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Abstract

The DREAM complex plays an important role in regulation of gene expression during the
cell cycle. It was previously shown that the DREAM subunits LIN9 and B-MYB are re-
quired for early embryonic development and for the maintenance of the inner cell mass
in vitro. In this work the effect of LIN9 or B-MYB depletion on embryonic stem cells
(ESC) was examined. It demonstrates that LIN9 and B-MYB knock down changes the
cell cycle distribution of ESCs and results in an accumulation of cells in G2 and M and
in an increase of polyploid cells. By using genome-wide expression studies it was revealed
that the depletion of LIN9 leads to downregulation of mitotic genes and to upregulation of
differentiation-specific genes. ChIP-on chip experiments determined that mitotic genes are
direct targets of LIN9 while lineage specific markers are regulated indirectly. Importantly,
depletion of LIN9 does not alter the expression of the pluripotency markers Sox2 and Oct4
and LIN9 depleted ESCs retain alkaline phosphatase activity. I conclude that LIN9 is es-
sential for proliferation and genome stability of ESCs by activating genes with important
functions in mitosis and cytokinesis.

The exact molecular mechanisms behind this gene activation are still unclear as no DREAM
subunit features a catalytically active domain. It is assumed that DREAM interacts with
other proteins or co-factors for transcriptional activation. This study discovered potential
binding proteins by combining in vivo isotope labeling of proteins with mass spectrometry
(MS) and further analysed the identified interaction of the tight junction protein ZO-2 with
DREAM which is cell cycle dependent and strongest in S-phase. ZO-2 depletion results in
reduced cell proliferation and decreased G1 gene expression. As no G2/M genes, typical
DREAM targets, are affected upon ZO-2 knock down, it is unlikely that ZO-2 binding
is needed for a functional DREAM complex. However, this work demonstrates that with
(MS)-based quantitative proteomics, DREAM interacting proteins can be identified which
might help to elucidate the mechanisms underlying DREAM mediated gene activation.



Zusammenfassung

Der DREAM Komplex spielt eine bedeutende Rolle in der Genregulation im Verlauf des
Zellzyklus. Es wurde gezeigt, dass die DREAM Untereinheiten LIN9 und B-MYB für die
frühe Embryogenese und den in vitro Erhalt der inneren Zellmasse erforderlich sind. In
der vorligenden Arbeit wurde die Auswirkung von LIN9 und B-MYB Depletierung auf em-
bryonale Stammzellen untersucht. Es zeigt sich, dass Depletion von LIN9 und B-MYB
die Zellzyklus-Verteilung von embryonalen Stammzellen beeinflusst, zur Akkumulation der
Zellen in G2 und M Phase und zu erhöhter Polyploidie führt. Genomweite Expressionsstu-
dien ergaben, dass die Verringerung von LIN9 in der Runterregulierung von mitotischen
und in der Hochregulierung von differenzierungsspezifischen Genen resultiert. ChIP-on-chip
Experimente ermittelten, dass LIN9 Mitosegene als direkte Ziele hat, wohingegen entwick-
lungslinienspezifische Marker indirekt reguliert werden. Wesentlich ist, dass LIN9 Depletion
nicht die Expression der Pluripotenzgene Oct4 oder Sox2 beeinflusst und embryonale Stam-
mzellen ihre Alkaline Phosphatase Aktivität behalten. Daraus lässt schließen, dass LIN9
essentiell für die Proliferation und genomische Stabilität von embryonalen Stammzellen ist,
in dem es Gene aktiviert, die wichtige Funktionen in Mitose und Zytokinese ausüben.

Der exakte Mechanismus hinter der Genaktivierung ist noch nicht geklärt, da keine DREAM
Untereinheit eine katalytisch aktive Domäne aufweist. Vermutlich ist die Interaktion mit
weiteren Proteinen oder Co-Faktoren für die Genaktivierung vonnöten. Diese Studie ent-
deckte mit in vivo Isotop-Markierung von Proteinen und Massenspektrometrie (MS) po-
tentielle Bindungspartner und untersuchte die identifizierte Bindung mit dem Tight Junc-
tion Protein ZO-2 genauer. Diese Bindung ist zellzyklus-abhängig und ist am stärksten
während der S-Phase. ZO-2 Depletion führt zu reduzierter Zellproliferation und verringerter
G1-Genexpression. Da keine G2/M Gene, typische DREAM Ziele, von einer ZO-2 Deple-
tion beeinflusst werden, ist es unwahrscheinlich, dass die ZO-2 Bindung für einen funk-
tionellen DREAM Komplex benötigt wird. Jedoch demonstriert diese Studie, dass mit
(MS)-basierender, quantitativer Proteomik DREAM interagierende Proteine identifiziert
werden können. Dies ist hilfreich um die Mechanismen hinter der DREAM vermittelten
Genaktivierung aufzuklären.
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1. Introduction

1.1. The mammalian cell cycle

The mammalian cell cycle describes a series of complex processes which are dedicated to
DNA replication and transmission of genetic material to daughter cells. Its strict regula-
tion is fundamental to maintain the steady state between proliferation and cell death in
the mammalian body to prevent from aberrant growth. Therefore many mechanisms are
present to decide when a cell has to enter or to quit the cell cycle either by cell death,
quiescence, differentiation or senescence.

The mammalian cell cycle can be separated into four distinct phases: During DNA syn-
thesis phase (S-phase) DNA is replicated and the doubled chromosomes are distributed
equally during mitosis (M-phase) to the two emerging daughter cells. The cell cycle also
contains ’Gap’ phases (figure 1.1). Gap1 (G1) connects the completion of M phase to
the initiation of S-phase in the next cycle and Gap2 (G2) separates S-phase from mitosis.
Those gap phases are important because they allow cells to prepare for the next cell cycle
phase. In G1 and G2, proteins required for entering the next cell cycle step are synthesised.
Furthermore, during gap phases different checkpoint mechanisms are activated. These
surveillance mechanisms sense the replication state and genetic integrity of the cell and
activate the DNA reparation machinery if needed. Failure to enforce such controls results
in genetic instability (Bartek and Lukas, 2001; Malumbres and Barbacid, 2001).

The time spanning G1-S-G2-phase is called interphase, during its course cells grow, du-
plicate their DNA and prepare for mitosis. Mitosis can also be subdivided into different
phases. During prophase, chromatin gets condensed into chromosomes which align at the
metaphase plate in metaphase. In anaphase, chromosomes are split and sister chromatids
move to opposite ends of the cell whereas in telophase, the decondensing chromosomes
are surrounded by the newly reformed nuclear membrane. Cell division is completed by
cytokinesis. Between the two emerging daughter cells a contractile ring develops, con-
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1. Introduction

stricting the cell membrane to form a cleavage furrow. Thus, the division into two cells
gets completed.

Cells do not constantly undergo cell division. Dependent on environmental and develop-
mental signals, cells in G1 may temporarily or permanently leave the cell cycle and enter
a quiescent or arrested cell phase known as G0. Quiescent cells either retain the ability
to re-enter the cell cycle after adequate stimulation or stay permanently in the resting
state e.g. as result of differentiation or senescence. Cells often undergo senescence after
DNA damage or incorrect mitosis to prevent cells from further aberrant cell cycles. In
a cell population just a small proportion is actively dividing. Cells predominantly rest in
G0 or G1. Cell external signals and intrinsic information together determine whether cells
enter a division cycle. If a cell receives enough external mitogenic stimuli it can enter the
cell cycle in G1 where it accumulates nutrients and increases in size as preparations for
replication. When the cell reaches the ’Restriction point’ in G1, it is bound to progress
further in the cell cycle (’Point of no return’). From there on, progression through the cell
cycle is controlled intrinsically by the cell cycle machinery (Pardee, 1974; Planas-Silva and
Weinberg, 1997).

1.1.1. Cell cycle regulation

1.1.1.1. Cyclin-dependent kinases (CDKs) act as cell cycle regulators

It is fundamental for each round of cell division that each of the cell cycle phases is
maintained in its correct temporal order. Otherwise even small alterations can lead to an
aberrant cell division and therefore to apoptosis, DNA damage, mutations or aneuploidy
which can contribute to tumour development. This regulation is coordinated by a family of
enzymes known as Cyclin-dependent kinases (CDKs). The small serine/threonine kinases
form complexes that consist of the catalytic CDK subunit and a regulatory cyclin subunit.
Mammalian cells express a variety of CDKs of which the main four CDK1, CDK2, CDK4,
and CDK6, are directly involved in cell cycle regulation upon binding their specific cyclin
(Morgan, 2007).

1.1.1.2. Control of CDK Activation

CDK protein levels remain constant but the expression of cyclins occurs oscillating due
to controlled degradation and resynthesis (Tyers and Jorgensen, 2000; Doree and Galas,
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1. Introduction

1994; Morgan, 1997). Characteristic for the cell cycle are the overlapping waves of cell
phase specific CDK activities which define the temporal order of each cell cycle (figure 1.1).

At the beginning of the cell cycle in early G1, cyclinD expression is induced by mi-
togenic stimuli like cytokines or growth factors (Hunter and Pines, 1994; Sherr, 1994).
CyclinD forms complexes with CDK4 and CDK6 which promote the progression from G1
into S-phase (Matsushime et al., 1992; Meyerson and Harlow, 1994). The cyclinE-CDK2
complex is important during transition from G1 into S-phase. CyclinA-CDK2 complexes
display their activity in later S-phase at the onset of G2. CyclinA also forms complexes
with CDK1 to allow entry into M phase (Girard et al., 1991; Walker and Maller, 1991). To
continue progress through mitosis, cyclinB-CDK1, also known as mitosis-promoting factor
(MPF), is activated which controls the activation of different proteins important for proper
chromosome segregation and mitotic spindle formation. APC-directed polyubiquitination
of cyclinB and its subsequent degradation in late M-phase causes a rapid fall in MPF
activity, permitting completion of mitosis and allow preparations for the next cell cycle
(reviewed in Morgan, 1999).

CDKs promote cell cycle progression by phosphorylating critical downstream substrates to
alter their activity. These events must happen at precise times during the cell cycle; to
ensure this, CDK activities have to be tightly regulated. Many levels of regulation impinge
upon the CDKs to execute tight control over cell cycle progression. The first step for
cyclin-CDK activation is the assembly of the complex, which depends on the availability
of the specific cyclin. Upon cyclin binding, the catalytical CDK subunit undergoes a series
of conformational changes (reviewed in Morgan, 1995). This involves the addition of ac-
tivating and the removal of inhibitory phosphorylations. Thus, complete CDK activation
requires phosphorylation at a conserved threonine residue (e.g. Thr 161 in human CDK1)
by a CDK activating kinase (CAK). Cyclin-CDK complexes can be inhibited by N-terminal
phosphorylation (in human CDK1 at Thr 14 and Tyr 15) by Wee familiy proteins (Den
Haese et al., 1995). Dephosphorylation at those sites by the CDC25 phosphatase con-
tributes to the activation of cyclin-CDK complexes by stabilising cyclin-CDK interaction
and therefore enhancing substrate binding (Russo et al., 1996).
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Figure 1.1.: Cell cycle regulation The somatic cell cycle is characterised by the doubling
of DNA in synthesis (S) phase and the transmission of the genetic material
to two emerging daughter cells in mitosis (M), separated by gap pahses (G1,
G2). Oscillating activity of different cyclin-CDK complexes guides the cell
through the different phases of the cell cycle. Checkpoints (black boxes) are
crucial instruments to affirm the correct progression through single cell cycle
phases. They are constitutive active and have to be silenced for further cell
cycle progression. Cells, no longer dividing, withdraw from cell cycle into G0
(Adapted and modified from Coller, 2007).
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1.1.1.3. pRB pathway

A major substrate of cyclinD-CDK4/6 is the tumour suppressor Retinoblastoma (pRB).
pRB and its family members p107 and p130 are also called ‘pocket proteins’ because they
share a common domain called pocket domain (Lipinski and Jacks, 1999) which consists of
two highly conserved regions A & B, separated by a linker. The pocket domain mediates
the interaction with E2F proteins and histone deacetylase (HDAC) (Felsani et al., 2006;
Giacinti and Giordano, 2006). pRB and its family members play a crucial role in regulating
G1 progression and act as negative regulators at the restriction point. Proteins of the pRB
family conduct this role through association with transcription factors of the E2F family
and by modulating their activity (Harbour and Dean, 2000).

E2F family
The members of the E2F family of transcription factors are the most important and best
characterised pRB interacting proteins. In mammals, 8 family members (E2F1-8) are
known, of which E2F1-6 form heterodimers with DP proteins (DP1 and DP2) for functional
activity (Giacinti and Giordano, 2006). E2Fs can be divided into three functional groups
(E2F1-3, E2F4-5 and E2F6-8).
a) The transcriptional activators E2F1-3 are highly regulated in their expression during

cell growth and cell cycle generally (Dyson, 1998) and bind predominantly to pRB.
E2F1-3 regulate the expression of a host of genes needed for G1-S progression such
as cyclinE. Upon binding of hypophosphorylated pRB to E2F1-3, the transactivating
function is abolished, target gene expression silenced and cell cycle progression inhibited
(Rayman et al., 2002). During G1, pRB sequentially gets phosphorylated by cyclinD-
CDK4/6 complexes which leads to the partial release of E2Fs which allows the activation
of cyclinE and Cdc25a transcription. The phosphatase CDC25A removes inhibitory
phosphorylations from CDK2 which allows cyclinE-CDK2 formation that in return leads
to full hyperphosphorylation of pRB and full release of E2Fs (fig 1.2). The activation
of target genes enables progression into S-phase (Harbour and Dean, 2000; Harbour
et al., 1999; Bartek and Lukas, 2001; Bracken et al., 2004).

b) Contrary, E2F4-5 act as transcriptional repressors with E2F4 and E2F5 primarily bind-
ing p130 and p107 (Moberg et al., 1996; Beijersbergen et al., 1994; Ginsberg et al.,
1994; Hijmans et al., 1995). During G0 and G1, pocket proteins and E2F4-5 bind to
promoters with E2F consensus sites to repress gene transcription. Upon the subse-
quent hyperphosphorylation of the pocket proteins, the repressing E2Fs are released
and relocated to the cytoplasm (Gaubatz et al., 2001; Verona et al., 1997).
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c) The third functional group consists of E2F6-8. They lack the N-terminal sequences
of E2F1-3 as well as the C-terminal domain common to all the other E2F. Thus, the
transactivation and the pocket protein binding domain are absent in E2F6-8 which
marks them as RB independent transcriptional repressors (Cartwright et al., 1998; Di
Stefano et al., 2003; Christensen et al., 2005; Bruin et al., 2003; Trimarchi et al., 1998;
Gaubatz et al., 1998). E2F6 is the only member of this group that form heterodimers
with DP proteins and it is supposed that it functions as a repressor of E2F-dependent
transcription through interactions with Polycomb group of proteins (Attwooll et al.,
2005; Cartwright et al., 1998; Trimarchi et al., 1998; Trimarchi et al., 2001; Ogawa
et al., 2002; Gaubatz et al., 1998; Giangrande et al., 2004).

Figure 1.2.: pRB/E2F interaction Hyperphosphorylated pocket proteins (as shown for
pRB) bind proteins of the E2F family and recruit HDAC to repress the expres-
sion of genes needed for G1/S transition. Upon subsequent phosphorylation
by cyclin-CDK complexes, E2Fs are released and E2F-dependent gene tran-
scription gets activated. Cells can now progress into S-phase.
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1.1.1.4. CDK inhibitors

CDK activity is additionally controlled by two classes of CDK inhibitors (CDKIs) which
act as brakes to stop cell cycle progression. Inhibition occurs after binding to cyclin-
CDK complexes by steric inhibition, blocking access to the substrates or by destabilisation
of the cyclin-CDK interaction (Pavletich, 1999). CDKIs are induced after DNA damage,
senescence, differentiation or in response to different cellular signals such as cytokines or
cell-cell contact. The CDKIs of the INK family, p16 (INK4a), p15 (INK4b), p18 (INK4c)
and p19 (INK4d) specifically bind to CDK4 and CDK6, preventing their association with
cyclinD and therefore lead to G1 arrest. CDKIs are crucial for avoiding uncontrolled
proliferation by inducing cell cycle arrest, as human tumours frequently harbour inactive
p16 (Kamb et al., 1994). The second class of CDKIs is composed of the three CIP/KIP
family members, p21 (CIP1), p27 (KIP1) and p57 (Kip2) which can inhibit a wide range
of CDK complexes (Vidal and Koff, 2000; Sherr and Roberts, 1999).

1.2. The mammalian DREAM complex

Correct cell cycle progression underlies tight regulation of periodic gene expression. E2F
and pRB proteins are critical regulators for G1/S transition (section 1.1.1.3) due to their
gene repressive function in G0/early G1 phase.
In 2004, an E2F/pRB repressor complex was identifed in Drosophila named dREAM

(Korenjak et al., 2004) or Myb-MuvB (Lewis et al., 2004) containing dE2F2 and dMyb to-
gether with the pRb homologues RBF1 or RBF2, Caf1p55, three Myb-interacting proteins
(Mip40, Mip120 and Mip130) and other components such as dLin-52. It represses develop-
mental gene expression but also positively regulates G2/M genes (Georlette et al., 2007).
This complex is highly conserved as its homologue DRM was also found in C. elegans
(Harrison et al., 2006) involved in vulva differentiation (Korenjak et al., 2004). In human
cells DREAM was identified in 2007 (Schmit et al., 2007; Pilkinton et al., 2007; Litovchick
et al., 2007) with the core components LIN9, LIN37, LIN54, LIN52 and RBAP48 (the
human homologues of Drosophila Mip130, Mip40, Mip140, dLin52 and Caf1p55).
In G0-G1, DREAM binds to the pocket protein p130 and E2F4 to repress transcription

of E2F target genes regulating the G1-S transition.
Genome wide location analysis in quiescent human cells showed that DREAM binds pro-
moters of >800 cell cycle regulated genes indicating a repressing function in G0 (Litovchick
et al., 2007). Upon S-phase entry, the DREAM core complex releases p130/E2F4 and as-
sociates with the transcription factor B-MYB instead (fig 1.4). This switch triggers the
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activation of G2/M gene expression (Schmit et al., 2007). This activator complex is named
DREAM-B-MYB or Myb-MuvB (MMB) in contrast to the repressor DREAM (or MuvB).
To identify genes that are regulated by DREAM, RNA expression analyses were con-

ducted in human and mouse fibroblasts after depletion of the core member LIN9 (Osterloh
et al., 2007; Reichert et al., 2010). The majority of genes influenced by LIN9 are expressed
during G2 or M-phase. They exert functions in G2/M transition and mitotic entry (e.g.
cyclinA, cyclinB1, Cdc2), mitotic spindle checkpoint (Bub1, CenpE, Birc5), spindle assem-
bly (AuroraA, Plk1), cytokinesis (Cep55), and exit from mitosis (Ubch10) (Osterloh et al.,
2007) as shown in figure 1.3.

mitotic entry

Survivin
Bub1
Plk-1

AurorA
Cenp-E
Cenp-F
Nusap
Aspm
Kif20a

cyclinB
Cdc2
Plk-1

AurorA
Fbxo5

UbcH10
Survivin

Plk-1
Lap2

Gas2l3
Aspm

mitotic spindle checkpoint
chromosome segregation

mitotic exit
cytokinesis

LIN9

LIN54

RBAP48

LIN52

LIN37

B-MYB

Figure 1.3.: DREAM-B-MYB regulated G2/M genes The DREAM-B-MYB complex
activates a large set of G2/M genes. Among them are genes important for
mitotic entry, spindle checkpoint, chromosome segregation or mitotic exit and
cytokinesis.
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1.2.1. G2/M gene regulation by CDE/CHR promoter elements

Correct entry and progression through mitosis is required to avoid failures in cell division
which can lead to genomic instability. Genes needed in G2 or M phase must be provided
on time and thus need precise regulation and coordination of expression.

G2/M genes are repressed during G0/G1 and are activated during S-phase. They often
share some common features close to the transcription start in their promoters, namely
CDE (cell cycle -dependent element), CHR (cell cycle genes homology region) and CCAAT-
boxes. CDE and CHR are found in close proximity, separated by a 4 nucletide spacer. CDE
was first discovered in the human CDC25C promoter and found necessary for the repression
of gene expression in G0/G1 (Lucibello et al., 1995). Shortly after, CHR was discovered.
Mutation of CHR leads to the loss of transcriptional repression in G0/G1 as observed for
CDE, affirming the repressive character of CDE/CHR elements (Zwicker et al., 1995). CDE
is related to the TTGGCGC E2F binding consensus, which explains the binding of E2F and
pocket proteins to several CDE-regulated promoters (Zwicker et al., 1995). There are two
classes of CDE/CHR regulated genes. Class I genes require both sites for cell-cycle de-
pendent repression whereas class II genes do not have a functional CDE site and are only
regulated through a well-conserved CHR. Unlike the E2F-related CDE, which is needed
for transcriptional repression, the CHR element participates in both repression and activa-
tion of genes. Genes regulated by CDE/CHR generally encode proteins with functions in
S- or G2/M-phase (Zwicker et al., 1995). Binding of E2F4 and the pocket protein p130
was detected to several CDE-regulated promoters (e.g. CDC2, AurkB, cyclin A2) (Tom-
masi and Pfeifer, 1995; Kimura et al., 2004; Zhu et al., 2004). Also the DREAM subunit
LIN54 was found to bind to a CHR and B-MYB binding site (with a CHR-like element) in
the human CDC2 promoter (Schmit et al., 2009). Furthermore, DREAM binding to CHR
was confirmed for human and mouse cyclinB promoter at which, in the human promoter,
CDE is not required for DREAM binding (Müller et al., 2011). It is proposed that, in G0,
DREAM-E2F4/p130 binding to CDE/CHR mediates gene repression (fig 1.4), whereas
upon S-phase entry, the DREAM-B-MYB complex binds to CHR, as shown for cyclinB
(Müller et al., 2011), or to alternative recognition sites outside CHR/CDE (Schmit et al.,
2009) to activate gene expression. Analysis of a ChIPchip array showed that 18.8% of
DREAM regulated promoters contain CHR elements (Müller et al., 2011). It is proposed
that even more DREAM regulated genes contain CHR (or CHR-like elements) which un-
derlines their important role in DREAM-mediated gene repression and activation.
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1.2.2. The subunit LIN9

One of the best studied DREAM components is LIN9. It was first described in C. elegans
where it is needed together with LIN35 (pRB) for vulva differentiation (Ferguson and
Horvitz, 1989; Beitel et al., 2000). Further homologues were found in Drosophila (Mip130
and Aly) and Arabidopsis thaliana (Always Early) (Bhatt et al., 2004). Like the Drosophila
Mip130 the mammalian LIN9 is part of the DREAM core complex.
LIN9 depletion in immortalised human BJ fibroblasts leads to inhibition of proliferation and
accumulation of cells in G2/M resulting in a delayed entry into mitosis (Osterloh et al.,
2007).

DP

LIN-9

LIN-54

RbAp48

Lin-52 LIN-37

p130

E2F4

CDE CHR

CDE CHR

LIN-9

LIN-54

RbAp48
Lin-52

LIN-37

B-MYB

gene 
repression

G2/M gene
activation

G0/G1
(repression)

S-phase
(activation)

Figure 1.4.: DREAM composition switches during the cell cycle During G0/G1,
the core unit associates with p130, E2F4 and DP1 to repress gene expression.
Upon entry into S-phase, the incorporation of B-MYB allows the activation of
G2/M genes. It is proposed that binding of E2F4/p130 and the core subunit
LIN54 to CDE/CHR promoter elements is needed for gene repression whereas
gene activation in S-phase is mediated by DREAM binding to CHR (or CHR-
like elements) through LIN54 and B-MYB.
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Deletion of Lin9 in mice results in early embryonic lethality. Homozygous Lin9−/− embryos
die shortly after implantation due to failure of inner cell mass (ICM) proliferation (Reichert
et al., 2010). To investigate Lin9 deletion phenotypes in adult mice, a conditional knock
out mouse model was established in our lab which enabled the directed deletion of Lin9
upon repeated injection of tamoxifen. Mice died within 7 days of the first tamoxifen
injection due to massive reduction of proliferating intestinal tissue (Reichert et al., 2010).
Conditional knock out (ko) of Lin9 in mouse embryonic fibroblasts (MEFs) led to severe
mitotic defects, abnormal shaped and multinucleated nuclei and senescence (Reichert et
al., 2010).
Lin9-null cells that escape senescence are chromosomal instable because of compro-

mised mitotic fidelity. This observation was made by experiments with MEFs expressing
the SV40 large T antigen which binds to and disrupts the function of the tumuor sup-
pressors p53 and pRB . SV40 LT-expressing cells that adapt to the loss of Lin9 can grow
anchorage-independently in soft agar, a hallmark of oncogenic transformation. This sug-
gest an important role of LIN9 in mitotic gene regulation, the maintenance of genomic
stability and tumour suppression (Hauser et al., 2012).
As mentioned, homozygous Lin9 ko leads to embryonic lethality in mice. In contrast,

heterozygous Lin9+/− mice develop normally, but establish more tumours and show re-
duced survival in a small cell lung tumour model which underlines the possibility that LIN9
functions as a haploinsufficient tumour suppressor (Reichert et al., 2010).

1.2.3. The transcription factor B-MYB

The Myb (myeloblastosis) gene family contains three members, the transcription factors
A-Myb, B-Myb and c-Myb. The proto-oncogene c-Myb is the mammalian homologue
of the v-Myb oncogene, carried by the Avian myoblastosis virus and E26 retrovirus that
cause acute leukaemia in birds (reviewed in Graf, 1992). Homology search led to the other
family members A-, and B-Myb (Nomura et al., 1988). Besides high sequence homology,
the Myb proteins have a similar structure. All Myb proteins harbour a conserved N-terminal
DNA-binding domain and a central transcriptional transactivation domain. In A- and c-
Myb the C-terminal domain act as a transcriptional repressor, whereas in B-Myb it seems
to be a positive regulator of its transcriptional transactivation function (Oh and Reddy,
1998). Despite their similarities all Myb genes show distinct expression patterns. c-Myb is
prevalently expressed in immature haematopoetic cells (Gonda and Metcalf, 1984), knock
out studies showed its importance for haematopoiesis and T-cell development (Mucenski
et al., 1991; Bender et al., 2004). A-Myb is expressed in germinal B-lymphocytes as well
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as in breast and testis where it fulfils its functions e.g. in spermatogenesis (Toscani et al.,
1997; Trauth et al., 1994).
In contrast, B-MYB is ubiquitously expressed in all cell types (Nomura et al., 1988) and at
all stages of mouse embryogenesis with protein levels stringently coupled to the proliferative
state of the cells (Sitzmann et al., 1996). B-Myb knock out in mice leads to an early
embryonic lethality (Tanaka et al., 1999) similar to Lin9 ko mice due to failure of ICM
formation, supporting its important role in embryonic development.
Expression of B-Myb is cell cycle regulated. In G0, B-Myb is repressed by E2F/pRB (Lam
and Watson, 1993; Hurford et al., 1997) until its expression is induced at the G1/S border
(Lam et al., 1995). For activation, B-MYB undergoes several phosphorylations mediated
by cyclinA-CDK1 (Robinson et al., 1996; Saville and Watson, 1998) which indicates a role
in cell cycle control.
B-Myb is the most conserved member of the Myb gene family. Non-vertebrates such
as Drosophila express only one Myb gene which is closely related to B-Myb (dMyb in
Drosophila.
As described in 1.2, dMyb is a member of the dREAM complex which acts as a transcrip-
tional repressor mainly of developmentally expressed genes (Lewis et al., 2004; Korenjak
et al., 2004). dMyb was also shown to function as activator of DNA replication and trans-
activator of G2/M genes like cyclinB (Okada et al., 2002). dMyb mutants exhibit defects
in cell cycle progression (Okada et al., 2002; Katzen et al., 1998) and genome instability
(Manak et al., 2002; Fung et al., 2002).
Mammalian B-MYB is part of the DREAM complex in S-phase that acts as activator for
G2/M gene expression. Independently of its function in the DREAM complex, a direct role
in mitotic spindle formation for B-MYB was implicated (Yamauchi et al., 2008). Yamauchi
et al. report that B-MYB is integrated in a clathrin and filamin complex (Myb-Clafi com-
plex) which is needed for stabilisation of kinetochores and localisation of clathrin at the
mitotic spindle.

B-MYB in cancer
The deregulation of B-Myb can contribute to the development and/or maintenance of
malignant tumours.
A direct role of B-MYB in cancer is not proven but there are many hints that B-MYB
acts as tumour promoting factor. B-Myb is amplified in breast, liver, ovarian carcinomas
and cutaneous T-cell lymphomas (Zondervan et al., 2000; Tanner et al., 2000; Mao et al.,
2003; Thorner et al., 2009). Increased expression levels are also found in testicular and
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prostate malignancies (Nomura et al., 1988; Raschella et al., 1995). In neuroblastoma the
constant expression of B-MYB represses the differentiation of cells into neurons (Raschella
et al., 1995), high B-MYB levels correlate with a poor prognosis (Raschella et al., 1999).
A recent study highlighted the connection between B-MYB and p53 (Mannefeld et al.,
2009). Cells with a p53−/− status lack a proper G1 arrest, therefore they are strongly
dependent on a functional G2 checkpoint (Bunz et al., 1998). DNA damage results in
p53-dependent binding of p130/E2F4 to DREAM and dissociation of B-MYB whereas,
in p53−/− cells, this dissociation fails which leads to the upregulation of G2/M genes.
Furthermore, B-MYB is required for the recovery from the G2-DNA-damage checkpoint in
p53−/− cells. DNA damage overrides the checkpoint which leads to the premature entry
into mitosis. Mannefeld et al. showed the important role of DREAM-B-MYB in the DNA
damage response downstream of p53. Furthermore, reanalysis of microarray expression
data sets revealed that high B-MYB levels not only correlate with the p53 status but also
with an advanced tumour stage in primary human breast cancers.

B-MYB in ES cells
B-Myb is the only Myb family member expressed in ES cells (Sitzmann et al., 1996) with
very high protein levels, up to 1000-fold greater than in adult cells (Tarasov et al., 2008).
This abundance suggests a variety of functions of B-MYB in ES cells. Its important role
in the organism is underlined by many depletion studies. Knock out of B-Myb results
in early embryonic lethality shortly after implantation at day 4.5-5.5 due to failure of
ICM formation (Tanaka et al., 1999). Approaches with inducible dominant-negative MYB
mutants (MERT) suggested that this phenotype is based on defective cell cycle progression
through G1 (Iwai et al., 2001). Further studies in ES cells showed that B-Myb depletion
with short hairpin RNA (shRNA) led to cell cycle arrest in G2/M, mitotic spindle and
centrosome defects. These aberrations seem to promote either the generation of aneuploid
cells or the induction of differentiation coupled with apoptosis (Tarasov et al., 2008).
In 2010, another study demonstrated that the conditional knock out of B-Myb in ES

cells results in disturbance of S-phase progression. Ablation of B-MYB led to stalled DNA
replication forks which contributes to the increase of DNA doublestrand breaks (Lorvellec et
al., 2010). B-MYB might therefore also be required in S-phase for proper DNA replication
in S-phase.
In recent studies, B-MYB was implicated to function in the maintenance of pluripotency

(Tarasov et al., 2008; Zhan et al., 2012). Tarasov et al. Falling B-MYB levels are observed
48-72 hours after differentiation initiation in vitro, slightly earlier than Oct4 levels start to
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decrease. Depletion of B-Myb by shRNA resulted in increased levels of early differentiation
genes and to a slight decrease of the pluripotency markers Sox2 and Oct4. B-MYB was also
found on the Pou5f1 promoter, suggesting B-MYB might be involved in Oct4 regulation and
therefore participating in maintenance of pluripotency (Tarasov et al., 2008). However, a
recent study could not confirm the binding of B-MYB to Pou5f1 promoter but to Nanog and
Sox2 (Zhan et al., 2012). The assumed role of B-MYB in the maintenance of pluripotency
therefore has still to be determined.
Overall, B-MYB seems to exert various functions in pluripotent cells such as cell cycle

progression, proliferation, DNA synthesis and correct spindle formation in mitosis. Muta-
tion or loss of function of B-MYB can contribute to cancer formation.

1.3. Pluripotent stem cells and differentiation

1.3.1. Stem cells and pluripotency

The capability of a cell to develop into all embryonic as well as extraembryonic tissues
and therefore to generate a fully viable organism is called totipotency. Only the fertilised
zygote and blastomere cells of the 2-8 cell stage possess this ability. Cells then prolifer-
ate and differentiate into the first two lineages, the pluripotent inner cell mass and the
trophoectoderm.
Pluripotency describes the ability to differentiate into cells and tissues of any of the three
germ layers (endoderm, mesoderm, ectoderm). Three types of pluripotent cells can be
established from mammalian embryos: embryonic stem (ES), embryonic carcinoma (EC)
and embryonic germ (EG) cells.
EC cell lines are derived of undifferentiated embryonic components of germ cell tumours.
EG cell lines are derived from primordial germ cells (PGCs) and are usually isolated from
the genital ridge of 9.5- to 12.5- days post coitum (dpc) embryos. After appropriate in
vivo developmental pathways, ES and EG (but not EC) cells can contribute to all cells of
a developing embryo, including the germ line (reviewed in Boheler, 2002).
ES cells are derived from epiblast cells within the inner cell mass of the pre-implantation
blastocyst (Evans and Kaufman, 1981; Martin, 1981). Just as their in vivo counterparts
from the epiblast, ES cells possess the capacity for self-renewal which allows for unlimited
proliferation while retaining their pluripotent character. Under appropriate conditions ES
cells can be maintained in cell culture in their pluripotent undifferentiated state. Murine
ES cells can be propagated on a feeder layer of MEFs or under feeder-free conditions upon
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addition of the leukaemia inhibitor factor (LIF) which contributes to the maintenance of ES
pluripotency and self-renewal. LIF is a soluble glycoprotein that acts via a membrane-bound
gp130 signaling complex to control signal transduction and activation of the transcription
factor STAT3 (Smith et al., 1988; Niwa et al., 1998; Matsuda et al., 1999)

1.3.1.1. Transcriptional regulation of pluripotency

The best studied proteins crucial for self-renewal are the homeodomain protein POU5F1
(OCT4), NANOG and SOX2 (Avilion et al., 2003; Pesce and Schöeler, 2001; Chambers
et al., 2003; Mitsui et al., 2003). They are essential key regulators for the formation and
maintenance of the ICM in early embryonic development and for self-renewal of pluripotent
ES cells.

Oct4
Oct4 expression is restricted to pluripotent cells from the four- to eight- cell stage of
the embryo until the epiblast begins to differentiate (Palmieri et al., 1994). The presence
of OCT4 protein is essential for ICM and epiblast formation as mouse embryos lacking
Oct4 die following implantation (Nichols et al., 1998). Appropriate Oct4 levels must be
present to keep pluripotency. 2-fold increase of Oct4 expression induces differentiation into
primitive endo- and mesoderm whereas downregulation of Oct4 leads to trophoectoderm
formation and loss of pluripotency (Niwa et al., 2000).

Nanog
The homeobox transcription factor Nanog is expressed in the inner cells of a compacted
morula and blastocyst and is downregulated just prior to implantation (Mitsui et al., 2003;
Chambers et al., 2003). Overexpression of Nanog enables ES cells to self-renew indepen-
dently from LIF/gp130/STAT3 signaling (Mitsui et al., 2003; Chambers et al., 2003) and
allows culturing in serum-free medium in the absence of bone morphogenic protein (BMP)
(Ying et al., 2003).

Sox2
The transcription factor Sox2 is expressed in the pluripotent lineages of early mouse em-
bryos as well as in the multipotent cells of the extra-embryonic ectoderm. Deletion of Sox2
leads to early lethality after implantation (Avilion et al., 2003). Downregulation of Sox2
results in polyploidy in ES cells and in the induction of trophoectodermal differentiation
similar to Oct4 depletion. This suggests a cooperation of both factors in preventing dif-
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ferentiation (Li et al., 2007).

Genome-wide location analyses were conducted to identify gene promoters regulated by
these pluripotency markers in ES cells (Boyer et al., 2005; Loh et al., 2006). These analyses
revealed that OCT4, SOX2 and NANOG form an interconnected autoregulatory loop by
binding together at each of their promoters. Many gene promoters are co-occupied by
OCT4, NANOG and SOX2, encoding important homeodomain proteins and transcription
factors. Furthermore, OCT4 and NANOG were found on gene promoters which are involved
in the maintenance of pluripotency and self-renewal.

1.3.1.2. Epigenetic control of pluripotency

Besides the influence of transcription factors on gene regulation, epigenetic control also
plays a role in regulating the balance between pluripotency and differentiation.

DNA is packed into chromatin with nucleosomes as basic units. A nucleosome consists
of DNA wrapped around a core of 8 proteins (two copies each of the histone proteins H2A
H2B, H3, and H4). These local structures get folded and compacted into higher chromatin
structures and are then present either as transcriptional silent heterochromatin or active
euchromatin (reviewed in Patterton and Wolffe, 1996; Horn and Peterson, 2006). Different
forms of epigenetic controls, such as histone modifications and chromatin remodeling,
modulate the chromatin to regulate the transcriptional activity in specific genomic regions.
(1) Different enzymes can transfer post-translational modifications on the amino-termini

of histone proteins such as acetyl-, methyl-, phosphate-, sumo- or ubiquitin- residues (re-
viewed in Kouzarides, 2007). These modifications are marks that signal either transcrip-
tional repression or activation. Activating modifications are acetylation of H3 and H4 or
the tri-methylation of H3 at lysin4 (H3K4me3) whereas tri-methylation of H3 at lysin9
(H3K9me3) or tri-methylation at lysin27 (H3K27me3) signals repression by promoting the
compaction of the chromatin structure (Ringrose et al., 2004).
(2) Another class of chromatin remodeling enzymes (e.g. complexes of the SWI/SNF or

ISWI family) can hydrolyse ATP, resulting in contact disruption between DNA and histones.
This change of nucleosome conformation leads to an alteration of the higher chromatin
structure which influences DNA accessibility for the transcriptional machinery (reviewed in
Gangaraju and Bartholomew, 2007).
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Chromatin organisation in ES cells
The global chromatin structure in ES cells is generally dynamic. Their DNA is predomi-
nantly present as euchromatin showing an abundance of histone acetylation and increased
accessibility of nucleosomes (Efroni et al., 2008; Meshorer et al., 2006). Lineage specifi-
cation at the beginning of differentiation is accompanied by the decrease of euchromatin
and the concomitant increase of heterochromatin formation (Meshorer and Misteli, 2006;
Dai and Rasmussen, 2007).
Characteristic for undifferentiated cells are bivalent domains consisting of large H3K27me3
and small H3K4me3 regions in promoters of many lineage specific genes (Bernstein et al.,
2006; Azuara et al., 2006; Mikkelsen et al., 2007). While H3K27me3 might help to repress
developmental genes in ES cells, the H3K4me3 poises genes for activation, preserving
their potential to become activated upon initiation of specific differentiation programs.
In differentiated cells, either regions with H3K27 methylation or H3K4 methylation are
found instead of bivalent domains according to pathway-specific gene expression programs
(Bernstein et al., 2006).
In ES cells, the chromatin remodeler proteins of the Polycomb group family (PcG) play

an important role in embryonic development and have been implicated in pluripotency (re-
viewed in Margueron and Reinberg, 2011). PcG proteins function in two distinct repressor
complexes PRC1 and PRC2. Genome wide location analysis showed that they occupy a
set of genes composed of transcriptional regulators and signaling factors needed for devel-
opment. Promoter regions of those lineage specific genes are rich in H3K27me3 marks, a
silencing modification mediated by PRC2 (Boyer et al., 2006; Lee et al., 2006). Deletion
of the PRC2 core members Eed1 or Suz12 result in derepression of many of those genes
underlining the direct functional link of PRC2 in silencing differentiation genes in ES cells
(Bernstein et al., 2006; Boyer et al., 2006).

1.3.2. The cell cycle in mouse stem cells and its change during

differentiation

ES cells either undergo symmetric self-renewal which results in two identical stem cells or
asymmetric cell cycle which gives rise to a stem cell and a cell dedicated to differentiation.
Other than somatic cells, pluripotent ES cells display a different cell cycle structure. ES cells
lack fully formed gap phases and show a rapid rate of cell division, typically in the order
of ∼10 h (Burdon et al., 2002). G1 phase lasts ∼2 h compared to 6-12 h in embryonic
fibroblasts (Savatier et al., 1994); in ES cells a high proportion of time is devoted to
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S-phase (∼60%) (Savatier et al., 1994; Mac Auley et al., 1993; Stead et al., 2002).
During differentiation cell division times increase (>18 h) and cell cycle is remodeled with
a prolonged G1 phase (White et al., 2005; Stead et al., 2002).
Pluripotent mouse ES cells show elevated CDK activities throughout the cell cycle, the

highest is found for CDK2 which, together with a mostly inactive cyclinD, accounts for this
high cell division rate. Characteristic is the absence of periodical waves of CDK activities,
only the activity of the mitotic regulator cyclinB1-CDK1 occurs oscillating (White et al.,
2005; Stead et al., 2002). Another reason for the constant activity of CDKs is the almost
complete absence of CDK inhibitors (Stead et al., 2002; Savatier et al., 1996).
Another big difference applies the pRB pathway which is very important in the somatic

cell cycle and inactive in ES cells. ES cells do not express the pocket protein p130, and pRB
and p107 are held in an inactive hyperphosphorylated state because kinases that regulate
pRB family members are constitutively active (LeCouter et al., 1996; Savatier et al., 1994).
This means that E2F responsive genes are no longer cell cycle regulated (Faast et al., 2004).

Cell cycle changes during differentiation
Before changes in protein levels of the pluripotency markers OCT4, SOX2 or NANOG are
detectable, the cell cycle structure gets remodeled. Increasing levels of the CDK inhibitors
p21 and p27 as well as the reduction of cyclinA and cyclinE lead to a decreased and now
cell cycle regulated CDK2 activity. Together with enhanced cyclinD expression this leads
to the expansion of G1 and the activation of the pRB pathway (Savatier et al., 1996; Stead
et al., 2002; White et al., 2005). Hypophosphorylation of pRB results in its complexing
with the differentiation promoting transcription factors MyoD, myogenin or C/EBP which
leads to the promotion of their activity (Novitch et al., 1999; Gu et al., 1993; Chen et al.,
1996). Withdrawal of LIF induces differentiation of ES cells. Already 24 hours after LIF
removal, cell cycle transit times are prolonged, a higher amount of cells is found in G1 and
a more robust G1 checkpoint is established (Yamanaka et al., 2008). The upregulation of
early mesodermal markers such as Brachyury (T) or Goosecoid demonstrate the beginning
of differentiation (Savatier et al., 1996).
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1.3.3. Differentiation

ES cells as model system for cell differentiation
Differentiation is defined by the loss of pluripotency. Thus, induction of differentiation has
been used as a tool to reveal genes needed for pluripotency. Various cell culture methods
were used to induce differentiation (Wobus and Boheler, 2005):

• culturing cells at low density

• withdrawal of LIF

• addition of BMP

• addition of retinoic acid.

Additionally, ES cells can be differentiated in vitro by cultivation in the absence of LIF
as embryo-like aggregates, so-called embryoid bodies (EBs). EBs recapitulate a number
of aspects of embryonic development similar to gastrulation of an epiblast-stage embryo
in vivo (reviewed in Weitzer, 2006). Early EB formation at day 2-3 morphologically re-
sembles morula compaction. On day 4, EBs show an endoderm exterior, a mesoderm and
ectoderm-like interior surrounding a large cystic yolk sac-like cavity, analogue gastrulation-
like development and axis formation.
Within 2-4 days, expression levels of pluripotency factors such as Sox2 and Rex1 drop,
Nanog and Oct4 levels decrease slower. Expression of early differentiation markers in-
crease, dependent on growth factor availability in the culture medium (Dang and Kyba,
2002). Different protocols were established to differentiate mouse ES cells directed into
cardiogenic, myogenic, neuronal-, epithelial-, and vascular smooth muscle-like cells in vitro
(reviewed by Guan et al., 1999; O’Shea, 2004).

1.3.4. Aim of thesis

Lin9 knock out studies provided many information about LIN9/DREAM function in dif-
ferentiated cells. DREAM plays an important role in the regulation of the cell cycle by
repressing as well as activating gene expression. Lin9 ko results in early embryonic lethality
in mice which underlines its important role in embryonic development (Reichert et al.,
2010). It might also hint to a function of LIN9 in regulating not also cell cycle relevant
genes but also influencing genes involved in pluripotency or differentiation. Recent stud-
ies suggest such a role in maintaining pluripotency for the transcription factor B-MYB
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(Tarasov et al., 2008; Zhan et al., 2012) which is also part of the activating DREAM
complex and that shows a similar ko phenotype in mice (Tanaka et al., 1999).
The first part of this project deals with the function of LIN9 and the DREAM-B-MYB
complex in embryonic stem cells. By depleting the DREAM member LIN9 and the DREAM
associating factor B-MYB their influence upon cell proliferation and a possible role in
pluripotency and differentiation can be analysed. Furthermore, by conducting genome wide
location analyses and RNA microrarrays a better understanding which genes are directly
regulated by DREAM-B-MYB in ES cells can be achieved.
The second part focuses on the analysis of the composition of the DREAM complex in
ES cells. The DREAM complex and its basic composition is well characterised in cells.
However, the mechanistic of activating or repressing gene activity is unknown as none
of the DREAM members bear a catalytic domain. Hence it is of interest which pro-
teins might function as possible DREAM interacting partners or co-factors contributing
to DREAM-mediated gene activation. For the identification of DREAM binding proteins
mass spectrometry analyses will be performed and the interaction with candidate proteins
will be further characterised.
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2.1. Materials

2.1.1. Devices
Device Company
Bioruptor® Diagenode
Mx3000 Agilent technologies
Novex® Nupage® Gel Electrophoresis
System

Life Technologies

2.1.2. Chemical stocks
Chemical Stock concentration
ammonium persulfate (APS) 10% in H2O
ampicillin 100mg/ml in H2O
Bovine serum albumin (BSA) 20mg/ml
dNTPs 2mM dATP, dCTP, dGTP, dTTP each
DMSO Ready to use
DTT 1M in H2O
ethidium bromide 10mg/ml in H2O
luminol 250mM in DMSO
Neomycin (G418) 200mg/ml in H2O
p-Coumaric acid 90mM in DMSO
PMSF (Phenylmethylsulphonylfluoride)
(Roche)

20mg/ml in isopropanol

Ponceau S solution 0.1% Ponceau S in 5% acetic acid
propidium iodide (PI) 1mg/ml in H2O
Protease Inhibitor Cocktail (PIC)
(Sigma)

Ready to use
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Proteinase K 10mg/ml in
50mM Tris-HCl pH 8.0 / 1mM CaCl2

ProtoGel 30 % (Biozym) Ready to use
Random primer (Roche) 0.5mg/ml in H2O
RNase A 10mg/ml in

10mM Tris-HCl pH 7.4 / 150mM NaCl
Sodium dodecyl sulfate (SDS) 10% in H2O
Temed 99% Ready to use
Trifast (total RNA isolation reagent)
(Peqlab)

Ready to use

thymidine 200mM in DMSO
Salmon sperm ssDNA 10mg/ml in H2O

2.1.3. Transfection reagents

Reagent Company
Dharmafect2 Thermo Fisher
Lipofectamine2000 Life Technologies
Metafectene Pro Biontex

2.1.4. Enzymes

Enzymes Company
ABsolute QPCR SBR Green Mix Thermo Fisher
M-MLV-RT Transcriptase (200 u/µl) Promega
Pfu DNA Polymerase (2.5 u/µl) Promega
Proteinase K (10mg/ml) Applichem
Restriction Endonucleases New England Biolabs / Fermentas
RNase A (10mg/ml) Sigma-Aldrich®

RiboLock RNase-Inhibitor (40 u/µl) Fermentas
T4-DNA-Ligase (400 u/µl) New England Biolabs
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2.1.5. Molecular Kits & DNA/Protein Markers

2.1.5.1. Molecular Kits

Absolute QPCR SYBR Green Mix Thermo Fisher
Amicon Ultra - 0.5ml Centrifugal Filters Millipore
Colloidal Blue Staining Kit Life Technologies
Jetstar Gel Extraction Kit Genomed
Plasmid Mini/Midi/Maxi Kit Life Technologies
QIAquick Gel Extraction Kit Qiagen
QIAquick MinElute PCR Kit Qiagen
QIAquick PCR Purification Kit Qiagen
RNeasy Mini Kit Qiagen

2.1.5.2. Markers

GeneRuler™ 1 kb DNA Ladder Fermentas
PageRuler™ Prestained Protein Ladder Fermentas

2.1.6. Buffers

All buffers are stored at room temperature unless otherwise noted.

2.1.6.1. General Buffers

5 x Loading Dye (5 xBX) 15% Ficoll
0.05% bromphenol blue
0.05% xylene cyanol
0.05M EDTA
in 1X TAE

2 x HBS 280mM NaCl
1.5mM Na2HPO4

50mM HEPES-KOH, pH 7.05

Luria Bertani (LB) Agar 40 g powder in 1 l H2O, autoclaved
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Luria Bertani (LB) Medium 25 g powder in 1 l H2O, autoclaved

Miniprep-Solution S1 25mM Tris-HCl pH 8.0
10mM EDTA

Miniprep-Solution S2 200mM NaOH
1% SDS

Miniprep-Solution S3 29.44 g potasssium acetate
11.5ml acetic acid
28.5ml H2O

Phosphate buffered saline (PBS)(1 x) 13.7mM NaCl
0.3mM KCl
0.64mM Na2HPO4

adjust pH to 7.4 with HCl

TAE buffer (1 x) 40mM Tris base
5mM glacial acetic acid
10mM EDTA, pH 8.0

TBS (1 x) 50mM Tris-HCl, pH 7.4
150mM NaCl

TE 10mM Tris-HCl, pH 7.5
1mM EDTA
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2.1.6.2. Buffers for whole cell lysates and nuclear extracts

TNN buffer 50mM Tris-HCl, pH 7.5
120mM NaCl
5mM EDTA
0.5% NP-40
10mM Na4H2PO7

2mM Na3VO4

100mM NaF
PIC (Sigma) 1:1000 (add freshly)
1mM PMSF

Nuclear extract buffer A (NebA) 20mM HEPES
10mM KCl
1mM EDTA
0.1mM Na3VO4

0.2% (v/v) Nonidet P40 (NP-40)
10% (v/v) glycerol
add fresh
1mM DTT
1mM PMSF
PIC (Sigma) 1:1000
store at 4°C without PIC for several months

Nuclear extract buffer B (NebB) 20mM HEPES
10mM KCl
1mM EDTA
0.1mM Na3VO4

350mM NaCl
20% (v/v) glycerol
add fresh
1mM DTT
1mM PMSF
PIC (Sigma) 1:1000
store at 4°C without PIC for several months
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Bradford Solution 50mg Coomassie Brilliant Blue G
23.75ml ethanol
50ml 85 % (v/v) ortho-phosphoric acid
ad 500ml H2O
filter twice

2.1.6.3. Buffers for immunoprecipitation with BioTag-ES cells

IP0 buffer 20mM Tris-HCl, pH 7.5
1mM EDTA
10% (v/v) glycerol
add fresh
1mM DTT
0.2mM PMSF
PIC (Sigma) 1:1000
store at 4°C without PIC for several months

IP350 buffer (0.5% (v/v) NP-40) 350mM NaCl
20mM Tris-HCl, pH 7.5
1mM EDTA
0.5% NP-40
10% (v/v) glycerol
add fresh
1mM DTT
0.2mM PMSF
PIC (Sigma) 1:1000
store at 4°C without PIC for several months
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IP350 buffer (0.3% (v/v) NP-40) 350mM NaCl
20mM Tris-HCl, pH 7.5
1mM EDTA
0.3% NP-40
10% (v/v) glycerol
add fresh
1mM DTT
0.2mM PMSF
PIC (Sigma) 1:1000
store at 4°C without PIC for several months

IP150 buffer (0.3% (v/v) NP-40) 150mM NaCl
20mM Tris-HCl, pH 7.5
1mM EDTA
0.3% NP-40
10% (v/v) glycerol
add fresh
1mM DTT
0.2mM PMSF
PIC (Sigma) 1:1000
store at 4°C without PIC for several months

2.1.6.4. Buffers for immunoblotting

NuPAGE® MOPS SDS Running Buffer
(20 x)

Life Technologies

4 x Upper Stock for SDS gels 33 g Tris
10ml SDS(20%)
ad to 500ml H2O, adjust to pH 6.8

4 x Lower Stock for SDS gels 90.85 g Tris
10ml SDS(20%)
ad to 500ml H2O, adjust to pH 8.8
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Acrylamide buffer for SDS-gels 30% /w/v) acrylamide
(Protogel) 0.8% (w/v) N,N’-methylenbisacrylamide

Blotting buffer (1 x) 0.6 g Tris base
2.258 g glycine
150ml methanol
ad to 1 l H2O

Blocking solution 5% (w/v) milk powder in TBST

3 x Electrophoresis sample buffer 300mM Tris-HCl, pH 6.8
(3 xESB) 15mM EDTA

150mM DTT
12% (w/v) SDS
15% (w/v) glycerol
0.03% (w/v) bromphenol blue

Ponceau S 0.1% Ponceau S
5% glacial acetic acid

TBST 0.05% Tween 20 in 1 xTBS

Substrate Solution 10ml 100mM Tris-HCl, pH 8.5
50 µl 250mM luminol
22 µl 90mM p-coumaric acid
3 µl 30% H2O2
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2.1.6.5. Buffers for chromatin immunoprecipitation with BioTag ES cells
(BioChIP)

SDS ChIP buffer 0.1% SDS
1% Triton X-100
2mM EDTA
20mM Tris-HCl, pH 8.1
150mM NaCl

Washing buffer 1 2% SDS

Washing buffer 2 0.1% sodium deoxycholate (DOC)
1% Triton X-100
1mM EDTA
50mM HEPES, pH 7.5
500mM NaCl

Washing buffer 3 0.25M LiCl
0.5% Nonidet P-40
0.5% sodium deoxycholate (DOC)
1mM EDTA
10mM Tris-HCl, pH 8.1

SDS elution buffer 50mM Tris-HCl, pH 8.1
1% SDS
10mM EDTA

2.1.6.6. Buffers for flow cytometry (FACS)

Sodium citrate 38mM in H2O

Blocking buffer (made fresh) 1ml ChIP lysis buffer
50 µl BSA (20 mg/ml)
10 µl ssDNA (10 mg/ml)
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2.1.7. Antibodies

2.1.7.1. Primary antibodies

Internal No. Antibody Company Origin Application Dilution
#136 LIN9 (Osterloh

et al. 2007)
rabbit
polyclonal

IP 1:50

ChIP
(purified)

10 µg

#137 LIN9 (Osterloh
et al. 2007)

rabbit
polyclonal

WB 1:500

#163 LIN9 abcam
ab62329

rabbit
polyclonal

IP 1 µg/mg
protein

WB 1:1000

#131 Lin37 (Schmit et
al. 2007)

rabbit
polyclonal

WB 1:500

#129 Lin54 (Schmit et
al. 2007)

rabbit
polyclonal

WB 1:500

#79 B-MYB
(N-19)

Santa Cruz
sc-724

rabbit
polyclonal

IP 1:50

# 149 B-MYB
LX015.1

(Tavner et
al. 2007)

mouse
monoclonal

WB 1:10

#32 p107
(C-18)

Santa Cruz
sc-318

rabbit
polyclonal

WB 1:1000

#33 p130
(C-20)

Santa Cruz
sc-317

rabbit
polyclonal

IP 1:100

WB 1:1000

#6 E2F4
(C-20)

Santa Cruz
sc-866

rabbit
polyclonal

WB 1:1000

#152 RbAp48
(15G12)

(gift from
IRIC /
Montreal)

mouse
monoclonal

WB 1:1000

#158 a-Tubulin Sigma
T6074

mouse
monoclonal

WB 1:10000
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#196 b-actin Santa Cruz
sc-47778

mouse
monoclonal

WB 1:10000

#104 IgG
(15006)

Sigma rabbit
polyclonal

ChIP 4 µg

Internal No. Antibody Company Origin Application Dilution
#93 cyclinB1

(GNS1)
Santa Cruz
sc-245

mouse
monoclonal

WB 1:5000

#219 ZO-2
(H-110)

Santa Cruz
sc-11448

rabbit
polyclonal

IP 1:50

WB 1:1000

#92 HA Covance
MMS-101

mouse
monoclonal

WB 1:2000

#93 Flag M2 Sigma
F3165

mouse
monoclonal

WB 1:5000

#213 MPM2 Millipore
05-368

mouse
monoclonal

FACS

BrdU-FITC Becton
Dickinson
347583

mouse
monoclonal

FACS

2.1.7.2. Secondary antibodies

Antibody Company Application
anti-mouse HRP linked GE Healthcare WB 1:5000

anti-protein A HRP linked BD Biosciences WB 1:5000

anti-mouse Alexa 488 Invitrogen FACS

2.1.7.3. Beads

Protein A Agarose Pierce
Protein G Agarose Millipore
Dynabeads® Protein G Life Technologies
Dynabeads® M-270 Streptavidin Life Technologies
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2.1.8. Plasmids

2.1.8.1. Plasmids for overexpression

Internal number Plasmid name Description
#375 pCDNA3-Flag hlin9 Overexpression of human LIN9

2.1.8.2. Plasmids for RNA knock down

Internal number Plasmid name Description
# 572 pSuper.puro Empty vector control for knock-

down constructs

#1164 pSuper.puro.shLin9 Expression vector for mouse
LIN9-shRNA

#1165 pSuper.puro.shBMyb # 1 Expression vector for mouse
B-MYB-shRNA

#1211 pSuper.puro.shBMyb # 2 Expression vector for mouse
B-MYB-shRNA

shRNA sequences:
shRNA against Sequences 5’ to 3’
shLin9 GCU ACU UAC AGA GUA ACU UUC

(Knight et al. 2009)
shBMyb # 1 GCC CAU AAA GUC CUG GGU AAC

(Knight et al. 2009)
shBMyb # 2 GGU GCG ACC UGA GUA AAU U

(Tarasov et al. 2008)

2.1.9. Primers

2.1.9.1. Primers for quantitative RT-PCR

2.1.9.1.1. Human primers

Number Application Sequence
SG 645 GAPDH GCC CAA TAC GAC CAA ATC C sense
SG 656 AGC CAC ATC GCT CAG ACA C antisense
SG 620 S14 GGC AGA CCG AGA TGA ATC CTC A sense
SG 621 CAG GTC CAG GGG TCT TGG TCC antisense
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SG 572 cyclinA2 GGT ACT GAA GTC CGG GAA CC sense
SG 573 GAA GAT CCT TAA GGG GTG CAA antisense
SG 574 ccnb1 (cyclinB1) CGC CTG AGC CTA TTT TGG T sense
SG 575 GCA CAT CCA GAT GTT TCC ATT antisense
SG 576 cdc2 (cdk1) TGG ATC TGA AGA AAT ACT TGG

ATT CTA
sense

SG 577 CAA TCC CCT GTA GGA TTT GG antisense
SG 568 Birc5 GCC CAG TGT TTC TTC TGC TT sense
SG 569 CCG GAC GAA TGC TTT TTA TG antisense
SG 590 Ubch10 TGC CGA GCT CTG GAA AAA sense
SG 591 AAA AGA CGA CAC AAG GAC AGG antisense
SG 630 B-Myb TCC ACA CTG CCC AAG TCT CT sense
SG 631 AGC AAG CTG TTG TCT TCT TTG A antisense
SG 731 cdc6 CCT GTT CTC CTC GTG TAA AAG C sense
SG 732 GTG TTG CAT AGG TTG TCA TCG antisense
SG 1535 ZO-2 GTC CCA GAG ACC AAC AAG GA sense
SG 1536 AAA GTT CTC GGG GCT GCT antisense

2.1.9.1.2. Mouse primers

Number Application Sequence
SG 1282 b-actin CTA AGG CCA ACC GTG AAA AG sense
SG 1283 ACC AGA GGC ATA CAG GGA CA antisense
SG 785 Lin9 TTG GGA CTC ACA CCA TTC CT sense
SG 786 GAA GGC CGC TGT TTT TGT C antisense
SG 820 B-Myb TTA AAT GGA CCC ACG AGG AG sense
SG 821 TTC CAG TCT TGC TGT CCA AA antisense
SG 1005 ccnb1 (cyclinB1) CGC TGA AAA TTC TTG ACA ACG sense
SG 1006 TCT TAG CCA GGT GCT GCA TA antisense
SG 1026 Aspm GAT GGA GGC CGA GAG AGG sense
SG 1027 CAG CTT CCA CTT TGG ATA AGT

ATT TC
antisense

SG 1030 Nusap TCT AAA CTT GGG AAC AAT AAA
AGG A

sense

SG 1031 TGG ATT CCA TTT TCT TAA AAC GA antisense
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SG 1009 Aurka GGG ACA TGG CTG TTG AGG sense
SG 1010 GTT TTC TTT ACA TCT GTC CAT

GTC A
antisense

SG 965 Oct4 GTT GGA GAA GGT GGA ACC AA AG sense
SG 966 CTC CTT CTG CAG GGC TTT C antisense
SG 1200 Kif20a AAG GAC CTG TTG TCA GAC TGC sense
SG 1201 TGA GGT GTC CGC CAG TCG AGC antisense
SG 1290 Flk1 CAG TGG TAC TGG CAG CTA GAA G sense
SG 1291 ACA AGC ATA CGG GCT TGT TT antisense
SG 1306 Vax2 ACT GAG TTG GCC CGA CAG sense
SG 1307 CCC GCT TCT CCA GGT CTC antisense
SG 1308 NeuroD1 CGC AGA AGG CAA GGT GTC sense
SG 1309 TTT GGT CAT GTT TCC ACT TCC antisense
SG 1312 Gm11487 AGC TCA GGA GAC AAA ATG CAG sense
SG 1313 CTG AGG AAC TTT GGC CTT CTT antisense
SG 1314 AFP CAT GCT GCA AAG CTG ACA A sense
SG 1315 CTT TGC AAT GGA TGC TCT CTT antisense
SG 1316 Pcdh8 GAA GTT CAG TGG GAA AGA CAG C sense
SG 1317 GTA CAC GCC CAC AGT CCA C antisense
SG 1318 Pdgfra GTC GTT GAC CTG CAG TGG A sense
SG 1319 GTC GTT GAC CTG CAG TGG A antisense
SG 1320 Stmn3 CTG AGG AGC GGA GGA AGA sense
SG 1321 CCT CCC GTT CAT GCT CAC antisense
SG 1322 Id4 AGG GTG ACA GCA TTC TCT GC sense
SG 1323 CCG GTG GCT TGT TTC TCT TA antisense

2.1.9.2. Primers for chromatin immunoprecipitation

2.1.9.2.1. Human primers for ChIP

Number Application Sequence
SG 540 GAPDH2 GGC AGC AAG AGT CAC TCC A sense
SG 541 TGT CTC TTG AAG CAT GTC TCT antisense

TGA AGC ACA CAG GTT
SG 548 cyclinB1 AGT GAG TGC CAC GAA CAG G sense
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SG 549 GCC AGC CTA GCC TCA GAT TT antisense
SG 612 Birc5 CCA TTA ACC GCC AGA TTT GA sense
SG 613 GCG GTG GTC CTT GAG AAA G antisense
SG 552 Ubch10 GCC CTT TAA TGG TTA GCG TTT sense
SG 553 GCT GCC ATT AAC TAA CGA ATC C antisense
SG 1513 cyclinD1 CTG CCG GCC TTC CTA GTT sense
SG 1514 GGA TTT AGG GGG TGA GGT G antisense
SG 614 AurkA TGG GAC TGC CAC AGG TCT sense
SG 615 CGC ACT TGC TCC CTA AGA AC antisense

2.1.9.2.2. Mouse primers for ChIP

Number Application Sequence
SG 976 GAPDH ATT TCC CCT GTT CTC CCA TT sense
SG 977 GAC ATC CAG GAC CCA GAG AC antisense
SG 1180 Mutyh GAG CTT GTC CCT CAC CAG TT sense
SG 1181 AGC CTG AAT CTG CCC TCT TT antisense
SG 1207 Kif20a CAG ACA GTC TTC GGG TGA GTG sense
SG 1208 CTT CTA CGG ACG CGC AAG antisense
SG 1209 Hmmr TCG CCT GAA TTC AAA TTT ACC sense
SG 1210 CAG GAT TGG CCA GAT AGG TT antisense
SG 1211 AurkA AGA AGG CTG CGG GAA GAG sense
SG 1212 GTC TGT GGA TGA ACG GGA GT antisense
SG 1257 b-actin AAA TGC TGC ACT GTG CGG CG sense
SG 1258 AGG CAA CTT TCG GAA CGG CG antisense
SG 1050 Aspm GCT GTA GCG AGG AGG TTC C sense
SG 1051 TTT TGC TCG GTT CAA ATA TCG antisense
SG 1568 CyclinD1 CCA GCG AGG AGG AAT AGA TG sense
SG 1569 CGA AAA TCT CCA GCA ACA GC antisense
SG 1576 Kif20a CCA AGA CCT GCC ACT CTG A sense
SG 1577 downstream TAT GGT GGG GGA AAG ATG G antisense
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2.1.10. siRNA sequences

siRNA against Sequences 5’ to 3’ Target
ctrl UAG CGA CUA AAC ACA UCA A non targeting
B-Myb#1 (mouse) GCC CAU AAA GUC CUG GGU AAC Knight et al. 2009
B-Myb#2 (mouse) GGU GCG ACC UGA GUA AAU U Tarasov et al. 2008
Lin9 (mouse) GCU ACU UAC AGA GUA ACU UUC Knight et al. 2009
Lin54 (mouse) GCA AAU GCA UCG GCU GUA AGA Knight et al. 2009
ZO-2 (human) UGG GAG UCA GAU CUU CGU AAA Kusch et al., 2009

2.1.11. Cell lines, cell culture media and treatments

2.1.11.1. Media and additives

DMEM (4.5 g Glucose/L-Glutamine) Gibco®, Life Technologies
Penicillin/Streptomycin (10 u/µl each) Cambrex / Lonza
TrypLE™ Gibco®, Life Technologies
Fetal calf serum (FCS) Gibco®, Life Technologies
MEM Non essential amino acids (100X)
(NEAA)

Gibco®, Life Technologies

Sodium-Pyruvate MEM 100mM Gibco®, Life Technologies

2.1.11.2. SILAC media and additives

Mouse Stem Cell Expansion DMEM for
SILAC

PIERCE (Thermo Scientific)

Stem Cell Screened Dialyzed FBS for
SILAC

PIERCE (Thermo Scientific)

13
6 C labeled L-Lysine HCl Silantes
13
6 C15N labeled L-Arginine HCl Silantes
L-Lysin-HCl Sigma
L-Arginine Sigma
L-Proline Sigma
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2.1.11.3. Cell lines / media

ES cells 15% FCS / 1% PenStrep / NEAA (1X) /
1mM Na-Pyruvate / 0.1mM β-mercaptoethanol /
1000 u/ml LIF

Embryoid bodies 15% FCS / 1% PenStrep / NEAA (1X)/
/ 1mM Na-Pyruvate / 0.1mM β-mercaptoethanol

293T 10% FCS / 1% PenStrep
T98G 10% FCS / 1% PenStrep / NEAA (1X)
U2OS 10% FCS / 1% PenStrep

The different ES cell lines were used:

Cell line feature usage
D3 wildtype siRNA / Embryoid Bodies
E14 wildtype siRNA / Embryoid Bodies
HaBirA BirA ligase SILAC / ChIPchip
Bio-B-Myb BirA ligase / FlagBio-B-MYB SILAC / ChIPchip
Bio-Lin9 BirA ligase / FlagBio-LIN9 SILAC / ChIPchip
Bio-ZO2 BirA ligase / FlagBio-ZO2 SILAC / ChIPchip

2.1.11.4. Transfection reagents

ES cells Lipofectamine2000 (Life Technologies)
T98G MetafectenePro (Biontex)

Dharmafect2 (ThermoScientific)
U2OS Dharmafect1 (ThermoScientific)
293T Calcium phosphate

2.2. Methods

2.2.1. Cell Culture

2.2.1.1. Passaging of Cells

Eukaryotic cells were cultured in a tissue culture incubator at 37°C and 5% CO2. For
passaging, cells were washed once with 1 x PBS and incubated with TrypLE at 37°C until
the cells detach. After detachment, cells were plated onto new cell culture dishes.
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2.2.1.2. Transient transfection

Mouse ES cells were transfected using Lipofectamine2000. 1× 106 cells were plated on
a 6-cm dish the day before transfection. 400 µl OptiMEM were mixed with 10 µl Lipo-
fectamine2000, incubated for 5min at RT and transferred to an tube containing 400 µl
OptiMEM with 3 µg plasmid. After 20min the transfection mix was added to the cells
washed once with OptiMEM. After 4 h the transfection mix was replaced with fresh com-
plete medium.
T98G cells were transfected with Dharmafect2 according to the manufacturer’s protocol
with 75 nM siRNA and 3 µl Dharmafect2 per 6-well.

2.2.1.3. Alkaline phosphatase activity test

Characteristic for undifferentiated cells is the high expression and activity of alkaline phos-
phatase (AP). To test the pluripotency of ES cells, AP activity was determined with the
Alkaline Phosphatase Detection Kit (Millipore). AP positive cells show a violet staining.

2.2.1.4. Embryoid Body (EB) formation

To study undirected differentiation of ES cells in vitro the Hanging-Drop method was used
to achieve EB cultures (Wang and Yang, 2008). To do so, an ES cell suspension was
prepared with 1× 104 cells/ml. Drops of 20 µl were placed on the lid of cell culture dishes
and carefully placed on the dish filled with 1 x PBS to prevent drying of the cells. Cells
were incubated for two days to induce EB formation, then washed from the lids and kept
in suspension on poly-HEMA coated plates.

2.2.1.5. SILAC cell culture

For SILAC (stable isotope labeling by amino acids in cell culture) cell culture, the control
cell line (HA BirA) was cultured in ’light’ medium without labeled amino acids. The tested
cell line was cultured in ’heavy’ medium containing the labeled amino acids. For sufficient
incorporation of the amino acids, cells at least underwent 4 passages.
SILAC medium consisted of special DMEM medium without lysine and arginine, dialysed

FCS and the additives usually used for ES cell culture. The ’light’ medium was enriched
with L-lysine (100mg/500ml), L-arginine (50mg/500ml) and L-proline (115mg/500ml),
whereas ’heavy’ medium was enriched with the labeled amino acids and L-lysine.
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2.2.1.6. Synchronisation of T98G cells

T98G cells were synchronised in G0 phase by serum starvation. To do so, cells were washed
twice with 1 xPBS and fed with medium containing 0% FCS. After 72 h cells were released
into cell cycle by replacing the starvation medium with medium containing 20% FCS.
Progress through the cell cycle was monitored by PI-FACS staining. Cells were harvested
at different time points between 0 h (G0-phase) and 32 hours after release.
To synchronise T98G cells in G1 phase of the cell cycle a thymidine block was used.

Cells were blocked with 2mM thymidine for 24 hours, washed twice with PBS and released
into the cell cycle with fresh medium.

2.2.1.7. Synchronisation of U2OS cells

For synchronisation of U2OS cells in late G1 phase they were treated for 24 h with 2.5mM
thymidine. After washing twice with 1 x PBS cells were released into the cell cycle with
normal growth medium.

2.2.1.8. Synchronisation of ES cells

To synchronise ES cells in G1 phase they were treated with 2mM hydroxyurea (HU) for
12 hours. After washing 3 times with PBS they were released into the cell cycle with fresh
medium.
Synchronisation in mitosis was achieved by treatment with 45 ng/ml nocodazole for 12
hours.

2.2.1.9. Determination of cell cycle phases by flow cytometry (FACS)

For FACS analysis cells were harvested by trypsinisation, washed with ice cold 1 x PBS
and fixed with 1ml ice cold 80% ethanol over night at −20°C. On the next day, cells
were washed again with 1 x PBS and resuspended in 500 µl 38mM sodium citrate and
25 µl RNaseA [10mg/ml] and incubated for at least 30 min at 37°C. Cells were stained by
addition of 15 µl propidium-iodide (PI) [1mg/ml] and measured by FACS.

2.2.1.10. Determination of cells in S-phase by BrdU-FACS

FACS analysis with Bromodeoxyuridine (BrdU) staining was used to determine the amount
of cells that are in S-phase of the cell cycle. 10 µM BrdU was added 30 min before cell
harvesting and fixation in ice cold 80% ethanol over night at −20°C. DNA was denatured
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by resuspending the cells in 1ml 2M HCl / 0.5% Triton-X-100 and incubation at RT for
30 min. Cells were pelleted for 10min at 1000 x g (RT) and resuspended in 200 µl 0.1M
Na2B4O7 to neutralise the acid. 1× 106 cells were transferred to a new tube, pelleted at
10,000 x g for 10 sec and resuspended in 50 µl PBS / 0.5% Tween20 / 1% BSA. 20 µl of
an α-BrdU-FITC antibody was added and incubated for 60min in the dark. After washing
with 50 µl PBS / 0.5% Tween20 / 1% BSA cells were resuspended in 500 µl PBS + 25 µl
RNaseA [10mg/ml] and incubated for at least 3min at 37°C. Cells were stained by addition
of 15 µl PI [1mg/ml] and measured by FACS.

2.2.1.11. Determination of cells in M-phase by MPM2-FACS

To determine the amount of mitotic cells by FACS-analysis, cells were stained with an
antibody that recognises the phosphorylated form of the Mitotic protein #2 (MPM2)
which is an marker for mitotic cells. Cells were fixed with ice cold 80% ethanol over night
at −20°C. On the next day cells were pelleted for 10min at 1000 x g and washed with
1 x PBS. Cell pellets were resuspended in 1.5ml ’MPM2 Wash Buffer’ (0.05% Triton X-
100 in PBS), pelleted for 5min at 1200 x g (4°C) and resuspended in 90 µl ’MPM2 Staining
Solution’ (0.05% BSA, 0.2% Triton X-100 in PBS). MPM- antibody was diluted 1:50 in
PBS (25 µl PBS + 0.5 µl MPM2 antibody) and 16.8 µl were added to the cell solution.
After incubation for at least for 2 h on ice, cells were washed twice with 1ml MPM2
Wash Buffer and resuspended in 90 µl MPM2 Staining Solution. The second antibody was
diluted 1:50 in PBS (25 µl PBS + 0.5 µl Anti mouse Alexa-Fluor488 antibody) and 1.9 µl
were added to the cells. After incubation for 1 h in the dark on ice, cells were washed once
with 1ml MPM2 Wash Buffer and once with PBS. Cells were resuspended in 500 µl PBS
+ 35 µl RNaseA [10mg/ml] + 25 µl PI [1mg/ml], incubated for at least 30min at 37°C
and measured by FACS.

2.2.1.12. Growth Curve of U2OS and T98G cells

24 h after siRNA transfection 1× 104 cells were plated in wells of a 24-well plate in tripli-
cates. Every day cells were counted using a Neubauer Chamber. The number of cells per
ml in suspension was calculated using the following formula:

Cells/ml = (Cells counted / number of counted large squares) x 1× 104.

Mean values of the cell numbers were plotted against time.
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2.2.2. Expression Analysis

2.2.2.1. RNA isolation

RNA was isolated by using the RNA isolation reagent Trifast (Peqlab). After removing the
medium from the cells 0.5ml (for 6-well) Trifast was added to the cells under a fume hood.
Cells were scraped off the plate, transferred to 1.5ml Eppendorf tubes and incubated for a
maximum of 5 min at room temperature (RT). 100 µl chloroform was added and mixed by
shaking (not vortexing). After 1-2min samples were centrifuged for 10min at 12,000 x g
and 4°C in a table top centrifuge. The upper aqueous phase was carefully transferred to
a new tube containing 250 µl isopropanol. After vortexing the samples and incubation at
RT for 15min the samples were centrifuged for 15min, at 12000 x g (RT). The RNA pellet
was washed with 1ml 75% ethanol and centrifuged again for 5min at 7000 x g. The pellet
was resolved in 25 µl DEPC-H2O.

2.2.2.2. cDNA synthesis by reverse transcription

For transcribing RNA into cDNA 1-2 µg RNA were brought up to 9.5 µl with ddH2O and
mixed with 0.5 µl random primers [0.5 µg/µl]. After incubation for 5min at 70°C and cool-
ing on ice for 1min the following mixture was added:

5 µl M-MLV 5 x reaction buffer
6.25 µl dNTPs [2mM]
0.5 µl Ribolock RNase inhibitor [40U/µl]
0.5 µl M-MLV-RT [200U]
2.75 µl H2O

The mixture was incubated at 37°C for 60min and inactivated for 15min at 70°C.

2.2.2.3. Quantitative real-time PCR (qRT-PCR)

To determine the quantitative amount of specific mRNA compared to a housekeeping gene,
the following reaction was prepared:

12.5 µl Absolute QPCR SYBR Green Mix
10.5 µl H2O
1µl fw/rv primer mix (10 pmol/µl each)
1 µl cDNA or precipitated chromatin
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PCR program (40 cycles):

95°C 15min
95°C 15 sec
60°C 1min

The relative expression of a gene compared to a housekeeping gene was calculated with
this formula:

2−∆∆Ct

with ∆∆Ct = ∆Ct (sample) - ∆Ct (reference)
and ∆Ct = CT (gene of interest) - CT (housekeeping gene)

The standard deviation of ∆∆Ct was calculated with:

s =
√
s2

1 + s2
2

with s1 = standard deviation (gene of interest)
and s2 = standard deviation (housekeeping gene)

The margin of error for 2−∆∆Ct was determinded by this formula: 2−∆∆Ct±s

and the error used for the error bars was calculated with: 2−∆∆Ct±s - 2−∆∆Ct

2.2.2.4. Agilent Microarray

For gene expression analysis the Agilent Two-Color Microarray-Based Gene Expression
Analysis v.5.7 was used. 100 ng of total RNA was labeled and amplified with the Quick
Amp Labeling Kit, 2-color and hybridised on the mouse chip Agilent 44K Whole Mouse
Genome Array according to the manufactures instructions. The gene expression analysis
in ES cells after LIN9 depletion was performed at the IMT in Marburg.

2.2.3. Biochemical Methods

2.2.3.1. Whole cell lysates

Cells were scraped in PBS, centrifuged for 5min at 3000 rpm and 4°C. The pellet was
resuspended in 10 times the amount of TNN buffer (with freshly added PMSF [1 µM] +
proteasome inhibitor cocktail (PIC) (1:500) + DTT [1 µM]) for 20min on ice. Lysates
were pelleted for 10min at 12,000 x g (4°C) and the supernatant was transferred to a new
reaction tube. Lysates were used immediately or stored frozen at −80°C.
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2.2.3.2. Nuclear Extracts of ES cells

ES cells were harvested by trypsinisation and pelleted for 5min at 2400 x g (4°C). After
washing once with ice-cold 1 x PBS and determing the cell number, cells were resuspended
in 5 x packaged cell volume (PCV) of NebA (1mM DTT, 1mM PMSF, PIC 1:1000) and
pelleted for 5min at 2400 x g (4°C). Again cells were resuspended in 3 x PCV of NebA
(1mM DTT, 1mM PMSF, PIC 1:100) and incubated on ice for swelling. Cells were
transferred to a 15ml Glass Douncer (pre-rinsed with NebA) and homogenised slowly with
10 strokes (Pestle A - loose) to achieve a minimum of 95% lysis (checked with Trypan Blue
staining). Lysates were centrifuged for 15min at 2400 x g (4°C) and pellets were quickly
resuspended with 3ml (per 1× 108 cells) of ice cold NebB. Cell nuclei were homogenised in
a 15ml Glass Douncer (pre-rinsed with NebB) with 10 strokes (Pestle A - loose). Lysates
were transferred to 1.5ml Eppendorf tubes and rotated end-over-end for 30min in the
cold room. Nuclear extracts were obtained by centrifugation of the lysates for 30min at
14,000 x g (4°C). Extracts could also be stored after flash-freezing in N2 at −80°C.

2.2.3.3. Protein concentration (Bradford)

The protein concentration was determined with the method described by Bradford (Brad-
ford, 1976). 1 µl of the lysate was mixed with 100 µl of 150mM NaCl and 1ml Bradford
solution. After an incubation of 3 - 5min the extinction at 595 nm was measured and
compared to a standard BSA dilution series.

2.2.3.4. Immunoprecipitation (IP)

For immunoprecipitation 1-2mg of whole cell lysate or nuclear extracts were incubated with
the desired antibody for 3 h to over night at 4°C on a rotating wheel. 30 µl of Protein-G
sepharose or Protein-G Dynabeads were added and incubated for 30min (Dynabeads) to
60min (Sepharose) at 4°C on a rotating wheel. The beads were washed 5 times with TNN
buffer. With the last wash beads were transferred to a new tube. After the last wash
the supernatant was completely removed. Protein was eluted by adding 30 µl 2 x ESB and
boiling at 95°C for 3 - 5min. Optional, the samples were stored at −20°C.
In parallel, 5 - 10% of the protein amount used for immunoprecipitation was boiled with
3 x ESB at 95°C for 3 - 5min and loaded onto a SDS-gel or optionally stored at −20°C.
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2.2.3.5. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE analysis was performed using the discontinuous method (Laemmli, 1970). For
electrophoretic separation, an 8-12% SDS-acrylamide gel was prepared and, after poly-
merisation, a stacking gel was poured on top. The gels were prepared as follows (for 2
mini gels):

Separating gel (8%) Stacking gel (4%)
7.25ml H2O 2.95ml H2O
3.75ml Lower Stock (4 x) 1.95ml Upper Stock (4 x)
4ml Protogel (30%) 0.8 ml Protogel (30%)
100 µl APS (10%) 50 µl APS (10%)
10 µl Temed 10 µl Temed

Gels were run in 1 x SDS running buffer for 30min at 80V to allow proteins to migrate
through the stacking gel and then for another 1 h at 150V.

2.2.3.6. Nupage® Bis-Tris gel electrophoresis

For MassSpec analysis protein samples were separated by the Novex® Nupage® SDS-
PAGE Gel System (Life Technologies). Precast NuPAGE® 4-12% Bis-Tris gels were used
according to the manufactures manual under reducing conditions. Proteins were visualised
by colloidal coomassie staining (Life Technologies).

2.2.3.7. Immunoblotting

The transfer of proteins onto a PVDF membranes was done via electroblotting. The PVDF
membrane was pre-incubated with methanol and rinsed with blotting buffer. The SDS gel
was equilibrated for 10min in blotting buffer before blotting. The gel was laid onto a
layer of Whatman filter paper (soaked with blotting buffer) and the PVDF membrane was
placed on the SDS gel, followed by a second layer of filter paper. This ’sandwich’ was
enclosed on both sides by sponges (soaked in blotting buffer) and placed in a BioRad Wet
Blot gadget filled with 1 x blotting buffer. The transfer occurred for 60-90min at 100V in
1 x blotting buffer. Successful and equal transfer of proteins was visualised by staining the
membrane with a Ponceau S solution and destaining with H2O.
For blocking, the membrane was transferred into blocking solution and incubated at RT for
1 h. The desired antibodies were added to fresh blocking solution in the required dilution
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and incubated with the membrane over night at 4°C or alternatively for 2 h at RT. After
washing the membrane 4 times with TBST for 5min, the appropriate secondary HRP-
conjugated antibody (in blocking solution) was added and incubated for 1 h at RT. The
membrane was washed 6 times for 5 - 10min with TBST and specific bands were then
detected using a luminol-substrate-solution. The membrane was wrapped in plastic foil
and exposed to an ECL-film.

2.2.3.8. SILAC Immunoprecipitation for mass spectrometry

To identify proteins associated with the DREAM complex, SILAC experiments with ES-
cells expressing biotinylated LIN9 or B-MYB and subsequent mass spectrometry analysis
were performed.
For one SILAC experiment 15-20 15-cm dishes of the ES-cell lines (’heavy’ and ’light’)
were grown (section 2.2.1.5) and nuclear extracts were prepared as described in sec-
tion 2.2.3.2. To reduce non-specific binding, nuclear extracts were precleared by adding
ProteinG-Dynabeads and incubation on a rotating wheel for 1-2 hours at 4°C.
To remove the beads from the lysates, beads were collected on a magnet for 2 minutes and
the supernatant was carried over to new 15-ml falcons. Nuclear extracts were adjusted to
a concentration of 2mg/ml protein and 0.025% NP-40 by diluting with IP(0) buffer and
NP-40. The salt concentration was adjusted to 150mM NaCl.
For the IP 40 µl of Streptavidin-Dynabeads were used per mg protein (same amounts of
protein were used for control and biotin-sample). Samples were incubated for 4 hours at
4°C on an end-over-end rotator. Beads were washed 5 times with IP(150) buffer (protease
inhibitor cocktail added freshly). With the last wash the beads were transferred to 1.5ml
tubes and the buffer was completely removed. Proteins were eluted from the beads by
adding 1 x LDS sample buffer (reducing) and heating for 10 min at 70°C. Beads were cap-
tured by the magnet and the eluates were combined. To reduce the volume of the eluate,
proteins were concentrated with ’Amicon Ultra-0.5ml centrifugal filters’ (Millipore). The
concentrated eluate was sent to the Max Planck Institute for Biophysical Chemistry for
further procedure and MassSpec analysis. Samples were used for SDS gel electrophoresis
(section 2.2.3.6), protein bands were visualised by colloidal coomassie staining (Life Tech-
nologies) and cut out. Proteins were digested with trypsin to achieve small peptids and
the samples analysed by liquid chromatography coupled with tandem MS (LC-MS/MS)
for protein identification. Since metabolic incorporation of the labeled ’heavy’ amino acids
into the proteins results in a mass shift of the corresponding peptides, pairs of chemically
identical peptides of different stable-isotope composition (’heavy’ and ’light’) can be distin-
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guished in a mass spectrometer. The ratio of intensities for such peptide pairs accurately
reflects the abundance ratio for the two proteins. Thus, proteins can be identified that
show enriched binding to the biotinylated LIN9 or B-MYB.

2.2.3.9. Chromatin immunoprecipitation of biotinylated LIN9 ES cells
(Bio-ChIP)

Proteins were crosslinked to DNA by adding 540 µl 37 % formaldehyde dropwise to the
20ml medium of a 15-cm dish. After 10 minutes, the reaction was stopped by addition of
2.5ml 1M Glycine and incubation of 5 minutes. Cells were placed on ice, washed twice in
PBS and scraped with ice cold PBS (+ PIC 1:1000 + 1mM PMSF) into 15-ml falcons.
The cell number per dish was determined by trypsinising and counting cells from a separate
dish. Cells were aliquoted in 2× 107 cell portions, frozen in liquid nitrogen and stored at
−80°C or used immediately.
For sonification cells were lysed in 1ml of ChIP lysis buffer (1mM PMSF and PIC 1:1000),
transferred to 15-ml polystyrole falcons and incubated for 10min on ice. Chromatin was
sheared with the BioRuptor sonificator from Diagenode. For ChIP sequencing analysis
fragments of around 250 bp were needed. Therefore cells were sonicated as follows:

30 sec pulse on
20 sec pulse off
High amplitude
20min total

Chromatin was spinned at 14,000 rpm for 10 minutes (4°C). 50 µl were used for chromatin
size check.
For immunoprecipitation 1% of the chromatin was used as input and set aside on ice for
further use. The remaining chromatin was added to 50 µl pre-blocked streptavidin M250
Dynabeads® (Life Technologies) and incubated for 5 h on a rotating wheel (4°C). For
washing beads were collected on a magnet for 2min and the supernatant was discarded.
1ml of ChIP washing buffer 1 was added and the beads were transferred to a new tube
and rotated at 4°C for 10min to reduce background. Beads were washed once with ChIP
washing buffer 1 and once each with ChIP washing buffer 2 and washing buffer 3. This
was followed by two washing steps with TE buffer. After complete removal of TE, 250 µl
elution buffer was added to the beads and to the input samples. Reverse cross-linking was
done over night at 65°C with shaking at 600 rpm.
On the next day, beads were removed, 1 µl RNaseA [10mg/ml] was added to the eluate
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and incubated for 30min at 37°C. Finally, a proteinase K (2 µl of [10mg/ml] stock) digest
was performed at 55°C for 2 hours.

DNA was purified with the Qiagen PCR Purification Kit according to the manufacturer’s
protocol, eluted in 50 µl EB buffer and stored at −20°C until further use.

2 µl of purified chromatin was used for analysis by quantitative PCR and enrichment of the
precipitated samples on the tested promoters were compared to input chromatin.

2.2.3.10. Blocking beads for ChIP

ProteinG or M-270 Streptavidin Dynabeads® were blocked with BSA and ssDNA. To
do so, 50 µl beads per IP were once washed with ChIP lysis or ChIP dilution buffer and
incubated for at least 1 hour on an end-over-end rotator at 4°C with 1ml blocking buffer.

2.2.3.11. ChIP-on-chip

For ChIP-on-chip, crosslinked chromatin was prepared from 2× 108 BioLin9 cells and
precipitated with streptavidin-coupled Dynabeads as described above. The crosslink was
reversed, the DNA eluted and purified. Precipitated samples and input DNA were ampli-
fied using the WGA2 kit (Sigma). 4 µg amplified DNA was labeled with Cy5 and Cy3 and
hybridised to a MM8 385k NimbleGen Mouse ChIP 385k RefSeq promoter array containing
oligonucleotide probes that cover the region -2 to +0.5 kb relative to the transcriptional
start sites for 19,489 annotated transcripts. Probes consisted of 50- to 75-mers at ap-
proximately 100 bp spacing. DNA labeling, hybridisation, detection and data analysis were
performed using the services of Imagenes (Berlin). Signal intensity data were extracted
from the scanned images of each array using NimbleScan data extraction software. Log2
ratio of experimental and input signals was then computed and scaled and peak data files
were generated (.gff) by identifying four or more consecutive probes, whose signals are
above a cutoff value (a percentage of the hypothetical maximum (mean +6 standard de-
viation) using a 500 bp sliding window. The probability of false discovery is calculated by
randomising the data 20 times and each peak is given a false discovery rate (FDR), where
the lower the FDR score, the higher the probability that peak represents a true binding
site. Enriched peaks were visualised using SignalMap. Promoters with a FDR < 0.1 and
a peak score > 1 were considered positive LIN9 targets.
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2.2.4. Molecular Biology

2.2.4.1. Analytical isolation of plasmid DNA from bacteria (DNA-Miniprep)

Single colonies were picked from a LB-agar plate after transformation and incubated in
4ml LB containing ampicillin over night in a shaker at 37°C. 1.5ml bacterial solution was
pelleted and resuspended in 200 µl S1. The bacteria were lysed by adding 200 µl S2 for 5
minutes. This reaction was neutralised with 200 µl S3, mixing and incubation for 10min on
ice. The bacterial debris was pelleted for 5 minutes at full speed and plasmid DNA in the
supernatant was precipitated with 600 µl isopropanol. After centrifugation for 10min at
room temperature, the pellet was washed with 1ml 70% ethanol. The pellet was air-dried
and resuspended in 30 µl TE. Correct bacterial clones were identified by restriction digest
(2.2.4.7).

2.2.4.2. Preparative isolation of plasmid DNA from bacteria (DNA-Maxiprep)

A pre-culture was prepared by inoculating 5ml LB medium (containing ampicillin) with a
single colony and growing for 8 hours to over night in a shaker at 37°C. 2.5ml of this culture
was used to inoculate 250ml LB medium (containing ampicillin) which was incubated over
night (max. 16 hours) at 37°C. Bacteria were harvested by centrifugation for 10min at
4300 rpm (4°C). The pellet was resuspended with 10ml resuspension buffer and further
processed with the Plasmid Maxi Kit (Life Technologies) according the manufacturer’s
protocol.
The DNA pellet was resuspended with TE buffer and set up to 1mg/ml concentration.

2.2.4.3. Isolation of plasmid DNA fragments from agarose gels

Plasmid DNA was digested with the appropriate enzymes and incubated at 37°C for at least
2 h. The restriction was loaded on a 0.8-1.2% agarose gel and fragments were separated
by electrophoresis at 120V for 30min. The desired bands were cut out and isolated with
the JetStar Gel Extraction Kit (Genomed) according to the manufacturer’s instructions.

2.2.4.4. Isolation of PCR products after restriction

To purify PCR products after restriction, the QIAquick PCR purification kit from Qiagen
was used according to the manufacturer‘s protocol.
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2.2.4.5. Polymerase chain reaction (PCR)

To amplify DNA fragments for cloning, the Pfu polymerase (Fermentas) was used, which
is a special proof reading polymerase and has a 3‘-5‘ proof reading / exonuclease activity.

Standard reaction mix:
template DNA 2-5 µl
polymerase buffer 5 µl
Pfu DNA polymerase 1 µl
dNTPs [2mM] 5 µl
primer fw [10 µM] 3 µl
primer rev [10 µM] 3 µl
ddH2O add to 50 µl

Primers should have an annealing temperature of between 55-70°C. The first cycle anneal-
ing temperature was calculated with just the base pairs that overlap with the DNA without
the additional restriction site. The second annealing temperature was calculated with the
whole primer and used for the remaining cycles. The annealing temperature of the PCR
was set 3-5°C lower than the lowest calculated one of the primer pair. For most reactions,
25-35 cycles were sufficient.

Standard PCR conditions:
Step Temperature Time No. of cycles
1) Initial denaturation 95°C 30 sec 1 cycle

2) Denaturation first cycle 95°C 30 sec
3) Annealing first cycle 30 sec 1 cycle
4) Extension first cycle 2min per kb

5) Denaturation 95°C 30 sec
6) Annealing 30 sec 25-35 cycles
7) Extension 2min per kb

8) Final Extension 72°C 5min 1 cycle

9) Soak 4°C Indefinite 1 cycle
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2.2.4.6. Agarose gel electrophoresis

To separate DNA fragments according to their size, agarose gel electrophoresis was used.
Agarose (0.8-1.4%) was dissolved in 1 xTAE by heating in a microwave. Ethidium bromide
was added in the concentration of 1 µg/100ml to enable the visibility of the DNA fragments
under UV light. DNA samples were mixed with 6 xDNA-loading buffer and loaded into
the pockets of the gel. As size marker, the 1 kb DNA ladder from Fermentas was used.
Electrophoresis was performed at 90-120V for about 45min. DNA bands were visualised
under UV light, photographed and/or excised (section 2.2.4.3).

2.2.4.7. Enzymatic restriction

Restriction of plasmid DNA and PCR fragments was performed with an adequate restric-
tion endonuclease and its recommended buffer for 1 - 3 h at 37°C.

Standard reaction mix
DNA 0.5-5 µg
10 x buffer 5 µl
enzyme 0.5 µl
ddH2O add to 50 µl

Digested DNA fragments from vectors were separated and analysed by agarose gelelec-
trophoresis (section 2.2.4.6). Digested PCR products were purified with the QIAquick
PCR purification kit.

2.2.4.8. Ligation

DNA fragments were mixed with a molar ratio 1:3 (vector to insert). To ligation mix was
set up in a 10 µl volume containing 1 µl T4-Ligase buffer, 1 µl T4-Ligase (New England
Biolabs) and ∼ 25 ng vector DNA. Ligation was performed for 45min at RT followed by
an incubation for 15min at 65°C to inactivate the enzyme.
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2.2.4.9. Transformation of E.coli

For transformation chemical competent DH5α were used. Cells were removed from −80°C
and thawed on ice for 5min. 200 ng of plasmid DNA or 10 µl ligation mix were mixed
with 80 µl competent bacteria and incubated on ice for 10min. Next the mix was heat
shocked at 42°C for 45 sec and placed back on ice for 2min. 1ml of LB-medium (without
antibiotics, pre-warmed to 37°C) was added to the transformation mix and incubated for
30min at 37°C (shaking). Cells were pelleted for 1min at 6000 rpm and resuspended after
removing most of the supernatant. Bacteria were plated onto LB-agar plates (with proper
antibiotics) and incubated over night at 37°C. Colonies were picked for plasmid isolation
(section 2.2.4.1).
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3.1. Role of the DREAM complex in murine ES cells

The DREAM complex is essential for proper cell cycle progression and proliferation. Dele-
tion of Lin9 or the associating transcription factor B-Myb leads to a peri-implantational
lethality in mice (Reichert et al., 2010; Tanaka et al., 1999). They report that ES cells
lacking Lin9 or B-Myb fail to build up inner cell mass which is the origin of embryonal
stem cells. DREAM function is well characterised in differentiated cells but whether it
fulfils more functions during differentiation is so far unknown. Aim of this work is to eluci-
date the role of LIN9 and the DREAM complex in mouse ES cells by the use of depletion
assays as well as genome wide expression and promoter binding studies. This will help to
achieve a better understanding about DREAM function in stem cell proliferation, cell cycle
regulation and a possible role in cell differentiation or the maintenance of pluripotency.

3.1.1. Effects of LIN9 or B-MYB depletion on ES cell

proliferation

Deletion of Lin9 in differentiated cells like mouse embryonic fibroblasts (MEFs) leads,
besides abnormal mitosis or senescence, to accumulation and arrest of cells in G2/M phase
of the cell cycle (Reichert et al., 2010). Since embryonal stem cells exhibit a different cell
cycle behaviour with predominantly S-phase and mitosis and short gap phases, it would
be interesting to know whether mouse ES cells show similar behaviour as differentiated
cells upon DREAM disruption. To test the outcome of DREAM depletion in ES cells, the
core component Lin9 or the associated factor B-Myb were targeted by short-hairpin RNA
(shRNA).
ES cells then were either prepared for PI-FACS analysis to determine the cell cycle

distribution, or used for differentiation assays to examine whether LIN9 or B-MYB depletion
affects embryoid body (EB) formation, a method for in vitro differentiation.
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3.1.1.1. Depletion of LIN9 or B-MYB leads to G2/M arrest

The mouse ES cell lines D3 and E14 were used for these assays. Cells were transfected
with the control vector pSuper.puro or the vector including a shRNA sequence against
Lin9 or B-Myb (Knight and Watson, 2009) and selected with puromycin. 72 hours post
transfection (hpt) cells were harvested for PI-FACS analysis. The efficient reduction of
LIN9 down to 9% and B-MYB down to 13% on mRNA and protein level is shown in
fig. 3.1A &B. The percentage of cells in G2/M phase increased after depletion of Lin9
(42.5%) or B-Myb (56.4%) compared to control cells (33%) (fig. 3.1C). Likewise, the
amount of polyploid cells enlarged after LIN9 (14.3%) and B-MYB depletion (8.9%).

Figure 3.1.: Knock down of LIN9 or B-MYB leads to accumulation in G2/M
ES cells (E14) were depleted by shRNA against Lin9 (A) and B-Myb (B)
for 72h and selected with puromycin (1 µg / ml ). Knock down efficiency
was determined on mRNA level by qRT-PCR as well as on protein level by
immunoblotting. "*" marks unspecific bands. (C) PI-FACS profiles of ES
cells after shRNA transfection exhibit an increased fraction of G2/M cells.
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3.1.1.2. Impaired embryoid body formation after LIN9 or B-MYB depletion

It was reported that LIN9 (Reichert et al., 2010) as well as B-MYB (Tanaka et al., 1999)
are important for the development of mice and loss of one of those genes lead to an early
lethality in mouse embryos.
Whether this dramatic knock out effect is only due to mitosis and proliferation defects

or whether the DREAM complex also influences cell differentiation directly is so far not
understood. Therefore, I next performed experiments to study the ability of ES cells
to differentiate after LIN9 or B-MYB depletion. A good model to study undirected cell
differentiation in vitro is the formation of embryoid bodies which resemble gastrulation in
vivo. EBs form three-dimensional aggregates and undergo differentiation along all three
germ lineages (ectoderm, endoderm, mesoderm).
Different methods are described to produce EBs. Here the ’Hanging Drop’ method was

used (Wang and Yang, 2008). Hence, drops consisting of 200 cells were placed on the
inner lid of a cell culture dish. After 2 days, small EBs built on the tip of the drops
and were collected in a 10-cm dish containing EB-medium for further growth (see EB
formation scheme fig. 3.2A). To prevent EB adhesion to the surface, dishes were coated
with poly(2-hydroxyethyl methacrylate) (poly-HEMA).
To monitor EB formation after LIN9 or B-MYB depletion, E14 ES cells were transfected

with shRNA against Lin9 or B-Myb or control vector (section 3.1.1) and selected with
puromycin. 72 hpt cells were used for EB culture. Every day EB formation was monitored
under the microscope. As shown in fig. 3.2B, the ability to form and grow as EBs is
strongly impaired after knock down of LIN9 or B-MYB. Control EBs exhibit a distinct
outline, enlarge in size and form cavities after 4 days of culture whereas LIN9 and B-MYB
depleted EBs stay small and have an irregular shape.
Thus, inhibition of the activating DREAM complex by depletion of LIN9 or B-MYB

leads to a defect in correct stem cell differentiation. Whether this observation is caused
by proliferation defects due to reduced G2/M gene expression or by direct deregulation of
differentiation genes was topic of the following experiments.
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Figure 3.2.: Embryoid body formation is heavily impaired after DREAM LIN9 or
B-MYB kd Embryoid bodies (EBs) were formed by the ’hanging drop’ method
after LIN9 and B-MYB depletion and their growth monitored for up to 6 days
(A). EB formation is severely affected upon LIN9 or B-MYB depletion (B)
compared to control.
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3.1.2. Gene regulation by the DREAM complex in ES cells

Former studies about the DREAM complex were performed in somatic cells of different
origin. During the cell cycle, the complex composition changes from its gene repressing
state with p130 & E2F4 in G0/G1 to its activating form in S-phase when the transcription
factor B-MYB gets incorporated to activate G2/M gene expression. Since ES cells have
rather short gap-phases (G1, G2) and no cyclic expression of the cyclin-CDK complexes,
it is possible that they exhibit a different DREAM composition. The pocket protein p130
which binds to DREAM in G0/G1 is not expressed in ES cells (LeCouter et al., 1996). This
opens the possibility that the repressive DREAM complex might be absent or different in
undifferentiated cells.
To address this question I performed LIN9 Co-immunopreciptations (Co-IPs) with nuclear

extracts from the mouse ES cell line E14. The IP was performed with a polyclonal antibody
against the LIN9 protein. Bound proteins were detected by immunoblotting. As seen in
fig. 3.3A LIN9 binds to the other DREAM core components LIN37, LIN54 and to B-
MYB which indicates the presence of the active complex. The pocket protein p130 is not
expressed in mouse ES cells (see Input lane) (LeCouter et al., 1996) and p107, which is
reported to associate to DREAM (Schmit et al., 2007; Pilkinton et al., 2007) shows no
binding to LIN9. Thus, the known repressive DREAM complex might be absent in mouse
ES cells. Binding of the other DREAM subunits LIN52 and RBAP48 could not be verified
due to the lack of antibodies suitable for the use in mouse cells.

3.1.2.1. DREAM binds promoters of G2/M target genes in ES cells but not
the pluripotency gene Sox2

With chromatin immunoprecipitation (ChIP) analysis the direct binding of DREAM sub-
units on target gene promoters can be studied.
To do so, I generated mouse ES cell lines based on HABirA ES cells (Driegen et al., 2005)
which express the bacterial BirA ligase. This ligase, derived from E.coli, site-specifically
biotinylates a lysine side chain within a 15-amino acid acceptor peptide (also known as Avi-
tag) (fig. 3.4A). Into those cells an expression vector with a double tagged LIN9 was stably
inserted by transfection and neomycin selection. BirA activity leads to the generation of
ES cells expressing N-terminally biotinylated and Flag-tagged LIN9 protein. This cell line
was named Biotag-LIN9 (BioLIN9). In the same way a Biotag-B-MYB (BioB-MYB) cell
line was established.
Immunoprecipitation with LIN9 / B-MYB -antibodies or streptavidin dynabeads and West-
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ern blot analyses proved the expression of the tagged proteins at endogenous levels (fig. 3.4B
and C). To see whether the tagged proteins get incorporated into the intact DREAM com-
plex, an immunoprecipitation with magnetic streptavidin beads was performed with nuclear
extracts of BioLIN9 ES cells. As seen in fig. 3.4C, BioLIN9 is able to immunoprecipitate
the DREAM core proteins LIN37 and LIN54 as well as the associated transcription factor
B-MYB. Thus, the biotinylated proteins are incorporated into the DREAM complex and
are suitable for the use in the following ChIP experiments.
With magnetic streptavidin dynabeads DNA-LIN9 complexes could be immunoprecipitated
and analysed for bound gene promoters by qRT-PCR. As expected, DREAM binds the
promoters of G2/M genes. Fig. 3.3B shows the enrichment of biotinylated LIN9 on the
promoters of the DREAM target genes Aspm, AuroraA (Aurka), Hmmr, and Kif20a but
not on the pluripotency gene Sox2.

Figure 3.3.: DREAM composition and function in ES cells (A) LIN9 IP was per-
formed with nuclear extracts of E14 ES cells. Immunoblotting against known
DREAM subunits confirmed the existence of the DREAM complex with bound
B-MYB. No p130 is expressed. (B) Promoters of known DREAM targets but
the pluripotency gene Sox2 is not bound by LIN9 in ES cells as investigated
by ChIP analysis.
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Figure 3.4.: ES cell line expressing biotinylated proteins (A) ES cell lines were gen-
erated that express LIN9 or B-MYB with a N-terminal Flag-tag and a biotiny-
lation signal. Additional, cells express the bacterial BirA ligase that attaches
biotin on the lysin (K) residue in the biotinylation tag. (B) (C) ES cells
express bio-tagged LIN9 or B-MYB at endogenous levels, the tagged pro-
tein can be immunoprecipitated by streptavidin dynabeads. (D) Biotin-LIN9
gets incorporated into the DREAM complex. Nuclear extracts were immuno-
precipitated with magnetic streptavidin dynabeads and immunoblotted with
antibodies against DREAM subunits.

3.1.2.2. LIN9 depletion causes downregulation of DREAM target genes

To test whether the expression of known DREAM target genes, many of them necessary for
entry into proper mitosis, are affected in ES cells, cells were treated with shRNA against

59



3. Results

Lin9. 72 hpt cells were harvested for mRNA gene expression and Western blot analysis to
analyse protein levels. As depicted in fig. 3.5A, mRNA level of AuroraA (Aurka), a kinase
that plays a critical role in various events during mitosis and which expression peaks during
G2/M transition, is reduced by 54% upon LIN9 depletion. Further DREAM target genes
are also downregulated to 61% (Aspm), 40% (Ccnb1) and 23% (Nusap). This negative
regulation is not just seen on mRNA expression level but also on protein level as displayed
for cyclinB (fig. 3.5B). CyclinB expression peaks during G2/M phase and associates with
the cyclin-dependent kinase1 (CDK1) necessary for the progression of cells into and out
of M phase.

Figure 3.5.: LIN9 depletion leads to reduced expression of DREAM target genes
Expression analysis by qRT-PCR demonstrates reduced G2/M gene expression
after LIN9 kd (A). Reduced mRNA levels also lead to lower protein levels as
displayed for the DREAM target cyclinB (B).

3.1.2.3. Depletion of LIN9 in ES cells does not affect expression of
pluripotency genes or pluripotency of ES cells

Reichert et al. (Reichert et al., 2010) reported that in embryos of Lin9 knock out mice
the inner cell mass is not able to proliferate. Whether LIN9 has a direct influence on stem
cell identity and pluripotency has not been studied. To address this question, ES cells
were transfected with shRNA against Lin9 for 72 hours and the expression of the stem
cell markers Oct4 and Sox2 was tested. Together with Nanog those three genes are core
regulators of ES pluripotency (Pesce and Schöeler, 2001; Chambers et al., 2003; Mitsui
et al., 2003; Avilion et al., 2003). During differentiation, expression of those markers is
downregulated. As seen in fig. 3.6A, after reducing Lin9 mRNA levels by 78% there is no
decrease in Oct4 or Sox2 expression levels.
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Another way to analyse whether LIN9 or B-MYB depletion affects the pluripotency
potential of ES cells is the staining for alkaline phosphatase (AP) activity. Characteristic
for undifferentiated cells is the high expression and activity of AP. AP positive cells exhibit
a violet staining. After depletion of the DREAM members LIN9 or B-MYB AP expression
was maintained when compared to control ES cells (fig. 3.6B).

Figure 3.6.: Pluripotency is not affected by short term depletion of LIN9 or B-
MYB (A) 72 h of LIN9 kd in ES cells does not reduce the expression of the
pluripotency genes Oct4 or Sox2 as determined by qRT-PCR. (B) Alkaline
phosphatase (AP) activity is a marker of pluripotent cells. AP staining is not
altered upon LIN9 or B-MYB reduction compared to control cells.

3.1.3. Genome wide RNA expression analysis after LIN9

depletion to identify LIN9 regulated genes in ES cells

To identify changes in gene expression that could be responsible for altered cell cycle
progression after depletion of LIN9 in ES cells, expression profiling using microarray analysis
was performed. To do so, mouse ES cells (D3) were transfected with control plasmid or
with the LIN9 specific shRNA plasmid. After 72 h, RNA was isolated and subjected to
Agilent DNA microarrays monitoring more than 39,000 transcripts.
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581 genes were found with an at least 1.5 fold changed expression. Thereof 233 genes (19
genes > 2fold) were down- and 348 (55 > 2fold) were upregulated (fig. 3.7 A, supplemen-
tary S1).

3.1.3.1. Downregulated genes are involved in mitosis and cell cycle processes

The gene expression array after LIN9 depletion produced 233 genes which were down-
regulated at least 1.5 fold. With Gene Ontology (GO) analysis genes were annotated and
functionally clustered. GO-term analysis produced that most downregulated genes, accord-
ing to fold-change, are involved in cell cycle processes especially in M phase (fig. 3.7 B).
Many regulated genes are needed for proper cell cycle progression like Aurora A (Aurka),
cyclinB (Ccnb1), Cyclin dependent kinase 1 (Cdk1) or Polo-like kinase 1 (Plk1). 21.5% of
downregulated genes have functions in M phase like Aurora B (Aurkb) and Incenp - both
components of the chromosomal passenger complex (CPC)-, Bub3 or Cenpf. Other func-
tional clusters include genes for chromatin assembly (3.9%) and DNA packaging (5.1%)
like topoisomerase (DNA) II alpha (Top2A), as well as different histone cluster and histone
family proteins.

3.1.3.2. Early differentiation genes are amongst upregulated genes

With the array 348 genes >1.5 fold up-regulated were identified. Clustering by GO-term
analysis showed that many upregulated genes were overrepresented in different develop-
mental processes (fig. 3.7C). Such are the clusters ’lung development’ (2.6%) with genes
like Platelet-derived-growth factor receptor A (Pdgfra), HOP homeobox (Hopx), Epas1,
Kdr (also known as Flk1), Gata6, Tbox4 or ’neuron differentiation’ (4.6%), represented
for example by stathmin-like 3 (Stmn3) or neuronal differentiation 1 (NeuroD1). Further-
more, genes involved in ’angiogenesis’ (2.6%̇) or ’cellular component morphogenesis’ are
overrepresented.
To validate the upregulation, mRNA levels of several genes were analysed in LIN9 de-

pleted ES cells by qRT-PCR. Genes investigated include early differentiation markers for
mesodermal- (alpha feto protein (Afp)) and exodermal deveolpment (Flk1 and NeuroD1)
and the most upregulated gene Gm11487 with a so far unknown function. As depicted in
fig. 3.8A, all of the tested genes were upregulated after LIN9 depletion (78% Lin9 kd).
As in the array, Gm11487 showed the strongest effect with an >8-fold expression. Pcdh8
(6.7-fold), Pdgfra (4-fold) and NeuroD1 (3.7-fold) also had an increased mRNA expression
level. To investigate whether this is a direct effect of DREAM, the enrichment of LIN9 on
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Figure 3.7.: Genome-wide expression analysis of genes regulated upon LIN9 de-
pletion in ES cells. (A) 581 genes showed an expression regulation of at
least 1.5-fold after LIN9 depletion. (B) GO analysis of up- and downregulated
genes. Shown are the top fifteen overrepresented GO terms according to the
p-value.
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the promoters of the Gm11487, NeuroD1 and Vax2 was tested with ChIP analysis. As no
binding of LIN9 to the promoters of those genes could be detected (fig. 3.8B), it seems
that DREAM is not actively repressing those differentiation genes and that their enhanced
expression is an indirect effect.

Figure 3.8.: Validation of upregulated genes after LIN9 depletion (A) Genes with
high upregulation in the microarray were chosen for validation by qRT-PCR
in ES cells after LIN9 depletion. (B) By ChIP analysis no enrichment of LIN9
on the upregulated genes Gm11487, NeuroD1 or Vax2 could be detected.
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3.1.3.3. Synchronisation of mouse ES cells leads to enhanced expression of
differentiation genes

As shown in section 3.1.1.1, depletion of LIN9 or B-MYB leads to an increase of cells in
G2/M phase which hints to an arrest in the cell cycle. This means that the transit time into
mitosis is prolonged compared to control cells. It is possible that this cell cycle elongation
leads to the observed upregulation of differentiation genes. To address this possibility, ES
cells were synchronised either with hydroxyurea (HU) in G1-phase or trapped in mitosis with
nocodazole (fig. 3.9A). Then mRNA expression of some genes that were found upregulated
after LIN9 depletion was analysed and compared with asynchronous growing cells. Both
synchronisations led to a high upregulation of mRNA levels of the neuronal differentiation
genes Flk1, Pcdh8, Pdgfra and NeuroD1 as depicted in fig. 3.9B and C.
This upregulation of differentiation genes upon cell cycle delay declines with time after

release from cell cycle block. As displayed in fig. 3.9D for HU synchronisation, mRNA
expression levels decreased to normal levels 12 hours after drug removal, indicating that
the upregulation is a transient result of the cell cycle block.
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Figure 3.9.: Synchronisation of ES cells leads to upregulation of differentiation
genes (A) ES cells were synchronised in G1 (hydroxyurea) or mitosis (nocoda-
zole) and analysed by PI-FACS. (B) (C) Cells were treated as in (A) and gene
expression was analysed by qRT-PCR. In both cases cell cycle arrest leads to
an increase of mRNA levels of early differentiation genes that were also found
deregulated after LIN9 depletion (fig. 3.8A). (D) Cells were synchronised with
HU in G1 and re-released into the cell cycle. qRT-PCR of Pdgfra and Neu-
roD1 at different time points shows that with further progression from the
hydroxyurea - induced cell cycle block mRNA levels drop to normal levels.
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3.1.4. Genome wide ChIP approach to identify DREAM

binding sites in ES cells

The genome-wide expression study after LIN9 knock down revealed a long list of genes
which were up- and downregulated (see supplementary S1). This could be the result of a
direct binding of DREAM to the promoters of these genes or an indirect effect e.g. due to
the disturbance of proliferation and cell cycle progression. To determine which promoters
are directly bound by the DREAM complex a ChIP-on-chip (ChIPchip) technique was
used which combines chromatin immunoprecipitation (’ChIP’) with microarray technology
(’chip’).
For this approach, the ES cell line expressing biotinylated LIN9 (BioLIN9) was used.

Chromatin from cells expressing biotin-tagged LIN9 was precipitated with streptavidin
coupled magnetic beads, amplified, labeled and hybridised to a microarray that contains
oligonucleotide probes covering the region -2 to +0.5 kb relative to the transcriptional start
sites of 19,489 annotated mouse genes.

3.1.4.1. ChIPchip analysis reveals that mainly G2/M genes are regulated

ChIPchip analysis was performed by NimbleGen. The received data was filtered by En-
richment peaks >1 and FDR value <0.1. Overall, LIN9 bound to 1605 (8.1%) of the
promoter regions analysed.
Functional annotation analysis based on GO terms revealed a significant enrichment

on promoters of genes that are involved in regulation of mitosis, cell cycle processes,
transcription, translation and mRNA processing (fig. 3.10A, supplementary S5).

3.1.4.2. Overlay of ChIPchip analysis and LIN9 kd RNA microarray

To see whether DREAM/LIN9 not only binds to promoter regions of those genes but also
actively regulates their expression, an overlay of ChIPchip data with the LIN9 KD array
was done. As listed in tab. 3.1, 25 of the up- and 32 of the downregulated genes were
found by ChIPchip which is an indicator of direct regulation of expression by DREAM.
GO-term analysis showed that downregulated genes found both in KD array and ChIPchip

function in cell cycle process and mitosis like Aspm, Bub3, Plk1, CenpE or Gas2l3 which
are also known DREAM target genes in differentiated mouse and human cells (fig. 3.10B).
Genes that are upregulated in the LIN9 array and that are present in ChIPchip could not

be clustered by Gene ontology.
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Figure 3.10.: GO term analysis of BioLIN9 ChIPchip. (A) Functional annotation
of the ChIPchip data based on GO terms revealed that foremost promoters
of genes involved in mitosis or transcription are bound by LIN9. Displayed
are the top fifteen overrepresented GO terms according to the p-value. (B)
Comparison of gene expression data and ChIPchip data confirmed that mitotic
genes are direct targets of LIN9 in ES cells. Genes with a known function in
mitosis and downregulated after depletion of LIN9 are shown. "

√
" indicates

that binding of LIN9 to the promoter was detected by ChIPchip. "-" indicates
that no binding was detected.
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Table 3.1.: Direct target genes of LIN9 in ES cells as determined by microarray
and ChIPchip

Gene name Direction Gene description

2900011O08Rik down RIKEN cDNA 2900011O08 gene
3300002I08Rik up RIKEN cDNA 3300002I08 gene
4930547N16Rik down RIKEN cDNA 4930547N16 gene
A430089I19Rik up RIKEN cDNA A430089I19 gene
Acpp up Acid phosphatase, prostate
Aspm down Asp (abnormal spindle)-like, microcephaly associated

(Drosophila)
Aurka down Aurora kinase A
BC028528 up CDNA sequence BC028528
Bub3 down Budding uninhibited by benzimidazoles 3 homolog (S.

cerevisiae)
Ccnb1 down Cyclin B1
Cdc20 down Cell division cycle 20 homolog (S. cerevisiae)
Cdca2 down Cell division cycle associated 2
Cenpa down Centromere protein A
Cenpe down Centromere protein E
Cpne8 up Copine VIII
Ctss up Cathepsin S
Cyp2d26 down Cytochrome P450, family 2, subfamily d, polypeptide 26
D17H6S56E-5 down DNA segment, Chr 17, human D6S56E 5
Depdc1b down DEP domain containing 1B
Dst up Dystonin
Fbp2 up Fructose bisphosphatase 2
Gas2l3 down Growth arrest-specific 2 like 3
Gm9 down Gene model 9, (NCBI)
Grn down Granulin
H1f0 down H1 histone family, member 0
Hist1h2bc down Histone cluster 1, H2bc
Hmga2 up High mobility group AT-hook 2
Hmmr down Hyaluronan mediated motility receptor (RHAMM)
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Table 3.1.: Direct target genes of LIN9 (ChIPchip): continuation
Gene name Direction Gene description

Igfbp7 up Insulin-like growth factor binding protein 7
Incenp down Inner centromere protein
Inhbc up Inhibin beta-C
Lmnb1 down Lamin B1
Lrp4 up Low density lipoprotein receptor-related protein 4
Ly6a down Lymphocyte antigen 6 complex, locus A
Matn3 up Matrilin 3
Msc down Musculin
Oasl1 up 2’-5’ oligoadenylate synthetase-like 1
Pipox up Pipecolic acid oxidase
Plk1 down Polo-like kinase 1 (Drosophila)
Pnrc2 down Proline-rich nuclear receptor coactivator 2
Polr3gl up Polymerase (RNA) III (DNA directed) polypeptide G like
Prc1 down Protein regulator of cytokinesis 1
Prom1 up Prominin 1
Prr11 down Proline rich 11
Psat1 down Phosphoserine aminotransferase 1
Rlbp1 down Retinaldehyde binding protein 1
Slc30a9 up Solute carrier family 30 (zinc transporter), member 9
Snap91 up Synaptosomal-associated protein 91
Socs2 up Suppressor of cytokine signaling 2
Speer4d up Spermatogenesis associated glutamate (E)-rich protein 4d
Spnb1 up Spectrin beta 1
Syt10 down Synaptotagmin X
Tax1bp1 up Tax1 (human T-cell leukemia virus type I) binding protein

1
Tpm1 up Tropomyosin 1, alpha
Ube2c down Ubiquitin-conjugating enzyme E2C
Zfp28 down Zinc finger protein 28
Zfp521 up Zinc finger protein 521
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3.2. Identification and characterisation of new

DREAM binding partners

3.2.1. Affininty purification reveals possible novel interaction

partners of DREAM

The DREAM complex is highly conserved among species. It was first found in Drosophila
(Korenjak et al., 2004; Lewis et al., 2004) and named dREAM (Drosophila RBF, dE2F2 and
dMyb-interacting proteins). Later, ortholog complexes were found in C.elegans (Harrison
et al., 2006) as well as in human and mouse (Litovchick et al., 2007; Schmit et al.,
2007; Pilkinton et al., 2007; Knight and Watson, 2009). Thereby, the core subunits LIN9,
LIN37, LIN52, LIN54, RBBP4 as well as the associating proteins p130, E2F4 and B-MYB
were found in the mammalian complexes. Schmit et al. (Schmit et al., 2007) performed
affinity purification followed by mass spectrometry analysis which led to the discovery of
the different DREAM subunits. Because not all protein bands of the analysed silver gel
could be identified, it is likely that additional subunits exist. As shown in section 3.1.2
the DREAM complex exists in its activating conformation (DREAM-B-MYB) with bound
B-MYB in mouse ES cells. The repressing DREAM complex could not be detected. So it
might be, that other proteins are incorporated in order to repress gene expression. Also it is
still unclear how the DREAM complex can perform its gene activating function as none of
the members bear a catalytic domain. It is likely that there are more proteins or co-factors
that bind to DREAM, maybe in a cell cycle dependent manner. In this work ’stable isotope
labeling in cell culture’ (SILAC) of mouse ES cells was combined with affinity purification
and followed by mass spectrometry to identify proteins which might interact with DREAM.
The high sensitivity of this method also allows the detection of just weak protein-protein
bindings.
For the conducting of those experiments, the BioLIN9 and BioB-MYB ES cell lines (3.1.2.1)
were used that express biotinylated LIN9 or B-MYB. By the use of those cells, the DREAM
complex can be immunoprecipitated with streptavidin dynabeads from nuclear extracts and
further analysed by mass spectrometry.
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3.2.2. SILAC and MassSpec analysis reveals several potential

binding partners

To increase the sensitivity of the identification of DREAM bound proteins by affinity pu-
rification and mass spectrometry, mass spectrometry (MS)-based quantitative proteomics
(MassSpec) was coupled with the SILAC approach. SILAC relies on metabolic incorpo-
ration of a given ’light’ or ’heavy’ form of the amino acid into the proteins. To do so,
the Biotag cell lines (either LIN9- or B-MYB-tagged) were cultured in ’heavy’ medium
containing 13

6 C-labeled L-Lysine and 13
6 C15N-labeled L-Arginine whereas control cells were

grown in unlabeled ’light’ medium. To achieve complete incorporation of the isotope la-
beled amino acid cells underwent 4 passages before they were propagated to a scale needed
for the experiment. After preclearing and streptavidin-IP of equal amounts of nuclear ex-
tracts, protein eluates from the beads were mixed and sent for mass spectrometry analysis
in collaboration with Prof. Henning Urlaub from the Max Planck Institute for Biophysical
Chemistry in Goettingen. As shown in fig. 3.11 A, the DREAM core complex members
RBAP48, LIN54, LIN37 and also B-MYB could be detected in both the LIN9 and the B-
MYB MassSpec samples. Furthermore, a long list of proteins could be identified which were
enriched in the Biotag-LIN9 and -B-MYB sample compared to control (see supplementary
S8). Proteins with function in transcription or RNA processing are listed in fig. 3.11B. In
this work I focused on the zona occludens protein 2 (ZO-2) also known as tight junction
protein 2 (TJP2). This protein is mostly found at the tight junctions of cells. It belongs
to a family of membrane-associated guanylate k inases (MAGUK) homologs. ZO proteins,
consisting of the family members ZO-1-3, play an important role in the assembly of tight
junctions and cell polarity. Tight junction proteins not only execute functions related to
their barrier role at the plasma membrane but also are involved in signal transduction to
modulate cell proliferation and differentiation (Balda and Anderson, 1993; Sourisseau et
al., 2006). ZO-1 and ZO-2 also shuttle to the nucleus and are reported to associate with
proteins involved in the regulation of cell proliferation such as the transcription factors
Jun, Fos, C/EBP (Betanzos et al., 2004). AP-1 regulated gene transcription can also be
modulated by ZO-2 (Betanzos et al., 2004). Because of the reported functions of ZO-2
in gene transcription and cell proliferation it was analysed whether ZO-2 associates with
the DREAM complex. RNA interference (RNAi) experiments were used to investigate the
effects of ZO-2 depletion onto cell proliferation, cell cycle and gene expression.
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Figure 3.11.: List of proteins found in MassSpec analysis (A) With MassSpec anal-
yses of immunprecipitated DREAM-complexes from BioB-MYB and BioLIN9
ES cells known DREAM subunits were found. (B) Part of the list of iden-
tified proteins found with MassSpec analysis. Proteins are listed which were
enriched >2fold compared to control cells and are involved in transcriptional
pathways.
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3.2.3. ZO-2 also binds to DREAM in differentiated cells

After choosing ZO-2 as candidate protein the results of the MassSpec analysis had to be
validated to see whether the binding is true. To test ZO-2 binding in differentiated cells,
HEK293T cells, a human embryonal kidney cell line, were transfected with an expression
plasmid encoding Flag-tag alone or Flag-tagged LIN9. After immunoprecipitation with
anti-flag antibodies, the binding of endogenous ZO-2 was detected by immunoblotting
(fig. 3.12). Thus, the binding of ZO-2 to the LIN9 could be verified.

Figure 3.12.: ZO-2 binding to DREAM in human HEK293T cells Cells were trans-
fected with vectors expressing either Flag-tag alone or Flag-tagged LIN9.
Flag-IP and immunoblotting against ZO-2 confirms the binding of endoge-
nous ZO-2 to Flag-tagged LIN9.

3.2.4. Binding of ZO-2 to DREAM is cell cycle dependent

The DREAM complex is an important regulator of cell proliferation as the DREAM-B-MYB
complex activates the expression of genes required for entry into and through mitosis.
To investigate whether ZO-2 associates during S-phase to DREAM when the DREAM-
B-MYB complex is active, binding assays with synchronised cells were performed. The
human glioblastoma cell line T98G was used and cells synchronised in G0/G1 by serum
starvation for 72 hours. Cells re-entered the cell cycle after addition of 20% serum.
To monitor progression of cells through cell cycle PI-FACS was performed for each time
point (fig. 3.13A). After 18 h cells enter S-phase and reach G2/M phase at about 24 h.
Progression through mitosis is completed 32 h after releasing. With cell lysates of each
time point Co-immunoprecipitations were performed with antibodies directed against LIN9
or B-MYB. IPs were immunoblotted with antibodies specific for ZO-2. As displayed in
fig. 3.13B ZO-2 binding to LIN9 is not detectable in G0/G1 phase when ZO-2 protein
levels are low. DREAM-ZO-2 binding enhances and is strongest after cells enter S-phase.
The conclusion that ZO-2 binding to DREAM is strongest in S-phase is confirmed by Co-
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IPs with B-MYB antibody. Here ZO-2 shows also the most clear binding during S-phase

Figure 3.13.: DREAM-ZO-2 binding in synchronised T98G cells (A) Scheme of
synchronisation experiments in T98G cells. (B) PI-FACS profiles of serum
starved T98G cells. 0 h marks the time point when cells re-enter the cell
cycle. Cells enter S-phase at 18 h, progress into G2/M at about 24 h. 32 h
after release cells reach G1 again. Co-IPs were done with LIN9- (C) or B-
MYB-antibody (D) and binding of ZO-2 confirmed by immunoblotting. ZO-2
binding is strongest after 20 h when cells are progressing through S-phase.
Inputs on the left show that ZO-2 protein levels are low when cells are in
G0/G1 phase.
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(fig. 3.13C) when the DREAM-B-MYB complex is formed and active.

3.2.5. Effects of ZO-2 depletion

3.2.5.1. ZO-2 depletion leads to proliferation defects

As shown in 3.1.1, depletion of LIN9 leads to proliferation defects, G2/M cell cycle arrest
and downregulation of G2/M genes. To investigate whether knock down of ZO-2 results in
similar phenotypes, RNAi experiments with sequences against ZO-2 RNA were performed.
T98G cells were treated with siRNA against ZO-2 and cell proliferation was monitored
by generating a growth curve. Compared to control transfected cells, ZO-2 reduction by
50% led to a significant reduction of cell growth (fig. 3.14A). This effect is not cell type
specific as a reduced proliferation was also observed in the human osteosarcoma cell line
U2OS after ZO-2 depletion by 75%. However, despite the greater knock down the effect
on proliferation was weaker in U2OS cells (fig. 3.14B).

3.2.5.2. G1 but not G2/M gene expression is affected by ZO-2 depletion

As described in 3.2.5.1, depletion of ZO-2 led to slower proliferation. To examine whether
this might be the result of an diminished G2/M gene expression, mRNA levels of several
DREAM target genes were determined after ZO-2 depletion. T98G cells were serum starved
in G0/G1 for 72 h followed by siRNA transfection. After 48 h cells were allowed to re-enter
the cell cycle by adding 20% FCS and were collected for mRNA expression analysis after
different time points (fig. 3.15). Passage through the cell cycle was monitored by PI-FACS
analysis. To compare gene expression in cells treated with siZO-2 with cells having a non
functional DREAM complex, cells were transfected with siRNA against B-Myb.
Reduction of B-MYB resulted in reduced expression of the G2/M genes Birc5 and (to

a lesser extent) cyclinB1 (Ccnb1) that are all direct target genes of the DREAM com-
plex. Knock down of ZO-2 expression did not lead to a significant decrease in Birc5 gene
expression and an effect similar to B-MYB reduction on cyclinB. As seen in fig. 3.15A,
ZO-2 depletion resulted in a significant decrease of B-Myb mRNA levels. Since B-MYB is
expressed in G1 phase, the expression of other G1 genes was determined. Therefore cells
were starved and transfected as described but only mRNA levels of two time points (15 h
and 24 h after release into cell cycle) were examined. As depicted in fig 3.15B, expression
of the G1 genes Cdc6, CycA, RR1 and B-MYB (Mybl2) were reduced especially at the 24h
time point.
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Figure 3.14.: Growth curves of cells after ZO-2 depletion (A) T98G cells were treated
with siZO-2 or siCtrl and counted daily in triplicates to monitor cell growth.
Mean values of the cell number were plotted against time. ZO-2 mRNA
reduction by 50% leads to a strong decrease in proliferation in T98G cells.
This effect is also observed in U2OS cells but to a weaker extend despite the
higher mRNA knock down efficiency in those cells (B).
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Figure 3.15.: Expression analysis after ZO-2 knock down (A) T98G cells were starved
and transfected with siRNA against ZO-2, B-MYB or siCtrl. RNA was ex-
tracted at several time points and expression levels of several genes deter-
mined by qRT-PCR. Depletion of ZO-2 does not influence G2/M genes but
B-Myb (Mybl2) mRNA levels. (B) Further gene expression analyses demon-
strate decreased mRNA levels of G1 genes upon ZO-2 knock down.
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3.2.5.3. ZO-2 depletion results in mitotic delay

As described in 3.2.5.1 and 3.2.5.2, the depletion of ZO-2 leads to defects in proliferation
and the reduction of G1 gene expression. Tapia et al., 2009 report that ZO-2 overexpression
inhibits proliferation of epithelial Madin-Darby canine kidney (MDCK) cells by blocking cell
progression at the G1/S border. It was reported that this is due to the inhibition of cyclinD1
expression and function which is essential for the proper transit of cells into S-phase. Knock
down of ZO-2 therefore might lead to the opposite effect, the faster progression through
G1 phase. As shown in 3.2.5.1, depletion of ZO-2 also led to a slower proliferation. FACS
analysis was performed to clarify whether reduction of ZO-2 expression leads to a cell cycle
block at a specific cell cycle phase.
To determine the amount of cells in S-phase after siZO-2 transfection, cells were treated

as described in 3.2.5.2 and analysed with BrdU-FACS. To do so, 10 µM bromodeoxyuridine
(BrdU) was added 30min before collecting the cells.
BrdU-FACS of control cells showed that incorporation of BrdU is high (75-80%) after 18 -
24 hours after releasing cells from G0/G1 block and almost absent after 32 hours where
only 3% of cells are BrdU positive (fig. 3.16A). At that time point cells are already in
G1 of the next cell cycle as seen in the PI-FACS profiles in fig. 3.16B. Depletion of ZO-2
by RNAi had no strong effect on early time points as the amount of BrdU positive cells
after 18 - 24 h also reaches 73%. However, 32 h after release, the cells seem to progress
slower into and through G2/M phase as seen in the PI FACS. Also the percentage of BrdU
positive cells stays high at 76% indicating that cells still are in late S-phase.
For MPM2-FACS, the transfected cells were synchronised at the border of G1 and S-

phase by a thymidine block with 2mM thymidine for 24 h. Cells were followed up to 13 h
after re-entering the cell cycle and analysed by MPM2-staining for mitotic cells. Addition-
ally, standard PI-FACS were performed at the tested time points. As seen in fig. 3.17 C,
8 hours after release from cell cycle block the majority of cells are in G2/M. 2 hours later
many cells passed through mitosis and enter G1 phase. Whereas, in ZO-2 depleted cells
only few cells reach G1 phase. Even at the latest analysed time point (13 hours post
release) there is no enrichment of cells in G1 phase in contrast to control (fig. 3.17D).
MPM2-staining showed that up to 16.1% of cells accumulate in mitosis after ZO-2 de-
pletion whereas in control cells the amount of MPM2 positive cells reaches only 6.3% 13
hours after release from cell cycle block (fig. 3.17A & B).
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Figure 3.16.: BrdU-FACS analysis after ZO-2 depletion (A) Synchronised cells were
treated with siCtrl or siZO-2 and analysed for S-phase cells by BrdU-FACS.
FACS profiles indicate an accumulation of BrdU-positive cells after ZO-2
depletion. (B) PI-FACS profiles point to a delay in S-G2/M progression
upon ZO-2 reduction.
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Figure 3.17.: MPM2-FACS analysis after ZO-2 depletion (A) Scheme of the MPM2
experiment. (B) (C) Synchronised cells were treated with siCtrl or siZO-2
and analysed for mitotic cells by MPM2-staining. MPM2-FACS profiles show
an accumulation of MPM2-positive cells upon ZO-2 depletion. PI-FACS
analysis confirms the delay of cell progression through mitosis (D) (E).
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The first part of this work dealt with the question which functions LIN9 and the DREAM-
B-MYB complex play in mouse embryonic stem cells. Using RNAi approaches the influence
on cell proliferation, gene regulation and a possible role in differentiation and pluripotency
was analysed.
The second part focused on the identification DREAM interacting proteins that might
contribute to DREAM-mediated gene activation.

4.1. Only DREAM-B-MYB found in ES cells

In this work I examined which proteins are associated to the DREAM core unit in ES cells.
Both Co-immunoprecipitation with antibodies against LIN9 and MassSpec analysis identi-
fied DREAM-B-MYB as the only variant in mouse ES cells (fig. 3.3, 3.11A). In somatic
mammalian cells the DREAM complex exists in two conformations, dependent on the cell
cycle phase. DREAM-p130/E2F4 in G0/G1 and DREAM-B-MYB which is formed upon
S-phase entry (Schmit et al., 2007; Litovchick et al., 2007; Pilkinton et al., 2007). The
binding of RBAP48 and E2F4 could not be verified by Co-IP since there were no working
antibodies against RBAP48 in mouse cells or the protein band for E2F4 was overlayed
by the heavy IgG heavy chain signal. But Masspec analysis could confirm RBAP48 as a
subunit of DREAM (fig. 3.11A), whereas E2F4 could not be identified (list of MassSpec
results see supplementary S8). Since the pocket protein p130 is not expressed in ES cells
(LeCouter et al., 1996), it is not surprising that it is not part of the DREAM complex.
Whereas p107, which also is reported to bind to DREAM (Pilkinton et al., 2007; Schmit
et al., 2007) is detectable in the Input of nuclear extracts of ES cells but does not asso-
ciate to the complex as binding of p107 could not be verified by Co-IPs or Masspec analysis.

These findings lead to the assumption that pluripotent cells only build one DREAM
variant. This is affirmed by a LIN9 study in embryonal carcinoma (EC) F9 cells that
feature attributes of ES cells. In EC cells also only DREAM-B-MYB was verified (Knight
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and Watson, 2009). The cell cycle structure of EC cells resembles that of ES cells with very
short G1 and hyperphosphorylated pocket proteins, which might explain the lack of binding
of p130 and E2F4 to DREAM. RBAP48 was not identified as subunit in EC cells, other
than in ES cells, where it was detected by Masspec analysis. This suggests a different
complex composition among the pluripotent cell types and an ES cell specific DREAM
variety.

4.2. DREAM-B-MYB responsible for G2/M

progression, genomic stability and integrity in

ES cells

In this work, genome wide RNA expression analysis after LIN9 depletion demonstrated the
influence of DREAM on the expression of mitotic genes in ES cells as the majority of genes
with reduced expression after LIN9 kd are involved in cell cycle progression and mitotic
processes (fig. 3.7B, tab. 3.1).
Genome wide promoter binding analysis (ChIPchip) proved that LIN9 directly regulates the
activation of these genes as it prevalently binds to promoters of mitotic genes (fig. 3.10)
and the overlay of microarray and ChIPchip data revealed that many promoters of the
downregulated mitotic genes are bound by LIN9 (fig. 3.10B, tab. 3.1).
For example, at the onset of mitosis, cyclin B1 accumulates in the nucleus and binds to
CDK1 which leads to the activation its kinase activity (reviewed in Porter and Donoghue,
2003). The cyclinB-CDK1 complex then controls the activation of different proteins needed
for chromosome segregation and mitotic spindle formation (reviewed in Morgan, 1999).
BUB3, a members of the ’spindle assembly checkpoint’ (SAC), controlling chromosome
segregation in early mitosis (Li and Nicklas, 1995), and Gas2l3, a protein involved in chro-
mosome segregation and cytokinesis (Wolter et al., 2012), were also found to be directly
regulated by DREAM. The DREAM target AURORA-A is critical in various steps of mito-
sis, e.g it is necessary for proper organisation of the mitotic spindle and the separation of
the centromers after the mitotic spindle has been formed (reviewed in Barr and Gergely,
2007; Carmena and Earnshaw, 2003). These data from ES cells are consistent with studies
from somatic cells where DREAM-B-MYB also was found to activate corresponding genes
particularly needed for G2/M progression and mitosis (Osterloh et al., 2007; Pilkinton et
al., 2007; Schmit et al., 2007).
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As LIN9 and B-MYB were shown to be required for the activation cell cycle progression
genes, their depletion presumably affects cell proliferation. Indeed, LIN9 and B-MYB knock
down in ES cells resulted in an increased fraction of cells in G2/M and polyploidy as shown
by FACS analysis (fig. 3.1C). To determine whether cells fail to progress into mitosis
(and therefore accumulate in G2) or whether they delay during mitosis, FACS stainings
with e.g. MPM-2 antibodies could be performed to calculate the amount of mitotic cells.
Additionally, immunostainings against mitotic proteins or the mitotic spindle in ES cells
could help to further demonstrate the effect of LIN9 and B-MYB depletion on mitosis and
genomic stability.
The results found in ES cells are concordant with human (Osterloh et al., 2007) or mouse

fibroblasts (Reichert et al., 2010) and embryonic carcinoma cells (Knight and Watson,
2009) where LIN9 depletion also resulted in cell cycle arrest at the G2/M border and
polyploidy. These effects are based on the regulatory functions of DREAM on many genes
needed for proper mitosis.
Lin9 knockout in MEFs leads to binucleated and tetraploid cells with abnormal shaped
nuclei, multipolar spindles and numerous centrosomes. As consequence of these seri-
ous defects in mitosis, MEFs undergo premature senescence to avoid further progression
through the cell cycle (Reichert et al., 2010). By introducing the SV40 LT antigen, cells
can adopt to the loss of LIN9. These highly aneuploid cells are able to overcome senescence
and grow anchorage-independently in soft agar, a hallmark of oncogenic transformation
(Hauser et al., 2012).
Likewise, the depletion of dMyb, the Drosophila homologue of B-MYB leads to defective
cell cycle progression and genome instability (Okada et al., 2002; Katzen et al., 1998;
Manak et al., 2002; Fung et al., 2002). B-MYB was also reported to be part of the Myb-
Clafi complex which is needed for the stabilisation of kinetochores and the localisation of
clathrin at the mitotic spindle (Yamauchi et al., 2008). The disruption of the Myb-Clafi
complex by inserting a point mutation into B-MYB caused genomic instability in form of
aneuploidy. It is not determined whether the Myb-Clafi complex also exists in ES cells, but
for ES it was also described that B-MYB depletion causes G2/M, arrest mitotic spindle
and centrosome defects leading to aneuploidy (Tarasov et al., 2008).
In ES cells, it was earlier described that B-MYB depletion causes G2/M, arrest mitotic
spindle and centrosome defects leading to aneuploidy (Tarasov et al., 2008).

The obtained data in ES cells affirm that DREAM is responsible for the regulation of a
variety of genes needed for proper G2/M progression and cytokinesis by activating a set
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of key mitotic genes. This underlines the importance of a functional DREAM-B-MYB
complex for the maintenance of genome stability in ES cells.

4.3. DREAM is important for early embryonic

development

To examine the influence of LIN9/B-MYB on embryonic development, I conducted embry-
oid body formation experiments. EB formation assays are often carried out to test whether
genes execute functions in the development of the embryo by resembling the stages of gas-
trulation in vitro (Doetschman et al., 1985; Desbaillets et al., 2000).

Strikingly, EB formation is heavily impaired upon LIN9 and even stronger after B-MYB
depletion (fig. 3.2). The resulting EBs consist of loosely attached cells with an irregular
outer shape that grow very slowly compared to normal developing EBs. This observation
is consistent with a study from Iwai et al., 2001. They found out that inhibition of B-MYB
function by inserting an inducible dominant interfering Myb protein (MERT) into ES cells
led to retarded EB formation due to reduced expression of E-cadherin, which functions as
a homophilic intercellular adhesion molecule.
Besides a possible reduced E-cadherin expression, the monitored effect can be explained by
the defective proliferation caused by the induced G2/M arrest of LIN9 or B-MYB depleted
cells.
The role of DREAM-B-MYB as a regulator of ES cells proliferation is consistent with

in vivo studies (Reichert et al., 2010; Tarasov et al., 2008). They describe that Lin9
and B-Myb ko embryos develop to the blastocyst stage but die shortly after implantation
because the inner cell mass (ICM) cannot be maintained. The results from the conducted
experiments in the work at hand suggest that the embryonic lethal phenotype is due to
proliferation defects of the ICM caused by the reduction of mitotic gene expression.
This assumption is supported by the fact that deletion of several mitotic DREAM target
genes results in a similar phenotype. Thus, knock out of Survivin (Birc5), Bub1, Plk1,
CenpE or cyclinA2 all lead to an early embryonic lethality around 4.5 dpc caused by severe
defects in cell cycle progression and mitosis (Uren et al., 2000; Perera et al., 2007; Lu et
al., 2008; Putkey et al., 2002; Murphy et al., 1997). As ES cells undergo rapid cell cycles
with no regulated cyclin-CDK activity (except for cyclinB-CDK1), an efficient cell cycle
relies on a functioning mechanism that regulates progression from S-phase into mitosis.
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Disturbances in the expression of genes needed for G2/M transition or mitosis have a severe
impact on stem cell proliferation. Since ES cells do display only reduced or no cell cycle
controls (like the restriction point R), the outcome of such mitosis failures is cell death.
However, besides the impact on cell proliferation it cannot be excluded that DREAM
execute so far unknown functions in cell differentiation (4.4.2).
Taken together, the effect of LIN9 and B-MYB depletion on EB formation underlines the
importance of a functional DREAM complex for the development and proliferation of the
early embryo.

4.4. DREAM-B-MYB in Pluripotency and

Differentiation

4.4.1. DREAM does not influence pluripotency in ES cells

Since the knock out of either Lin9 or B-Myb results in early embryonic lethality and B-MYB
acting together with the DREAM complex, in this work a possible role of DREAM-B-MYB
in pluripotency was investigated. But none of the conducted experiments delivered hints
that DREAM might be involved in the regulation of pluripotency markers such as Sox2 or
Oct4. LIN9 was not found to bind the promoters of these genes (fig. 3.3B, ChIPchip data
see supplementary S4) which contradicts the assumption of a direct gene regulation.
OCT4 and SOX2 levels must be maintained at a certain level, as downregulation of SOX2
or heavily unstable OCT4 protein levels induce differentiation (Niwa2000; Li et al., 2007).
But no deregulated expression of Sox2 or Oct4 were observed after LIN9 depletion in ES
cells by qRT-PCR (fig. 3.6A) or genome wide RNA expression analysis (supplementary
S1) which does not point to a disturbance in pluripotency.
Another feature of pluripotent cells is the high alkaline phosphatase (AP) activity which

rapidly declines upon differentiation. Depletion of LIN9 or B-MYB did not result in de-
creased AP staining of ES cell (fig. 3.6B) but led to the formation of noticeable smaller
colonies than control cells which might be the outcome of proliferation defects.
The findings lead to the assumption that LIN9, DREAM respectively, is not needed for the
maintenance of pluripotency.
Whether B-MYB, independently of DREAM, is involved in pluripotency, is not solved.
There are controversial studies concerning B-MYB and pluripotency. Tarasov et al.

reported in 2008 that depletion of B-Myb by RNAi led to the transient increase of early
differentiation markers such as CoupTF, Sox17 or Hand1 and to a slight reduction of
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mRNA and protein levels of the pluripotency markers Oct4 and Sox2. In their studies
B-MYB binds to the Pou5f1 (Oct4) and Sox2 promoters. Depletion of B-MYB modestly
affected Pou5f1 promoter activity suggesting a direct role in Oct4 regulation.They also
observed morphological changes like the flattening of cell colonies and the emerging of
spindle formed cells which is a characteristic of differentiation.
Genome wide binding studies using an antibody with higher specificity (Zhan et al., 2012)
could not confirm the binding of B-MYB to Pou5f1 but to Sox2 and Nanog. They suggest
that the role of B-MYB in maintaining pluripotency is secondary to its effects on cell cycle
and that B-MYB exerts its effects on pluripotency indirectly through the regulation of
other critical pluripotency factors like Sall4.
However, there are studies which oppose a role of B-MYB in the maintenance of pluripo-

tency. In 2001, Iwai et al. report that inhibition of B-MYB did not change expression pro-
files of differentiation markers. Likewise, conditional gene deletion and therefore complete
knock out of B-Myb did not affect pluripotency (Lorvellec et al., 2010) nor caused any
alteration of Sox2 or Oct4 levels. An explanation for the diverging results might be that
B-Myb was only partially depleted by RNAi in the studies by Tarasov et al. which probably
did not abolish all B-MYB functions.

Further experiments are necessary to elucidate the role of B-MYB in ES cells. It is possible
that the achieved depletion by shRNA is not enough to detect possible effects on pluripo-
tency genes. For this purpose, an ES cell line with an inducible shRNA construct targeting
B-Myb could be generated. Dose-dependent depletion (form low to complete B-MYB
ablation) can be used to examine B-MYB function. Furthermore, genome wide RNA ex-
pression analyses after different times of B-MYB depletion also would provide information
which genes are regulated by B-MYB together or independently of DREAM.
Thus, in this work a role for DREAM-B-MYB or B-MYB alone in the maintenance of
pluripotency of ES cells could not be proven and it is suggested that the main role of
B-MYB lies in its cell cycle regulating function.

4.4.2. Differentiation genes indirectly affected by DREAM

Unlike pluripotency genes, which were not affected upon LIN9 depletion, several develop-
mental genes were found upregulated (fig. 3.7).
GO analysis of the array data indicate that genes associated with neuron -, lung devel-

opment or angiogenesis are overrepresented among the upregulated genes. For instance,
increased mRNA levels of early differentiation markers such as NeuroD1, Id4, Stmn3 or
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Vax2 after LIN9 depletion could be validated by qRT-PCR (fig. 3.8A), but a direct binding
of LIN9 on those promoters was not confirmed by ChIP analysis(fig. 3.8B). Further ChIP
experiments, e.g further genome wide promoter binding assays for LIN9 or other DREAM
subunits as LIN54, are necessary to gain information whether the regulatory influence on
differentiation genes is of direct or indirect nature.
A specific function in development can not be completely excluded. This speculation

is however possible because it is known that the Drosophila Myb-MuvB (MMB)/dREAM
complex participates in the repression and activation of cell cycle-specific and developmen-
tally regulated genes (Korenjak et al., 2004; Wen et al., 2008; Lewis et al., 2004; Georlette
et al., 2007). A recent study reported that MMB/dREAM plays an important role in me-
diating neuron-specific expression of the carbon dioxide receptor genes (Gr63a/Gr21a) in
Drosophila (Sim et al., 2012).
In 2011, it was described for the first time in human cells that DREAM holds a functional

role in repressing a developmentally regulated gene (Flowers et al., 2011).
In osteoblast precursors, the alkaline phosphatase gene Alpl is is essential for bone matrix
mineralisation and a key marker gene for osteoblast differentiation (reviewed in Golub et al.,
1992). Alpl is induced early in osteoblast differentiation concomitantly with differentiation-
associated cell cycle arrest. ChIP analysis revealed that p130 targets the promoter in undif-
ferentiated progenitors when Alpl is repressed, whereas pRB and p130 occupy the promoter
specifically during Alpl activation after p130 dissociates from the promoter (Flowers et al.,
2010). In the study of 2011, Flowers and colleagues also could verify that the DREAM
components LIN9, RBAP48, DP1 and E2F4 as well as HDAC1 and HDAC2 bind to the
Alpl promoter in proliferating osteoblast precursor cells. This promoter association is main-
tained by the BRM-SWI/SNF complex, a chromatin remodeling complex that exerts gene
repressing function directly opposing the activating effect of BRG1-SWI/SNF (reviewed
in Reisman et al., 2009) and helps to maintain the pre-osteoblast state until appropriate
signals for terminal differentiation (Flowers et al., 2009).
Depletion of BRM or p130 caused the dissociation of DREAM and permitted BRG1-
containing SWI/SNF to occupy the promoter prematurely. The resulting activation of Alpl
leads to constitutive elevated AP activity and accelerated progression to mature osteoblast
phenotype (Flowers et al., 2011). This indicates that DREAM contributes substantially to
the repression of tissue-specific gene expression and differentiation in precursor cells.
To determine other tissue-specific genes regulated by DREAM, promoter analyses should
be performed in different lineages and at different developmental stages.
Since many neuronal genes were found upregulated following LIN9 depletion, it could
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be further analysed whether the observed influence is restricted to special lineages in the
developing embryo. This could be addressed by directed differentiation of ES cells into
special developmental lineages after LIN9 or B-MYB depletion to see whether particular
genes involved in neuronal development or angiogenesis are affected.
However, it seems that the observed deregulation of developmental genes is mostly based
on an indirect effect which might be connected with the LIN9 kd mediated G2/M cell cycle
arrest.
During differentiation, the cell cycle structure gets remodeled resulting in the prolon-

gation of G1 and the establishment of a robust G1/S checkpoint (White et al., 2005).
So, it is possible that the cell cycle delay caused by DREAM depletion is the reason for
the upregulation of developmental genes. Indeed, the artificial prolongation of the cell
cycle by trapping ES cells in G1 or mitosis, both lead to the induction of developmental
genes such as Flk1, NeuroD1 or Pdgfra, which were deregulated to a similar amount after
LIN9 depletion (fig. 3.9B,C). Upon withdrawal of the blocking agents and re-release into
a normal ES cell cycle, mRNA levels dropped back to levels comparable of asynchronous
growing ES cells (fig. 3.9D) which indicates a direct connection between cell cycle delay
and (reversible) induction of differentiation genes.
It is discussed controversially whether the cell cycle structure gets remodeled during or be-
fore cells begin to differentiate. Models are proposed for mammalian embryonal, neuronal
and haemapoietic stem cells that G1 lengthening is the cause rather than the consequence
of differentiation. The "Cell cycle length hypothesis" (Calegari and Huttner, 2003) sug-
gests that a long G1 phase allows the accumulation of factors needed for differentiation
to occur which a short G1 may not. This model is difficult to demonstrate as factors con-
tributing to differentiation also often alter the cell cycle. Therefore, studies concentrate
on the manipulation of genes only affecting G1 such as G1 specific cyclin-CDK complexes.

In neuronal stem cells (NSC) the crucial role of G1 lenghtening in differentiation is
accepted. It is shown that G1 length plays a central role in the switch from symmetric
to asymmetric division of apical precursor cells resulting in postmitotic neurons. Lange
et al., 2009 report that overexpression of cyclinD1-CDK4 in NSC inhibited lengthening of
G1 which resulted in decreased neurogenesis and triggered a greater expansion of NSC.
The inhibition of cyclinE-CDK2 led to the prolongation of G1 followed by differentiation
of NSC whereas the outcome of overexpression was an increased generation and expansion
of basal progenitors (Orford and Scadden, 2008).
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But, looking at embryonic stem cells there are controversial studies.
2009, Kim et al. (Kim et al., 2009) induced a construct into ES cells overexpressing a
constitutively active CDK2. This led to elevated CDK2 activity which resulted in persistent
pluripotency and defective differentiation (due to a loss of its binding protein Cdk2ap1).
Knock down of CDK2 or antagonising its activity by pRB overexpression induced differen-
tiation. Similar results were observed by Koledova et al., 2010 who claimed that decreasing
CDK2 activity, caused by RNAi, leads to G1 lengthening and establishment of a canonical
cell cycle profile in ES cells and differentiation.
A recent study (Coronado et al., 2013) showed that LIF withdrawal leads to a G1 length-
ening. This G1 expansion is an early reversible response prior to the commitment to
differentiation. This response occurs shortly before or concomitantly with the transient
activation of early lineage specific markers. A short G1 results from LIF signaling. Upreg-
ulation or overexpression of cyclinE enhances self renewal whereas the depletion of cyclinE
lengthens G1 and leads to spontaneous differentiation.

However, antagonising studies could not confirm these effects. Though the induced
overexpression of the CDKi p21 and p27 did lengthen G1 in ES cells, this did not in-
duce differentiation as RNA levels of the pluripotency markers Nanog, Oct4 and stage
specific embryonic antigen 1 (SSEA1) did not alter (Li and Sousa, 2012). Additionally,
no significant increase in genes used to charaterise differentiation lineages such as Gata4
(endoderm), Brachyury (mesoderm) or Fgf5 (ectoderm) could be observed. Also Cdk2
knockout mice are viable and Cdk2 seems dispensable for differentiation (Berthet et al.,
2003).

Thus, it is unlikely that in ES cells, contrary to NSC, G1 elongation alone is sufficient to
induce differentiation.
Hence, it is most likely that depletion of LIN9 or B-MYB indirectly influence the upregu-
lation of differentiation genes possibly by causing a cell cycle arrest in G2/M. This might
be a transient and reversible effect as LIN9 or B-MYB depleted ES cells maintain their
pluripotent character and do not undergo differentiation.

4.5. Identification of possible DREAM interactors

The function of the mammalian DREAM complex as regulator of G2/M gene expression
is well documented. However, the mechanistic of activating or repressing gene activity is
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unknown as none of the DREAM members bear a catalytic domain which could mediate
gene activation. Since none of the DREAM subunits contains a catalytically active domain,
the exact mechanisms underlying the activation of gene expression are unknown. It is
feasible that the association, maybe in a cell cycle dependent manner, of further proteins
or co-factors is needed for the proper function of DREAM. This assumption is affirmed by
a study of Schmit et al., 2007, in which mass spectrometry analysis of cell extracts after
Co-IP with antibodies directed against the DREAM subunit LIN37 was conducted. Not all
of the proteins that were bound to LIN37, and therefore are possible DREAM interactors,
could be identified.
SILAC and MassSpec analyses of ES cells expressing a biotinylated version of LIN9 or

B-MYB revealed a long list of potential interacting proteins (fig. 3.11B). The candidate
ZO-2 was chosen for further experiments as its binding to DREAM could be validated in
different cell lines with Co-IPs against overexpressed and endogenous protein.

4.5.1. The tight junction protein ZO-2

Zona occludens proteins (ZOPs) are members of the membrane-associated guanylate ki-
nase (MAGUK) homologous. As all known MAGUK members ZO-2 contains characteris-
tic postsynaptic densitiy 95/disc-large/zona occludens (PDZ), Src homolgy 3 (SH3) and
guanylate kinase-like (GK) domains (fig. 4.1) which are all involved in protein-protein in-
teractions (González-Mariscal et al., 2000). However, the GK domain which is located at
the C-terminus in ZOPs has been reported to be enzymatically inactive.

Figure 4.1.: Schematic representation of ZO-2. The localization of PDZ, SH3, GK,
acidic and proline-rich domains, nuclear localization (NLS) and exportation
(NES) signals is indicated (Adapted from Betanzos et al., 2004).

ZOPs localise to the cytoplasmatic surface of tight intercellular contacts (tight junctions) in
endothelial and epithelial cells. They act as scaffold proteins to recruit additional structural
and signaling proteins.
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Three members of Zona occludens proteins are known, ZO-1, ZO-2 and ZO-3.
The 160 kDa phosphoprotein ZO-2 shows a high homology to ZO-1, both proteins can
form a heterodimeric complex (Wittchen et al., 1999). ZO-2 mainly localises to the region
of tight junctions (TJ) but it was also found to translocate to the nucleus of epithelial
cells (Islas et al., 2002). As the protein carries several functional nuclear import and export
signals, its nucleo-cytoplasmic shuttling appears plausible (Traweger et al., 2003; Jaramillo
et al., 2004).
The distribution of ZO-2 is influenced by the degree of cell-cell-contact. Thus, in confluent
monolayers ZO-2 localises to the TJ whereas, in sparse cultures with high proliferative state
a significant amount of ZO-2 is found in the nucleus (Islas et al., 2002).

4.5.2. ZO-2 binding to DREAM is strongest in S-phase

ZO-2 was identified as potential binding partner of DREAM in ES cells with MassSpec
analyses. Co-immunoprecipitations in ES cells confirmed the binding which also was found
in overexpression experiments in human 293T cells and endogenously with human T98G
cells (fig. 3.12 and fig. 3.13). These results demonstrate that ZO-2 binding is not specific
for ES cells but occurs in cell types of different origin. It is possible that the intensity of
the interaction is influenced by the proliferative state of cells since nuclear localization of
ZO-2 is increased in cells with high proliferation (Islas et al., 2002).
Experiments with synchronised T98G cells showed that binding of ZO-2 to DREAM

happens in a cell cycle dependent manner. Consistent with Traweger (Traweger et al.,
2008) ZO-2 could not be detected in G0 in the nucleus and therefore no binding to
LIN9 was observed. Upon progression through G1, ZO-2 protein levels increase and stay
constant. Binding to LIN9 was detected in late G1, during S-phase strongest signals were
found which decreased in intensity along further progression through G2/M (fig. 3.13B).
The same binding pattern was found when nuclear cell extracts were immunoprecipitated
with B-MYB antibody. The strongest binding between ZO-2 and B-MYB was detected in
S-phase (fig. 3.13C).
Thus, this leads to the suggestion that ZO-2 associates to DREAM during the switch

from the repressive DREAM-p130/E2F4 to the activating DREAM-B-MYB complex.

4.5.2.1. ZO-2 affects G1 rather than G2/M gene expression

The interaction to the DREAM-B-MYB complex suggests a participation of ZO-2 in the
activation of G2/M genes. However, depletion of ZO-2 with RNAi in starved T98G cells
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and re-release of cells into the cell cycle did not affect the expression of typical DREAM
target genes such as Birc5 or cyclinB1 (fig. 3.15A). Whereas, for G1 expressed genes
like Cdc6 or Mybl2 (B-Myb), decreased mRNA levels could be detected after release from
cell cycle block (fig. 3.15B). This indicates that ZO-2 is involved in the regulation of
G1 genes but possibly not required for G2/M gene expression. Several studies indicate
an influence of ZO-2 on gene regulation. Thus, ZO-2 associates with the transcription
factors Jun, Fos and C/EPB (Betanzos et al., 2004). Jun and Fos are known to form a
transcriptional activator complex named AP-1 (reviewed in Karin et al., 1997) which is
reported to be involved in cellular proliferation, transformation and death (Shaulian and
Karin, 2002). By using reporter gene assays, Betanzos et al. observed that ZO-2 modulates
the transcriptional activity of AP-1-controlled promoters as ZO-2 overexpression resulted
in a diminished promoter activity. Since ZO-2 was found to co-localise with AP-1 at TJ
of MDCK cells, it is speculated that this triggers a sequestration effect of AP-1 out of the
nucleus and that the resulting decreased amount of AP-1 effects its activity upon gene
regulation (Betanzos et al., 2004).
ZO-2 also interacts with the scaffold attachment factor B (SAF-B) (Traweger et al., 2003),
a ribonucleoprotein that is involved in chromatin organisation, assembly of transcriptosome
complexes and RNA splicing (Renz and Fackelmayer, 1996).
In 2007, Huerta et al. examined the impact of ZO-2 on the transcription of cyclinD1 and
found that ZO-2 downregulates cyclinD1 transcription by interacting with the c-Myc/E box
element and by recruiting the histone deacetylase HDAC1 for repression (Huerta et al.,
2007).
Since there is no evidence that ZO-2 can directly bind to DNA it is probable that it
influences gene expression indirectly by regulating transcription factors such as mentioned
or other proteins controlling gene expression.
The finding that G1 but no G2/M genes, like the DREAM targets cyclinB1 or Birc5,

were found to be deregulated upon ZO-2 knock down, suggests that ZO-2 is not needed
for DREAM-mediated gene activation but might be involved in G1 gene regulation.

4.5.2.2. Reduced proliferation after ZO-2 depletion due to delayed
progression through mitosis

Besides its importance at tight junctions, ZO-2 fulfils functions in cell proliferation. In this
work it could be shown that ZO-2 reduction by RNAi results in decreased proliferation in
T98G and - to a lesser extent- in U2OS cells (fig. 3.14). Former studies also documented
that ZO-2 knock out mice showed reduced proliferation 6.5 dpc and increased apoptosis
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at 7.5 dpc resulting in embryonic lethality shortly after implantation due to an arrest
in early gastrulation (Xu et al., 2008). In vascular smooth muscle cells (VSMC), the
silencing of ZO-2 resulted in decreased proliferation in VSMC caused by increased Stat1
expression and transcriptional activity (Kusch et al., 2009). But not only decreased ZO-2
levels but also its overexpression inhibits cell proliferation (Huerta et al., 2007) and leads
to arrest at the G1/S boundary in canine epithelial cells (Tapia et al., 2009). This is
explained by reduced cyclinD1 protein levels due to diminished protein transcription and
increased proteasomal degradation (Huerta et al., 2007). CyclinD1 assembles with CDK4/6
in early G1. Accumulation of this complex leads to the activation of the kinases that
phosphorylate and inactivate the tumor suppressor retinoblastoma, a necessary step for
cell cycle progression through G1-to-S phases (Harbour and Dean, 2000)
Unlike ZO-2 overexpression its depletion does not result in G1/S arrest. BrdU stainings

of RNAi treated, synchronised T98G cells revealed that entry into S-phase is not affected,
but it seems that progression into G2/M is delayed (fig. 3.16). FACS staining with the
mitotic marker MPM2 showed that ZO-2 depleted cells stay longer in mitosis than control
cells (fig. 3.17). Thus, decreased ZO-2 levels might lead to a slower cell progression into
and through mitosis. Since ZO-2 depletion does not affect G2/M gene expression the
observed effect might not be connected with DREAM mediated function. The reason for
the prolonged mitosis could not be resolved in this work. It is also suggested that ZO-2
serves as a platform for transcriptosome assembly (González-Mariscal et al., 2012). Thus,
it is possible that reduced ZO-2 levels affect transcription of non-DREAM target genes
involved in mitosis which results in the observed cell cycle delay. Therefore, it might be
that ZO-2 participate in the regulation of genes needed for progression through the cell
cycle.

4.5.3. ZO-2 might act as scaffold protein to support DREAM

assembly

As described in fig. 4.5, ZO-2 binding to DREAM was found during the switch from
the repressing DREAM to the gene activating DREAM-B-MYB complex. However, since
ZO-2 often acts as a scaffold protein (González-Mariscal et al., 2012) it is possible that it
is needed for the assembly of the DREAM-B-MYB complex. Its absence might lead to an
diminished assembly of the complex.
It also is feasible that ZO-2 influences the stability of B-MYB as it is reported that

overexpression of ZO-2 leads to an increased proteasomal degradation of cyclinD1 in ca-
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nine epithelial cells (Huerta et al., 2007). This could be investigated by experiments with
cycloheximid (CHX), an agens that inhibits protein synthesis. CHX is often used to study
the half-life of proteins. If ZO-2 affects B-MYB stability it should be degraded faster upon
ZO-2 depletion.
Furthermore a role for ZO-2 as a nucleo-cytoplasmic shuttle for YAP2, one of the

effectors of the Hippo pathways, was proposed in 2010 by Oka and his collegues. They
describe that ZO-2 uses its first PDZ domain to build a complex with YAP2 and facilitates
the nuclear localisation of YAP2 and that this activity of ZO-2 is PDZ-domain-dependent
(Oka et al., 2010).
To better understand the function of ZO-2 binding to DREAM-B-MYB it would be

interesting to know which ZO-2 domains and which DREAM subunits are involved in the
association. ZO-2 features several protein-protein binding domains. This could be achieved
by using pulldown assays with GST-fusion contructs. Thus, it was demonstrated that the
transcription factors Jun, Fos and C/EBP bind to the proline rich C-terminus of ZO-2
(Betanzos et al., 2004), whereas the transcriptional coactivators TAZ/YAP or the DNA-
binding protein SAF-B interact with the N-terminal PDZ1 domain (Remue et al., 2010;
Traweger et al., 2003).

4.5.4. The mechanism of DREAM mediated gene regulation is

still unclear

MassSpec analyses from nuclear extracts after streptavidin pulldown of LIN9- and B-MYB-
biotinylated ES cells identified many proteins that possibly bind to DREAM. The conducted
experiments did not reveal any participation of ZO-2 in DREAM mediated gene regulation.
Hence, further proteins from the MassSpec list could be validated and investigated whether
they assist the DREAM complex in the activation of genes.
It is feasible that activation of gene expression is mediated by epigenetic control. In
Drosophila, several studies suggest a role for the MMB/dREAM complex in genomewide
epigenetic control. Wen et al., 2008 demonstrated that the expression of Polo kinase, a
gene expressed in G2, was controlled in a switch-like manner by dREAM/MMB and sug-
gested a role for the complex in the epigenetic regulation of gene expression. The absence
of both Myb and Mip130/Lin9, or of both Myb and E2F2, caused altered expression in
which high or low levels of Polo were stably inherited through successive cell divisions in
imaginal wing discs of Drosophila. Restoration of Myb resulted in a uniformly high level of
Polo expression similar to that seen in wild-type tissue, whereas restoration of Mip130 or
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E2F2 extinguished Polo expression which indicates the activating function of Myb in con-
trast to the repression by Mip130 or E2F2 in MMB/dREAM. Lee et al., 2010 also describe
a role for MMB/dREAM in two mechanisms involved in repression of group D/E genes:
the deacetylation of histones at promoters, a mechanism shared with cell cycle-regulated
genes, and the dimethylation of histone H3K27, a feature unique to differentiation- specific
E2F/RB targets. Lee and his colleagues suggest that MMB/DREAM components serve
as a scaffold to assemble distinct activities at different promoters and in different cellular
states, thereby mediating the epigenetic regulation of RB target genes. Another role for
MMB/dREAM in epigenetic control in Drosophila was reported for the neuron-specific
expression of the carbon-dioxide receptor genes (Gr63a/Gr21a) (Sim et al., 2012).
Several chromatin-modifying proteins were found to associate with MMB/dREAM.
p55/Caf1 is a histone chaperone and also member of the nucleosome remodeling factor
(NuRF) and the nucleosome remodeling and deacetylating factor (NuRD) (Tyler et al.,
1996; Song et al., 2008; Martínez-Balbás et al., 1998). Furthermore, the histone deacetylase
Rpd3 and L(3)mbt, which binds H4K20me1 (Trojer et al., 2007), were suggested to be
part of the MMB/dREAM complex (Lewis et al., 2004). Whether these proteins contribute
to the epigentic control of MMB/dREAM regulated genes is so far unknown.
However, one might speculate that also in mammalian cells DREAM might recruit histone
modificating or chromatin remodeling proteins in order to regulate gene expression.
But no proteins with such function could be detected to bind to LIN9 or B-MYB by
MassSpec analysis in this work. It is possible that during the many steps of the experiment
weakly bound proteins are lost. This could be the case if they do no directly bind to LIN9 or
B-MYB but to other DREAM subunits. Hence, analogue experiments could be performed
for the other DREAM subunits to obtain additional potential interacting proteins.
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4.6. Conclusion

The mammalian DREAM complex acts as an important regulator of G2/M gene tran-
scription. But the molecular mechanisms behind the activation of genes are still unclear.
Possibly, co-factors or other interacting proteins are involved in DREAM-mediated tran-
scriptional regulation. In the work at hand various potential DREAM interacting proteins
were identified by mass spectrometry analysis. The focus was laid at the tight junction pro-
tein ZO-2 which is reported fulfil functions in proliferation and transcription. ZO-2 binding
to DREAM-B-MYB is strongest in S-phase but is probably not contributing to DREAM
mediated G2/M gene regulation. It might be that ZO-2 acts as scaffold protein, needed
for the assembly of the DREAM-B-MYB complex. Further experiments are necessary to
elucidate the role of the ZO-2/DREAM-B-MYB binding.

DREAM function is relatively well understood in differentiated cells. However, this study
describes the first genome-wide analysis of genes regulated by the DREAM subunit LIN9 in
mouse ES cells by using a combination of RNAi mediated depletion of Lin9 and microarray
experiments. I could validate that DREAM is required for the activation of key mitotic
genes such as AuroraA, Plk1 or cyclinB. The consequences of the depletion of either LIN9 or
B-MYB in pluripotent ES cells are reduced proliferation, increased polyploidy and strongly
impaired embryoid body formation. The hypothesis that the DREAM complex might be
involved in the maintenance of pluripotency as it is suggested for B-MYB could not be
confirmed in this study. Neither resulted the depletion of LIN9 or B-MYB in a decrease
of pluripotency markers such as Oct4 or Sox2 nor did ES cells undergo differentiation.
Altogether, the findings in this work underline the important role of the DREAM-B-MYB
complex as master regulator of G2/M gene transcription and point out its requirement for
proliferation and genome stability in ES cells.
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A.1. Supplementary Data

See attached CD-ROM:

• Table S1. LIN9 regulated genes in ES cells
• Table S2. GO terms of downregulated genes after LIN9 kd
• Table S3. GO terms of upregulated genes after LIN9 kd
• Table S4. ChIP-on-chip peaks
• Table S5. Overlay LIN9 array and ChIPchip
• Table S6. GO terms: Overlap ChIPchip with downregulated genes from LIN9 array
• Table S7. Mass spectrometry data for BioLIN9 and BioB-MYB

A.2. Abbreviations
AP Alkaline phosphatase
BioB-MYB Biotag-B-MYB
BioLIN9 Biotag-LIN9
BrdU Bromodeoxyuridine
CDE Cell cycle-dependent element
CDK Cyclin-dependent kinase
CDKi CDK inhibitor
ChIP Chromatin immunoprecipitation
ChIPchip ChIP-on-chip
CHR Cell cycle genes homology
CHX Cycloheximid
Co-IP Co-immunopreciptation
Ctrl Control
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DNA Deoxyribonicleic acid
dpc Days post coitum
DREAM Drosophila RBF, dE2F2 and dMyb-interacting proteins
EB Embryoid body
EC Embryonic carcinoma
EG Embryonic germ
ES Embryonic stem
ESB Electrophoresis sample buffer
ESC Embryonic stem cell
FCS Fetal calf serum
FDR False discovery rate
fig Figure
G Gap phase
GO Gene Ontology
h Hours
HDAC Histone deacetylase
hpt Hours past transfection
HU Hydroxyurea
ICM Inner cell mass
IP Immunoprecipitation
kd knock down
LB Luria Bertani
MAGUK Membrane-associated guanylate kinase
MassSpec Mass spectrometry
MDCK Madin-Darby canine kidney
me3 Trimethylation
MEF Mouse embryonic fibroblasts
MMB Myb-MuvB
MPF Mitosis-promoting factor
M-phase Mitosis
MPM2 Mitotic protein #2
Myb Myeloblastosis
MS Massenspektrometrie
NEAA Non essential amino acids
Neb Nuclear ectract buffer
NSC Neuronal stem cell
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NuRD Nucleosome remodeling and deacetylating factor
NuRF Nucleosome remodeling factor
PBS Phosphate buffered saline
PcG Polycomb group
PCR Polymerase chain reaction
PDZ Post synaptic densitiy 95/disc-large/zona occludens
PI Propidium-iodide
poly-HEMA poly(2-hydroxyethyl methacrylate)
pRB Retinoblastoma
PRC Polycomb repressor complex
qRT-PCR Quantitative real-time PCR
RNA Ribonucleic acid
RNAi RNA interference
RT Room temperature/Reverse transcriptase

SAFB Scaffold attachment factor-B
SDS-PAGE SDS-polyacrylamide gel electrophoresis
shRNA Short-hairpin RNA
SILAC Stable isotope labeling by amino acids in cell culture
siRNA Small interfering RNA
S-phase Synthesis phase
tab Table
TJ Tight junction
TJP Tight junction protein
VSMC vascular smooth muscle cells
ZO-2 Zona occludens protein 2
ZOP Zona occludens protein
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