glycogen and placed at
-80 °C until frozen (about 1 h). Frozen samples were centrifuged at 16,100 x g at 4 °C for
20 min and the DNA pellet was washed with 500 ul 70% ice-cold ethanol at 16,1000 x g at
RT for 4 min. The pellet was air-dried (about 10 min) and resuspended in 20 pl ddH»O by
incubating at 37 °C for 15 min. The complete 20 pl of digested and undigested control

samples and 0.5 pl of the 3C library were analyzed on a 0.6% agarose gel.
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4C-seq library preparation: second digestion, ligation and DNA purification

To estimate DNA concentration, 0.25 and 0.5 ul of the 3C library were run on a 2%
agarose gel next to 250, 500, and 1000 ng of genomic DNA isolated from MCF10A
YAP5SA cells using the NucleoSpin Tissue XS Kit (Macherey-Nagel). 50 ug of the 3C
library were digested with 50 units of Nlalll or Haelll (NEB) in CutSmart buffer in a final
volume of 500 ul overnight at 37 °C. DNA was purified using phenol/chloroform and
precipitated with ethanol as stated in steps 36 to 43 of the Stadhouders et al. (2013)
protocol. Successful digestion was assessed by running 5 pl of the digested DNA
alongside 0.5 ul of the ligated 3C library on a 1.5% agarose gel. Digested DNA was
transferred to a 50 ml falcon tube, mixed with 1.4 ml of 10x T4 ligation buffer and 40 pl T4
DNA ligase (400 U/ul; NEB) and filled up with ddH2O to 14 ml. Ligation mixture was kept
overnight at 16 °C. The resulting 4C library was precipitated as described in steps 46 to
54 and purified using the QIAquick PCR Purification Kit (Qiagen) as described in the
manual. As one column can only bind a maximum of 10 ug DNA, 5 spin columns were
used for purification of the 4C library (50 pg in total). DNA was eluted using 30 pl 60 °C-
pre-warmed EB Buffer per column. Eluates of all 5 columns were combined and DNA

concentration was determined using the NanoDrop 2000.

4C-seq inverse PCR

To test primers for linearity and reproducibility, first, primers without P5/P7 Illumina
adapters were used in a 50 pl PCR with increasing amounts of the 4C-seq library (25, 50,
75, 100, 150, 200 ng) and were analyzed on 1.5% agarose gels. When primers were
tested successfully, 11 single PCR reactions each with 200 ng 4C DNA were set up per

sample using primers containing the P5/P7 lllumina sequencing adapters (see below).

Inverse PCR mix PCR conditions

ddH;0 35.2 ul Cycles
5x HF Buffer 10.0 ul 98 °C 30s 1
primer P5 [10 uM] 0.5 pl 98 °C 10s

primer P7 [10 pM] 0.5 ul 60 °C/ 64 °C 15s 35
dNTPs [2mM] 2.5l 72 °C 1 min

Phusion Hot Start 11 [2 U/pl] 0.3 pl 72°C 5min 1
4C DNA [200 ng/ul] 1.0 pl 4°C hold

Total volume 50.0 pl
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Table 44: Restriction enzymes, P5/P7 primers, and annealing temperatures for 4C-seq

Promoter Restriction enzymes | Primers for - doxy | Primers for + doxy | Annealing
1st 2nd P5 P7 P5 P7 temperature

AURKA | Hindlll Nlalll 2482 2484 2483 2484 64 °C

CDC20 | EcoRlI Nlalll 2479 2481 2480 2481 60 °C

KIF23 Hindlll Haelll 2491 2493 2492 2493 60 °C

MYBL2 Hindlll Nlalll 2488 2490 2489 2490 60 °C

Purification of 4C libraries using Qiagen columns and AMPure beads

All 11 PCR reactions were pooled and a 25 ul aliquot was removed for agarose gel
electrophoresis. The remaining solution of amplified 4C libraries was purified using two
QIAquick PCR purification spin columns and eluted in 50 pl ddH>O per column. Both 50 ul
eluates were pooled and further cleaned up by adding 1.8x volume of Agencourt AMPure
XP beads (Beckman Coulter). DNA was mixed with beads by pipette mixing for 10 times,
incubated at RT for 5 min and placed in a DynaMag-2 magnet for 2-5 min until the solution
was clear. While the tubes were placed in the magnetic rack, the cleared solution was
aspirated, 750 pl 70% ethanol was added to the tube and incubated for 30 s. This step
was repeated one more time. Ethanol was removed completely and, while in the magnetic
rack, beads were air-dried with open lid for a maximum of 5 min. Tubes were taken out
from the magnetic rack and beads were resuspended in 100 pl 0.1x TE buffer by pipetting
up and down 10 times and incubated for 2 min before tubes were placed back in the
magnetic rack. After 5 min, the eluate became clear and was transferred to a fresh tube.
To verify successful removal of potential primer dimers, 5 ul of the purified 4C material
was run on a 1.5% agarose gel alongside the 25 pl of unpurified 4C library that was
removed in the beginning. The 4C libraries were sequenced on an Illumina NextSeq 500

sequencer.

2.2.5 Animal experiments

All animal experiments were carried out according to German law and were approved by
an institutional committee (Tierschutzkommission der Regierung von Unterfranken).
Mice were maintained on a C57BL/6 background. K-Ras'St-612D* and conditional p53"f
mice have been described before (Marino et al. 2000; Jackson et al. 2001) and were
obtained from the NCI Mouse Repository, Bethesda, MD, USA.

The K-Ras'S-¢12D gllele of K-Ras'S-¢12P* mice contains a missense mutation at codon 12
(G12D) resulting in decreased GTPase activity and thus constitutive K-RAS signaling. The
expression of K-Ras G12D is under the control of a stop sequence, which prevents gene
expression and is flanked by loxP sites, collectively referred to as the Lox-Stop-Lox (LSL)
cassette (Lakso et al. 1992; Jackson et al. 2001).
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This LSL cassette is inserted into intron 0 upstream of the transcription start site (TSS).
As the LSL cassette prevents gene expression of K-Ras and K-Ras null mice are
embryonic lethal, mice have to contain a wild-type K-Ras allele in addition to the
K-RasS-C120 gllele. The p53 allele of p53™"" mice encodes the wild-type p53 but exons 2
to 10 are flanked by loxP sites (Johnson et al. 1997; Jackson et al. 2005).

2.2.5.1 Infection of mice with Cre-encoding lentivirus

To infect K-Ras!S-612D*: 5311 mice with Cre-expressing lentiviral vectors by intratracheal
intubation, 8-12-week-old male and female mice were anesthetized with
Ketamine/Xylazine. For this purpose, 900 pl 0.9% NaCl were mixed with 75 pul Xylazine
and 225 ul Ketamine/Ketavet and 175 ul of this mixture per 25 g of body weight was
injected intraperitoneally into mice. Mice were then infected with PEG-precipitated and
titrated (chapters 2.2.1.11; 2.2.1.12; 2.2.1.13) Cre-expressing lentiviral vectors
(Ubc-shLuc-pgk-Cre; per mouse: 1x10°® TU dissolved in 60 ul PBS) by intratracheal
intubation as described previously (DuPage et al. 2009). Preparation of lentivirus and

infection of mice were performed in a Biosafety Level 2 (BSL-2) environment.

2.2.5.2 Preparation of lung paraffin sections

16 weeks after infection, mice were sacrificed by cervical dislocation and excised lungs
were fixed in 4% paraformaldehyde in PBS overnight at 4 °C. Lungs were washed twice in
PBS and once in 0.9% NaCl, each time for 10 min at RT on a rotating wheel.
Subsequently, tissues were dehydrated and embedded in paraffin according to the

following scheme:

50% ethanol 1h(RT)

70% ethanol 1 h (RT) or storage at 4 °C for several days/weeks
80% ethanol 1h (RT)

90% ethanol 1h (RT)

95% ethanol 1 h (RT) or overnight at 4 °C

100% ethanol 2 times, each 1 h (RT)

100% ethanol/Xylene (1:1) 1h (RT)

Xylene 2 times, each 1 h (RT)

Xylene mixed with Paraffin (1:1) lhat60°C

Paraffin at least overnight at 60 °C, changed 2-3 times

Tissues were embedded using a Microm EC 350 modular paraffin embedding center
(Thermo Fisher). Paraffin-embedded tissues were allowed to solidify at 4 °C and cut into
5 pum sections with a Hyrax M 40 rotary microtome. Sections were fixed to glass slides
overnight at 42 °C and stored at 4 °C.
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For H/E staining and immunohistochemistry, paraffin sections were allowed to reach RT

for 10-20 min before being deparaffinized and rehydrated as stated below:

Xylene | 10 min
Xylene Il 10 min
100% ethanol 3 min
95% ethanol 3 min
80% ethanol 3 min
70% ethanol 3 min
50% ethanol 3 min

Demineralized H,O (VE-H,0) 5 min

2.2.5.3 Hematoxylin and Eosin (H/E) staining

To visualize different tissue structures under the microscope, deparaffinized and
rehydrated (2.2.5.2) lung sections were stained with Hematoxylin and Eosin (H/E).
First, nuclei were stained in a blue to dark violet color using Hemalum solution acid
according to Mayer (Roth) for 8 min. After rinsing in running tap water for at least 15 min,
counterstaining of cytoplasm was performed in 0.1% Eosin Y solution supplemented with
1-2 drops of glacial acetic acid for 3 min. Sections were rinsed shortly in tap water and
dehydrated in 95% ethanol (3 min), 100% ethanol (3 min), Xylene | (10 min), and Xylene II

(20 min). Finally, sections were mounted with Roti-Histokitt.

2.2.5.4 Immunohistochemistry (IHC)

For staining of specific proteins in paraffin-embedded tissue, sections were first
deparaffinized and rehydrated as described in 2.2.5.2. Endogenous peroxidase activity
was blocked by incubating sections for 10 min in 3% H>O. in PBS followed by three
washing steps in PBS for 5 min each. Antigen retrieval was performed in 10 mM sodium
citrate buffer, pH 6.0 by boiling in a microwave for 6 min. Sections were cooled down to
RT for 30-45 min and rinsed three times in PBS for 5 min. Slides were blocked with
3% BSA in PBS-T (PBS with 0.1% Tween 20) for 1 h and incubated with primary antibody
diluted in blocking solution overnight at 4 °C in a humidified chamber. The next day, slides
were washed three times in PBS-T for 2 min each and incubated with HRP-coupled
secondary antibody (diluted in blocking solution) for 1-2 h at RT in a humidified chamber.
Slides were washed three times in PBS-T for 2 min and antigens were visualized using
3,3’-diaminobenzidine tetrahydrochloride (DAB) staining solution, which was prepared
freshly by mixing 4.5 ml Tris pH 7.5 with 250 pl 1% DAB (0.1 g DAB dissolved in 10 ml
ddH20, acidified with 200 pl 10 N HCI; stored in aliquots at -20 °C) and 250 pl 0.3% H20,.
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Slides were incubated with DAB for 10 min and afterwards, rinsed three times in ddH-»O
for 2 min. Nuclei were counterstained with Hemalum solution acid according to Mayer
(Roth) for 3 min followed by bluing under running tap water for at least 5 min. Sections
were dehydrated in 70% ethanol (2 min) for two times, 95% ethanol (2 min), 100% ethanol
(2 min) and in Xylene (5 min) for two times. Sections were air-dried shortly and mounted

with Roti-Histokitt. Visualization was done using the Nikon Eclipse TS100 microscope.

2.2.6 Data acquisition and statistical analysis

2.2.6.1 RNA-seq analysis

Analyses of RNA-seq data were performed by Susanne Walz (Comprehensive Cancer
Center Mainfranken, Core Unit Bioinformatics, Biocenter, University of Wirzburg,
Wirzburg, Germany). Reads were mapped to Mus musculus reference genome mm210 or
the Homo sapiens genome Hg19 using TopHat v2.1.0 (Kim et al. 2013) with Bowtie v2.3.2
(Langmead and Salzberg 2012) and randomly subsampled based on the sample with the
smallest number of mapped reads. Weakly- and non-expressed genes were removed
(mean read count over all samples < 1) and edgeR (Robinson et al. 2010) was used to
identify differentially expressed genes. Gene set enrichment analysis (Broad Institute) was
performed as described previously (Subramanian et al. 2005) with 1000 permutations,
“Signal2Noise” metric of RNA-seq read counts per gene and a gene set size filter of
15-900. The “C2” gene set database from MSigDB was spiked with YAP signatures from
MSigDB “C6” (“Cordenonsi: YAP conserved signature”) as well as “YAP/TAZ” (Zhang et
al. 2009), “induced by YAP” (Zhao et al. 2008), “YAP” (Dupont et al. 2011), and “YAP
signature” (Zanconato et al. 2015).

2.2.6.2 ChlP-seq analysis

Analyses of ChlP-seq data were performed by Susanne Walz. Base calling was
performed with lllumina’s CASAVA software or FASTQ Generation software v1.0.0 and
overall sequencing quality was tested using the FastQC script. For ChIP-sequencing,
reads were mapped to the human (hg19) or murine (mm10) genome with Bowtie v1.1.2
(Langmead et al. 2009) with default parameters. Mapped reads were randomly
subsampled to the sample with the smallest number of mapped reads and peak calling for
transcription factors was performed with MACS v2.1.1 (Zhang et al. 2008) and
corresponding input samples as controls with variable *
Yap/YAP, 5 for Lin9/LIN9/B-MYB) and g-value cut-off (5.0e-2 for Yap/Lin9, 1.0e-3 for

LIN9/B-MYB, 1.0e-5 for YAP).

—keep-dup” settings (3 for
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Enrichments for histone modifications were determined using SICER v1.1 (Xu et al. 2014)
with a window size of 200 bp, gap size of 600 bp and a g-value cut-off of 1.0e-3. Enhancer
were defined by having an enrichment for H3K4mel overlapping with H3K27ac without
H3K4me3 enrichment and being at least 1 kb away from annotated transcriptional start
sites (TSS) of Ensembl genes (mouse: GRCm38.p6, human: GRCh37.p13). Open and
active promoters were defined by having an enrichment for H3K4me3 overlapping with
H3K27ac without H3K4mel enrichment and being in a region of + 1 kb around annotated
transcriptional start sites of Ensembl genes. H3K27ac enrichments and read density were
used to identify super-enhancers with the ROSE software (Loven et al. 2013; Whyte et al.
2013). For visualization, read density files in bedgraph format were generated using the
genomeCoverageBed function from BEDTools v2.26.0 (Quinlan and Hall 2010) and the
Integrative Genomics Viewer (Robinson et al. 2011). Heat maps and density profiles were
generated using DeepTools (Ramirez et al. 2016) and a resolution between 10 and
100 bp as indicated. To correlate LIN9 binding with gene expression changes, reads were
counted in a region +/- 1kb around TSSs of expressed genes with more reads in the LIN9
sample than in input controls (n=10,981). Genes were sorted based on log2FC (+ OHT vs
- OHT), grouped into 18 equally-sized bins and the mean of all bins was plotted. P-values
for Pearson’s correlation coefficients were calculated with two-tailed t-tests.

B-MYB occupancy was analyzed in a region of -100 to +400 bp around TSS and the
empirical cumulative distribution function was calculated using the R environment
(https://lwww.r-project.org). For the analysis of promoter-enhancer interactions, published
Hi-C data from IMR90 cells were used (Jin et al. 2013). Positions of “anchor” (TSS) and
“target” (enhancer) regions were converted to hg19 coordinates and overlapping “target”
regions with YAP (+ dox) peaks were identified. For each of these YAP-bound “targets”
the corresponding “anchor” was analyzed whether it is overlapping with LIN9 (- dox)
peaks, B-MYB is bound and how gene expression changes upon induction of YAP5SA.
Functional analyses of gene groups were done with DAVID v6.8 (Huang da et al. 2009)
using only gene ontology (GO) terms as database and functional clustering of enriched
GO terms. In box plots, the median is indicated, borders of boxes show the upper and

lower quartile and whiskers extend to 1.5 of the interquartile range.
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2.2.6.3 4C-seq analysis

The analysis of 4C-seq data was performed by Bjorn von Eyss (Leibniz Institute on Aging,
Fritz Lipmann Institute e.V., Jena, Germany). Reads were trimmed by removing the first
3 base pairs, which contain the sample-specific barcode. The publicly available software
w4CSeq (https://github.com/WGLab/w4CSeq) was used with default settings to analyze
4C-seq data and to identify intra- and inter-chromosomal interactions. Distal regions with
an adjusted P-value < 0.01 were considered to significantly interact with promoters of

indicated genes (Cai et al. 2016).

2.2.6.4 Analysis of human lung cancer data sets

Analysis of human lung cancer data sets was performed by Stefan Gaubatz (Theodor
Boveri Institute and Comprehensive Cancer Center Mainfranken, Biocenter University of
Wirzburg, Wiirzburg, Germany). Oncomine (www.oncomine.org) was used to analyze the
expression of B-MYB and to correlate it with genes regulated by YAP in a lung cancer
microarray data set (Garber et al. 2001). Correlation of survival with the expression of
certain genes in human lung cancer samples was done using the KM-plotter

(http://kmplot.com/analysis/) (Gyorffy et al. 2013).

2.2.6.5 Data availability

All ChIP- and RNA-sequencing data sets of this thesis have been deposited in NCBI's
Gene Expression Omnibus (Edgar et al. 2002) and are accessible through GEO Series
accession number GSE115787.
(https://www.ncbi.nIim.nih.gov/geo/query/acc.cgi?acc=GSE115787)

2.2.6.6 Statistical analysis

Unless indicated otherwise, data are presented as mean + standard deviation (SD).
Statistical tests were applied as indicated in the figure legends. In general, statistical
significance for the difference between two experimental groups was determined by
two-tailed Student’s t-test (unpaired t-test) or for more than two groups by one-way
analysis of variance (one-way ANOVA) with Tukey’s post-test. To compare the means of
two or more groups in response to two independent variables, the two-way ANOVA with
Bonferroni’s multiple comparison test was used. P values < 0.05 were considered
statistically significant. Asterisks are as follows:

*P < 0.05; P <0.01; P <0.001; P <0.0001. In case of P> 0.05 results are
labeled with ns (not significant). Statistical analyses were performed using the GraphPad
Prism 7.0c software (GraphPad Software, Inc., La Jolla, CA, USA).
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3 Results

3.1 Lung adenocarcinoma-derived cells are sensitive to the

loss of the MuvB core subunit LIN9

Using a well-characterized mouse model for non-small cell lung cancer (NSCLC) driven
by oncogenic K-RAS and loss of p53, our laboratory could show recently that MMB is
required for lung tumor formation in vivo (Jackson et al. 2005; lltzsche et al. 2017).
The loss of MMB by deleting Lin9, the gene encoding for the MuvB core subunit LIN9,
resulted in significantly smaller and less advanced tumors compared to tumors of control
mice harboring wild-type Lin9 alleles (lltzsche et al. 2017). Mice of this study contained a
conditional activatable K-Ras"-S-¢1?P allele, conditional loss-of-function p53 (p53"") alleles
and either wild-type (Lin9""*) or conditional loss-of-function (Lin9"™ alleles of Lin9 (lltzsche
et al. 2017) (Figure 4A). Activation of oncogenic K-RAS G12D by removal of the stop
sequence (ALSL) and loss of p53 and LIN9 by recombination of the loxP sites were
induced by infection of mice with adenovirus-expressing Cre-recombinase (Ade-Cre).
Lung tumors were dissected 13 weeks after tumor initiation and Lin9 PCR of dissected
lung tumors revealed the presence of a non-recombined (fl) next to the recombined (Afl)
allele of Lin9. To analyze the importance of MMB for the proliferation of lung cancer cells
in vitro, primary cell lines from dissected lung adenocarcinomas from K-Ras-S.-G120+:
p53"M: Lin9"" mice (KPL1 and KPL2) and from control K-Ras"S-¢120*: 53 | ing** mice
harboring wild-type alleles of Lin9 (KP1 and KP2) were established (lltzsche et al. 2017).

In first experiments of this thesis, KP and KPL cells were stably transduced with retroviral
hormone-inducible CreER™ recombinase. In this system, the bacteriophage P1
Cre-recombinase is fused to a mutated ligand binding domain of the human estrogen
receptor (ER). This mutation prevents binding of the natural ligand estradiol to the ER but
instead allows that CreER™ is efficiently activated by the synthetic ER antagonist
4-hydroxytamoxifen (4-OHT) leading to the dissociation of CreER™ from heat shock
proteins and its translocation into the nucleus (Feil et al. 1997; Fuhrmann-Benzakein et al.
2000). Treatment of KP and KPL cells with 10 nM 4-OHT for 3 days induced the
recombination and deletion of the second remaining floxed allele of Lin9 and the complete
loss of LIN9 protein expression in KPL1 and KPL2 cells as determined by genomic Lin9
PCR and immunoblotting of immunoprecipitated LIN9 (Figure 4B and C).
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Importantly, 4-OHT treatment did not affect the wild-type Lin9 allele status or LIN9 protein
expression in KP1 and KP2 cells. As expected, genomic PCR of K-Ras alleles revealed
the presence of one wild-type (wt) K-Ras and one recombined (ALSL) K-Ras®!?® allele in
KP and KPL cells (Figure 4D).

In order to investigate whether the complete deletion of Lin9 influences the growth and
proliferation of KPL cells, KP control and KPL cells were seeded at low density and
treated with 10 nM 4-OHT for up to 10 days. Cells were harvested and stained with crystal
violet 6 h after seeding (represents control time point “0O days”) and 2, 4, 6, 8, and 10 days
after starting treatment with 4-OHT. As shown in Figure 4E and F, Cre-induced Lin9
deletion upon 4-OHT treatment strongly impaired the proliferation of KPL1 and KPL2 cells,
whereas 4-OHT treatment did not affect the proliferation of control KP1 and KP2 cells
harboring wild-type Lin9 alleles.

Immunofluorescent staining of tubulin and counterstaining of nuclei with Hoechst in KPL
cells treated with 10 nM 4-OHT for 3 or 6 days to induce Lin9 deletion revealed several
cellular abnormalities indicative of cytokinesis failure (Figure 5A, C, D). Almost 100% of
KPL1 and KPL2 cells were mononucleated without 4-OHT treatment, whereas the number
of mononucleated cells strongly decreased to approx. 60% upon treatment with 4-OHT for
3 days (Figure 5C). About 40% of KPL cells became either binucleated or mega-
multilobed when treated with 10 nM 4-OHT for 3 days. The number of cells with nuclear
abnormalities even increased to 63% (KPL1) and 54% (KPL2) when KPL cells were
treated with 10 nM 4-OHT for 6 days in total. Importantly, these effects can be specifically
assigned to the loss of Lin9, since the 4-OHT treatment of control KP cells did not alter the
phenotype of KP cells, thereby excluding Cre-mediated unspecific effects (Figure 5B-D).
Together, these findings confirm that the MuvB core subunit LIN9 is essential for the

proliferation and proper progress through mitosis and cytokinesis of lung cancer cells.
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Figure 4: Proliferation defects in KPL cells upon the loss of LINO.

(A) Scheme of the conditional activatable allele of oncogenic LSL K-Ras G12D and conditional loss-of-
function alleles of p53 (p53fl) and Lin9 (Lin9fl). (B-D) KP cells (established from dissected lung tumors of K-
RagtSL-6120/+: n53flfl: | ing** mice) and KPL cells (from dissected lung tumors of K-Ras!St-6120/+; n53ffl. | jngfi/
mice) stably transfected with retroviral 4-OHT-inducible CreER™ recombinase were left untreated or treated
with 10 nM 4-OHT for 3 days. (B) Genomic PCR to verify the Lin9 allele status; wt, wild-type Lin9 allele; fl,
non-recombined Lin9 allele; Afl, recombined Lin9 allele. (C) Analysis of LIN9 protein levels by
immunoprecipitation (IP) followed by immunoblotting. 2% of the protein amount used for the IP was taken to
determine B-ACTIN levels as a loading control. (D) Genomic PCR of K-Ras. LSL, non-recombined K-Ras®'?P
allele; ALSL, recombined K-Ras®?P allele; wt, wild-type K-Ras®?P allele. K-Ras PCR of genomic DNA
isolated from the tail of a K-Ras'S-"¢120/* mouse was used as a control. (E,F) KP and KPL cells were seeded at
low density and left untreated or treated with 10 nM 4-OHT for 10 days. Cells were fixed and stained with
crystal violet. (E) One representative example. (F) Quantification of crystal violet staining. Means of three
replicates are shown. Error bars represent SD. Statistics was done using the Student’s t test, two-tailed,;

P <0.01; *P < 0.001
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Figure 5: Loss of LIN9 in KPL cells results in several nuclear abnormalities.

(A-D) KPL and KP cells were treated with 10 nM 4-OHT for 3 days (A-C) or 6 days (D). Cells were fixed and
stained with a Tubulin-specific antibody (green). Nuclei were counterstained with Hoechst 33548 (blue).
(A) Representative examples of immunofluorescence stainings of KPL1 and KPL2 cells. Scale bars: 25 um.
(B) Representative examples of immunofluorescence stainings of control KP1 and KP2 cells. Scale bars:
25 um. (C-D) Quantification of mitotic defects in KPL and KP cells treated with 10 nM 4-OHT for 3 days (C) or
6 days (D). Per condition, 500-800 cells were counted.
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3.2 LIN9-dependent genes overlap with several signatures of

YAP-regulated genes

To identify the MMB-dependent transcriptome in lung adenocarcinoma-derived cells and
to analyze the cause of the Lin9 deletion phenotype at the transcriptional level, RNA was
isolated from KPL2 cells incubated with or without 10 nM 4-OHT for 4 days to delete Lin9.
cDNA libraries were generated and subjected to next-generation sequencing.
This revealed the identification of 795 genes, which were differentially expressed between
control (-OHT) and Lin9-deleted (+OHT) cells (Figure 6A). Of these 795 genes, 323
genes were upregulated in Lin9-deleted cells, indicating that these genes are normally
repressed by LIN9. However, with 472 genes, the majority of genes were downregulated
upon Lin9 deletion and thus identified as genes generally activated by LIN9.

To analyze which of these regulated genes are direct targets of MMB through promoter
binding, genome-wide binding analyses were performed. KPL2 cells treated without or
with 10 nM 4-OHT for 3 days were used for ChIP with a LIN9-specific antibody followed by
next-generation sequencing (ChIP-seq). Intersecting RNA-seq with ChIP-seq data
revealed that LIN9 occupancy at promoters significantly correlates with gene regulation as
indicated by a Pearson’s correlation coefficient r of -0.94 and a P-value smaller
than 0.0001 (Figure 6B). To be more specific, LIN9 was enriched at promoters of genes
whose expression was decreased upon 4-OHT-induced Lin9 deletion, indicating that
these genes are normally activated by LIN9. Furthermore, gene ontology (GO)-term
analysis showed that the 1000 strongest LIN9-activated genes are mainly involved in cell
cycle regulation and mitosis (Figure 6C). In contrast, the 1000 strongest LIN9-repressed
genes have other functions not related to cell cycle or mitosis such as ion or
transmembrane transport (Figure 6D). The strong downregulation of genes involved in
mitosis and cytokinesis might explain the strong mitotic defects that have been observed
as a result of Lin9 deletion (Figure 5). Moreover, the much higher number of LIN9-
activated (472) than -repressed genes (323) and the much stronger binding of LIN9 to the
promoters of activated genes than to the promoters of repressed genes indicate that in
KPL2 cells the MuvB core mainly exists as the activator MMB complex bound to B-MYB
(Figure 6A, 6B).

For further analysis, Gene set enrichment analysis (GSEA) of differentially expressed
genes between untreated and 4-OHT-treated Lin9-deleted KPL2 cells was performed with
the C6 oncogenic gene sets from the Molecular Signatures Database (MSigDB) of the
Broad Institute. C6 contains 189 gene sets of pathways, which are often dis-regulated in

cancer (Subramanian et al. 2005; Liberzon et al. 2011).
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Unexpectedly, this GSEA analysis revealed that LIN9-dependent genes are significantly
enriched for an evolutionary conserved signature of genes regulated by the Hippo
pathway effector YAP, which was described by Cordenonsi et al. (2011) (Figure 7A, 7B).

r=-094

+ OQHT - OHT g P = 6.459¢-09
1 3 2 1 2 3 replicate

vs)

(o2}

=]
)

+OHT
-OHT
+OHT

'OHT]LINQ

input

'
I
I
bt L] |
I

Y
o
1

4
g
’

A X} 1
-
%o

LANN

I
I A °

323)
S

occupancy [counts/kb]

1.0 05 0.0 05 10
regulation: +OHT vs -OHT [log2FC]

repressed (n

c cell cycle
cell division

mitotic nuclear division

spindle pole

microtubule

microtubule binding

midbody

cytoskeleton

kinesin complex

microtubule motor activity
microtubule-based movement
mitotic spindle

spindle

spindle microtubule

chromosome segregation

mitotic cytokinesis

protein kinase binding

condensed chromosome, centromeric region
chromosome, centromeric region
microtubule cytoskeleton
chromosome

mitotic sister chromatid segregation
mitotic metaphase plate congression
2 cytoplasm
spindle organization

activated (n=472)

8 12
0 -0g10(FDR)

o
=

row Z-score

_2 axon
neuronal cell body

ion transport

sodium ion transport

extracellular region

metal ion binding

transmembrane transport

8 12
-og10(FDR)

o
N

Figure 6: Mitosis- and cell cycle-related genes are directly regulated by MMB.

(A) RNA of three replicates was isolated from untreated KPL2 and KPL2 cells treated with 10 nM 4-OHT for
4 days and subjected to RNA-seq. Heat map documenting gene expression changes after 4-OHT-induced
knockout of Lin9. Median-centered expression of significantly regulated genes (FDR g-value <0.01) was used
for hierarchical clustering of samples. Blue represents low expression, red high expression. (B) KPL2 cells
treated with 10 nM 4-OHT for 3 days were used for ChlIP-seq to identify genome-wide LIN9 binding sites. Bin
plot showing correlation of gene expression changes and LIN9-binding at transcriptional start sites (TSS) after
4-OHT-induced Lin9-deletion. 10,981 genes were sorted based on log2FC and binned in 18 equally-sized bins
(600 genes per bin). Dashed lines show regressions using linear models with r, Pearson’s correlation
coefficient and the corresponding P-value determined using a two-tailed Student’s t-Test. (C) Gene ontology
analysis of 1000 strongest LIN9-activated genes. Enriched GO terms with a false discovery rate (FDR) <0.25
are shown. (D) Gene ontology analysis of 1000 strongest LIN9-repressed genes. Enriched GO terms with
FDR<0.25 are shown.
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Notably, out of 56 conserved YAP target genes, 17 (30%) genes were found to be also
activated by LIN9 in KPL2 cells including several well-described MMB target genes such
as Cenpf, Cdc20, and Top2a (Figure 7B). Further GSEA analyses with the C2 curated
gene sets from MSigDB spiked with several previously published YAP-regulated gene
sets showed the enrichment of several mitosis, G2/M, and cell cycle signatures as
expected but also confirmed the overlap between LIN9-regulated and YAP-regulated
genes (Figure 7C, 7D). Several well-characterized signatures of YAP-induced genes
described by Zhao et al. (2008), Zhang et al. (2009), Cordenonsi et al. (2011), Dupont et
al. (2011), and Zanconato et al. (2015) were significantly downregulated upon Lin9-
deletion as indicated by the negative enrichment score (NES) (Figure 7C, 7D).

To validate the results obtained from RNA-seq, RNA was isolated from KPL2 cells treated
with 10 nM 4-OHT for 4 days. qPCR experiments showed that the expression of multiple
YAP target genes with known functions in cell cycle regulation and mitosis is dependent
on LIN9 because their expression was significantly decreased when deleting Lin9
(Figure 8A). Importantly, the expression of YAP target genes that do not have a direct
function in mitosis such as Axl or Cyr61 was not reduced by Lin9 deletion.

RNA interference-mediated knockdown of Yap and Taz using specific siRNAs resulted in
a strong reduction in protein levels of YAP and TAZ in KPL2 cells (Figure 8B). Expression
analyses by qPCR confirmed that mitotic genes from the Cordenonsi signature are
dependent on YAP and TAZ because their expression significantly decreased upon
depletion of Yap/Taz (Figure 8C) (Cordenonsi et al. 2011). Additionally, the level of
several genes that are not part of the Cordenonsi signature but are known direct MMB
target genes such as Aspm or Nusapl also significantly dropped when Yap/Taz were
depleted. Non-mitotic well-known YAP target genes such as Axl and Cyr61 were also
reduced upon Yap/Taz depletion (Zanconato et al. 2015).

To exclude that the regulation of common genes by YAP and MMB is restricted to murine
cells, human A549 lung cancer cells were treated with the small molecule verteporfin,
which disrupts the interaction between YAP and its DNA-binding partner TEAD, thereby
inhibiting YAP-dependent gene expression (Liu-Chittenden et al. 2012; Zhang et al.
2015a). Verteporfin treatment significantly decreased the expression of the well-known
YAP-target gene CTGF and of MMB target genes (e.g., KIF23 and NUSAP1), indicating
that the regulation of common genes by YAP and MMB is not species-specific and occurs
in both, mouse and human (Figure 8D). Although Lin9 expression was neither influenced
by Yap/Taz depletion in KPL2 cells nor by verteporfin treatment of A549 cells, the
expression of Mybl2/MYBL2, the gene encoding for B-MYB, was significantly reduced
under both experimental conditions (Figure 8C, 8D).
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Figure 7: LIN9-dependent genes overlap with several YAP-regulated gene signatures.

(A) GSEA analysis of RNA-seq data from Figure 6 was done using the C6 oncogenic gene sets from
MSigDB. Enrichment plot of the YAP conserved signature described by Cordenonsi et al. (2011) is shown.
NES, normalized enrichment score; FDR, false discovery rate. (B) Heat map showing the expression of YAP-
conserved Cordenonsi signature genes in control (-OHT) and Lin9-deleted (+OHT) cells. Blue represents low
and red represents high expression. Black boxes to the left of the gene list indicate binding of YAP or LIN9 in
the promoter (-/+ 1 kb of TSS) of the corresponding gene as analyzed by ChIP-seq (see chapter 3.5).
(C) GSEA analysis was performed with the C2 curated gene sets from MSigDB spiked with several previously
published YAP-regulated gene sets. Gene sets of YAP-induced genes are repressed upon 4-OHT-induced
Lin9-deletion as indicated by the negative NES. (D) Enrichment plot from GSEA analyses shown in (C) of a
YAP signature described by Zanconato et al. (2015). For detailed information about the GSEA method see
Subramanian et al. (2005).
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This decreased expression of Mybl2 could contribute to the reduced expression of mitotic
genes upon YAP inhibition and suggests that Mybl2 itself could be a target gene of YAP.
Collectively, these findings showed that YAP and MMB co-regulate a set of genes whose
protein products fulfil important functions during mitosis and thus revealed a so far

unknown overlap between the MMB complex and the Hippo pathway effector YAP.
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Figure 8: MMB and YAP regulate an overlapping set of genes with functions in mitosis.

(A) KPL2 cells were treated with 10 nM 4-OHT for 4 days. mRNA expression in 4-OHT treated Lin9-deleted
cells relative to the mRNA expression in untreated control cells was analyzed by gPCR. (B) Protein lysates of
KPL2 cells transfected with a control siRNA (siCtrl) or a mix of siRNAs directed at Yap and Taz (siY/T) were
generated 3 days after siRNA transfection. Immunoblots of YAP/TAZ and B-ACTIN as a loading control are
shown. (C) KPL2 cells were transfected with siCtrl or siY/T and incubated for 2 days. q°PCR was done to
determine the mRNA expression of Y/T-depleted cells relative to mRNA expression of control siRNA-
transfected cells. (D) Human lung cancer A549 cells were either treated with DMSO (control) or 7.5 uM
verteporfin (VP) for 24 h. mRNA expression in VP-treated cells was analyzed relative to the expression in
control DMSO-treated cells. Hprt (A, C) or TBP (D) expression was used for normalization. Means of three
independent experiments, each measured in technical replicates, are depicted. Error bars represent standard
error of the mean (SEM). Statistical significance was assessed using the Student’s t-test, two-tailed.
*P <0.05, P <0.01; *™P <0.001; *P < 0.0001; ns, not significant, P > 0.05. (A, C, D) Experiments
performed by Eva Rihl (B.Sc. student).
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3.3 Lin9 deletion does not alter protein levels and nuclear

localization of YAP

In the canonical Hippo signaling, YAP activity and hence gene transcription of YAP-
dependent genes is regulated by LATS1/2 kinases through affecting the protein stability
and subcellular localization of YAP (Zhao et al. 2007; Yu et al. 2015). Thus, one possibility
how LIN9 influences YAP-dependent gene expression might be by affecting the protein
stability or subcellular localization of YAP e.g., by influencing the phosphorylation of YAP
by upstream kinases.

However, immunoblotting of control and Lin9-deleted KPL2 cells showed no difference in
YAP protein levels cells (Figure 9A). This is in line with the mRNA expression analysis in

Figure 8A showing that Lin9 deletion has no influence on Yap expression at mRNA level.
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Figure 9: Protein levels and nuclear localization of YAP are not affected by Lin9 deletion.

(A) KPL2 cells were treated with 10 nM 4-OHT for 3 days to induce Cre-mediated Lin9 deletion. Whole cell
lysates were used for immunoprecipitation followed by immunoblotting of LIN9. Input samples were used for
immunoblotting of YAP and R-ACTIN (loading control). (B) KPL2 cells were treated with 10 nM 4-OHT for 2 or
3 days. Cells were fixed and immunostained with anti-Tubulin (Green) and anti-YAP (red) antibodies. Nuclei
were counterstained with Hoechst (blue). Scale bars: 25 um. (C) Test for the specificity of the YAP antibody
used in (B). KPL2 cells were transfected with control siRNA (siCtrl) or a mix of Yap and Taz-directed siRNAs
(sivap/Taz). Two days later, cells were fixed and stained with anti-Tubulin (green) and anti-YAP (red)
antibodies. Nuclei were stained using Hoechst (blue). Scale bars: 25 um. Cell seeding, transfection, and IF-
staining (B-C) were performed by Ashley Curran.
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Additionally, immunofluorescent staining of YAP revealed the presence of similar levels of
nuclear-located YAP in both control and Lin9-deleted KPL2 cells (Figure 9B).
Specificity of the YAP antibody was verified by the loss of immunofluorescent YAP
staining in Yap/Taz-depleted cells (Figure 9C). Together these results confirm that the
effects of Lin9 deletion on YAP-dependent gene expression do not result from

degradation or nuclear exclusion of YAP.

3.4 Overexpression of YAP can partially rescue the phenotype

of Lin9-deleted cells

As both MMB and YAP regulate similar genes important for mitosis, the question arose
whether YAP overexpression might be able to prevent Lin9-deleted KPL cells from
developing mitotic defects and becoming nuclear abnormal.

To address this question, KP and KPL cells either untreated or treated with 10 nM 4-OHT
for 24 h to delete Lin9 were transfected with an empty control vector (ev), a FLAG-tagged
wild-type YAP (YAPwt) or a FLAG-tagged constitutively active YAP5SA expressing
construct. In the YAP5SA construct, five serine residues in the HXRXXS consensus motif
for LATS1/2 phosphorylation are mutated to alanine. These mutations make YAP5SA
resistant to the phosphorylation-mediated inhibition by LATS1/2 kinases and thus prevent
the nuclear exclusion and degradation of YAP (Zhao et al. 2007).

Both YAPwt and YAP5SA were expressed in control and 4-OHT treated KPL2 cells at
equal levels as verified by immunoblotting (Figure 10C). Immunofluorescent staining
revealed an increase of mega-multilobed cells in empty vector transfected KPL1 and
KPL2 cells from less than 2% in untreated cells to about 60-70% in 4-OHT-treated
Lin9-deleted cells (Figure 10A, 10B). Notably, in KPL1 and KPL2 cells transfected with
either YAPwt or YAP5SA the percentage of nuclear abnormal cells upon 4-OHT treatment
was reduced by almost 50% on average when compared to empty vector transfected
cells. Upon loss of Lin9 only 24% of KPL1 cells remained mononucleated and 71% KPL1
cells became multi-megalobed. However, the expression of YAPwt or YAPS5SA
significantly increased the number of mononucleated Lin9-deleted cells to 51-56% and
reduced the number of mega-multilobed cells to 37-42%. Conversely, neither the 4-OHT
treatment nor the overexpression of YAP constructs changed the mononucleated
phenotype of wild-type Lin9 expressing KP1 and KP2 cells (Figure 10B). Importantly,
YAP overexpression did not interfere with the Cre-mediated deletion of the second
remaining Lin9 allele in KPL2 cells (Figure 10D). Together, these findings indicate that

YAP overexpression can partially rescue the Lin9-deletion phenotype.
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Figure 10: YAP can partially rescue the phenotype of LIN9 loss in KPL2 cells.

(A-D) KP and KPL cells untreated or treated with 10 nM 4-OHT for 24 h were transfected with an empty
control vector (ev), FLAG-tagged wild-type YAP (YAPwt), or FLAG-tagged constitutively active YAP (YAP5SA)
alongside with a GFP expression vector (green). 48 h after transfection, cells were harvested. (A) KP and KPL
cells were fixed and immunostained using a Tubulin-specific antibody (red). Nuclei were counterstained using
Hoechst (blue). Green: GFP. Scale bars: 25 um. Representative microscopic images of KPL1 cells are shown.
(B) Quantification of mono-, binucleated, and mega-multilobed cells described in (A). Bar diagram shows one
experiment of KP1 and KP2 cells. Results of KPL1 and KPL2 cells are represented as the mean and SD of
3 independent experiments. Per experiment and per condition >500 GFP-positive cells were counted. Scale
bars: 25 pm. Statistical significance (***P < 0.001; ****P < 0.0001; ns, not significant, P > 0.05.) for differences
in the amount of mononucleated cells was assessed by one-way ANOVA with Tukey's post-test.
(C) Immunoblots of KPL2 cells using an anti-FLAG antibody to verify equal YAP expression levels. R-ACTIN
was used as a loading control. (D) Genomic DNA of KPL2 cells was isolated and used for PCR to show the
4-OHT-induced deletion of the remaining Lin9 allele from fl to Afl.
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3.5 YAP-regulated genes are direct targets of MMB

To analyze whether LIN9 and YAP have overlapping binding sites and whether the loss of
Lin9 affects the genome-wide binding of YAP, control and 4-OHT-induced Lin9-deleted
KPL2 lung adenocarcinoma-derived cells were used for ChiP-seq of YAP and LINO.
Moreover, in order to identify whether LIN9 and YAP peaks are located at promoter or
enhancer sites, ChlP-seq was performed with antibodies specific for histone 3 (H3), lysine
4 (K4), mono- (mel) (H3K4mel) or trimethylation (me3) (H3K4me3) and H3, lysine 27
(K27), acetylation (H3K27ac).

Whereas promoters are located immediately upstream (at the 5 end) of the TSS,
enhancers can be located upstream, downstream, or even within the target gene or
another neighboring gene. Enhancers can be located only a few or even thousands of kilo
base pairs (kb) away from the TSS of a gene and can activate gene expression over long
distances by interacting with promoters via chromatin looping (Heintzman et al. 2007;
Stadhouders et al. 2012; Calo and Wysocka 2013). Therefore, enhancers cannot be
detected as easily as promoters by their distance to the TSS. Enhancers further differ
from promoters in the methylation status of H3K4. Whereas promoters are known to have
high levels of H3K4me3, enhancers are associated with high levels of H3K4mel and low
levels of H3K4me3. Further, H3K27 acetylation of both promoters and enhancers is linked
to increased activity and H3K27ac is widely used to distinguish between active
(high H3K27ac levels) and inactive/poised (low H3K27ac levels) enhancer elements
(Creyghton et al. 2010; Calo and Wysocka 2013).

First, to identify the genome-wide distribution of LIN9 and YAP binding in KPL2 cells, the
localization of all LIN9 (3780) and all YAP (1431) peaks was analyzed relative to the TSS
of annotated genes (Figure 11A). This analysis revealed that YAP and LIN9 bind to
different genomic sites. Only 27% of LIN9 binding sites were found in gene bodies or
between genes (intergenic), whereas with 76% the majority of YAP peaks were located
either intergenic or in gene bodies. With 72% of LIN9 peaks being located in promoters or
immediately downstream of the TSS, LIN9 predominantly binds close to the transcription
start sites (within + 1 kb of the TSS).

To analyze the binding of YAP and LIN9 to promoter, enhancer, and super-enhancer
sites, ChlIP-seq of histone modifications in KPL2 cells was used to define those regions
(Figure 11B). Promoters were defined by the presence of H3K4me3 within a distance of
+ 1 kb to the TSS, the presence of H3K27ac, and the absence of H3K4mel. In contrast,
enhancers were defined by the presence of H3K4mel outside a distance of + 1 kb to the
TSS, the presence of H3K27ac, and the absence of H3K4me3.
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Finally, to predict super-enhancers, a term which describes several enhancers in close
genomic proximity to each other, the aforementioned enhancer definition together with the
H3K27ac distribution and the Rank Ordering of Super-Enhancers (ROSE) algorithm
developed by the laboratory of Richard A. Young were used (Hnisz et al. 2013; Whyte et
al. 2013; Pott and Lieb 2015). Unlike LIN9 binding sites, which with more than 50% were
mostly localized in promoter regions, only 11% of YAP binding sites were found directly in
promoters. Instead, the majority of YAP peaks (approx. 30%) were located either in super-

enhancer or enhancer regions (Figure 11B).
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Figure 11: LIN9 promoter binding is needed for the regulation of YAP target genes.

(A-C) KPL2 cells treated without or with 10 nM 4-OHT for 3 days were used for ChlP-seq using LIN9- and
YAP-specific antibodies. Histone modifications-specific antibodies against H3K4mel, H3K4me3, and
H3K27ac were used to identify promoter and enhancer regions. (A) Localization of LIN9 (top) and YAP
(bottom) peaks in KPL2 cells relative to the TSS of annotated genes. TSS, transcription start site; TES,
transcription end site. (B) Percentage of YAP or LIN9 peaks overlapping with open/active promoters,
enhancers, and super-enhancers defined by ChlP-seq of histone modifications. Promoters are defined by the
presence of both H3K4me3 (within a distance of + 1 kb to TSS) and H3K27ac and the absence of H3K4mel.
Enhancers are defined by the presence of both H3K4me1l (outside a distance of + 1 kb to TSS) and H3K27ac
and the absence of H3K4me3. Super-enhancers are predicted by using the aforementioned enhancer
definition, the H3K27ac distribution, and the algorithm ROSE developed by the laboratory of Richard A. Young
(Loven et al. 2013; Whyte et al. 2013). (C) Box plot showing the log2 fold changes (FC) in expression of YAP
target genes described by Zanconato et al. (2015) between control and 4-OHT-treated KPL2 cells separated
into all genes, genes bound by LIN9, and genes bound by YAP in a distance of + 2 kb to TSS. Of 379 genes
from this signature, 334 were present in the RNA-seq analysis. P-values were calculated with a two-tailed
one-sample Wilcoxon signed-rank test with u=0. Outliers not shown.
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In a next step, heat maps were generated in which the enrichment of histone
modifications, LIN9, and YAP sorted from the strongest to the weakest signal was
depicted. Peaks were centered + 2 kb on the summits of all LIN9 (Figure 12A) or YAP
peaks (Figure 12B) found in the control untreated (- OHT) sample and clustered in the
two groups “promoter” or “no promoter” depending on whether they are located within
+ 2 kb (promoter) or not within + 2 kb (no promoter) of the TSS.

The overall genome-wide binding of LIN9 was strongly reduced when cells were treated
with 4-OHT, indicating the complete loss of LIN9 protein expression and verifying the
specificity of the LIN9 antibody (Figure 12A). In line with the results shown in Figure 11A,
more than 75% of LIN9 peaks were found within +2 kb of the TSS with a strong
enrichment of both H3K4me3 and H3K27ac, whereas less than 25% of LIN9 peaks were
located in regions further away than 2 kb up- or downstream of the TSS (Figure 12A).
In contrast, only slightly more than 25% of YAP peaks were located within + 2 kb of the
TSS and almost 75% of YAP peaks were located in regions further away than + 2 kb of
the TSS, which came along with high levels of H3K4mel and H3K27ac indicative for
enhancer regions (Figure 12B). The global binding pattern of YAP within the genome and
the distribution of YAP binding sites seemed to be unaffected by the loss of LINO.
However, a reduced binding of YAP upon loss of LIN9 could be observed, as indicated in
the read density profiles depicted above the heat maps (Figure 12B).

To analyze the binding of LIN9 and YAP to genes regulated by YAP, a list of YAP-
regulated genes described by Zanconato et al. (2015) was compared with ChlP-seq data
for YAP and LIN9 and RNA-seq data upon Lin9 deletion in KPL2 cells from this study.

Of 379 genes included in the Zanconato signature, only 334 genes were found in the
RNA-seq data of KPL2 cells since for some genes either the conversion from human to
mouse failed or they were not or only weakly expressed in KPL2 cells. The overlap
demonstrated that out of 334 genes, 130 genes were bound by LIN9 at the promoter and,
strikingly, were significantly downregulated upon 4-OHT-induced Lin9 deletion as
analyzed by RNA-seq (Figure 11C, orange box). Only 17 of the 334 YAP-regulated
genes showed direct binding of YAP to promoters. This indicates that YAP regulates the
majority of genes without promoter binding and instead, most likely by binding to distal
enhancers. In contrast to the LIN9-bound YAP-regulated genes, direct YAP target genes
are not regulated by LIN9 as their expression was not significantly changed upon Lin9
deletion (Figure 11C, blue box). Genes with promoters bound by YAP included
previously identified YAP target genes such as Citgf, Cyr6l, and Amotl2
(Zhao et al. 2008). A genome browser track of the Amotl2 gene locus illustrating YAP

promoter binding is shown in Figure 13A.
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These findings were confirmed by comparing the binding data for LIN9 and YAP in KPL2
cells with YAP-regulated genes included in the Cordenonsi signature (Figure 7B; black
boxes on the left side of the gene list) (Cordenonsi et al. 2011). Notably, 9 out of 56 YAP-
regulated genes in the Cordenonsi signature are direct targets of LIN9 but have no YAP
peak at the promoter, these include, inter alia, Cdc20, Top2a, and Cenpf (Figure 7B and
Figure 13B-D).
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Figure 12: Little overlap between LIN9 and YAP chromatin binding in KPL2 cells.

(A-B) Untreated and 4-OHT-treated KPL2 cells were used for ChIP-seq as described in Figure 11. 1% of
chromatin used for IP served as an input control. The merged and normalized input for ChiP-seq of the
histone modifications H3K4mel, H3K4me3, and H3K27ac is shown on the left. Lane 8 and 9 represent inputs
of untreated and 4-OHT-treated samples used for ChiP-seq of LIN9 and YAP. Heat maps show binding of the
indicated proteins in promoter (within + 2 kb of TSS) or no promoter (not within + 2 kb of TSS) regions. Peaks
are sorted from the strongest to the weakest signal in a window of + 2 kb centered on the summit of all
LIN9 (A) or YAP (B) peaks in the control sample (- OHT).

92



3 Results

Collectively, ChlP-seq analysis revealed that LIN9 regulates gene expression directly
through promoter binding, whereas YAP seems to regulate genes from a longer distance
mainly by binding to intergenic- or gene body-located enhancers and super-enhancers.
Furthermore, the comparison of YAP-regulated genes from previously published data with
RNA-seq data upon Lin9-deletion and ChIP-seq data of YAP and LIN9 binding from this
study demonstrated that only a few genes are directly regulated by YAP through promoter
binding. Instead, the majority of YAP-regulated genes were directly bound by LIN9 at their
promoters and their expression was dependent on LINO.
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Figure 13: Genome browser tracks of murine Amotl2, Cdc20, Top2a, and Cenpf loci.

(A-D) Genome browser tracks of murine Amotl2 (A), Cdc20 (B), Top2a (C), and Cenpf (D) gene loci showing
the binding of LIN9 and YAP as well as the enrichment of the histone modifications H3K4mel, H3K4me3, and
H3K27ac as determined by ChIP-seq of untreated KPL2 cells or KPL2 cells treated with 10 nM 4-OHT to
delete Lin9. Gene expression levels determined by RNA-seq are shown in black (- OHT) and green (+ OHT)
below tracks of ChlP-seq data.
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3.6  YAP activates the expression of mitotic MMB target genes
in MCF10A cells

To analyze the mechanisms by which YAP and MMB co-regulate mitotic gene expression,
untransformed human breast epithelial MCF10A cells stably expressing doxycycline (dox)-
inducible constitutively active YAP5SA were used (von Eyss et al. 2015).

Treatment of MCF10A YAPS5SA cells with 0.5 pg/ml doxycycline for 2 days strongly
induced the protein expression of YAP as revealed by immunoblotting (Figure 14A).
To see whether LIN9-activated genes overlap with YAP-activated genes in human
MCF10A cells as it was seen before in murine KPL2 cells, RNA-seq data of MCF10A
YAP5SA cells treated without or with doxycycline for 12 h (kindly provided by Bjorn
von Eyss) and RNA-seq data of control and 4-OHT-treated Lin9-deleted KPL2 cells
(see 3.2) were compared. Of 1407 YAP-activated and 568 LIN9-activated genes,
89 genes were activated by both YAP and LIN9 (Figure 14B). In contrast, 1318 of the
1407 YAP-activated genes in MCF10A cells did not overlap with LIN9-activated genes in
KPL2 cells such as AMOTL2, CTGF, and CYR61. The top 50 strongest YAP-activated
genes of the 89 common YAP- and MMB-regulated genes included several well-described
MMB target genes such as AURKA, ANLN, KIF23, and CDC20 (Figure 14C).
The activation of ANLN, KIF23, and CDC20 gene expression by YAP could be validated in
an independent experiment using qPCR (Figure 14D).

To analyze the genome-wide binding of YAP, LIN9, and B-MYB, ChlIP-seq of untreated
MCF10A YAPS5SA cells or MCF10A YAP5SA cells treated with doxycycline for 2 days to
induce YAPS5SA expression was performed. Analysis of the number of called peaks
revealed an increase of YAP peaks from 127 in untreated cells to 5630 in doxycycline-
treated cells (Figure 15A). With an increase of B-MYB peaks to almost 120% and a
decrease of LIN9 peaks to approx. 90% upon YAP induction, the number of LIN9 and
B-MYB peaks between untreated and doxycycline-treated cells differed only slightly.
Consistent with the binding analysis shown in KPL2 cells (Figure 11), the analysis of the
localization of LIN9, YAP, and B-MYB peaks relative to the nearest TSS of annotated
genes in YAP-induced MCF10A cells revealed distinct binding patterns for YAP and LIN9
(Figure 15B). Specifically, almost 90% of LIN9 bindings sites were located within a
distance of + 1kb to the TSS, whereas with 85% the majority of YAP peaks were
detected either in intergenic regions or in gene bodies. Unexpectedly, about 50% of all
B-MYB peaks were detected in gene bodies or between genes. Only 40% of B-MYB
peaks were detected around the TSS (+ 1 kb).

94



3 Results

A C Gene log2FC | FDR g-value
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Figure 14: YAP-activated genes in MCF10A cells overlap with LIN9-activated genes in KPL2 cells.

(A) MCF10A cells stably expressing doxycycline (dox)-inducible YAP5SA either treated without or with
0.5 pg/ml dox for 2 days were used for immunoblotting of YAP. R-ACTIN served as a loading control.
(B) Overlap of YAP-activated and LIN9-activated genes. MCF10A YAPS5SA cells control or dox-treated for
12 h to induce YAP5SA expression were subjected to RNA-seq (unpublished data by Bjérn von Eyss). KPL2
cells untreated or treated with 10 nM 4-OHT for 4 days to delete Lin9 were used for RNA-seq (see Figure 6).
1407 YAP-activated genes in MCF10A YAPS5SA with a positive log2FC and an FDR g-value < 0.025 were
compared with 568 LIN9-activated genes with a negative log2FC and an FDR g-value < 0.025. 89 genes were
activated by both YAP and LIN9. Log2FC, log2 fold change; FDR, false discovery rate (C) Top 50 strongest
YAP-activated genes (sorted by log2FC) of the 89 genes shown in (B), which were also activated by LIN9 in
KPL2 cells. (D) mRNA expression of the indicated genes of MCF10A YAP5SA cells treated with 0.5 pg/ml dox
for 2 days relative to the mRNA expression of untreated cells. GAPDH expression was used for normalization.
Mean and SD (error bars) of three technical replicates are shown.
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ChIP-seq of the histone modifications H3K4mel, H3K4me3, and H3K27ac to identify
open promoters and active enhancers or super-enhancers respectively revealed that only
approx. 13% of all B-MYB peaks could be assigned to super-enhancer, enhancer or
promoter sites (Figure 15C). The unusual high percentage of B-MYB peaks, which are
not enriched for any of the three analyzed histone modifications, warrants further
investigation in future studies. However, nearly all (10%) of the 13% of B-MYB peaks that
could be assigned to either enhancer or promoter regions were located in active promoter
regions with high H3K4me3 and H3K27ac levels (Figure 15C). This is consistent with the
binding sites of LIN9, which were located in regions enriched for H3K4me3 and H3K27ac
as indicative for open promoters. Similar to murine KPL2 cells, YAP binding sites in
MCF10A cells were mainly located in super-enhancer (7%) or enhancer (31%) regions

and only 2% of YAP peaks were localized at promoters (Figure 15C).
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Figure 15: Genome-wide binding analyses of YAP and the MMB subunits LIN9 and B-MYB.

(A-C) MCF10A YAP5SA cells untreated or treated with 0.5 pg/ml dox for 2 days to induce YAP5SA
expression were used for ChlP-seq using antibodies specific for YAP, LIN9, B-MYB, H3K4mel, H4K4me3,
and H3K27ac. (A) Number of called LIN9, YAP, and B-MYB peaks in untreated and dox-treated MCF10A
YAP5SA cells. (B) Localization of LIN9, YAP, and B-MYB peaks in dox-treated YAP-induced MCF10A
YAP5SA cells relative to the TSS of annotated genes. TSS, transcription start site; TES, transcription end site.
(C) Percentage of LIN9, YAP, and B-MYB peaks overlapping with open/active promoters, enhancers, and
super-enhancers defined by ChlP-seq of the histone modifications H3K4mel, H3K4me3, and H3K27ac as
described in Figure 11B.
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The overlap of RNA- with ChlP-seq data revealed that YAP bound to the promoters of
only 9% (94) of YAP-activated genes in MCF10A cells (Figure 16A). GO analysis showed
that these direct YAP target genes are linked amongst others to cell adhesion, cell
migration, metabolic processes, and wound healing (Figure 16B). In contrast, LIN9 bound
to the promoters of almost 25% (245) of genes induced by YAP (Figure 16A).
These LIN9-bound and YAP-activated genes included bona fide MMB target genes such
as AURKA, CCNA2, and CDC20, which are connected to cell cycle regulation and mitosis
(Figure 16C). Less than 2% of YAP-activated genes were bound by both LIN9 and YAP,
including genes such as THBS1 and ACTN1 important for cell-to-cell/matrix interactions

and cytoskeleton organization (Rebhan et al. 1997).
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Figure 16: LIN9 binds to a large proportion of YAP-regulated genes in MCF10A cells.

(A-C) MCF10A YAPS5SA cells untreated and treated with dox for 12 h (RNA-seq) or for 2 days (ChIP-seq) to
induce YAP5SA expression were used for RNA- and ChIP-seq. (A) Venn diagram showing the overlap of
1027 genes that were activated by YAP (log2FC > 0.5, FDR g-value < 0.05) and bound by LIN9 and/or YAP at
promoters (+ 1 kb to TSS) upon YAP induction (+ dox) in MCF10A YAP5SA cells. (B) GO analysis of the 245
genes, which were induced by YAP5SA upon dox-treatment and had a LIN9 peak at their promoter (+ 1 kb to
TSS). The top 20 enriched GO terms according to the P-value are shown. (C) GO analysis of the 94 genes,
which are induced by YAP5SA upon dox-treatment and have a YAP peak at their promoter (+ 1 kb to TSS).
The top 20 enriched GO terms according to the P-value are shown.
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Together these results suggest that in human MCF10A cells, similar to mouse KPL2 cells,
LIN9 regulates YAP-induced genes associated with cell cycle and mitosis directly by
binding to their promoters, whereas binding of YAP to promoters of these genes could not
be detected. Instead, YAP binding was localized mainly at enhancers, which suggests that
enhancer-bound YAP induces the expression of mitotic genes by interacting with

LIN9-bound promoters through chromatin looping.

3.7 YAP induction strongly enhances chromatin-binding of
B-MYB to LIN9-bound loci

To specifically analyze the genome-wide binding strength of YAP and MMB in
YAP-induced MCF10A YAP5SA cells, average read density profiles of LIN9, B-MYB,
YAP, and the histone modifications H3K4mel, H3K4me3, and H3K27ac centered in a
4 kb window around the summit of all LIN9 (Figure 17A) or YAP (Figure 17B) peaks were
generated. Histone modification density profiles at LIN9 binding sites revealed a strong
enrichment of H3K4me3 and H3K27ac, indicating that these regions display active
promoter sites (Figure 17A). The induction of YAP5SA upon treatment with doxycycline
had only little effect on the binding of LIN9, but surprisingly, it strongly enhanced the
overall binding of B-MYB to LIN9-bound loci. This enhanced binding of B-MYB at LIN9
binding sites upon YAP5SA induction came along with an enrichment of H3K27ac,
suggesting an increased promoter activity. Although the previous analyses in MCF10A
cells revealed little overlap between LIN9 and YAP binding, YAP5SA induction resulted in
a small increase in YAP binding to LIN9-bound sites.

Furthermore, doxycycline treatment resulted in a strong enrichment of global YAP binding
and in an increase of both H3K4mel and H3K27ac at the center of all YAP peaks,
indicative of an increase in enhancer activity (Figure 17B). The bimodal distribution of
H3K4mel, H3K4me3, and H3K27ac around the summit of both YAP and LIN9 peaks
indicates two nucleosomes flanking the binding sites of YAP and LINO.
Reduced nucleosome occupancy is a typical characteristic for chromatin regions bound by
transcription factors since these compete with nucleosomes to get access to the DNA
(Nie et al. 2013).
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Similar to the observed YAP binding at LIN9-bound sites, LIN9 binding was detected at
YAP-bound loci upon YAPS5SA induction. The quite weak enrichment of YAP at LIN9-
bound loci and of LIN9 at YAP-bound loci in YAP5SA-induced cells might display “shadow
peaks”, which have been shown recently to be associated with long-range chromatin
interactions mediated by long distant protein-protein interactions (Liang et al. 2014).
The presence of these “shadow peaks” thus further supports the hypothesis that

enhancer-bound YAP interacts with promoter-bound LIN9.
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Figure 17: Increased overall B-MYB binding at LIN9-bound promoters upon YAP induction.

(A-B) Average profile of LIN9, B-MYB, YAP, H3K27ac, H3K4mel, and H3K4me3 tag density within a distance
of + 2 kb centered on the summit of all LIN9 (A) or YAP (B) peaks, as analyzed by ChIP-seq. Input -/+ dox
served as a control. Mean read density is depicted with a resolution of 10 bp.
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The most prominent model for long-distance interactions between promoters and
enhancers is called the “looping” model because the chromatin has to form a loop to
enable physical interactions between enhancers and promoters (Bulger and Groudine
2011). To link YAP-bound enhancers to their respective promoters in MCF10A YAP5SA
cells, a previously published high-resolution map of chromatin interactions (Hi-C) in
primary human fibroblasts IMR90 was used (Jin et al. 2013).

With this Hi-C map, 5,018 enhancers, which were bound by YAP in doxycycline-treated
MCF10A YAP5SA cells, were assigned to 2,771 unique transcriptional start sites
(Figure 18A). 504 of these 2,771 promoters that interact with YAP-bound enhancers were
bound by LIN9, whereas 2,267 promoters were without a LIN9 peak. Notably, the
expression of genes whose promoters were bound by LIN9 and could be assigned to a
YAP-bound enhancer was significantly increased upon induction of YAP5SA in MCF10A
cells (Figure 18B). In contrast, genes whose promoters interacted with YAP-bound
enhancers but had no LIN9 binding at their TSS were not induced by YAPS5SA
(Figure 18B).

It was seen before that YAPS5SA induction increases the overall binding of B-MYB
(Figure 17A). The analysis using the Hi-C map further supported this observation since
the induction of YAP5SA strongly enhanced binding of B-MYB to LIN9-bound loci linked to
YAP-bound enhancers (Figure 18C). Notably, promoters linked to YAP-bound enhancers
that were not bound by LIN9 did not show an enrichment of B-MYB binding upon YAP5SA
induction. Increased chromatin-association of B-MYB was also observed at LIN9-bound
promoters of YAP5SA-activated genes, which interacted with YAP-bound enhancers
(Figure 18D).

Enhanced binding of B-MYB to selected MMB target gene promoters upon YAP5SA
induction could be confirmed by ChIP-gPCR experiments (Figure 19). B-MYB was
strongly enriched at promoters of BIRC5, CENPF, TOP2A, ECT2, and KIF23 in YAP5SA-
induced cells compared to control cells, whereas LIN9 binding to these promoters was
only slightly increased. Conversely, no YAP could be detected at promoters of these
genes, whereas YAP strongly bound to the promoters of the bona fide YAP targets
AMOTL2, CTGF, and CYR61 (Figure 19).

In summary, these results show that binding of LIN9 to the promoters of a certain subset
of genes is important for their activation by YAP from distal enhancers. The strong
enrichment of B-MYB-binding to these promoters upon YAP5SA induction suggests that
YAP activates these genes from distal enhancers by stimulating the chromatin-association
of B-MYB at LIN9-bound promoters.
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Figure 18: YAP promotes binding of B-MYB to LIN9-bound promoters that directly interact with
YAP-bound enhancers.

(A) Scheme for the strategy to identify YAP-bound enhancers that interact with LIN9-bound promoters via
chromatin looping. A high-resolution map of chromatin interactions (Hi-C) in primary human fibroblasts
(IMR90) described by Jin et al. (2013) was used to filter enhancers, here described as “targets”, for those
containing a YAP-peak (5,018) in dox-treated MCF10A YAP5SA cells. These 5,018 YAP-bound enhancers
interact via looping with 2,771 unique TSS (“anchors”), which were analyzed for the presence of a LIN9 peak
in MCF10A cells. (B) Box plot depicting the changes in gene regulation in YAP5SA-induced MCF10A cells
upon 12 h-long treatment with doxycycline as analyzed by RNA-seq (data provided by Bjorn von Eyss).
Shown are all genes with (n=460) or without (n=1,950) LIN9 binding at promoters that were linked to YAP-
bound enhancers as identified by ChlP-seq of LIN9 and YAP in MCF10A YAP5SA cells and Hi-C data from
Jin et al. (2013) as described in (A). The P-value was calculated for the difference of the median to 0 using an
unpaired two-tailed Wilcoxon rank-sum test. Outliers not shown. (C) Empirical cumulative distribution function
(ECDF) showing the B-MYB occupancy at promoters linked to YAP-bound enhancers with (n=460) or without
(n=1,950) LIN9 peak in untreated and dox-treated MCF10A YAP5SA cells. B-MYB reads were counted in a
region of -100 bp to +400 bp relative to the TSS. Only genes that were included in RNA-seq data from
(B) were used for this analysis. (D) Line plots showing the mean read density of B-MYB within a distance of
+ 2.5 kb centered on the TSS of YAP5SA-activated genes with or without a LIN9 peak at the promoter (+ 1 kb
to TSS), which were linked to YAP-bound enhancers. The resolution is 10 bp.
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Figure 19: Enhanced binding of B-MYB to selected MMB target gene promoters upon YAP induction.
Binding of YAP, LIN9, and B-MYB to the promoters of the indicated genes was analyzed by ChIP-gPCR.
Chromatin was isolated from MCF10A YAP5SA cells treated without or with 0.5 pg/ml doxycycline (dox) for
2 days and used for immunoprecipitation with antibodies specific for YAP, LIN9, and B-MYB. Nonspecific IgG
served as a control. 1% of chromatin amount used for the IP served as an input control. Immunoprecipitated
chromatin and input chromatin were subjected to qPCR using primers specific for promoter regions of the
indicated genes. GAPDHS promoter was analyzed as a control region. Enrichment was calculated as percent
(%) of input. Error bars represent error margins calculated using the SD of three technical replicates from
ChIP and input samples as described in 2.2.2.9.2.

3.8 YAP interacts with promoters of MMB target genes from

distal enhancers

It was shown that most of these long-range chromatin loops linking enhancers and
promoters are conserved across cell types and species (Rao et al. 2014). Next, circular
chromosome conformation capture with next-generation sequencing (4C-seq) of
promoters of the three common MMB and YAP target genes KIF23, AURKA, and CDC20
was performed to analyze whether they interact with YAP-bound enhancers
(Figure 20A-D). Taking the promoters as viewpoints, four distal regions (E1-E4)
interacting with the KIF23 promoter could be identified using 4C-seq (Figure 20A).
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Figure 20: 4C-seq and ChlIP-seq revealed interactions between B-MYB- and LIN9-bound promoters and
YAP-bound enhancers in MCF10A cells.

(A-D) MCF10A YAP5SA untreated or treated with 0.5 pg/ml dox for 2 days were used for ChlP-seq and 4C-
seq. (A) Scheme for long-range chromatin interactions between the human KIF23 promoter (labelled as P)
and distal enhancers (labelled as E1-E4) as identified by 4C-seq. (B-D) Genome browser tracks of the human
KIF23 (B), AURKA (C), and CDC20 (D) gene loci illustrating the enrichment of YAP, LIN9, and B-MYB and of
the histone modifications H3K4mel, H3K4me3, and H3K27ac as determined by ChlIP-seq. The normalized
and merged input is shown at the top as a control. YAP-bound enhancers interacting with LIN9- and B-MYB-
bound promoters were identified using 4C-seq with the promoters as a viewpoint (vp). Adjusted
P-values < 0.01 were used to identify distal regions that significantly interacted with promoters of the indicated
genes and are shown as boxes in grey shades below browser tracks. For comparison, Hi-C data from Jin et
al. (2013), which predict long-range chromatin interactions between promoters and enhancers, are shown as
blue bars below adjusted P-values of 4C-seq.
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As indicated by high levels of H3K4mel and H3K27ac, these regions function as active
enhancers located about 20 kb (E2) and 100 kb (E1) upstream or more than 1000 kb
downstream (E3 and E4) of the KIF23 promoter. Importantly, all of these four enhancers
were bound by YAP (Figure 20B). For the AURKA gene, a YAP-bound enhancer about
50 kb upstream of the TSS was identified to interact with the promoter (Figure 20C).
The promoter of CDC20 interacted with two YAP-bound enhancers located approx.
150 kb upstream (E1) and 100 kb downstream (E2) of the TSS (Figure 20D). Binding of
YAP to enhancers identified by 4C-seq was confirmed in later experiments using regular
ChIP-gPCR (Figure 22).

Overall, these 4C-seq data support the results from the analysis of published Hi-C data
described before and show that YAP binds to enhancers, which interact with MMB-bound

promoters over a long distance via looping of the chromatin.

3.9 YAP induces the expression of B-MYB in confluent but not
in subconfluent MCF10A cells

As it was seen before that inhibition of YAP in murine KPL2 (Figure 8C) and human A549
(Figure 8D) cells reduces the expression of the B-MYB encoding gene MYBL2, the
following experiments aimed to answer the question whether YAP activates the
expression of B-MYB and if so, whether this contributes to the enhanced chromatin
binding of B-MYB upon YAP5SA induction.

Initially, the mRNA expression of MYBL2 in MCF10A YAP5SA cells treated with
doxycycline to induce YAPS5SA for varying periods of time was analyzed by gPCR (Figure
21A). The most striking result to emerge from this analysis was that YAP5SA induced the
expression of MYBL2 depending on the cell confluency. Whereas YAP5SA strongly and
significantly induced the MYBL2 expression in confluent cultures, it had no significant
effect on the MYBL2 mRNA levels in subconfluent cultures. Unlike MYBL2, the MMB
target gene CDC20 was significantly induced in both subconfluent and confluent cultures
(Figure 21A). Knockdown of LIN9 and MYBL2 mediated by RNA interference inhibited the
induction of CDC20 by YAP5SA in subconfluent MCF10A cells, indicating that YAP needs
MMB to activate the expression of CDC20 (Figure 21B). Consistent with the gPCR
results, YAP5SA induced the B-MYB protein expression solely in confluent but not in
subconfluent cells (Figure 21C). In contrast, the protein expression of the MMB targets
CYCLIN A, CDC20, and TOP2A and also the mRNA expression of several other MMB
targets were induced regardless of the cell confluency in both subconfluent and confluent
cells (Figure 21C, 21D).
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Strikingly, LIN9 expression in confluent cells was not significantly changed, whereas in
subconfluent cells the LIN9 expression levels even slightly decreased upon YAPS5SA
induction (Figure 21D).
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Figure 21: YAP induces the expression of B-MYB in confluent but not in subconfluent cultures.

(A) Subconfluent or confluent cultures of MCF10A YAPS5SA cells were treated with 0.5 pg/ml doxycycline
(dox) for the indicated hours. MYBL2 and CDC20 mRNA expression in dox-treated (+dox) cells was analyzed
relative to the mRNA expression in untreated (-dox) cells at the 14 h time point. GAPDH expression was used
for normalization. Mean and SD of three independent experiments, each performed as technical triplicate, are
shown. Statistical significance was assessed using two-way ANOVA with Bonferroni’'s multiple comparison
test. P-values < 0.05 were considered statistically significant. (B) Subconfluent MCF10A YAP5SA cells were
transfected with control sSiRNA (siCtrl) or siRNAs against LIN9 (siLIN9) or MYBL2 (siMYBL2). 24 h after SiRNA
transfection, YAP5SA expression was induced with 0.5 pg/ml dox for 24 h. RNA was isolated and the mRNA
expression of the indicated genes was analyzed relative to the expression in siCtrl-transfected untreated
(- dox) cells. Data are presented as the mean and SD of three independent experiments, each conducted in 3
technical replicates. Statistics was performed using one-way ANOVA with Tukey's post-test. (C) Western Blot
analysis of the indicated proteins in subconfluent and confluent MCF10A YAPS5SA cells treated with dox for
2 days. B-ACTIN served as a loading control. (D) mRNA expression of the indicated genes in subconfluent
and confluent MCF10A YAPS5SA cells treated with doxycycline for 2 days relative to the mRNA expression in
untreated cells as analyzed by gPCR. GAPDH was used for normalization. Mean and SD of 3 technical
replicates are shown. Statistics was done using the Student’s t-test, two-tailed. (A-B,D) Asterisks are as
follows: *P < 0.05, P < 0.01; ™" P < 0.001; **™P < 0.0001; ns, not significant, P > 0.05.
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Notably, the activation of the YAP/MMB target genes AURKA, CDC20, and KIF23 upon
YAPS5SA induction was accompanied by enhanced binding of B-MYB and LIN9 to the
promoters of these genes in both subconfluent and confluent cells as analyzed by ChiP-
gPCR (Figure 22, top). Upon doxycycline treatment of subconfluent and confluent
MCF10A YAPS5SA cell cultures, YAP binding to the 4C-seqg-identified enhancers of
AURKA, CDC20, and KIF23 and to the promoter of the well-known YAP target gene
AMOTL2 was strongly induced (Figure 22, middle and bottom).
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Figure 22: YAP promotes promoter binding of LIN9 and B-MYB in subconfluent and confluent cells.
Binding of YAP, LIN9, and B-MYB to the promoters and enhancers of common YAP and MMB target genes
was analyzed by ChIP-gPCR. Chromatin was isolated from subconfluent and confluent MCF10A YAP5SA
cells, which were left untreated or treated with 0.5 pg/ml doxycycline (dox) for 2 days to induce YAP5SA
expression. Chromatin was immunoprecipitated with antibodies specific for YAP, LIN9, and B-MYB.
Nonspecific IgG served as a control. 1% of chromatin amount used for the IP served as an input control.
Immunoprecipitated chromatin and input chromatin were subjected to qPCR using primers specific for
promoter and enhancer regions (identified by 4C-seq) of the indicated genes. GAPDHS promoter served as a
negative control. The promoter of the well-known YAP target gene AMOTL2 was used as a positive control.
Enrichment was calculated as percent (%) of input. Error bars represent error margins calculated using the SD
of three technical replicates from the ChIP and input sample as described in 2.2.2.9.2.
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These results indicate that YAP can promote chromatin-association of B-MYB and LIN9
independently from regulating their expression. In conclusion, these data suggest that
YAP induces the expression of MMB target genes by at least two mechanisms: on the one
hand, by regulating the expression of the MMB subunit B-MYB, either directly or indirectly,
and on the on other hand, by stimulating the chromatin-association of B-MYB and LIN9 at

LIN9-bound promoters.

3.10 YAP binds to a distal enhancer that interacts with the

promoter of B-MYB through chromatin looping

To determine how YAP regulates the expression of B-MYB in MCF10A YAP5SA cells,
ChIP data were analyzed for the binding of YAP to the human MYBL2 gene locus. The
genome browser track of the MYBL2 gene shown in Figure 23B illustrates that before and
after induction of YAP5SA expression no YAP binding could be detected at the promoter
of MYBL2, which was verified in subconfluent and confluent MCF10A YAP5SA cells by
conventional ChIP-gPCR assay (Figure 23C, left). This finding suggests that YAP
regulates the expression of MYBL2 via binding to a distal enhancer.

To test this hypothesis of long-range interaction, 4C-seq was performed with the human
MYBL2 promoter as a viewpoint. Analysis of the 4C-seq data revealed a significant
interaction of the MYBL2 promoter with a region 12 Mb upstream of the MYBL2 TSS
(Figure 23A, 23B). Indeed, this region turned out to be an enhancer due to the presence
of H3K4me1l and the absence of H3K4me3 as determined by ChlIP-seq. Importantly, YAP
binding to this enhancer was strongly induced upon doxycycline treatment and correlated
with increased levels of H3K27ac, indicating that YAP induced the activity of this enhancer
(Figure 23B). Binding of YAP to the identified MYBL2 enhancer could be validated in an
independent ChIP-gPCR experiment (Figure 23C).

Taken together, these findings indicate that YAP activates the expression of B-MYB by
binding to a distal enhancer, which interacts with the MYBL2 promoter by forming a

chromatin loop.
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Figure 23: Identification of a YAP-bound enhancer that interacts with the promoter of MYBL2.

(A-B) MCF10A YAP5SA cells untreated or treated with doxycycline for 2 days to induce YAP5SA were used
for ChiP-seq and 4C-seq. (A) Scheme illustrating the long-range interaction between the MYBL2 promoter
(labelled as P) and a -12 Mb from the TSS located enhancer (labelled as E) as identified by 4C-seq.
(B) Genome browser tracks of the human MYBL2 locus (left) and a genomic region -12 Mb away from the
MYBL2 TSS displaying a YAP-bound enhancer (right). Shown is the chromatin-binding of the indicated
proteins and histone modifications as determined by ChlP-seq. The normalized and merged input is shown at
the top. Adjusted P-values < 0.01 were used to identify distal regions that significantly interacted with the
MYBL2 promoter (viewpoint) in 4C-seq and are shown as boxes in grey shades below browser tracks. (C)
ChIP-gPCR of subconfluent and confluent MCF10A YAP5SA cells treated with doxycycline for 2 days. ChIP
was performed using YAP- and B-MYB-specific antibodies. 1% of chromatin was used as input control. I9G
served as a nonspecific control. Immunoprecipitated chromatin and input chromatin were subjected to qPCR
using primers specific for the promoter and the 4C-seg-identified enhancer of MYBL2. Binding of 1gG, YAP,
and B-MYB was calculated as percent (%) of input. Error bars represent error margins calculated using the SD
of three technical replicates from the ChIP and input sample as described in 2.2.2.9.2.

108



3 Results

3.11 MMB and YAP physically interact

Binding of YAP to enhancers that interact with MMB-bound promoters and enhanced
promoter-binding of B-MYB upon YAP5SA induction led to the assumption that YAP and
MMB physically interact.

This idea was first investigated using in situ proximity ligation assay (PLA). Endogenous
YAP was found to be in close proximity with endogenous LIN9 and B-MYB in the nuclei of
human HelLa and murine KPL2 cells as represented by red fluorescent dots
(Figure 24A, 24B). The specificity of the antibodies used for PLA was assessed in HeLa
cells by incubation with only one of the two antibodies, which resulted in loss of the red
signal (Figure 24A). The red signal in PLA seems to specifically result from the close
proximity of the detected proteins, as it was lost when either Yap/Taz were depleted by
siRNAs or when Lin9 was deleted upon 4-OHT-induced CreER™ activation in KPL2 cells
(Figure 24B). Notably, the deletion of Lin9 did not only disrupt the interaction of YAP and
LIN9 but also of YAP and B-MYB, which suggests that the MuvB core is needed for
mediating the YAP-B-MYB interaction (Figure 24B).

Next, co-immunoprecipitation assays were performed to confirm the protein-protein
interaction between YAP and B-MYB. Whole cell lysates of HelLa cells transiently
expressing FLAG-tagged YAP and HA-tagged B-MYB were used for immunoprecipitation
of YAP with a FLAG-specific antibody. Subsequent immunoblotting revealed the presence
of the immunoprecipitated FLAG-tagged YAP but also of co-immunoprecipitated
HA-tagged B-MYB, indicating the interaction between YAP and B-MYB (Figure 24C).
Considerably, HA-tagged B-MYB could not be detected in immunoprecipitated lysates of
HelLa cells expressing only HA-tagged B-MYB but no FLAG-tagged YAP.

To verify the YAP-B-MYB interaction, immunoprecipitation experiments of endogenous
YAP and B-MYB from nuclear extracts of murine KPL2 cells were performed. In these
experiments, endogenous YAP was co-precipitated with endogenous B-MYB and vice
versa (Figure 24D). Importantly, neither YAP nor B-MYB were detected in
immunoprecipitates of nonspecific IgG.

Together, the results from PLA and co-immunoprecipitation assays revealed that YAP

physically interacts with LIN9 and B-MYB of the MMB complex.
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Figure 24: YAP physically interacts with LIN9 and B-MYB of the MMB complex.

(A) Proximity ligation assays (PLA) in HeLa cells using YAP, LIN9, and B-MYB specific antibodies. Detected
dimers are represented by red fluorescent dots. Nuclei were counterstained using Hoechst (blue). Incubation
with either YAP, LIN9, or B-MYB antibody alone was used as a negative control. Scale bars: 5 um. (B) PLA of
LIN9 and YAP or B-MYB and YAP was performed in KPL2 cells transfected with control (ctrl) or Yap/Taz-
specific siRNAs or in untreated (- OHT) or 4-OHT-treated (+ OHT) KPL2 cells to delete Lin9. Nuclei were
counterstained with Hoechst (blue). Specificity of the interactions was confirmed by the reduced number of red
fluorescent dots upon depletion of Yap/Taz (left) or 4-OHT-induced deletion of Lin9 (right). Scale bars: 10 um.
(C) Whole cell lysates of HeLa cells transiently expressing FLAG-tagged YAP and HA-tagged B-MYB were
used for immunoprecipitation (IP) with FLAG-specific antibodies and subsequent immunoblotting with FLAG-
and HA-specific antibodies. 2% of the amount used for the IP was loaded onto the gel as an input control.
B-ACTIN levels were determined as a loading control. (D) Nuclear extracts of KPL2 cells were used for
immunoprecipitation of endogenous YAP and B-MYB followed by immunoblotting of both B-MYB and YAP to
analyze co-immunoprecipitation. Immunoprecipitation with nonspecific IgG was used as a control. 6.25% of
the amount used for the IP was used as input material to verify the presence of endogenous proteins and to
detect B-ACTIN levels as loading controls. (A-B) PLA and microscopy were performed by Stefan Gaubatz.
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3.12 MMB is required for YAP-induced mitotic gene expression

and entry into mitosis

To address whether LIN9 and B-MYB are important for the biological function of YAP,
asynchronous MCF10A YAPS5SA cells were transfected with siRNAs against LIN9 or
MYBL2 and subsequently, treated with doxycycline to induce YAPS5SA expression.
Immunofluorescent staining of phosphorylated histone H3, a marker of mitotic cells,
showed that YAP is able to promote mitosis, since the induction of YAP5SA significantly
increased the number of pH3-positive cells from 3.5% in untreated siCtrl-transfected cells
to approx. 8% in doxycycline-treated siCtrl-transfected cell (Figure 25A, 25B).
The percentage of pH3-positive cells in doxycycline-treated cells was almost equal to that
in untreated cells when cells were transfected with siLIN9 or siMYBLZ2, indicating that
YAP5SA was unable to induce mitosis when LIN9 or MYBL2 were depleted
(Figure 25A, 25B).

Moreover, doxycycline-treatment of quiescent serum-starved MCF10A cells transfected
with a control siRNA dramatically increased the percentage of pH3-positive cells from 0%
to approx. 30%, indicating that YAP is capable of stimulating quiescent cells to re-enter
mitosis (Figure 25C, 25D). This increase in the number of mitotic cells correlated with a
strong induction of several YAP and MMB co-regulated genes such as KIF23, AURKA,
and TOP2A but also with a strong increase of MYBL2 expression (Figure 25E). Depletion
of both LIN9 and MYBL2 strongly impaired the ability of YAP5SA to induce both mitotic
gene expression and re-entry into mitosis in serum-starved cells (Figure 25C-E).
In summary, these findings indicate that YAP needs the MMB complex to fully activate

mitotic gene expression and to promote entry into mitosis.
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Figure 25: MMB is required for YAP-induced expression of mitotic genes and entry into mitosis.

(A) MCF10A YAPS5SA cells were transfected with control siRNA or siRNA specifically targeting human LIN9 or
MYBL2. YAP5SA expression was induced by adding 0.5 pg/ml doxycycline 24 h after siRNA transfection. 24 h
later, cells were fixed and immunostained with a phosphorylated histone H3 (pH3) specific antibody. Nuclei
were counterstained with Hoechst (blue). Shown are microscopic examples. Scale bars: 25 pum.
(B) Quantification of pH3-positive cells shown in (A). Depicted are the means and SD of three independent
experiments. Per condition and experiment at least 500 cells were counted. Statistical significance was
analyzed using one-way ANOVA and Tukey’s post-test. (C) MCF10A YAP5SA cells were starved with serum-
and EGF-free medium for 48 h and transfected with control sSiRNA or siRNA specifically targeting human LIN9
or MYBL2. YAP5SA expression was induced with 0.5 pg/ml doxycycline 24 h after siRNA transfection. 14 h
after adding dox, cells were treated with 50 ng/ml nocodazole for 24 h to arrest cells in G2/M phase of the cell
cycle. Cells were fixed and immunostained with a pH3-specific antibody. Nuclei were counterstained with
Hoechst (blue). Shown are microscopic examples. Scale bars: 25 pum. >

112



3 Results

3.13 Genes co-regulated by MMB and YAP are clinically relevant

for cancer patients

In order to determine whether genes co-regulated by YAP and MMB are clinically relevant
for cancer, cDNA microarray data sets of human lung tumor samples published by Garber
et al. (2001) were analyzed for genes co-expressed with MYBL2. Of the top 20 genes
co-expressed with MYBL2 in large-cell lung cancer (LCLC), lung adenocarcinoma, small-
cell lung cancer (SCLC), and squamous cell lung cancer (SqQCLC), 11 genes are known
YAP target genes (Figure 26A). The expression of YAP target genes correlated with the
expression of MYBL2 in these lung cancer samples as can be seen from the correlation
coefficients depicted in Figure 26B.

Lung tumors isolated from K-Ras-S-¢120%*; p53%i mice 16 weeks after tumor initiation by
infection with Cre-expressing lentivirus were immunohistochemically stained with
antibodies specific for activated B-MYB and YAP. Microscopic examination revealed that
both B-MYB and YAP are co-expressed at high levels in murine lung adenocarcinoma
tissue (Figure 26C). Notably, the expression of common YAP/MMB target genes
correlated with the overall survival of lung adenocarcinoma patients as shown in the
Kaplan-Meier plots in Figure 26D. Lung cancer patients with tumors expressing high
levels of genes co-regulated by YAP and MMB, such as CDC20 and TOP2A, had a
significantly shorter overall survival than patients with lung tumors expressing low levels of
these genes (Figure 26D, top). By contrast, high expression of genes only regulated by
YAP but not by MMB (AMOTL2, CYR61, and SDPR) correlates with a better and longer
survival of patients (Figure 26D, bottom). Together, these data indicate that YAP and
B-MYB themselves but also their co-regulated target genes are expressed at elevated
levels in lung tumors and are associated with a poor prognosis and a shorter overall

survival of lung cancer patients.

(D) Quantification of pH3-positive cells shown in (C). Depicted are the means and SD of three independent
experiments. Per condition and experiment at least 700 cells were counted. Statistical significance was
analyzed using one-way ANOVA and Tukey's post-test. (E) RNA was isolated of serum-starved MCF10A
YAP5SA cells treated as described in (C). mRNA expression of the indicated genes measured by gPCR is
depicted relative to the mRNA expression in siCtrl untreated (-dox) cells. GAPDH was used for normalization.
The experiment was performed three times independently. Shown are the means and SD of one
representative example. Statistics of technical replicates was done using one-way ANOVA followed by
Tukey's post-test. (B,D,E) Asterisks are as follows: **P < 0.01; ***P < 0.0001
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Figure 26: Genes co-regulated by MMB and YAP are relevant for cancer.

(A) Heat map from Oncomine analysis of genes co-expressed with MYBL2 in different types of lung cancer
described by Garber et al. (2001). Shown are the top 20 MYBL2 co-expressed genes with known YAP target
genes depicted in red. Blue represents least and red most expressed genes in the heat map. (B) Correlation
coefficients of YAP target genes co-expressed with MYBL2 in lung cancer (Garber et al. 2001).
(C) K-Rastst-G120+ p53ffl mice were infected with Cre-expressing lentivirus to induce tumorigenesis by
activation of oncogenic K-RAS G12D and loss of p53. 16 weeks after tumor initiation, lungs were dissected.
Expression of B-MYB (phospho-T487) and YAP in paraffin embedded lung adenocarcinoma tissue was
analyzed by immunohistochemistry. Nuclei were counterstained with hematoxylin. Scale bars: 50 um. (D)
Kaplan-Meier plots showing the overall survival of lung cancer patients with low (black) or high (red)
expression of the indicated common MMB and YAP regulated genes (top) or YAP-only target genes (bottom).

HR, hazard

114

ratio



4 Discussion

4 Discussion

4.1 MMB - a potential target for the treatment of cancer

The first part of this thesis dealt with the analysis of gene and cell cycle regulation by
MMB in cancer cells. MMB directly regulates the expression of a large panel of late cell
cycle genes. Strikingly, B-MYB, FOXM1, and several MMB target genes are frequently
overexpressed in human cancers and are part of a gene signature that is associated with
a poor clinical outcome in cancer patients, suggesting a role for MMB in tumorigenesis
(Carter et al. 2006; Sadasivam and DeCaprio 2013). Although this complex has been
widely characterized biochemically, the exact mechanisms how increased expression of
MMB target genes promotes tumor growth invivo have not been investigated so far.
Recently, our laboratory could show that the loss of LIN9 or B-MYB leads to reduced
tumor formation in a mouse model for NSCLC driven by oncogenic K-RAS and loss of

p53, indicating that MMB indeed plays a role in tumorigenesis in vivo (lltzsche et al. 2017).

In first experiment of this thesis, it was shown that the complete loss of LIN9 in primary
lung adenocarcinoma cells established from lung tumors of K-Ras!St-G120+: p53fl: | jngi/
mice of the aforementioned study strongly impairs the ability of tumor cells to proliferate
and to progress properly through mitosis and cytokinesis. Furthermore, genome-wide
expression analysis revealed that the loss of LIN9 leads to decreased expression of
genes mainly associated with mitotic and cytokinetic processes such as microtubule
binding, mitotic spindle assembly, and chromosome segregation.

Thus, proliferation defects and mitotic abnormalities upon Lin9 deletion are most likely a
result from the restricted expression of late cell cycle genes. These findings from cell
culture experiments provide a mechanistic explanation why tumor cells are dependent on
functional LIN9 and how the loss of LIN9 restrains lung tumorigenesis in vivo (lltzsche et
al. 2017). Based on these results, MMB could be considered as a therapeutic target for
cancer. Targeting MMB could be especially relevant for K-RAS-mutated tumors, such as
non-small cell lung cancer (NSCLC), as it was shown recently that K-RAS mutant cells
undergo mitotic stress and are thus selectively sensitive to the loss of mitotic genes
(Sarthy et al. 2007; Luo et al. 2009; Weng et al. 2012). However, direct targeting of MMB
might be difficult because MMB does not contain any enzymatic activity. As MMB is a
multiprotein complex whose structural composition is based on the interaction between
the distinct proteins, one challenging but not impossible strategy to target MMB might be

by disrupting protein-protein interactions of certain MMB subunits.
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To approach this, one might consider the use of structure-based drug design. However, to
design drugs based on the structure of MMB, further structural characterization of MMB
and the interaction between the distinct subunits is required (Modell et al. 2016).
So far, only parts of the crystal structure of DREAM but not of MMB have been published
(Guiley et al. 2015).

The use of the recently developed strategy of phthalimide conjugation for protein
degradation by the laboratory of James E. Bradner might provide another mechanism to
specifically target MMB subunits for degradation (Winter et al. 2015). In this strategy, the
target protein is marked for proteasomal degradation using a bifunctional ligand in which
one part is specific for binding to the target protein and the other part is conjugated to
phthalimide, which has been shown to bind cereblon, a member of a cullin-RING ubiquitin
ligase (CRL) complex.

However, the disruption of the interaction between specific MMB subunits or the
degradation of certain MMB subunits would lead to the complete loss of MMB. This might
be lethal for both normal non-transformed and transformed cancer cells because it was
shown that deletion of Lin9 in adult mice rapidly leads to lethality (Reichert et al. 2010).

As mentioned before mitotic and cytokinetic MMB target genes are part of gene
signatures that are associated with a poor clinical outcome of cancer, e.g., of lung and
breast cancer (Paik et al. 2004; Carter et al. 2006; Tian et al. 2010). Studies of our
laboratory showed that the shRNA-mediated depletion of the MMB target genes Kif23 or
Prcl inhibits lung tumor formation in a mouse model for NSCLC (lltzsche et al. 2017,
Hanselmann et al. 2018). Notably, it was shown that in vitro, non-tumorigenic BJ cells are
much less sensitive to PRCL1 inhibition than several tumor cell lines, indicating an
increased sensitivity of tumor cells towards the depletion of PRC1 (Hanselmann et al.
2018). MMB targets include several mitotic kinesins, which are microtubule-based motor
proteins and contain enzymatic activity. Mitotic kinesis are considered as useful druggable
targets for cancer therapy (Huszar et al. 2009). In contrast to the commonly used anti-
mitotic agents, such as microtubule-targeted drugs, mitotic kinesin inhibitors are thought
to be more selective and to have less side effects due to the specific mitotic function of
each kinesin (Huszar et al. 2009). Currently, promising substances targeting the two
mitotic kinesins EG5 (also known as KSP or KIF11) and CENPE have entered phase |
and Il clinical trials (Rath and Kozielski 2012; Song et al. 2013).

Besides targeting downstream targets of MMB or complete inhibition of the MMB complex,
disrupting the interaction of MMB with YAP, which was identified in this thesis, might lead
to reduced MMB target gene expression and thus provide another potential strategy for

the development of cancer therapeutics.
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4.2 YAP activates the transcription of mitotic and cytokinetic

MMB target genes

The characterization of the MMB-dependent transcriptome in murine Lin9-deleted lung
cancer cells revealed that LIN9-dependent genes include several genes known to be
regulated by YAP. YAP together with its paralog TAZ are effector proteins of the Hippo
pathway (Ehmer and Sage 2016).

The second and major part of this thesis dealt with the characterization of the newly
identified crosstalk between YAP and the MMB complex. The results showed that YAP
and MMB co-regulate a same set of late cell cycle genes with important functions during
mitosis and cytokinesis but also revealed a mechanism for the interaction between YAP
and MMB and the co-regulation of common genes.

YAP has been well-known for being an important regulator of cell proliferation (Ehmer and
Sage 2016). Several studies have shown that YAP cooperates with the two transcription
factors E2F and Myc to regulate the expression of early cell cycle genes and thus to
mediate G1-to-S transition (Mizuno et al. 2012; Ehmer et al. 2014; Kapoor et al. 2014;
Shen and Stanger 2015; Croci et al. 2017). DePinho and colleagues, for instance, could
show that elevated expression of YAP due to amplification of the Yap gene locus
mediates tumor relapse of KRAS bypassed pancreatic ductal adenocarcinoma (PDAC)
(Kapoor et al. 2014). These findings are in line with those of Shao et al. (2014b) showing
that YAP promotes cell survival in KRAS-dependent tumor cells upon suppression of
KRAS. Enrichment of E2F binding sites at the promoter of YAP targets suggested that
YAP/TEAD act cooperatively with E2F to rescue G1/S genes that control cell proliferation,
DNA synthesis, and replication in KRAS bypassed tumors (Kapoor et al. 2014).
All of these findings support a role and show a mechanism of YAP for the regulation of
G1/S genes and thereby for mediating cell cycle entry.

However, the YAP/TEAD-regulated genes found by Kapoor et al. (2014) in murine
pancreatic tumors also included several late cell cycle G2/M genes such as Aurka, Aurkb,
Ccna2, Ccnbl, Ccnb2, and Cdc20. These findings are similar to that of Zanconato et al.
(2015) showing that YAP regulates genes important for both S-phase and mitosis.
The authors further showed that promoters of YAP-regulated genes are enriched for E2F
motifs and thus hypothesized that YAP cooperates from enhancers with E2F bound to
promoters to regulate cell cycle gene expression (Zanconato et al. 2015). The activation
of G2/M genes by YAP was confirmed in several cancer types such as in hepatocellular
carcinoma, embryonal rhabdomyosarcoma, and breast cancer but also in non-
transformed lung epithelial cells (Bai et al. 2012; Tremblay et al. 2014; Lange et al. 2015;

Zanconato et al. 2015).
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In contrast to early cell cycle genes, however, the promoters of G2/M genes do not
contain E2F binding sites. Instead, G2/M gene promoters are enriched for CHR-binding
motifs, which are known to be bound by LIN54 of the MMB complex (Elkon et al. 2003;
Linhart et al. 2005; Zhu et al. 2005; Schmit et al. 2009; Muller et al. 2014). It is thus
unlikely that YAP co-regulates G2/M genes together with E2F and so far, no suitable
mechanism has been shown how YAP induces the expression of late cell cycle genes.
Consistent with the aforementioned findings of other laboratories, expression analyses in
this thesis revealed that YAP regulates the expression of G2/M genes in both murine and
human lung cancer cells but also in non-transformed breast epithelial cells. However, the
results of this work extend previously published data by showing that a large panel of
G2/M genes are co-regulated by YAP and MMB and by indicating that MMB is required for
YAP-dependent activation of G2/M gene expression (Figure 25).

4.3 YAP induces the expression of B-MYB and enhances

chromatin-association of LIN9 and B-MYB

The findings of this thesis go beyond previously published data by revealing that YAP
regulates G2/M gene expression in at least two ways: first, by inducing the expression of
the MMB subunit B-MYB and second, by promoting chromatin-association of LIN9 and
B-MYB at the promoters of several mitotic and cytokinetic genes. Mechanistically,
analyses from ChlIP-seq and 4C-seq experiments indicate that YAP binds to distal
enhancers that interact with MMB-bound promoters via chromatin looping. The results of
PLA and Co-IP assays support a model of long-range interaction between enhancers
bound by YAP and promoters bound by MMB by showing that YAP physically interacts
with LIN9 and B-MYB. It was shown before that YAP interacts with FOXM1 -
a transcription factor that is known to associate with MMB to form the FoxM1-MMB
complex (Eisinger-Mathason et al. 2015; Fischer and Muller 2017; Weiler et al. 2017).
However, interactions of YAP with B-MYB or with LIN9 have been unknown so far.
Comparing the Hi-C promoter-enhancer interaction map published by Jin et al. (2013) with
ChlIP-seq data of YAP and LIN9 showed that genes bound by LIN9 but not those without
LIN9 binding are significantly regulated by YAP in RNA-seq. This suggests that LIN9
binds to a subset of cell cycle genes, which are activated by YAP from distant enhancers.
The observation from this work that the vast majority of YAP binding sites are located in
enhancers or super-enhancers in both murine and human cells is consistent with data
from several other publications showing that YAP modulates transcription from distant
enhancers (Galli et al. 2015; Stein et al. 2015; Zanconato et al. 2015).
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Using ChiP-seq and a published Hi-C promoter-enhancer interaction map by Jin et al.
(2013), Zanconato et al. (2015) could previously show that YAP/TAZ/TEAD form a
complex with AP-1 (JUN/FOS). This complex binds almost exclusively to distal enhancer
sites that interact with promoters of cell cycle genes through chromatin looping.
Experiments from inhibiting endogenous YAP and from activating YAP5SA in this thesis
clearly showed that YAP regulates the expression of the B-MYB encoding gene MYBL2.
In contrast, LIN9 expression was neither influenced by inhibition nor by activation of YAP.
This indicates that YAP regulates MYBL2 but not LIN9 expression. Interestingly, FOXM1
has been identified as a YAP target gene before (Mizuno et al. 2012; Eisinger-Mathason
et al. 2015; Fan et al. 2015; Weiler et al. 2017). In addition, previous studies identified the
two MYB family members A-MYB and c-MYB to be regulated by YAP (Mizuno et al. 2012;
Mohseni et al. 2014; Zanconato et al. 2015). The findings of this thesis show for the first
time that also B-MYB is a YAP target gene.

Previously it was shown that YAP induces the expression of the long noncoding RNA
(IncRNA) metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), which in
turn was shown in another publication to activate the expression of B-MYB (Tripathi et al.
2013; Wang et al. 2014). These data suggest one possible way in which YAP might
regulate the expression of B-MYB. In addition, ChIP- and 4C-seq from this study provide
another mechanism by revealing that YAP does not directly bind to the promoter of
MYBL2, but instead binds to a -12 Mb away from the TSS located enhancer that interacts
with the MYBL2 promoter through chromatin looping.

However, this result from 4C-seq only provides topological information and the functional
relevance for this region has yet to be investigated. This could be done, e.g., by analyzing
whether deletion of the identified MYBL2 enhancer using CRISPR-Cas9 results in
reduced B-MYB expression or affects formation of the chromatin loop. Furthermore, the
promoter-associated interaction partners of YAP for regulating MYBL2 expression from
the distal enhancer remain unknown. One possibility might be that YAP cooperates from
the MYBL2 enhancer with E2F transcription factors, which are known to regulate
cell-cycle dependent expression of MYBL2 by direct binding to the MYBL2 promoter
(Liu et al. 1996; Zwicker et al. 1996).

Interestingly, YAP induced the expression of B-MYB at mMRNA and protein level only in
confluent but not in subconfluent cultures, whereas it strongly induced the chromatin-
association of B-MYB in both conditions. One explanation for this could emerge from
routine cell culturing conditions. Cells plated on plastic cell culture dishes are growing on a
very stiff substrate with a spread cell shape, which has been shown to favor nuclear

localization and activity of YAP in response to ECM stiffness (Dupont et al. 2011).
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Seeding cells at a very high density leads to contact inhibition due to enhanced cell-cell
contacts, thereby inducing cytoplasm translocation and inactivation of YAP (Meng et al.
2016). This allows to analyze the effects of YAP5SA overexpression without background
activity of endogenous YAP in confluent cells. Thus, the effects of YAP5SA induction on
the expression of B-MYB in subconfluent cells might be blunted by a higher basal
background activity of endogenous YAP. What argues against this, however, is that the
basal DNA binding of endogenous YAP in non-induced (-doxy) MCF10A YAP5SA cells
seeded at subconfluent conditions was overall very weak and only slightly stronger than in
cells seeded at confluent conditions (Figure 22 and Figure 23). For further experiments, it
could be considered to grow cells at high confluence on soft substrates such as
fibronectin-coated acrylamide hydrogels with a stiffness of 0.7 kPa as it was shown by
Dupont et al. (2011) to completely exclude blunting effects due to basal activity of
endogenous YAP.

That the enhanced binding of MMB to promoters of G2/M genes upon YAP5SA induction
is a secondary effect arising from increased cell proliferation and an enhanced number of
cells in G2/M is unlikely given that MYBL2 mRNA expression, which is cell cycle
regulated, was unchanged in subconfluent cells (Liu et al. 1996; Zwicker et al. 1996).
However, to completely exclude this possibility, future experiments could aim at having a
closer look at cell cycle profiles upon YAP induction. Specifically, MCF10A YAP5SA cells
could be induced for YAP5SA expression for different periods of time as it was done in
Figure 21A followed by analyses of cell cycle profiles by flow cytometry, MMB target gene
expression, and chromatin binding of MMB to G2/M gene promoters.

Overall, YAP5SA induction did not increase the expression of LIN9, instead it even led to
slightly decreased LIN9 mRNA levels in subconfluent cells although it simultaneously
strongly promoted binding of LIN9 to promoters of MMB target genes. These results
together with the physical interaction of YAP with B-MYB or with LIN9 indicate that the
enrichment of B-MYB and LIN9 at promoters of G2/M genes upon YAPS5SA induction
does not only occur due to increased B-MYB and LIN9 expression levels but rather due to
so far unknown mechanisms.

Notably, the basal binding of LIN9 in untreated non-induced cells was much stronger in
confluent than in subconfluent cells, at least for three out of four promoters (Figure 22).
For the binding of B-MYB it was exactly the other way around: At all four analyzed
promoters, basal B-MYB binding in non-induced cells was weaker in confluent than in
subconfluent cells, which is likely to result from the reduced expression of B-MYB in
confluent cells. As a mixture of asynchronously growing cells was used for this assay, the
different distribution of cells in the distinct phases of the cell cycle might explain the

different basal LIN9 levels in confluent and subconfluent cells.
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The high occupancy of LIN9 at promoters in confluent cells might reflect LIN9 as a part of
the repressor DREAM complex and occur due to an increased number of arresting cells in
GO0/G1 as a result of contact inhibition. However, there are reasons to doubt this
hypothesis. Although promoters in subconfluent cells might be less occupied by LIN9 as a
part of DREAM, they should conversely be more occupied by LIN9 as a part of MMB.
This idea is supported by previous data from our laboratory showing that, unlike B-MYB
binding, there is no difference in LIN9 binding at promoters of G2/M genes between
quiescent and S-phase cells (Osterloh et al. 2007).

Overall, results from ChIP assays raise the question whether YAP promotes binding of
B-MYB to promoters already pre-bound by the MuvB core or whether YAP recruits the
complete MMB complex to G2/M gene promoters. It is not possible to answer this
guestion on the basis of the results of this thesis. However, in order to approach this
issue, future studies could initially focus on determining how induction of YAP influences
the binding of B-MYB and LIN9 in distinct cell cycle phases by carrying out ChIP
experiments with chromatin isolated from synchronized cells. Future research should
further investigate the enhanced chromatin-association of B-MYB upon YAP induction, for
instance by using cells stably expressing either doxycycline-inducible B-MYB alone or
both doxycycline-inducible B-MYB and YAPS5SA. Using ChiP-assays and PlI-flow
cytometry, one could first analyze whether induction of B-MYB alone is able to promote
replacement of DREAM by MMB and to induce cell cycle progression in serum-starved
cells. Second, one could analyze whether overexpression of YAPS5SA next to
overexpressed B-MYB further increases cell cycle progression and binding of MMB to
promoters of G2/M genes .

Currently, it remains unclear how the interaction between MMB and YAP is mediated and
whether other proteins or protein complexes are involved (Figure 24). Recently, Dong and
colleagues have shown that, next to the known inhibitory phosphorylation of YAP by LATS
kinases, YAP is phosphorylated at several residues by CDK1 during G2/M. CDK1-
mediated phosphorylation of YAP was sufficient to promote cell migration and invasion
(Yang et al. 2013). However, the biological role of the CDK1-mediated phosphorylation of
YAP during G2/M is largely unknown. As this phosphorylation specifically occurs during
G2/M and promotes the mitotic function of YAP, it might be necessary for mediating the
interaction between MMB and YAP. To address this question, it would be initially
important to see whether the interaction between YAP and MMB is restricted to specific
phases of the cell cycle. This could be done by synchronizing cells at specific stages of
the cell cycle and analyze the interaction of YAP with B-MYB or with LIN9 for example by
PLA or by Co-IP experiments.
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To analyze whether CDK1-mediated phosphorylation is needed for the MMB-YAP
interaction, future experiments could use the phosphorylation-deficient YAP3A or 4A
mutants generated by Yang et al. (2013). In the YAP3A mutant, the CDK1
phosphorylation sites at threonine-119, serine-289, and serine-367 are mutated to the
non-phosphorylatable alanine. The YAP4A mutant additionally contains the S127A
mutation that prevents inhibition of YAP by LATS kinases (Yang et al. 2013).

Moreover, future work could aim to identify the specific domain of the YAP protein that is
needed for the interaction with MMB by performing co-immunoprecipitation studies with
truncated YAP deletion mutants. Finding a YAP deletion mutant that fails to interact with
MMB but is still capable to interact with TEAD could give further information about the
importance of the MMB-YAP interaction for the ability of YAP to induce the expression of
G2/M genes and mitosis. Despite mapping the interaction domain of YAP, one could
perform affinity purifications using differentially tagged constructs of YAP and B-MYB
followed by mass spectrometry to identify other proteins that might be involved in the
interaction between YAP and MMB.

4.4 MMB is required for YAP-induced cell cycle progression

The ability of YAP to induce mitotic gene expression and cell cycle re-entry in serum-
starved, quiescent cells was strongly dependent on MMB as demonstrated by RNAI-
mediated depletion of MYBL2 and LIN9 and subsequent induction of YAP5SA
(Figure 25).

It was shown recently that a Cre-mediated triple knockout of all three pocket proteins pRb,
p130, and p107 (TKO) is not sufficient for prolonged proliferation of mature hepatocytes,
which instead further arrest in GO/G1 (Ehmer et al. 2014). Arrested TKO hepatocytes
were found to have reduced YAP/TEAD expression levels and increased inhibitory YAP
phosphorylation, explaining the decreased expression of E2F target genes even after the
loss of all three pocket proteins. The ectopic expression of YAP5SA triggered re-entry of
TKO hepatocytes into the cell cycle, indicating that the proliferation of TKO hepatocytes
was limited because of reduced YAP activity. Based on these findings and on the here
presented results showing that YAP regulates G2/M gene expression together with MMB,
one could speculate now that the proliferation of TKO hepatocytes is limited because of
reduced YAP-dependent G2/M gene expression.

Interestingly, Piccolo and colleagues showed that in MDA-MB-231 breast cancer cells
YAP activates the expression of the oncogene MYC by binding to a distal enhancer that

interacts with the MYC-promoter through chromatin-looping (Zanconato et al. 2015).
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Later on, data from Campaner and colleagues went beyond the aforementioned results by
revealing that MYC is able to globally shift the genomic distribution of YAP and favoring
the recruitment of YAP to MYC- and TEAD-bound promoter sites to activate genes
required for cell cycle entry (Croci et al. 2017). They further showed that the cooperation
between YAP and MYC is needed to induce gene expression and cell cycle entry in
serum-starved 3T9 cells. As indicated by EdU- and BrdU-incorporation and RNA-seq
experiments, YAP and MYC cooperate to specifically induce entry into S-phase by
activating genes required for DNA replication, nucleotide metabolism, and pyrimidine
synthesis (Croci et al. 2017).

Data of this work extend these findings by showing that YAP is able to induce cell cycle
progression beyond S phase into mitosis and that this is strongly dependent on the
presence of the MMB subunits LIN9 and B-MYB (Figure 25). The present study further
indicated that overexpression of either wild-type or constitutively active YAP5SA in Lin9-
deleted murine lung adenocarcinoma cells can partially rescue the phenotype of LIN9 loss
(Figure 10). In another experiment, it was shown that LIN9 protein expression is
completely lost after a 3-day long treatment with 4-OHT. However, transfection of YAP-
overexpressing constructs in the rescue experiment was done 24 h after initiating the
Cre-mediated deletion of Lin9 by adding 4-OHT. At this time point, some LIN9 protein
might still be present and YAP might be able to stabilize MMB, which would at least partly
explain the reduced mitotic defects seen in YAP-overexpressing cells. This would also
suggest that the phenotype of LIN9 loss in YAP-overexpressing cells only occurred time-
delayed and was not yet visible at the time of cell harvest. This assumption might be

addressed in future studies.

4.5 Clinical relevance for the crosstalk between MMB and YAP

Finally, co-expression of YAP targets with MYBL2 in human lung cancer tissue and the
correlation of the expression of YAP/MMB co-regulated genes with a shorter survival of
lung cancer patients suggested that common MMB and YAP target genes are of clinical
relevance. Whereas a high expression of genes co-regulated by YAP and MMB was
associated with a poor prognosis in lung cancer patients, a high expression of well-
described genes regulated only by YAP but not by MMB rather correlated with a longer
survival of patients. This is consistent with what has been found by Hiemer et al. (2015)
who showed that the expression of the canonical YAP/TAZ target genes CTGF and
CYR®61 did not significantly change with regard to tumor onset, grade, and stage of oral

squamous cell carcinoma (OSCC).
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In contrast, a high expression of AURKA and BIRCS5, which were found in this thesis to be
co-regulated by MMB and YAP, correlated with a higher tumor grade and a more
advanced stage of OSCC (Hiemer et al. 2015). It is noteworthy that YAP has been found
to be active and nuclear in several cancer types including late-stage ovarian, colon,
gastric, liver, esophageal, and non-small cell lung cancers (Piccolo et al. 2014).
Moreover, several previously published studies have shown that the activation of YAP is
associated with progression, a poor prognosis, and more frequent relapse of non-small
cell lung cancer (Wang et al. 2010; Kim et al. 2015; Guo et al. 2017).

Recently the kinase and tumor suppressor LKB1 was identified to regulate YAP activity in
a negative manner (Mohseni et al. 2014). LKB1, also known as STK11, is somatically
mutated in 15% to 30% of NSCLC and is thus, next to TP53, one of the most frequently
mutated tumor suppressors in human lung cancer (Ding et al. 2008; Zhang et al. 2015b).
Interestingly, deletion of Yap significantly inhibited lung adenocarcinoma (ADC)
progression in  Kras®?P-activated, Lkb1l-deficient mice (Zhang et al. 2015b).
Additionally, Survivin, also known as BIRC5, was identified to act as a downstream
mediator of YAP in promoting malignant progression of Kras®!?P-activated, Lkb1-deficient
lung ADC. Although Survivin was demonstrated to be regulated by YAP, no exact
mechanism for this regulation was shown. In the present study, Survivin/BIRC5 was one
of the genes found to be co-regulated by MMB and YAP, suggesting that it is regulated by
YAP from a distal enhancer that interacts with the MMB-bound promoter in a similar way
as it was shown here for other common MMB/YAP targets.

An important question that arises from this study and that should be addressed in future
work is whether the oncogenic property of YAP to promote tumor growth in vivo is
mediated through the interaction with MMB. This could be addressed using a recently
described lung cancer mouse model of LSL-Kras®!?P; LSL-rtTA; tetO-YAPS127A mice in
which activation of YAP promotes KRAS G12D-initiated lung tumor progression (Lau et al.
2014). In this model, mice harbor a doxycycline-inducible constitutively active allele of
Yapl (tetO-YapS127A) in addition to Cre-inducible conditional alleles of oncogenic LSL-
Kras®1?P and of the reverse-tetracycline transactivator (LSL-rtTA). Lung tumorigenesis is
initiated by intranasal infection of mice with Adeno-Cre, which activates KRAS G12D and
rTA. This is followed by treatment with doxycycline to activate YAP along with tumor
initiation. On the assumption that future work will uncover the specific motif in the YAP
protein that mediates the interaction with MMB, one could consider generating mice with
the aforementioned genetic background expressing a dox-inducible mutant of YAP, which
is unable to interact with MMB. Analyzing the tumor progression in those mice compared
to mice expressing YAP that is still able to interact with MMB might reveal whether the

interaction with MMB contributes to the tumor promoting characteristics of YAP.
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4.6  Working model and conclusion

MuvB has been linked to the Hippo pathway in previously published studies.
The Hippo kinase LATS2 has been shown to enhance the ability of DYRK1A to
phosphorylate the MuvB subunit LIN52, thereby promoting the assembly of the repressor
DREAM complex (Litovchick et al. 2011; Tschop et al. 2011) (Figure 27, left). DYRK1A-
mediated phosphorylation of LIN52 was important to enter quiescence or senescence.

The results reported here substantially extend the knowledge of the connection between
Hippo and MuvB by showing that Hippo signaling acts through the downstream effector
YAP independently from DYRK1A by regulating the activator Myb-MuvB/MMB subunit
B-MYB. More specifically, the results support a model in which YAP regulates the
expression of G2/M genes in at least two ways (Figure 27, right). First, YAP induces the
expression of B-MYB by binding to a -12 Mbp from the TSS located distal enhancer that
interacts with the promoter of MYBL2 through chromatin-looping. Second, YAP interacts
with B-MYB and promotes binding of B-MYB to the promoters of mitotic and cytokinetic
genes through binding to distal enhancers that interact with MMB-regulated promoters

through chromatin looping.
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Figure 27: Model for the crosstalk between MMB and YAP.

Model for the crosstalk between DREAM/MMB and Hippo signaling based on published data and data from
this thesis. Left: When Hippo signaling is ON, LATS1/2 kinases phosphorylate YAP leading to its cytoplasmic
retention and degradation. LATS2 phosphorylates and activates DYRK1A, which in turn phosphorylates LIN52
of the MuvB core, thereby promoting the assembly of the repressor DREAM complex (Litovchick et al. 2011;
Tschop et al. 2011). Right: When Hippo signaling is OFF, YAP can translocate into the nucleus and binds
with TEAD proteins to distal enhancer regions of G2/M genes. One of the YAP target genes is MYBL2, the
gene encoding for B-MYB, which is regulated through binding of YAP to a distal enhancer located 12 Mbp
upstream of the TSS. YAP promotes binding of B-MYB to promoters and communicates from distal enhancers
with MMB-bound promoters of G2/M genes via chromatin looping.
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Collectively, these results provide for the first time a mechanism for the transcriptional
regulation of G2/M genes by YAP through its association with the MMB complex.
Thus, inactive Hippo signaling in cancer cells leads to unrestricted cell proliferation due to
enhanced expression of G1/S and G2/M genes required for cell cycle entry and
progression. On the one hand, loss of DYRK1A activation by LATS prevents the assembly
of DREAM, thereby causing de-repression and thus increased expression of E2F-
regulated G1/S genes important for cell cycle entry. On the other hand, elevated levels of
active YAP due to the loss of upstream Hippo signaling induce the expression of B-MYB
and enhance B-MYB promoter-binding, thereby contributing to an increased expression of
G2/M genes. As MMB and YAP co-regulated genes are generally associated with a poor
prognosis in cancer patients, disrupting the interaction between MMB and YAP might

provide a novel therapeutic strategy for the treatment of cancer.
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6.3 Abbreviations

3C Chromosome conformation capture

4-OHT 4-Hydroxytamoxifen

4C Circular chromosome conformation capture

4C-seq Circular chromosome conformation capture followed by

high-throughput sequencing

ADC Adenocarcinoma

APS Ammonium persulfate

bp Base pairs

BSA Bovine serum albumin

CacCl, Calcium chloride

cDNA Complementary deoxyribonucleic acid
ChiP Chromatin immunoprecipitation

ChiP-seq Chromatin immunoprecipitation followed by

high-throughput sequencing

CIN Chromosomal instability

Co-IP Co-immunoprecipitation

DAB Diaminobenzidine (tetrahydrochloride)
ddH20 Double-distilled/purified water

DEPC Diethyl pyrocarbonate

DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dNTP Deoxyribonucleotide triphosphate
dox/doxy Doxycycline

DREAM DP, RB-like, E2F and multi-vulval class B complex
DTT Dithiothreitol

EB Elution buffer

ECL Enhanced chemiluminescence solution
EDTA Ethylenediaminetetraacetic acid

EGF Epidermal growth factor

ESB Electrophoresis sample buffer

ev Empty vector

FBS Fetal bovine serum

G0/GO0 phase Quiescent/resting phase
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G1/G1 phase
G2/G2 phase

gDNA
GFP
H,0
HBS
HCI
HEPES
HRP

KPL

LB

M/M phase
MMB
MuvB
NacCl

NEB

NGS
Opti-MEM
osccC
PBS
PBS-T
PCR

PEG
Pen-Strep
PI

PIC

PLA
PMSF
PSP
PVDF
gPCR

Gapl phase

Gap2 phase

Genomic deoxyribonucleic acid

Green fluorescent protein

Water

HEPES buffered saline

Hydrochloric acid
Hydroxyethyl-piperazineethane-sulfonic acid
Horseradish peroxidase
Immunofluorescence

Immunohistochemistry

Immunoprecipitation

Kilobase/kilo base pairs

K_RaSLSL-GlzDH; p53ﬂ/fl; Lin9**
K_RaSLSL—612D/+; p53fI/fI; Lingfl/fl

Luria Bertani

Mitosis/Mitotic phase

Myb-MuvB complex

Multi-vulval class B core

Sodium Chloride

New England Biolabs

Next-generation sequencing

Opti-Minimum essential media (reduced serum media)
Oral squamous cell carcinoma

Phosphate buffered saline

Phosphate buffered saline with 0.1% Tween 20
Polymerase chain reaction

Polyethylene glycol

Penicillin-Streptomycin

Propidium iodide

Protease inhibitor cocktail

Proximity ligation assay
Phenylmethylsulfonyl fluoride

3% paraformaldehyde, 2% sucrose in phosphate buffered saline
Polyvinylidene fluoride

gquantitative real-time PCR
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RNA
RNA-seq
RNAI
RPMI

RT

S/S phase
SDS
SDS-PAGE
SiRNA
TAE

TBS
TBS-T

TE
TEMED
TU

uv

VP

wB

wt
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Ribonucleic acid

Ribonucleic acid sequencing

Ribonucleic acid interference

Roswell Park Memorial Institute medium

Room temperature

Synthesis phase

Sodium dodecyl sulfate

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Small interfering ribonucleic acid
Tris-acetate-ethylenediaminetetraacetic acid buffer
Tris-buffered saline

Tris-buffered saline with 0.1% Tween 20

Tris- Ethylenediaminetetraacetic acid (EDTA)
Tetramethylethylenediamine

Transducing units

Ultraviolet

Verteporfin

Western Blot

Wild-type
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