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Introduction 1

1 INTRODUCTION

1.1  Cell Cycle & its Regulators

1.1.1 Mammalian Cell Cycle

To ensure proper growth and maintenance of an organism, mammalian cells exhibit a tightly
controlled cycle of growth and cell division. Cell division leads, via mitosis and cytokinesis,
to two equa daughter cells. Proliferation describes cell growth, accumulation of cell
properties and subsequent cell division. There are four main parts of the cell cycle, the
M phase (mitosis), and the three interphases, G1 (first gap), S (synthesis) and G2 (second gap)
(Fig. L.1A).

A
Cyclin B-CDK1
Cyclin A-CDK1
" Go )
Cyclin D-CDK4
Cyclin D-CDK6
Cyclin A-CDK2 Cyclin E-CDK2
B
M S ﬁm
G2
M M % s
Meiosis embryonic endoreduplication
cell cycle cycle

Fig. 1.1: Simplified representation of the mammalian cell cycle. (A) Activity of cyclin/CDK
complexes through the course of the cell cycle. The width of the colored bands is proportional to the
kinase activity. Cyclin D refers to all three D-type cyclins. (adapted & modified from (Coller, 2007).
(B) Different cell cycles in which specific phases are absent (adapted from (van den Heuvel, 2005).
(R point = restriction point & CDK = cyclin dependent protein kinase)

Immediately after cell division RNA and proteins start to accumulate. This period of the cell
cycle between the end of mitosis and the subsequent onset of DNA synthesis is termed G1.
Usually this gap takes 12 to 15 hours. Variances in cycle duration are mostly due to


http://dict.leo.org/ende?lp=ende&p=thMx..&search=synthesis
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differences in entering and exiting G1 phase, and to an optional break in quiescence state
(G0); or even entering the differentiation modus. This is influenced by growth factors in the
cell’s surroundings. In sufficient concentrations these extracellular signals will encourage a
cell to continue cell cycle, or their absence will trigger the cell to proceed into GO. This
critical decision point in the cell cycle, several hours before the end of G1, is termed
restriction point (R point). This also resembles the point of no return, once the cell has passed
this critical point, it will proceed with the G1/S phase transition. The following S phase,
during which DNA synthesis occurs, typically requires 6 to 8 hours to reach completion. The
second gap (G2) takes 3to 5hours. Finally, M phase extends approximately one hour, and
includes four distinct subphases. prophase, metaphase, anaphase, and telophase. Mitosis
finishes with cytokinesis, the division of the cytoplasm (Coller, 2007; Pardee, 1974; Planas-
Silva and Weinberg, 1997). There are several DNA damage control points in G1 and G2
phases, and the spindle-assembly checkpoint in M phase.

The time a cell needs to progress through the cell cycle is greatly depending on cell type and
on circumjacent conditions. The indicated lengths of each phase are commonly observed in
cultured cells. Hence actively proliferating lymphocytes may double in only 5 hours, and
some cells in the early embryo may do so even more rapidly. For example, the pluripotent
cellsin the epiblast have a cell cycle lacking the gap phases, and more than 50% of the cycle
time is devoted to Sphase (Mac Auley et a., 1993) (Fig. 1.1 B & Section 1.3.1). This is
similar for pluripotent ES cells (embryonic stem cells) (Savatier et al., 1994) and murine
embryonal carcinoma cells (Thomson et al., 1998). Cells that only display S and G phases and
no mitosis are endoreduplicating such as trophoblast giant cells (Varmuzaet a., 1988).

1.1.2 Cyclins & CDKs

Controlled cell cycle progression is driven mainly by protein complexes composed of two
subunits: a cyclin and a corresponding cyclin dependent protein kinase (CDK). CDKs are
small serine/threonine kinases that require association with a cyclin subunit for their
activation. Cyclin/CDKs catalyze the phosphorylation of specific target substrates. These
phosphorylation events are transient and reversible. When the cycli/lCDK complex
disappears, the phosphorylated substrates are rapidly dephosphorylated by protein
phosphatases (reviewed in (Morgan, 1997; Murray, 2004)).

Active cyclin/lCDK complexes lead to the activation of transcription factors which induce the
transcription of the next set of cyclins and CDKs. Consequently there is a rapid turnover and

tight regulation, which involves controlled transcription and degradation of cyclins.
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Regulation also involves activating and inhibiting phosphorylation, dephosphorylation of the
CDKs, and control of inhibitory proteins that associate with cyclin/CDK complexes
(Hadwiger et al., 1989; Nash et al., 1988; Sanchez and Dynlacht, 2005)).

During G1 phase, the D-type cyclins (D1, D2, and D3) bind and activate CDK4 and CDK6
(Bates et al., 1994; Matsushime et al., 1992; Meyerson and Harlow, 1994). Both CDKs have
similar enzymatic activities. In late G1, after the R point CDK2 primarily interacts with
E-type cyclins (E1 and E2) to phosphorylate specific substrates required for the initiation of
DNA replication and centrosome duplication in S phase (Dulic et a., 1992; Gudas et 4.,
1999; Koff et al., 1992; Lauper et al., 1998; Leone et al., 1999; Zariwala et al., 1998). When
the cells enter S phase, the A-type cyclins (Al and A2) substitute the E-type cyclins (E1 and
E2) as partners of CDK2 to promote progression through S phase. Cyclin A phosphorylates
proteins involved in DNA replication, such as CDC6 (Coverley et al., 2000; Petersen et al.,
1999; Yan et al., 1997). Hence at the end of the S phase, the A-type cyclins switch partners to
associate with CDK1 (CDC2) (Girard et al., 1991; Pagano et al., 1992; Yan et al., 1997).
Moving further into G2 phase, CDK1 largely associates to the mitotic B-type cyclins (B1 and
B2). During G2/M transition cyclin A activity is needed for the initiation of prophase (Furuno
et a., 1999). At the mitotic exit, the cyclin/CDK complexes are required for chromosomal
alignment and progression to anaphase (den Elzen and Pines, 2001; Minshull et al., 1990)
(Draetta et a., 1989). At the onset of M phase, the B-type cyclin/CDK1 complex triggers
many of the essential procedures that constitute mitosis and end in cytokinesis (Obaya and
Sedivy, 2002; Wheatley et al., 1997) (Fig. 1.1 A).

The levels of CDKs dlightly vary during cell cycle, only the cyclins fluctuate in a cell cycle
dependent manner. For example, cyclin B strongly increases at the onset of mitosis to
associate with CDK1. At the end of the M phase cyclinB levels drop due to rapid
degradation. It is undetectable at the beginning of the next cell cycle. The only exceptions in
fluctuating levels are the D-type cyclins, which are constantly expressed (Sherr and Roberts,
2004; Silver and Montell, 2003).

Mammalian cells are thought to require the sequential activation of the CDKs and cyclins to
precede though interphase and mitosis. Most prominent downstream targets of cyclin/CDK

complexes include pRB and E2F.
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1.1.3 pRB/E2F Pathway

The retinoblastoma family of proteins consists of the retinoblastoma protein (pRB) and two
related proteins p107 and p130. pRB was the first tumorsuppressor identified and is mutated
in approximately one third of all human tumors (Lee et al., 1987; Sherr, 1996). These proteins
are called pocket proteins because they share a pocket domain, which consists of two highly
conserved regions A and B, separated by a linker (Lipinski and Jacks, 1999). The pocket
domain mediates interactions with transcription factors of the E2F family and histone
dacetylases (HDACs) (Felsani et al., 2006; Giacinti and Giordano, 2006). The best
characterized targets of the pocket proteins are members of the E2F family of transcription
factors. To date, eight different E2F family members have been identified in mammals. E2Fs
can be divided into two major groups, the transcriptional activators E2F1, E2F2 and E2F3 and
the transcriptional repressors E2F4, E2F5, E2F6, E2F7 and E2F8. The E2Fs bind to DNA as
heterodimers together with either DP1 or DP2, except for the two most recently identified,
E2F7 and E2F8, which bind to DNA DP-independently. E2F6-8 are pocket protein

independent transcriptional repressors.

The transcriptional activators E2F1-3 promote the cell cycle and exclusively bind to pRB, and
not to p130 or p107. In GO and early to mid G1, hypophosphorylated pRB binds to E2F
activator proteins, preventing them from transactivating E2F target genes (Rayman et al.,
2002). The following G1/S transition is promoted by the cyclin D/CDK4/6 complex
phosphorylating pRB (Kato et a., 1993). The hyperphosphorylation of pRB leads to released
and thereby activated E2FS/DP heterodimers, For example, free E2F1 activates genes required
for DNA synthesis, such as cyclin E, cdc6 and cyclin A (Arroyo and Raychaudhuri, 1992;
Leone et al., 1999; Mudrak et al., 1994). pRB remains hyperphosphorylated throughout the
rest of the cell cycle, due to cyclin E/CDK2 activity.

In contrast, the repressor E2Fs, E2F4 and E2F5, are localized in the nucleus, associated to the
pRB-related proteins p130 and p107, thereby silencing E2F-regulated promoters in quiescent
cells (GO) and in early G1. Indirectly this prevents binding of activators and moreover these
complexes silence genes directly by recruitment of further repressive complexes. For
example, E2F4 recruits HDAC complexes, which causes deacetylation of histone tails and
repression of many E2F target genes, like B-Myb, CDK1, E2F1, and cyclin A (Frolov and
Dyson, 2004; Humbert et al., 2000; Leone et al., 1999; Trimarchi and Lees, 2002; Wu et al.,
2001). If the cell reenters cell cycle, many E2F target genes become activated. E2F4 is
released, due to CDK-dependent phosphorylation of pl30. The HDAC repressor complex
dissociates from the promoter because E2F4 relocalizes to the cytoplasm (Gaubatz et a.,
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2001; Verona et al., 1997). In parallel, the phosphorylation of pRB by cyclin D/CDK4/6
promotes the release of the E2F activators, which leads to HAT recruitment, consequent
histone H3/H4 acetylation and transcriptional activation of E2F target genes (Morris et al.,
2000; Rayman et al., 2002).

1.2  pRB/E2F Complexes in Model Organisms

Pocket proteins are able to counteract E2F-mediated transactivation in two different ways,
first by simply binding and masking the E2F activation domain and second by actively
repressing their transcription with corepressors complexes (Frolov and Dyson, 2004). Due to
the complexity of the pRB/E2F pathways in mammalian cells, a lot of the functional studies
were performed in model organism where the pRB/E2F network appears to be less complex.

1.2.1 DRM Complexin C. elegans

Genetic studies of the nematode Caenorhabditis elegans (C. elegans) identified pRb/E2F as
essential in chromatin remodeling processes during development. Of high interest are the
studies concerning vulva development. Here, the synthetic multivulva (synMuv) genes
antagonize, in a redundant fashion, the RassMAPK (mitogen-activated protein kinase)
signaling pathway (Fay and Han, 2000; Ferguson and Horvitz, 1985; Horvitz and Sulston,
1980; Kornfeld, 1997; Lipsick, 2004). These synMuv genes are grouped into three classes,
namely A, B, and C, on the basis of their genetic interactions (Ceol and Horvitz, 2004;
Ferguson and Horvitz, 1989). The classB synMuv genes encode among other proteins
homologues of pRB (lin-35), DP (dpl-1) and E2F (efl-1) (Ceol and Horvitz, 2001; Lu and
Horvitz, 1998). However, their biochemical properties and pathways regulated by these

proteins were largely unknown.

Recently biochemical approaches implied that synMuv proteins form distinct transcriptional
regulatory complexes. The group of Horvitz was able to identify the components of an
evolutionarily conserved pRB/E2F complex in C. elegans, namely the DP, pRB, and class B
synMuv (DRM) complex (Ceol and Horvitz, 2001; Harrison et a., 2006). The DRM complex
consists of the following members: LIN-9, LIN-35, LIN-37, LIN-52, LIN-53, LIN-54, DPL-1,
and EFL-1. The main members, the heterodimeric EFL-1/DPL-1 and the WD40-repeat
histone-binding protein LIN-53 (RbAp48) interact and bind directly to LIN-35 (pRB) (Ceol
and Horvitz, 2001; Lu and Horvitz, 1998).
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1.2.2 Myb-MuvB(MMB) & dREAM Complexes in Drosophila

The Myb-MuvB and dREAM complexes in Drosophila melanogaster (Drosophila) are nearly
identical to the DRM complex and were purified biochemically from Drosophila embryos by
the groups of Brehm and Botchan (Korenjak et al., 2004; Lewis et al., 2004). The Drosophila
genome encodes two pocket protein homologues termed RBF1 and RBF2, a single dDP
protein and only two E2F homologues, the activating dE2F1 and the repressive dE2F2 (Du et
al., 1996; Stevaux and Dyson, 2002). The native multi-subunit complex identified by Brehm’s
group is termed dREAM (Drosophila RBF, dE2F, and dMyb-interacting proteins) and
contains dE2F2, dDP, RBF1 or RBF2, CAF1p55 (RbAp48), and dMyb (B-Myb) as well as
the dMyb-interacting proteins Mip40 (LIN-37), Mipl20 (LIN-54), and Mipl30/TWIT
(LIN-9) ((Korenjak et al., 2004); Tab. 1.2). Interestingly, all of these proteins except Myb are
homologues of the classB synMuv genes of C. elegans and members of the DRM complex
described above. Thus it is possible that the DRM complex does not need a Myb protein, or
that the functional ortholog of the Drosophila dMyb protein might not be identified in
C. elegans, yet (Harrison et al., 2006).

The second complex, termed Myb-MuvB or MMB by the Botchan group is similar to
dREAM but contains three additional subunits, namely the histone deacetylase Rpd3
(HDAC), dLin52 (LIN-52), and the tumor suppressor L(3)MBT (lethal malignant brain
tumor/C. elegans LIN-61) (Lewis et al., 2004). The different complex composition may be
due to the less stringent purification procedures applied.

Both complexes were shown to repress gene transcription and localize to promoters of
dE2F2-regulated genes (Dimova et al., 2003). Both groups performed RNAi knockdown
studies and demonstrated that the dE2F2 repressor and other components are necessary to
effectively silence developmentally regulated genes, except dMyb, which does not seem to be
essential for repression (Korenjak et al., 2004; Lewis et a., 2004). These and other studies,
only described a function for replication (Beall et al., 2004; Beall et a., 2002) and
transcriptional repression with a passive role of dMyb (Dimova et al., 2003; Korenjak et al.,
2004; Lewis et al., 2004), but not for transcriptional activation. Moreover the exact
mechanisms of the transcriptional repression are still unclear. Combining these studies a
model was proposed, where dMyb activates the complex, cell context-dependent (Beall et al.,
2004; Bedll et a., 2002).

Recently this model was supported by analysis of the DNA-binding properties of each
dREAM/MMB component in a genome-wide screen using RNAI (Georlette et al., 2007).
Georlette and colleagues could confirm that dREAM/MMB represses many developmental
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genes and additionally functions as an activator of G2/M genes. They further showed that the
complex members preferentially co-localize near transcriptional start sites (Georlette et al.,
2007). The dREAM/MMB complexes are widely expressed in various tissues in Drosophila.
Recently one tissue-specific complex, termed tMAC (testis Meiotic Arrest Complex) was
purified from Drosophila testes extract suggesting that in Drosophila context-dependent
complexes may also exist (Beall et a., 2007).

1.2.3 Human LIN Complex & its Core Component LIN-9

Recently, our lab was able to identify predicted homologues of all subunits of the
dREAM/Myb-MuvB complex in the human and mouse genome. It was aso known from
previous work that an important component, LIN-9 associates with pRB and B-MYB
(Gagrica et al., 2004; Osterloh et al., 2007; Pilkinton et a., 2007). Our group in cooperation
with the group of Alexander Brehm has also biochemically purified and characterized a
human dREAM/Myb-MuvB like complex which was called LINC (LIN complex) (Schmit et
al., 2007). LINC differs from the invertebrate complexes in that it consists of a stable core
complex which interacts cell cycle-dependent and context-dependent with pocket proteins,
E2F4 and B-MYB. The core module consists of the LIN proteins LIN-9, LIN-54, LIN-52,
LIN-37 and RbAp48 (Tab. 1.1). The cell cycle-regulated pocket protein p107 is only loosely
associated to LINC. The composition of LINC was further analyzed with binding assays in
synchronized cells. These assays revealed that LINC associates in GO to E2F4 and p130. This
binding islost in S-phase where LINC switchesto B-MYB and p107 (Schmit et a., 2007).

The cell cycle regulated LINC assembly was further analyzed with chromatin immuno-
precipitation (ChlP) experiments, demonstrating that LINC directly binds to E2F-regulated
promoters in quiescent cells (GO). Moreover, LINC |leaves the promoters of genes activated at
G1/S upon cell cycle entry (G1), but remains bound to G2/M promoters (Schmit et a., 2007).
The role of LINC in cell cycle progression and proliferation was analyzed by RNAI in
immortalized BJ fibroblasts (BJ-ET cells). Depletion of either LIN-9 or B-MYB inhibited
proliferation and delayed entry into mitosis because it regulates genes essential for entry into
mitosis such as cyclin A2, cyclin B1 and cdc2 (CDK1), as well as genes regulating the mitotic
spindle checkpoint such as PLK1, Aurora-A, and Bubl, Birc5 (survivin). Additionally genes
important for chromosome segregation like CENP-E as well as genes essential to exit mitosis
like Ubch10 and many others are also regulated by LINC (Osterloh et al., 2007; Schmit et al.,
2007) (Tab. 1.2). These LINC G2/M target genes are responsible for entry into, progression
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through and exit from mitosis. Although LINC associates with E2F-regualted promoters in

GO, it is not necessary for their repression.

Drosophila melanogaster | C. elegans Homo sapiens
Lewis et al. Korenjak et al. |Harrison et al. Schmit et al. 2007 (LINC)
2004 2004 2006 Litovchick et al. 2007 (DREAM)
Myb-MuvB dREAM DRM GO S
Mip130 Mip130/TWIT LIN-9 LIN-9 LIN-9
Mip40 Mip40 LIN-37 LIN-37 LIN-37
dLin52 LIN-52 LIN-52 LIN-52
Mip120 Mip120 LIN-54 LIN-54 LIN-54
CAF1p55 CAF1p55 LIN-53 RbAp48 RbAp48
dDP dDP DPLA1 DP DP
dE2F2 dE2F2 EFLA1 E2F4
RBF1/2 RBF1/2 LIN-35 p130 (p107)
dMyb dMyb B-MYB
RPD-3
L(3)MBT

Tab. 1.1: Summary of pRB/E2F complexes in different species. p107 is present in LINC but not in
DREAM (adapted and modified from (Schmit et al., 2007)).

Independently, the group of DeCaprio identified a similar complex, using an unbiased
proteomics approach with human cell extracts. This so called DREAM (p130-associated DP,
RB-like, E2F and MuvB) complex contains in quiescence cells p130, E2F4 or E2F5, Dpl or
DP2, LIN-9, LIN-54, LIN-52, LIN-37, and RbAP48. With this composition DREAM is able
to bind to E2F-regulated promoters, as shown with ChiP analysis. The DREAM complex
dissociates in S phase and only the LINs (LIN-9, LIN-54, LIN-52, LIN-37, and RbAP438)
together with B-MYB form a sub-complex which is no longer associated with E2F-regulated
promoters (Litovchick et al., 2007). These findings are consistent apart from our observation
of LINC binding to G2/M promoters. Furthermore, although our work suggests a role for
LINC in gene activation, DREAM was reported to function in GO to repress cell-cycle
dependent genes, shown by single RNAIi depletion experiments. Further experiments are

necessary to resolve these issues.

LIN-9, a component of the core complex, is not only part of the LINC complex, but also binds
to pRB (Gagrica et a., 2004; Korenjak et al., 2004). This binding is restricted to the
N-terminal part of LIN-9, interacting with the pocket domain of pRB. LIN-9 cooperates with
pRB during flat cell formation in human Saos-2 cells (Gagrica et al., 2004). The flat cell
formation is similar to a senescent-like phenotype and is a marker for differentiation (Sellers


http://dict.leo.org/ende?lp=ende&p=thMx..&search=apart
http://dict.leo.org/ende?lp=ende&p=thMx..&search=from
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et a., 1998), suggesting that human LIN-9 promotes pRB-mediated differentiation. Notably
LIN-9 is not involved in pRB-regulated G1 arrest and in the repression or activation of
E2F-dependent cell cycle genes, in Saos-2 or Hela cells.

Gene symbol | Gene name Expression | Function

BIRCS Baculoviral IAP repeat-containing 5 (Survivin) G2/M mitotic checkpoint

CDC2 Cell division cycle 2 G2/M cytokinesis

CCNA2 Cyclin A2 S/IG2/M entry in S & transition in M
CCNB1 Cyclin B1 G2/M entry & transition in M
CENPE Centromere Protein E G2/M mitotic checkpoint

BUB1 Budding uninhibited by benzimidazoles 1 G2/M mitotic checkpoint
AURKA Serine/threonine kinase 6; Aurora A G2/M mitotic spindle assembly
PLKA1 Polo-like kinase 1 G2/M entry & exit from M

Tab. 1.2: List of important LINC target genes. Summary of downregulated G2/M genes in LIN-9
depleted BJ-cells (adapted from (Osterloh et al., 2007)). (M = mitosis)

Moreover the depletion of LIN-9, like the pRB depletion, lead to transformation in primary
human fibroblasts (BJET cells). LIN-9 overexpression rescued morphological changes
induced by oncogenic RasV12 in immortalized murine fibroblasts (NIH-3T3) and inhibited
growth of colonies in soft agar assays pRB-dependently in murine embryonic fibroblasts
(MEFs). This suggests arole for LIN-9 in tumorigenesis (Gagrica et a., 2004).

Sandoval and colleagues generated a Lin9 mutant allele (termed BARA/LIN-9A84) that
expresses a truncated protein in mouse. Homozygous mutant mice were viable. This truncated
LIN9 protein rescued defects associated with a CDK4 knockout mouse including growth
retardation, infertility and a decreased proliferation rate of MEFs (Sandoval et al., 2006).
However, questions concerning the role of LIN9 in tumorigenesis, and differentiation as well
asits cell cycle regulation potential remained unclear. This is probably due to the fact that the
knockout approach resulted in only a partial knockout that deleted solely the first 84 amino
acids of LIN9. However nothing is known about the other LINsin vivo o far.

Since we were able to identify homologues of all subunits of the dREAM/synMuvB complex
in the human and mouse genome, and studied LIN-9 in detail, it is of immense interest to
investigate LIN-9 and subsequently the function of LINC in mouse models. This could also
shed light on LIN-9 physiological function in differentiation and tumorigenesis.
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1.3 Mouse Models for known Cell Cycle Regulators

LINC regulates the expression of genes whose products are important for mitosis entry,
progression and exit, such as Bubl, Birc5, cyclin A2, cyclin B1 and cdc2 (CDK1). Astheaim
of this study was to analyze the role of LIN9 in mouse development, the roles of LINC target
genes in development, as it is known from knockout studies in mice, are described in the

following section and summarized in table 1.3.

Additionally, an analysis about major LINC components in development, such as B-Myab,
E2F4 and the pocket proteins is included. For further understanding of embryogenesis
pre-/peri- and post-implantation development will be briefly explained.

1.3.1 Embryonic Development

At the beginning of embryonic development, the fertilized oocyte divides and starts to
differentiate on its way to the uterus. The mature oocyte contains abundant amounts of RNA,
proteins and ribosomes, some of which last until the early blastocyst stage (Gardner, 1996;
Schultz, 1993). Maternal factors are probably responsible for the earliest events of
embryogenesis, such as the first embryonic transcription, zygotic gene activation (ZGA),
(Nothias et al., 1995; Schultz, 1993). ZGA occurs during the second cell cycle and is followed
by major gene activation (MGA) during the third division (Aoki et al., 1997; Ram and
Schultz, 1993; Wang and Dey, 2006).

Early development is characterized by a series of cleavages, which are fairly different to
somatic cell cycles. After fertilization, the cell passes in 18to 20 hours through Sand
M phase with a very short G1, and a nearly undetectable G2 phase (Howlett, 1986; Howlett
and Bolton, 1985; Luthardt and Donahue, 1975) (Fig. 1.1 B). The second round of cell
division at 1.5 dpc (days post coitus), resulting in four cells, is similar. The next four cell
cycles each takes ~12 hours, from 8 blastomeres which asynchronously divide to the early
blastocyst (~64 cell), at 3.5 dpc. The totipotent blastomeres of the compact morula loosen to
form the blastocodl, a fluid filled cavity. The blastocyst consists of an outer layer, the
multipotent trophoectoderm (TE) and the pluripotent inner cell mass (ICM). These are
restricted tissue lineages, since the TE contributes only to the trophoblasts and
extraembryonic ectoderm and the ICM disperses to the pluripotent epiblast, the multipotent
primitive endoderm (PE) and extraembryonic mesoderm (Gardner, 1983) (Fig. 1.2).

The final pre-implantation cell division to the late blastocyst (~120 cells) takes ~24 hours
(Bolton et al., 1984; Goldbard and Warner, 1982; Hogan, 1994). Peri-implantation defines the
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stage in which the blastocyst hatches from the zona pellucida to implant into the uterine wall
at day 4.5. This happens in three steps. apposition, attachment and penetration. The stroma
differentiates into decidual cells which results in the decidual swelling (Hogan, 1994; Parr and
Parr, 1989; Psychoyos et al., 1986). The TE layer gives rise mainly to trophoblast giant cells

(TG), these mediate implantation and vascularization.

5.5dpc 6.5dpc 7.5dpc

Pre-implatation Implantation

|
_ _ __ A A
| U
Zygote 8-cell  Blastocyst 4.5 dpc
blastomeres

trophectoderm (TE)

inner cell mass (ICM)

primitive endoderm (PE)
extraembryonic visceral endoderm
mesoderm and primitiv streak posterior anterior
embryonic ectroderm

embryonic visceral endoderm

anterior visceral endoderm

yolk sac

zona pellucida distal

proximal

Fig. 1.2: Mouse development from zygote to onset of primitive streak formation. Schematic
illustrations of embryonic development, the tissues are color labeled. The double-crossed arrows. show
the orientation of the proximal-distal and anterior-posterior embryonic axes (illustration based on
(Pfister et al., 2007; Rivera-Perez, 2007).

Next, in embryos 5.0 to 6.0 dpc, the polar TE develops into thick layers of extraembryonic
ectoderm (EXE), which expands and bears distal the epiblast. Both EXE and the epiblast are
enclosed by the visceral endoderm (VE) and the distal visceral endoderm (DVE), which are
derived from the PE (Martin and Finn, 1968; Welsh and Enders, 1991). The epiblast as well
as the PE will contribute to the extraembryonic mesoderm, which later forms the yolk sac, the
alantois and the amnion. This formation becomes visible with the proamniotic cavity. The
embryonic germ layers result in the assembly of the primitive streak and gastrulation at
6.5 dpc (Hogan, 1994).

The cell cycle speed starts to vary and largely increases during the subsequent gastrulation.
This is especially obvious within the embryonic ectoderm, where the epiblast undergoes

massive rearrangements such as primitive streak formation. Therefore cells move out of the
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ectodermal layer, which hasto proliferate rapidly to form the future embryonic mesoderm and
endoderm. The cells in the proliferative zone display several distinct features. First their cycle
tempo increases to only ~2 hours (Snow, 1977) with non-existent or very short G1 and
G2 phases (Section 1.1.1). Second the cells populating primitive streak are smaller compared
to their precursors, due to the short G1 phases, during which cellular growth usually occurs
(Mac Auley et al., 1993). Third these pre-gastrulation cycles lack checkpoints that inhibit
mitosis in the presence of DNA damage, these cells will rather die than arrest and repair
(Heyer et al., 2000). However, the EXE tissue of the developing extraplacental cone does not
undergo particularly rapid cycles (Hogan, 1994). Next, the germ layers form as gastrulation
proceeds and organogenesis starts, at stage 7.5to 9.5 dpc. The germ layers will contribute to

all subsequent tissues.

1.3.2 Essential LINC Members

1.3.2.1. pRB/p107/130
The pocket protein family consists of three members, pRB, p107 and p130. They all represent
major targets of cyclin D/CDK4/6 complexes (Sherr and Roberts, 1999; Sherr and Roberts,
2004). LINC binds to p130 in quiescent cells and then switches to p107 progressing to mitosis
(Schmit et al., 2007).

The pocket proteins are differently expressed during mouse development. At pre-implantation
stages pRb is absent, but expressed at blastocyst stage (Ilwamori et al., 2002). Expression
patterns of p107 and pl130 at pre-implantation stages have not yet been studied. Later in
embryogenesis, expression levels are restricted to selected tissues, e.g. in E13.5 only pRB is
expressed in muscle, lens and retina, while the heart, lung, kidney and intestines express only
p107. However, CNS and liver express all three pocket proteins (Jiang et al., 1997).

pRB belongs to the best studied tumor suppressor in vivo. There are several classical and
conditional knockout approaches and chimeras generated with tetraploid complementation

techniques. Some of these models are described below.

First the classical knockout model showed that mice lacking pRB die in utero at midgestation,
due to severe anemia. pRB-deficient embryos have also obvious defects in lens development
and massive cell death within the nervous system (Clarke et al., 1992; Jacks et al., 1992; Lee
et a., 1992). These results strongly suggested a critical role for pRB in embryonic
development.
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Recently the phenotypes observed could be unraveled using the tetraploid complementation
technique. This allowed Leone and his group to dissect the placental malformation from the
abnormal embryonic developmental of pRB knockouts (Wu et a., 2003). These tetraploid
pRB-deficient embryos developed to term. However they die soon after birth due to
respiratory problems. However, none of the before examined defects in the CNS, nor other
causes mentioned for embryonic lethality, were observed. Only defects in erythropoiesis
persisted, though less severe, implying a delay in erythroid differentiation. New defects in
skeletal muscle development were observed with these pRB newborns (Wu et al., 2003).
Taken together, the vast majority of pRB knockout phenotypes are probably due to placental
abnormalities.

Interestingly, mice mutants for either p107 or p130 revealed no obvious abnormalities, which
is due to their redundant functions in most tissues (Cobrinik et al., 1996; Lee et al., 1996).
However, this was only observed in knockout mice generated in the 129/Sv x C57BL/6
genetic background. p107 and p130 knockouts in the BALB/cJ background lead to severe
phenotypes. pl07-deficient weanlings display apparent growth retardation and myeloid
hyperplasia, and MEFs display increased proliferation rates (LeCouter et al., 1998a).
Furthermore, p130 mutant embryos died in utero between stage 11 to 13 dpc, in the BALB/cJ
background, because of defects in neurogenesis and myogenesis (LeCouter et a., 1998b).
These pronounced phenotypes are probably due to reduced pl16INK4a activity in BALB/cJ
mice (Zhang et a., 2001).

p107 and p130 double knockout animals, in the mixed genetic background, died immediately
after birth (Cobrinik et al., 1996). Similar is the phenotype of mutants for pRB/p107 or
pRB/p130, which died in utero between stage 11 to 13 dpc and showed obvious apoptosis in
the liver and CNS (Lee et al., 1996). These observations indicated that the pocket proteins
have redundant functions in development and substitute for each other. However, this may
also be caused by pronounced placental defects observed for pRB knockout embryos.
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Triple knockouts had not been generated, thus ES cells that lack all three pocket proteins were
created and showed normal proliferation rates (Dannenberg et al., 2000; Sage et al., 2000).
However, they had very limited, to no differentiation potential (Dannenberg et al., 2000). This
indicated that ES cells do not necessitate pocket proteins for proliferation, but for
differentiation (Dannenberg et al., 2000; Iwamori et al., 2002). Recent experiments showed
that ES cells lacking Dicerl are also unable to differentiate (Benetti et al., 2008; Sinkkonen et
al., 2008). Factors like Oct4 are normally silenced for differentiation by DNA methylation of
the promoter, accompanied by accumulation of repressive histone marks. These
differentiation marks are only poorly initiated in dicer-deficient ES cells, probably due to
p130 and other transcriptional repressors which are not properly downregulated, and therefore
inhibit the expression of de novo DNA methyltransferases (Dnmts). This defect was reversible
by reintroducing the miR-290 miRNASs (Sinkkonen et al., 2008).

1.3.2.2. E2F4

One of the best understood functions of the pocket proteins is their binding to and thereby
inhibiting the activity of E2F transcription factors during the cell cycle progression. E2F4 is
one of the repressive E2Fs and also an important component of the LINC complex (Blais and
Dynlacht, 2004; Schmit et al., 2007). E2F4 is constitutively synthesized (Sardet et al., 1995)
and is widely expressed during mouse development (Dagnino et al., 1997a; Dagnino et al.,
1997b).

The E2F4 knockout mice are neonatally lethal. They display noticeable growth retardations,
hematopoietic, craniofacial and intestinal defects (Humbert et al., 2000; Rempel et al., 2000).
This analysis of the mutant mice revealed that E2F4 plays an important role during the
differentiation of certain cell lineages, such as the hematopoietic lineages. Analysis of the
thymus in E2F4-deficient embryos showed an increase of immature cells, such as
reticulocytes, nucleated erythrocytes, granulocyte precursors, and immature T-cells (Humbert
et al., 2000; Rempel et a., 2000).

The analysis of E2F4 knockout MEFs revealed a dramatic decrease in the amount of total
cellular E2Fs. Hence the expression of E2F target genes and cell cycle progression in general
remained unaffected (Humbert et a., 2000).

E2F5, which is also arepressive E2Fs, leads as knockout to an early postnatal death caused by
a hydrocephalus (Lindeman et al., 1998). Interestingly double knockouts E2F4 and E2F5
result in alate embryonic lethality post 13.5 dpc. At least one functional allele is required for
postnatal viability, suggesting that the two E2Fs may play an overlapping function in
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development (Gaubatz et al., 2000). Moreover, double mutant MEFs are resistant to cell cycle
arrest in response to overexpression of the CDK inhibitor p16™<“?, which indicates a direct
role for the repressive E2Fs in mediating cell cycle exit (Gaubatz et al., 2000).

1.3.2.3. B-MYB
The Myb family consists of three members, A-MYB, B-MYB (MYBL2) and C-MYB
(Nomura 1988). All three members are transcription factors involved in the control of cell
cycle progression, differentiation and apoptosis (Oh and Reddy, 1999; Sala, 2005). They have
conserved regulation and transactivation domains that exhibit sequence-specific DNA-binding
activity to the consensus sequence C/TAACNG (Ness, 2003; Ogata et al., 1994). Although
they recognize the same binding sequence their expression patterns as well as knockout

phenotypes are quite diverse.

C-Myb is mainly expressed in bone marrow and is essential to develop the hematopoietic cell
lineage (Gonda and Metcalf, 1984). C-myb-deficient embryos are late embryonic lethal due to
the failure of fetal liver haematopoiesis (Bender et al., 2004; Mucenski et a., 1991). A-Myb is
required for spermatogenesis and in mammary gland proliferation. Hence, A-Myb knockout
results in growth defects and male infertility (Toscani et al., 1997; Trauth et al., 1994).

In contrast, B-Myb is ubiquitously expressed during mouse development (Sitzmann et al.,
1996), and elevated expression levels are detectable in brain, kidney, heart, skeletal muscle,
testis and ovary. The observed expression is proportional to the degree of cell proliferation
(Latham et al., 1996). B-Myb expression is induced by E2Fs and is highest at the G1/S
transition. Moreover its activity is regulated by cyclin A/CDK2-mediated phosphorylation
(Bessa et al., 2001; Garcia et al., 2005; Joaquin and Watson, 2003; Sala, 2005). B-Myb
persists throughout the cell cycle and is essential for G2/M progression (Osterloh et al., 2007;
Schmit et al., 2007; Zhu et a., 2004).

Knockout of B-Myb results in embryonic lethality at 4.5 to 5.5 dpc, shortly after implantation,
due to failure in inner cell mass (ICM) formation (Tanaka et al., 1999). This phenotype
suggests that B-Myb is crucial for growth of the ICM during the post-implantation phase.
Based on studies in ES cells using an inducible dominant-negative form of Myb called MERT
(C-Myb enrgrailed-estrogen receptor-tag), the faulty development is attributed to a defect in
cell cycle progression through G1 (Iwai et al., 2001). Since B-Myb is known to be present in
murine ES cells (Sitzmann et al., 1996), Tarsov and colleagues recently established a B-Myb
shRNA approach in ES cells. They were able to show that B-Myb depletion leads to G2/M
arrest and results in severe mitotic spindle and centrosome defects (Tarasov et al., 2008ga;
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Tarasov et a., 2008b). This seems to promote either differentiation coupled to apoptosis or
generation of aneuploid ES cells. Furthermore, two other groups generated conditional
B-Myb knockout mice and were also able to detect decreased proliferation abilities and
genomic instabilities in knockout MEFs (Garcia et a., 2005; Yamauchi et al., 2008).
Interestingly a new B-Myb complex was characterized termed Myb-Clafi. This complex
contains clathrin and filamin, and is required for normal localization of clathrin to the mitotic
spindle (Yamauchi et al., 2008).

1.4  Aim of this Project

From previous experiments we know that LINC regulates the transcription of many genes
essential during the G2/M transition (Osterloh et al., 2007; Schmit et al., 2007). Homologue
complexes in model organisms such as Drosophila and C. elegans regulate the transcription
of developmental genes (Harrison et al., 2006; Korenjak et al., 2004). One evolutionary
highly conserved and essential component of the LINC-core module is LIN-9. To deeper
investigate the role of Lin9 in cell cycle and differentiation, in vivo and in vitro, the mouse
was used as a model organism. The following analyses were performed:

First Lin expression was analyzed in adult mouse and during mouse development, in tissue
samples and on sections, to examine whether the LINC components are expressed in mouse.
For this, the necessary tools like in situ hybridization probes and protocols had to be
established.

Second a Lin9 gene trap mouse model was obtained and analyzed to further understand the
physiological role of Lin9. For the phenotypical examination histological and biochemical
analyses were performed.

An additional important goal was to design and generate a conditional Lin9 knockout mouse
model. To be able to knockout Lin9 in a more controlled manner and establish further

inducible mouse models.
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2 MATERIALS & METHODS

2.1 Materials
2.1.1 Chemical Stocks & Reagents
Chemicals Stock concentration

Ammonium Persulfate (APS)

10% in H,O

Ampicillin (Roth)

100 mg/ml in H>O

Blasticidin (Invivogen)

10 mg/ml in 10 mM Hepes, pH 7.4

BM Purple AP Substrate (Roche) ready to use
BrdU (Sigma) 32.5mM in PBS
Bovine Serum Albumin (BSA) 20 mg/ml

DAB with Metal Enhancer (Sigma) ready to use
[a32-P]-dCTP (Hartmann Analytic) | 50 pCi/ul

DEPC (Roth) ready to use
DMSO p.a. Roth

DNA, MB grade (SS DNA) Roche

dNTPs (Promega) 2mM dATP, dCTP, dGTP, dTTP each
DTT (Invitrogen) 1M inHO
Ethidium Bromide (Sigma) 10 mg/ml in H,O
ExpressHyb Hybridization Solution | ready to use
(Clontech)

Glutaraldehyd solution, Grade |, 25% | ready to use
Glycogen (Invitrogen) ready to use

4-Hydroxytamoxifen (Sigma)

10 mg/ml in PBS

Immobilized Protein G (Pierce) ready to use
ImmunoPure Immobilized Protein A | ready to use
(Pierce)

IPTG Isopropylthio-[3-D-galactoside | 1.0 M in H,O
(Roth)

Kaisers Glygeringelantine (Merck) ready to use
Levamisol (Sigma) 200 mM in HO

Luminol (Roth)

250 mM in DMSO

p-Coumaric acid (Sigma)

90 mM in DMSO

PM SF (Phenylmethylsulphonyl-
fluoride) (Roche)

10 mg/ml in isopropanol
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Chemicals Stock concentration

Polybrene (Hexadimethrine bromide) | 4 mg/ml in H,O

Ponceau S solution 0.1% Ponceau S in 5% glacial acetic acid
Propidium iodide (PI) 1 mg/ml in H20
Protease Inhibitors (Pl) Mix 0.1 mg/ml Aprotinin

10 mg/ml AEBSF
0.5 mg/ml Bestatin
0.5 mg/ml E64

1 mg/ml Leupeptin
0.1 mg/ml Pepstatin

Proteinase K (Promega) 10 mg/ml in 50 mM Tris-HCI pH 8.0, 1 mM CaCl,
ProtoGel, 30% (Biozym) ready to use
Random Primer (Roche) 0.5 mg/ml in H,O
RNase A 10 mg/ml in 10 mM Tris-HCI pH 7.4,
150 mM NaCl
Roti®-Histokitt (Roth) ready to use
Temed 99% p.a. (Roth) ready to use

Trizol/Trifast/Total RNA Isolation | ready to use
Reagent (Invitrogen/Peglab /Thermo)

tRNA (brewer’s yeast) (Roche) 100 mg/ml in H>O (DEPC)

X-gal (5-bromo-4-chloro-3-indolyl-f3- | 20 mg/ml in DMF (N,N-dimethylformamide)
D-galactopyranoside) (AppliChem)

Xylol (Roth) ready to use
Unless otherwise indicated, commonly used chemicals were purchased from AppliChem,
Roth, Merck or Sigma with analysis quality.

2.1.2 PCR & DNA/RNA Modifying Enzymes

Enzymes Company

Absolute QPCR SYBR Green Mix ThermoFisher

Advantage cDNA PCR Kit BD Biosciences
Advantage Genomic PCR Kit BD Biosciences

Dnase |, RNase-free Roche

GoTag® DNA Polymerase Promega

Long PCR Enzyme Mix Fermentas

M-MLV-RT Transcriptase (100 U/pul) Promega & Thermo Fisher
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Enzymes Company
Phospatase, alkaline (10 U/ul) Roche
Phusion™ (2 U/ul) Finnzymes
gPCR Core kit for SYBR® Green | Eurogentec
Random Primers DNA Labeling System | Invitrogen

Restriction endonucleases

New England BioLabs (NEB),
Invitrogen & Fermentas

RiboLock (RNase-Inhibitor) (40 U/ul) Fermentas
SAWADY Tag-DNA-Polymerase pegLab
T4-DNA-ligase (400 U/pl) NEB

T7 & Sp6 & T3 RNA Polymerase Roche

2.1.3 Molecular Kits & Protein/DNA/RNA Markers

Kits Company
DIG RNA Labeling Mix Roche

In Situ Cell Death POD GENOMED
JETSTAR Plasmid Midi-/Maxi-prep Kit GENOMED
MassRuler™ DNA Ladder, Mix Fermentas
NucleoSpin® Tissue XS Kit Macherey-Nagel (MN)
QIAquick® PCR Purification Kit Qiagen

Page Ruler™ Prestained Protein Ladder Fermentas
ProbeQuant™ G-50 Micro Columns GE Healthcare
RNA Ladder, Low Range Fermantas
TOPO-TA Cloning® Kit Invitrogen
Wizard Mini-/Midi-/Maxi-preps Kit Promega

2.1.4 Buffers

2.1.4.1. General Buffers

10x PBS

130 mM NaCl

3mM KCI

64 mM NaHPO,
15 mM KH,PO,
adjust pH to 7.4 with HCI



Material & Methods

21

50x TAE buffer
200 mM Tris base
250 mM glacial acetic acid
500 MM EDTA, pH 8.0
10x TBS
500 mM Tris-HCI, pH 7.4
1500 mM NaCl
10x TE
100 mM Tris-HCI, pH 7.5
10 mM EDTA
20x SSC

3 M NaCl
0.3 M Na-Citrat
adjust pH to 7.0 with NaOH

0.5M EDTA pH 8.0

0.5M EDTA

adjust pH to 8.0 with NaOH pellets
3.0 M Sodium Acetate pH 5.8

3 M NaAcetate

adjust pH to 5.2 with glacial acetic acid
Miniprep-Solution S1

50 mM Tris-HCI, pH 8.0
10 mM EDTA
100 pg/ml RNase A

Miniprep-Solution S2

200 mM NaOH

1% SDS
Miniprep-Solution S3

3.1 mM Potassium Acetate

adjust pH to 8.0 with glacial acetic acid
5x DNA Loading buffer

15% Ficoll

0.05% Bromphenol Blue
0.05% Xylene Cyanol
0.05M EDTA

2x HBS

280 mM NaCl
1.5 mM NapxHPO4
50 mM HEPES-KOH, pH 7.05
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Lysis buffer (cultured cells)

150 mM NaCl

20 mM TrispH7.5

5mM EDTA

0.5% SDS

250 mg/ml Proteinase K (added fresh)
Tail buffer (mouse tails)

100 mM TrisCl, pH 8.5

5mM EDTA

0.2% SDS

200 mM NaCl

250 mg/ml Proteinase K (added fresh)
Citrate buffer (TUNEL-staining)

9 ml Solution A (0.1 M Citricacid CsHg07 x H20)
41 ml Solution B (0.1 M Natiumcitrat NazCeHsO7 X 2H20)
ad 500 ml

MOPS (RNA Gel)

0.8 g Agarose
3.4 ml 20xMOPS
20x MOPS pH7.5

0.4 M MOPS
0.1 M Sodium acetate
100 mM EDTA

2.1.4.2. Buffers for Southern Blot

Southern buffer |
0.25M HCI

Southern buffer |1 (Denaturation Solution)
1.5M NaCl
0.5 M NaOH
Southern buffer 111 (Neutralization Solution)
3.0 M NaCl
0.5M TrisCl, pH 7.2
Southern Wash buffer |
3x SSC
0.1% SDS
Southern Wash buffer 11

1x SSC
0.1% SDS
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Southern Wash buffer 111

0.2x SSC
0.1% SDS

2.1.4.3. Buffers for Immunohistochemistry

Hybridization Buffer Solution (HBS for in situ & WISH)

NTMT

IXMABT pH7.5

NTE

500 ml Formamid deionized
65 ml 20x SSC

10 ml EDTA [0.5 M]

50 ml 10% CHAPS

1 ml Heparin [100 mg/ml]
2ml Tween 20

ad 11 H,O (DEPC)

20 ml NaCl [5 M]

50 ml MgCl; [1 M]

100 ml Tris[1 M] pH9.5
1 ml Tween 20

ad 11 HO

23.2 g Maleic acid
17.5 g NaCl

1.6 ml Tween 20
ad 1.6 1 H,O

100 ml NaCl [5 M]

10 ml Tris[1 M] pH7.5

10 ml EDTA [0.5M] pH8.0
ad 11 Hx0

Proteinase K buffer

20ml Tris[1 M] pH7.5
2ml EDTA [0.5 M]
ad 11 H,O (DEPC)

TrigGlycine buffer

4% PFA (DEPC)

12.1 g Tris
7.5 g Glycine
ad 11 H,O (DEPC)

4% PFA in PBS
adjust pH to 7.0 with NaOH
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2.1.4.4. Buffers for Western Blot

10x SDS running buffer
0.25M TrispH 8.3
1.92 M Glycin
ACK buffer
0.15M NH,CI
1.0 M KHCO;3

0.1 MM NaEDTA
adjust pH to 7.2-7.4

Blotting buffer (1x)

0.6 g Tris base
2.258 g Glycine
150 ml Methanol
ad 11 H0O

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

Luminol solution

10 ml Tris pH8.5[100 mM]

3 l,l| H202 [30%]

50 pl Luminol [250 mM]

22 pl p-coumaric acid [90 mM]

Protease Inhibitors

1:200 PMSF [10 mg/ml]
1:100 P

Ponceau S

0.1% Ponceau S
5% glacial acetic acid

Bradford solution

50 mg Coomassie Brilliant Blue G250
23.75 ml Ethanol

50 ml 85% ortho-phosphoric acid

ad 500 ml H2O filter twice

3x Electrophoresis Sample Buffer (3x ESB)

300 mM Tris-HCI, pH 6.8
15mM EDTA

150 mM DTT

12% SDS

15% Glycerol

0.03% Bromphenol Blue
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2.1.5

Internal
no.

1% SDS TNN lysis buffer

50 mM Tris-HCI, pH 7.5
120 mM NaCl

5mM EDTA

0.5% NP-40

10 mM NaxP,O7

2 mM NagVOqu

100 mM NaF

Oligolist

Name

Product
size (bp)

Sequence5 to 3

M ouse genotyping

SG893 | Co (fw) 0298, | CCT GGC TGC CTA GCA TTT AC
SG8%4 | Co(rev) WE192  FeCA GGC CAG GCT AACATT AC
SG657 | pgd(w) | 475 ACT GGC AGA TGC ACG GTT ACG ATG
SG658 | pga (rev) CAC ATCTGAACTTCAGCCTCCAG
SG722 | FRT (rev) | 0498, | GCA AAA GCT GCA AGT CCT CT
SG506 | FRT (w) | W62 AGT CTT GCCTGCACA GGG A
SG930 | BxB(w) | 400 GAG GAG AGG AGA GCA TAG CACC
SG93L | BxB (rev) ACA TCT CCG TGC CAT TTA CCC
SG926 | pMCCre2 | 400 GGC ATT TCT GGG GAT TGC
SG927 | pMC-Cre3 CAG ACC AGG CCA GGT ATCTC
SG722 | M (rev) A1 289, | GCA AAA GCT GCA AGT CCT CT
SG893 | Afl(fw) }’:’t?%l’ CCT GGC TGC CTA GCA TTT AC
SG913 | Fip (rev) 725 CAC TGA TAT TGT AAG TAG TTT GC
SG914 | Fip (ftw) CTA GTG CGA AGT AGT GAT CAG G
SG8s7 | GT (rev) GT 215, | TAA AGT GTG GCC CAT CAC AA
wt 302
SG8ss | GT (w) GT 215 | CCC ACT GAC CAG AAG GAA AG
SG662 | GT (tw) WL302 | CCT GCT AGT CTA AAA TTT CTT TTG GT
SG644 | GT2(re) | GT 776, | GCC CAA CAG TTA TCT TGT TTG TT
wt 620
SG659 | GT2(w) | wi620 | TGCCTGTGA AAC CAC TAC CA
SG711 | GT2(w) | GT 776 | CGA TTA AGT TGG GTA ACG CCA GGG
TTT
IMROO13 | Neo 280 CTT GGG TGG AGA GGC TAT TC
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Internal | Name Product | Sequence5 to 3

no. size (bp)

IMRO014 | Neo AGG TGA GAT GACAGGAGATC
SG 928 wt & ko p53 | 600 ATA GGT CGG CGG TTCAT

SG 929 wt p53 CCC GAG TAT CTG GAA GACAG
SG 175 ko p53 CCGTCCTGT AAG TCT GCA GA

Tagman primer and probes

SG 899 lacZ/neo CGG TCG CTA CCATTA CCA GT

SG 900 lacZ/neo CGT GCA ATCCATCTT GTT CA

SG 906 lacZ/neo FAM-TCA TAT TGG CTG CAG CCC GGG-BHQ-1
probe

SG 895 ngf TGCATAGCGTAATGT CCATGT TG

SG 896 ngf TCT CCTTCT GGGACATTGCTATC

SG 907 ngf probe Hex-ACG GTT CTG CCT GTA CGC CGA TCA-BHQ-1

RT-gPCR

SG 785 Lin9 94 TTG GGA CTCACACCATTCCT

SG 786 Lin9 GAA GGCCGCTGTTTTTGT C

SG 802 Lin37 70 GTA CCCCCGATGATG AACCT

SG 803 Lin37 CGT TGCATGTTG CGA TAG AT

SG 800 Lin52 67 GGT ACG AGG CCT ACA GAA CCT

SG 801 Lin52 TCC CCT TGT CAT CTCTCT GG

SG 798 Lin54 69 CCC CAG TGT AAACACACAGC

SG 799 Lin54 CAT CCG TAC AGG GGT GGT AT

SG 820 b-myb 70 TTA AAT GGA CCC ACG AGG AG

SG 821 b-myb TTCCAGTCT TGC TGT CCA AA

SG 854 c-myb 62 TGT CAA CAG AGA ACGAGCTGA

SG 855 c-myb GCT GCA AGT GTGGTT CTG TG

SG 822 amyb 111 GAACTGATGATT GGACTCTAATTGC

SG 823 amyb TCCAAGGACCCT TTATCAATTC

SG 783 Hprt 90 TCCTCCTCAGACCGCTTTT

SG 784 Hprt CCT GGT TCATCATCG CTA ATC

SG 671 GT lin9 88 AGG ACGATCGTT GCG TAT CT

SG 969 GT lin9 GGG AGA TGA ACA CAG AAG CAG

SG 967 Fl 1in9 80 CAA AGA TCT CCC CGA TGA AA

SG 968 Fl lin9 CAT CGT GAATGCCACGTAC
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Internal | Name Product | Sequence5 to 3
no. size (bp)
Classical RT-PCR
SG 153 Lin9 (fw) 249 ACT CAA GCT TCC CAA AGCAC
SG 154 Lin9 (rev) CTGATTTTCTGCCGCTTCTG
SG 670 Lin9 (fw) wt 178, | CGT TAGGAGGCT TTCCAG TG
GT 426
SG 671 Lin9 (rev) wt 178 AGG ACGATCGAAGCT TGCGTATT
SG 669 Lin9 (rev) GT 426 | GACAGT ATCGGC CTC AGGAAGATCG
SG 106 B-actin (fw) | 500 TGT CAT GGT GGG AAT GGG TCA G
SG 107 B-actin (rev) TTT GAT GTCACGCACGATTTCC
SB blot probes
SG 634 Probe C fw 332 TGC TGT GTA GCC TCA GAT GG
SG 635 Probe C rev CCAGCTTTTCTGCTTCTGTG
SG 739 Probe A fw 193 TTG CACACC TGT GAA AAT GC
SG 740 Probe A rev 193 TTCTCTACTTGATTT CTCCCCTAGC
2.1.6 Plasmidlist
Internal no. | Name Purpose
822 pBS lox lin9 Conditional targeting vector
67 pBS246 (loxP) LoxP backbone (Sauer, 1993)
694 pBS-2FRT-lresgeo FRT cassette (Mountford et al., 1994)
838 Topo Lin9 probe C Southern blot probe
824 Topo Lin9 probe A Southern blot probe
729 pY X-Asc IRAKp961F22132Q Lin9 cDNA
754 pCS2+ Lin9 B in situ probe
839 pCS2+ B-Myb in Situ probe
846 pCS2+ Lin52 in situ probe
857 pCS2+ Lin54 in situ probe
845 pCS2+ Lin37 in situ probe
921 pSport AOct4 in situ probe
936 pBSK+ H19 in Situ probe
937 pBluescript Sox2 in situ probe
746 pBabe-H2B-GFP Retroviral transfection/infection
915 PMMP Hit & Run CreGFP Retroviral transfection/infection
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2.1.7 Antibodies

Primary antibodies

Antibody | Company | Origin Application | Conc. Internal no.
hLIN-9 [B)f“o’tigcsh (Rc‘i‘gzirtl gﬁg’fgﬁ'oon I 1:50 #136
WB 1:500 # 137
WB 1:100 #81
B-Tubulin | Chemicon | Mouse monoclonal WB 1:5000 # 102
MAB3408 | (1 mg/ml)
1gG Sigma Rabbit polyclonal P 1:500 #104
15006 (2 mg/ml)
a DIG-AP | Roche instu 1:5000 | non
conjungate
Secondary antibodies
Antibody Company Application | Concentration
Anti-mouse HRP-linked Amersham 1:5000
Anti-protein A HRP-linked Amersham 1:5000

2.1.8 Cell Lines & Cell Culture Media

M edia components Company
DMEM (4.5 g Glucose/L-Glutamine) Cambrex
Penicillin/Streptomycin (10 U/pl) Cambrex
Trypsin (EDTA) (200 mg/l) Cambrex
Trypsin (EDTA) 0.25% Invitrogen
Foetal Bovine Serum (FCS) Invitrogen
NEAA (nonessential amino acids) Lonza
B-Mercaptoethanol Roth

LIF (Leukemia Inhibitory Factor) AG Gessler

Céll lines M edia composition

MEFs DMEM + 10% FCS + 1% PenStrep

Plat-E DMEM + 10% FCS + 1% PenStrep

ES mediafor | DMEM + 10% FCS + 1% PenStrep + 1%
Blastocysts | NEAA + 50uM B-mercaptoethanol + 1.2%o LIF




Material & Methods

29

2.1.9 Bacterial Strains

E.coli | Description Reference
chemical | SupE44, AlacU169  ($80lacZAM15),
DHSa competent | hsdR17, recAl, endAl (Hanahan, 1983)
chemical F'The Role mcrA A (mrr-hsdRMS-mcrBC)
Tonl0 competent | $80lacZAM15, AlacX_74, recAl, deoR, Invitrogen
P araD139, A (ara-leu)7697, galU, galK, rpsL, 9
(str®), endAl, nupG

2.1.10 Mouse Strains & ES Cell Lines

Inbred strains Outbred strain

129/0laHsd (129P2) CD-1

C57BL/6 EScdl lines:

FVB/NHanHsd (UK) GT: E14TG2a (RR1306 GT Lin9)
(BayGenomics)

B6-SIL-Tg(ACTFL Pe)9205Dym/J (CP%IyGenelzT?;Sn"s';g:t?cs) Ted

B6-ROSA26-CreERT?2

2.1.11 Microscopic equipment

Binocular/microscope Company

SMZ1500 (HR Plan APO 1x) Nikon

Axiovert 100 Zeiss

Inverted Microscope Leica

Camera

Axio Cam Color HRc Zeiss

DFC350 FX Leica
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2.2 Methods
2.2.1 Cell Culture

2.2.1.1. Generation of MEFs

Murine embryonic fibroblasts (MEFs) were gained from 13.5dpc embryos from timed
pregnancies. Embryos were prepared in PBS and continuously rinsed in PBS. The yolk sac,
placenta, head, and the blood containing organs were removed. For genotyping by PCR the
heads were further processed. They were incubated at 55°C in 300 pl tail buffer plus 20 pul
Proteinase K (10 mg/ml), shaking o/n. The following day, the samples were heat inactivated
for 10 min at 95°C and stored at -20°C until genotyping. The remaining body was cut up into
small pieces with razorblades, in a 10 cm dish containing 2 ml 0.25% Trypsin and was
incubated for 10 min at 37°C, 5% CO,. Next, 2 ml of fresh Trypsin were added, the cells were
separated by pipetting them up and down, and incubating for 10 min. Then, 6 ml cell culture
medium was added and the cells were transferred into falcon tubes and centrifuged for 10 min
at 1200 rpm. Finally, the supernatant was discarded and the cell pellet was resuspended in
10 ml fresh media in 10 cm dishes. The following day, these cells (passage 0) were splited
1to 4 (passage 1). One or two days later, when the cells were grown to 90-100% density, they
were trypsinized and frozen (passage 2).

2.2.1.2. Passageing of Cells
MEFs were cultivated in 10 cm cell culture dishes in a tissue culture incubator a 37°C and
with 5% CO,. For passageing, the cells were washed twice with PBS and shortly incubated
with 1 ml in Trypsin/EDTA at 37°C. The detached cells were replated in new media and
culture dishes. The standard splitting ratio was 1 to 4.

2.2.1.3. Freezing & Thawing of Cells

Freezing

To freeze cells, they were first trypsinized (MM 2.2.1.2). Then 5 ml of medium were added
and transferred into 15 ml falcon. Next, they were centrifuged for 5min at 1000 rpm, the
supernatant was discarded and 1 ml ice cold freeze medium (DMEM media containing 10%
DMSO) was added. Pellets were resuspended and transferred into cooled cryotubes. Cells
were stored at -80°C for short term, or in liquid nitrogen for long term.
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Thawing

Cells were quickly thawed in a 37°C water bath. The cell suspension was mixed with 9 ml
fresh medium and centrifuged for 5 min at 1000 rpm. The supernatant was discarded and
pellets were resuspended in 10 ml fresh medium and seeded into 10 cm dishes.

2.2.1.4. Transient Transfection of Plat-E Cells
For the production of ecotrophic viral supernatant, Plat-E cells carrying the ecotrophic
receptor were transiently transfected with the plasmid of interest (Morita et al., 2000). Plat-E
cells were plated at a density of 5x10° per 10 cm dish. The following day, they were
transfected using Calcium/Phosphate. Therefore 30 pg of plasmid was precipitated with 50 pl
of 25M CaCl; in a final volume of 500 ul with H,O. 500 pl of 2x HBS was continuously
bubbled while DNA/CaCl, mixture was added. This solution was carefully added to the cells.
After circa 16 h of incubation, cells were washed with PBS and fed with fresh medium. 48 h
after transfection, the viral supernatant was harvested twice in 12 h intervals and used
immediately, collected at 4°C on ice or frozen in liquid nitrogen and stored at -80°C until

infection.

2.2.1.5. Infection of MEFs
For retroviral infection, MEFs were plated at a density of 6.5x10° per 10 cm dish. The next
day, the cells were infected with a retrovirus carrying an expression construct for
Cre-recombinase. For the infection, the viral supernatant was filtered (0.45 pum), mixed with
Polybrene at a final concentration of 10 pg/ml and added to the cells. The first infection took
place for approximately 16 h, then a second round for another 8 h. After infection, the cells
were fed with fresh medium.

2.2.1.6. Tamoxifen Induction of Cre
Wild type and floxed MEFs additionally harboring an expression construct for
Cre-recombinase fused to the mutated ligand-binding domain of the human estrogen receptor
(Cre-ER"™) were used. These MEFs were plated in passage 3, at a density of 5.5x10° cells per
10 cm dish. To induce the deletion of the floxed allele, cells were cultured for 48 h in medium
containing 1 uM 4-hydroxytamoxifen (4-OHT). After ~60 h recovery in fresh mediathe cells

were harvested for further experiments.
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2.2.1.7. Growth Curve

To determine cell growth and proliferation ability, 1x10* and 0.5x10* MEFs were plated in
triplicates in several 24-well plates. At interval of approximately every 24 h, one of the plates
was fixed. For fixation, cells were rinsed with PBS, incubated with 3.7% formaldehyde for
10 min and air dried. The different time points were collected. Finally, the cells were stained
with crystal violet (solved in 20% ethanol), for 30 min at RT and rinsed with tap water. The
dye was extracted with 0.5 ml 10% acetic acid per well. 100 pl of each extract wastransferred
into a microtiter plate and absorption at 590 nm was measured with an Elisa reader. Mean
values of the absorption were plotted against time.

2.2.1.8. Determination of Cell Cycle Phases
For flow cytometry measurement (FACS), the cells were harvested by trypsinization
(MM 2.2.1.2), washed with PBS, fixed with 1 ml 80% ethanol and incubated o/n at -20°C.
The centrifugation was performed for 5to 10 min at 1200 rpm, at 4°C. Next the cells were
washed with PBS and resuspended in 500 ul 38 mM NaCitrate plus 25 ul RNase A
(20 mg/ml). The cells were incubated for 1-2 h at 37°C. Finally they were stained with 30 pl
Propidium lodide (1 mg/ml) and measured by FACS.

2.2.1.9. Culturing of Blastocysts

To isolate blastocysts the uterine horns with the oviducts and the cervix were dissected from
pregnant mice at day 3.5. A syringe with a 2 ml volume and a 22 gauge needle was used to
flush the uterus horns with PBS or ES media. The liquid filled uterus was hold with forceps
and cut open with scissors. The solution was collected in small cell culture dishes and the
blastocysts were collected in PBS drops. Therefore the binocular and long thin glass
capillaries were used. Each blastocyst was transferred through several PBS drops. The 4-well
plates were coated with 0.2% Gelatin/PBS. Each blastocyst was separately grown in 500 pl
ES mediain atissue culture incubator at 37°C with 5% CO2 and documented every 24 h.

2.2.2 Molecular Methods

2.2.2.1. Isolation of RNA from Cultured Cells
Total RNA was isolated from cultured cells with TRIzol reagent. After removing the medium,
e.g. from 6-well dishes, 0.5 ml TRIzol was added. The cells were scraped, transferred into a
reaction tube and mixed with 100 pul CHCI;. After vortexing the solution was centrifuged at
11400g for 10 min a 4°C. The upper agueous phase was precipitated with 500 pl
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isopropanol. After a short incubation on ice, the sample was centrifuged at 11400 g for 15 min
at 4°C. The pellet was washed with 75% ethanol and resuspended in 25-50 ul H,O (DEPC).

2.2.2.2. lIsolation of RNA from Mouse Organs
Circa 80-100 mg tissue was prepared, transferred into 2 ml reaction tubes and frozen in liquid
nitrogen (for long term storage: tissue samples were frozen at -80°C). To proceed, 1 ml
TRIzol reagent was added. Next homogenization with an Ultra-Turrax was performed, twice
for 1 min with a1 min break on ice. (Optional for protein rich tissues, like muscle and fat, the
insoluble material was removed through centrifugation.)

The homogenate was incubated for 5 min and 2 min at RT, in between 200 pl CHCl; were
added and vortexed for 15 sec. After centrifugation at 11400 g for 15 min at 4°C, the upper

colorless agueous RNA containing phase was transferred into a new tube.

To precipitate the RNA, 500 pl isopropanol were added and the samples were incubated for
10 min at RT. After centrifugation at 11400 g for 15 min at 4°C, the RNA pellet was washed
with 1 ml 75-80% ethanol. Finally the pellet was air dried for 10 min and solved in 25-50 pl
H,0 (DEPC). The RNA was incubated for 10 min at 60°C and quantified at 260 nm.

2.2.2.3. Isolation of Plasmid DNA from Bacteria

After transformation, single colonies from an LB agar plate were picked and incubated in
3 ml LB media containing ampicillin in a shaker at 37°C o/n. The following day, 1.5 ml
bacterial solution was pelleted and resuspended in 200 pl S1. The bacteria were lysed by
adding 250 pl S2 and incubating them for 5 min. This reaction was neutralized with 250 pl
S3. The bacterial debries were pelleted by centrifugation for 10 min at full speed. The plasmid
DNA in the supernatant was precipitated with 700 pl isopropanol and centrifugation for
30 min at 4°C. The plasmid pellet was washed with 1 ml 75% ethanol and air dried for
10 min. The plasmid DNA was resuspended in 40 ul TE and the correct plasmids were
identified by restriction digest.

2.2.2.4. Isolation of DNA Fragments from Agarose Gels
Plasmid DNA was incubated at 37°C with the desired restriction endonuclease for approx.
2 h. The sample was loaded on a 0.8 to 1.2% agarose gel and the fragments were separated by
electrophoresis at 100 Volt for about 1 h. The desired bands were excised and the DNA was

eluted with JetStar gel extraction kit (Genomed) according to the manufacturer’s manual.
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2.2.2.5. Extraction of gDNA from Cells

The cells, e.g. cultured in 6cm dishes, were washed once with PBS and incubated with 500 pl
Lysis buffer (plus Proteinase K) for 30 min at 37°C. Next the lysate was transferred into tubes
and mixed with 500 pl Phenol/CHCI;. After centrifugation for 3 min at full speed, the upper
aqueous phase was transferred into a new tube, mixed with 500 ul CHCl; and again
centrifuged. The DNA containing upper phase was again transferred and precipitated by
adding 50 pl 3M NaAc pH5.8 and 500 pl isopropanol. After incubation for 20 min at -20°C
the sample was centrifuged for 30 min at full speed at 4°C. The supernatant was discarded
and the pellet was washed with 1 ml 70-75% ethanol. The final DNA pellet was air dried for
10 min and solved in 50 pl TE.

2.2.2.6. Extraction of gDNA in Small Scale
NucleoSpin® columns for small tissue samples (Macherey-Nagel) were used to isolate gDNA
of either cultured blastocysts or paraffinated fixed 7.5 dpc embryos on sections. Isolation was
performed according to the manufacturer’s manual. The resulting gDNA was genotyped with
TagMan gPCR.

gDNA from blastocysts directly after isolation was prepared as follows: the blastocysts were
transferred through several drops of PBS (MM 2.2.1.9), incubated for 2 h at 65°C in 2 ul Tail
buffer and inactivated at 95°C for 10 min. Next the solution was diluted 1:5 and TagMan
gPCR was performed with 3 pl per reaction.

2.2.2.7. Extraction of gDNA from Tails for Southern Blot
The mouse tails were digested in 300 pl Tail buffer at 55°C shaking o/n. The following day
the samples were heat inactivated for 10 min at 95°C.

Phenol/CHCI3; Extraction

First 300 pl Phenol/CHCI; were added and inverted for 40 times. Next the samples were
centrifuged for 3 min at full speed at RT. The supernatant was transferred into a new tube,
again 300 pl CHCI; were added and centrifuged for 3 min at RT.

Ethanol Extraction

The supernatant was transferred into a new tube, and /10 volume 3M NaAc plus
2 1/2 volume 100% ethanol were added. The solution was inverted until the DNA formed a
visible clump. Next the solution was centrifuged for 15-30 min at full speed and 4°C. After
discharging the supernatant, the pellet was washed with 1 ml 70% ethanol and centrifugated
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for further 10 min. The resulting pellet was air dried and eluted in 50-100 pl H,O. To
rehydrate the gDNA the sample was incubated at 4°C o/n or 10-30 min at 55-65°C. 0.5 pl
gDNA were used for PCR and 10 g for Southern Blot.

2.2.2.8. Standard Cloning Method

Restriction

Restriction from plasmid DNA and PCR fragments was performed with an adequate
restriction endonuclease. As standard preparative set up, 5 pg plasmid DNA was mixed with
5to 10 Units Enzyme and the appropriate buffer in a 50 pl volume and incubated for
approximately 3 h at 37°C. The resulting DNA fragments were either directly isolated with
ethanol precipitation or separated on an agarose gel (MM 2.2.2.4 & 2.2.2.7). Optionally the
vector ends were dephosphorylated with calf intestine alkaline phosphatases (ClPed), e.g. for
subsequent ligation with only one restriction site.

Proofreading PCR

To generate DNA fragments for cloning, the more specific proof reading polymerases were
used for PCR amplification. To clone directly or for subsequent preparative restrictions a
50 ul PCR mixture was set up, according to the manufacturer’s manuals, e.g. Phusion™
(Finnzymes), Advantage Genomic PCR Kit or Advantage cDNA PCR Kit (BD). The PCR
products were either directly isolated with ethanol precipitation, QIAquick® PCR Purification
Kit (Qiagene) or separated on an agarose gel (MM 2.2.2.4). If needed the PCR product was
restricted. As alternative, the PCR was directly processed with the TOPO-TA Cloning® Kit
(Invitrogen).

Ligation

Classical ligation was performed with T4-DNA-ligase (NEB) in amolar ratio of 1:3 (vector to
insert). The mixture was set up in a 10 pl volume, with 1 Unit T4-ligase and ~50 ng vector
DNA. The samples were incubated at RT o/n.

Transformation (heat shock)

DH5a or Topl0 chemical competent bacterial cells were used for transformation. The
bacterial cells were thawed on ice for about 10 min. The 10 ul ligation reaction was mixed
with 50 pl bacteria and incubated for 20 min on ice. Next the tube was heat shocked for 2 min
at 42°C and cooled on ice. After addition of 500 pl cold LB-media (without Amp.), the
sample was incubated for 40 min vigorous shaking at 37°C. The bacterial cells were
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centrifuged for 1 min at 8000 rpm and the supernatant was discarded. The pellet was plated on
LB-agar plates and incubated at 37°C o/n. The colonies were picked for plasmid isolation and
restriction analysis (MM 2.2.2.3).

2.2.2.9. Tail PCRs (basic protocol)
Tail PCRs for genotyping were performed with the lysed tails, ill in Tail buffer
(MM 2.2.2.7), but without Phenol/CHCI3 extraction. As standard, 0.3 pl of tail gDNA, 2.5 pl
dNTPs [2 mM] and 1.0 pl of forward and reverse primer [10 uM] were added to a 25
PCR-mixture (according to the manufacturer’s manual, eg. GoTag® DNA Polymerase
(Promega)). For PCR mixtures, the number of samples plus 1 was prepared and tail gDNA
was added.

PCR program (30 cycles):

94°C 30s
58-60°C 1 min
72°C 1 min

The annealing temperature for each primer set was calculated with oligo calculator
(Appendix 7.2). The samples were mixed with 2 pl gel loading buffer and loaded on a 1%
agarose gel for 60 min at 110 Volt.

2.2.2.10. Reverse Transcription

To transcribe RNA into cDNA 2.0ug RNA was mixed with 0.5ul random primers
(0.5 pg/ul) and brought to a final volume of 10 pl with H,O (DEPC). This mixture was
incubated for 5 min at 70°C and chilled on ice. The following mixture was added:

5 ul M-MLV 5x reaction buffer

6.25 ul dNTPs[2 mM]

0.5 pl Ribolock RNase inhibitor [40 U/ul]

0.5 pl M-MLV-RT [100 U]
1.75 pl H,0 (RNase-free)

The samples were incubated for 60 min at 37°C and inactivated for 15 min at 70°C.
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2.2.2.11. Quantitative PCR

To determine the amount of a specific MRNA compared to a housekeeping gene, the

following reaction was prepared with the Absolute QPCR SY BR Green Mix (ThermoFisher):

12.5 pl Absolute QPCR SY BR Green Mix
10.5 pl H,O

1 pl Primer Mix [10 uM]

1 pl cDNA

PCR program (40 cycles):

95°C 15 min
95°C15s
60°C 1 min

The relative expression of a gene compared to a housekeeping gene was calculated with the

following formula: 244

with AACt = ACt (sample) — ACt (reference)

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

The standard deviation of AACt was calculated with: s=V(s1%+s2?)

with s1 = standard deviation (gene of interest)

and s2 = standard deviation (housekegping gene)

The margin of error for 2 was determined by this formula:

and the error used for the error bars was calculated with: error =
Standard deviation, error margins and error were calculated as shown above.

-AACE+/-5
2

-AACt+s _ o-AACt
2 *-2

2.2.2.12. TagMan

TagMan probes were labeled with a standard reporter fluorophore opposite to a black hole
guencher. The polymerase which carries a 5-exonuclease activity will degenerate the
annealed probe while synthesizing the complementary strand. This leads to a separation of the
two dyes and the extinction of the reporter fluorophore will be set free and measured.
Additionally using two different dyes made it possible to run the TagMan gPCR in one

reaction.
Probe Dye Extinction | Purpose (compare MM 2.1.5)
ngf Hex/ BHQ-1 535 nm Normalization
FAM/BHQ-1 | 492 nm GT specific probe at the lacZ/neo border within
lacZ/neo (SYBR) tFrI\Z :lané?grated gene trap vector (compare to

The annealing efficiency for the specific primers for ngf and lacZ/neo was measured with the
linear increase (slope) of amplification. This was calculated with E= 10(1/slope) (Pfaffl-
method). The difference between having one or two alleles should be approximately 1 ACt.

The following reaction was prepared (JPCR Core kit for SYBR® Green | (Eurogentec)):



Material & Methods 38

5 pl 10x Reaction Buffer

2 ul 50x dNTPs[5 mM]

3.5 pl MgCl; [50 mM]

2 ul Primer Mix 1[10 uM]

2 ul Primer Mix 2 [10 uM]

0.5 pl Probe 1 [20 uM]

0.5 pl Probe 2 [20 uM]

0.25 pl Hot GoldStar enzyme
31.25 pl H,0

3 ul blastocyst gDNA (MM 2.2.2.6)

The gPCR reaction was run in the “ Quantitative PCR (multiple standards)” modus.

PCR program (40 cycles):

95°C 10 min
95°C15s
60°C 1 min

2.2.2.13. Southern Blot with Radioactively Labeled Probes
DNA Preparation

Approximately 10 ug gDNA were incubated with the desired restriction endonuclease o/n.
The following day this gDNA was separated by electrophoresis in a thin 0.6% agarose gel at
60 Volt for about 5-6 h. To document the fragment sizes the gel was photographed with an
UV-sensitive ruler laid alongside the gel.

Gel Treatment

The gel was treated as follows, completely covered with liquid and shaking at RT: first rinsed
in H,O and incubated in Southern buffer I for 30 min (until the bromphenol blue of the
loading buffer turned yellow); second rinsed in H,O and incubated in Southern buffer Il for
20 min; third rinsed in H,O and incubated in Southern buffer 111 for 20 min (the bromephenol
blue returned to its blue color); finally rinsed in H,O.

Set up of the Blotting Stack

To equilibrate, the nylon membrane (Hybond N+) was rinsed with H,O and incubated in
20x SSC for 10 min. The blotting stack was assembled onto a dish filled with 20x SSC with a
bridge of Whatman paper (Fig. 2.1). As blot 3-5 Whatman sheets, the agarose gel, the
equilibrated membrane, several Whatman sheets and a 5-10 cm stack of paper towels were
assembled. Each layer was soaked in 20x SSC and air bubbles were removed with a plastic
pen, rolling over the surface. On top of the stag was a glass plate with a ~0.25 kg weight
arranged. The stag was left o/n. The next day, the membrane was recovered and the position
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of the gel pockets was marked on the membrane. The membrane was rinsed in 6x SSC and air
dried. The DNA transfer was controlled with an UV -lamp.

The membrane, DNA side up, was incubated in the UV-Stratalinker, program C-3 [150 mJ] to
cross-link the DNA. Thisway it can be stored dry and dark in a plastic bag until usage.

o
/ N

| ~2509 |

| \ Weight

_ — Glass plate
——— Paper towels

Whatman paper
Hybond N membrane

————————— {Agamse gel

Whatman paper

as support e.g. gel tray

/ \ —Glass dish
X

Fig. 2.1: Set up of the blotting stag for Southern blot.

Pre-Hybridization

For pre- and hybridization, the hybridization solution ExpressHy™ (Clonetech) was used.
The membrane was pre-hybridized with 10 ml hybridization solution at 60°C for 1-2 h, on a
rotating wheel.

Labeling

To generate probes, either PCR products or isolated plasmid fragments were used and labeled
with Random Primer DNA Labeling Kit (Invitrogen). 25 ng of DNA fragments were labeled
with 32P dCTP [~50 uCi] for 1 ha RT, according to the manufacturer’ s manual.

To remove the unincorporated labeled nucleotides ProbeQuant™ G-50 Micro Columns
(Amersham) were used. The column resin was resuspended by vortexing and prepared by
centrifuging for 2 min at 2700 rpm. The column was placed in a new screw-cap tube and the
labeled sample was applied. The columns were centrifuged for 2 min at 2700 rpm to collect
the sample.

The labeled probe was measured in the scintillation counter (Aim: 1-2x 10" cpm/ml;
recommended final DNA probe concentration was 2-10 ng/ml or 1-2 x 10° cpnym).
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Hybridization
First the radioactively labeled probe was denatured at 95°C for 5 min, then directly added to

the membrane and incubated for 2 h at 60°C. Next the membrane was rinsed for several times
with Southern Wash Buffer | at RT, incubated for 15 min at 60°C; followed by several
washes in Southern Wash Buffer I at RT and two subsequent incubations for 30-45 min at
60°C. Finally the membrane was rinsed and washed in Wash Buffer Il at RT, until the

radioactive counts were below ~10-20 cpn/sec.

The membrane was transferred onto plastic wrapped Whatman and folded into plastic. This
set up was exposed to x-ray film at -80°C with an intensifying screen for 1 to 2 days and
developed.

2.2.3 Immunohistochemical Methods

2.2.3.1. Preparation of Paraffin Sections
Embedding of Embryos in the Uterus (5.5 to 7.5 dpc)

To orientate the embryos and to make serial sections, the uterine horns were dissected with
the oviducts and the cervix. The uterus was spread onto a small index card and fixed with
pins. The card with the uterus was fixed in 4% PFA and embedded in paraffin. By this
approach the embryonic placenta should be orientated towards the mesometrial pole

(according to (Papaioannou, 2005).
Fixation

The following steps were proceeded in RNase free conditions (DEPC). Fixation was
performed in 4% PFA, o/n at 4°C. The following day, the tissue was incubated at RT, twicein
PBS for 10 min and in 0.9% NaCl, for 10 min. The subsequent isopropanol series, starting
with 30%, 50%, 70% and 95% was incubated for 1-3 h. The last incubation took place o/n at
4°C. Next the tissue was transferred into 100% isopropanol twice for 2-3 h at RT. Followed
by 2 h incubation in isopropanol/ethanol (1:1), 2 h CHCI3, and finally CHCls/paraffin (1:1)
o/n at 60°C. The next day, the paraffin was changed twice, and incubated for several days
until embedding. The small paraffin blocks were stored 4°C.

Sectioning

The paraffin blocks were sectioned with a manual Mikrotom (Leica). The sections were about
4-8 um thick. The sections were floated in a 42°C water bath, containing H20. Next, they
were transferred onto Superfrost Plus slides and dried on a heating plate at 42°C for ~30 min.
After incubation at 60°C o/n, the slides were stored at 4°C until use.
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2.2.3.2. HE Staining

The slides were first deparaffinized with two 10 min incubations in xylene. Next an ethanol
series was performed, starting with 100% for 5 min, 90%, 70% and 50% for 3 min each.
Rehydration took place in H,O for 5 min. After an incubation in Hamalaun (according to
Mayer) for 10 min, the slides were transferred into H,O and rinsed with running tap water for
10 min, to develop the blue staining. To countergtain, the slides were incubated for 3 min in
0.1% Eosin solution and rinsed with H,O. The Eosin staining will be differentiated through
incubation in 96% ethanol for 3 min, followed by a dehydration series through ethanol. After
two additional 10 min incubations in xylene, the slides were mounted with Roti®-Histokitt.

2.2.3.3. TUNEL Staining

The terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
assay of embryonic sections was performed according to the manufacturer’s manual (In-Situ
Cell Death Detection Kit, POD; (Roche)). The following options were applied:
paraffin-embedded tissue sections were deparaffinized in xylene, re-hydrated and protease
treated. Additionally a 10 min Quenching (to block endogenous peroxidase activity) with 3%
H>0O, in methanol was performed and the sections were permeabilized with Citrate buffer pH
6.0 and microwave irradiation, before the TUNEL reaction mixture was added (Label and
Enzyme solution). After the signal was transformed with a Converter-POD, the DAB
substrate (DAB with Metal Enhancer; (Sigma)) was applied to stain the samples. Apoptotic
cells were analyzed with bright field microscopy.

2.2.3.4. In situ Hybridization of Sections
Preparation of DIG-labeled Riboprobes

To generate riboprobes, linearized plasmid DNA (MM 2.1.6) was isolated and labeled with
DIG RNA Labeling Mix (Roche). 10 ug plasmid DNA was restricted with 20 Units of the
adequate restriction endonuclease, in afinal volume of 50 pl for 3 h at 37°C, comparable with
the standard preparative set up (MM 2.2.2.8). Next, a Phenol/CHCI3 extraction with equal
volumes, followed by a classical ethanol precipitation was performed (similar to MM 2.2.2.7).
The DNA pellet was solved in 20 pl H,O (DEPC).
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The subsequent steps were proceeded in RNase free conditions (DEPC). The following set up
was mixed:
4 ul linearized plasmid DNA

2 ul Transcription buffer (Roche)
10.5 pl H,O

& incubated for 15 min at RT

1.5 pl DIG-labeling Mix (Roche)
0.8 pl RNase-1nhibitor
1.2 pl RNA-Polymerase (T3/T7/Sp6)

& incubated for 2 h at 37°C
1.0 pl DNase |

& incubated for 15 min at 37°C.
To check the amount of probes labeled, 2 ul samples were withdrawn and quantified on a
MOPS RNA Gel (runtime 90 min at 100 V). The labeled riboprobes were ethanol precipitated
twice with 7 pl NH4Ac [7.5 M]. The final pellet was solved in 10 to 100 pl H2O (estimated
with the MOPS Gel Quantification) and diluted 1:10 with Hybridization Buffer Solution
(HBS). The riboprobes were stored at -20°C until use.

Tissue Recovering

The following steps were proceeded in RNase free conditions (DEPC). Prior to
deparaffinization, the slides were placed in a 68°C oven for 30 min, to melt the paraffin. To
deparaffinize the slides were treated as follows: twice CHCI; for 10 min, once 100%, 95%,
90%, 80%, 70%, 50% and 30% ethanol for 5 min each. Next, they were incubated in
succession: twice PBS for 5min, 4% PFA/PBS for 30 min, twice PBS for 5 min,
Proteinase K/PK-buffer [10 pg/ml] for 10 min (130 pl PK [10 mg/ml] in 130 ml PK-buffer),
PBS for 5 min, 4% PFA/PBS for 30 min, twice PBS for 5 min, twice 2x SSC for 2 min and
twice TrigGlycine buffer for 15 min. The sections were drained and transferred into

Quadriperms (Greiner Bio-One).
Hybridization

The desired DIG labeled RNA probes were diluted 1:100 with HBS Mix (HBS + 100 pg/mi
tRNA) and denaturized at 95°C for 4 min, and then cooled on ice. Per section 60 pl
denaturized HBS Mix was applied and the samples were covered with plastic stripes (e.g.
autoclave bag). The sections were incubated in Quadriperms, in an airtight box with paper
towel drenched in 5x SSC, a 70°C o/n.
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Post-Hybridization

The following day the sections were incubated 3 times in 5x SSC for 20 min at RT and once
in preheated 20% Formamid (0.5x SSC) for 40 min at 60°C. The Formamid solution was
exchanged and cooled approx. 15 min in a 37°C water bath. The slides were treated as follows
at 37°C: NTE for 15 min, RNaseA/NTE [10 pg/ml] for 30 min and NTE for 15 min at 37°C.
Then a transfer in 20% Formamid (0.5x SSC) for 30 min at 60°C and a final incubation in
2x SSC for 30 min a RT were carried out. For the subsequent treatment with antibody, the
slides were drained, laid upside down and incubated in 1% Blocking/MABT for 1 hat RT. In
parallel, the antibody (Anti DIG-AP conjungate (Roche)) was diluted 1:5000 in 1%
Blocking/MABT and blocked for 1 h at 4°C. The slides were drained and finally incubated in
a humid chamber with the blocked antibody, at 4°C o/n.

Staining

The slides were washed in TBST for 4 times 10 min and 3 times 20 min each, followed by
incubations in NTMT twice for 10 min and in NTMT/Levamisol [2 mM] once for 10 min.
The staining solution was prepared before use as follows: first, centrifugation of BM-Purple
(Roche) for 5min at 3000 rpm, 4°C; second transfer of supernatant into a new falcon tube,
third addition of 2 MM Levamisol and 0.1% Tween 20. The slides were drained and incubated
with 1.5 ml staining solution for several days in the dark (incubation time depends on the
riboprobe).

To stop the reaction, the slides were washed twice in NTMT for 15 min and once in PBS for
10 min. In parallel, the Kaisers Glygeringelantine was melted at 42°C. Finally the sections
were embedded with several drops of Kaisers Glygeringelantine and mounted with coverdlips.

The sections were analyzed with bright field microscopy.

2.2.3.5. Whole Mount in situ Hybridization of Embryos (WISH)

Tissue Recovering & Fixation

The protocol is similar to the previously described in situ protocol on sections (MM 2.2.3.4).
The following protocol was proceeded in RNase free conditions (DEPC). Each step at RT or
4°C was performed gently shaking.

The dissected embryos were rinsed several times in PBS. First the embryos were fixed in 4%
PFA a 4°C o/n. The next day, an increasing methanol series was performed as follows:
incubation twice in PBT for 15 min at RT, 25%, 50%, 75%, 100% methanol for 15 min each
and 100% methanol at 4°C o/n. The fixed embryos were stored at -20°C until use or directly



Material & Methods 44

processed the following day. Therefore a decrease methanol series was performed, each
incubation for 10 min and the slides were washed twice with PBT for 10 min at RT.

Pre-Hybridization & Hybridization

To prepare the embryos, they were first bleached with 6% H,O,/PBT for 1 h at 4°C. Next the
samples were washed with PBT 3 times, then with RIPA buffer and again with PBT, for
5min each at RT. For refixation the embryos were incubated for exactly 20 min in
0.2% Glutaraldehyd/4% PFA. This was followed by three additional PBT steps and a transfer
into Hybridization Buffer Solution (HBS) mixed with PBT (1:1), for 10 min. The mixed
HBS/PBT was exchanged with HBS and incubated for 10 min, followed by a pre-
hybridization incubation in HBS Mix (HBS + 100 pg/ml tRNA) for 2-3 h a 70°C. In parallel
HBS Mix was incubated at 70°C and prior to the hybridization mixed 1:10 with labeled
riboprobe, which was denatured for 3 min at 80°C and then cooled on ice. The pre-hybridized
embryos were transferred into glass tubes and incubated in the HBS/riboprobe at 70°C o/n.

Post-Hybridization

The following day, the hybridization solution was taken off and stored at -20°C for reuse. The
embryos were proceeded as follows: washed 3 times with preheated HBS for 30 min at 70°C
and incubated in NTE for 15 min at RT. The RNase treatment was performed with 20 pg/ml
RNase A in preheated NTE for 1 h a 37°C. After a 15 min wash with NTE a RT, the samples
were incubated in preheated HBS for 30 min at 70°C, diluted HBS/TBST (1:1) for 20 min at
RT, and rinsed twice in TBST. Next two incubation steps in MABT for 30 min at RT were
followed by incubation in Blocking solution (MABT + 2% Blocking reagent + 20% goat
serum) for 1 h at RT. At the same time the antibody (Anti DIG-AP conjungate (Roche)) was
diluted 1:2000 in 1% Blocking/MABT and blocked for 1 h a 4°C. Finally the embryos were
incubated with the blocked antibody, at 4°C o/n.

Staining

The embryos were washed in MABT 10 times for 30 min each at RT. Moreover, the MABT
was changed several times for the next 1-2 days, at 4°C. For the staining the embryos were
transferred into NTMT, washed twice for 10min a RT and incubated in 2 mM
Levamisol/NTMT for 10 min. In parallel, the staining solution was prepared before use as
follows: first, centrifugation of BM-Purple (Roche) for 5 min at 3000 rpm at 4°C; second
transfer of supernatant into a new falcon tube, third addition of 2 mM Levamisol and 0.1%
Tween 20. The embryos were incubated in staining solution for several hours in the dark
(incubation time depends on the riboprobe).
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To stop the reaction, the embryos were washed several times in TBST, until the solution was
no longer colored. Finally they were re-fixed with 4% PFA at 4°C o/n and stored in methanol
at -20°C. The embryos were analyzed with a binocular.

2.2.3.6. WISH of Blastocysts
The original protocol adapted from Y oshikawa was modified as follows: blastocysts were
transferred with mouth pipetting and glass needles instead of a WISH chamber system

(Yoshikawa et al., 2006). The following procedure was performed in RNase free conditions.
Embryo Collection & Fixation

Blastocysts were harvested 3.5 or 4.5 dpc by rinsing the uterus with PBS. These blastocysts
were transferred through 3-4 drops of PBS. The following steps were performed in a 24-well
plate, each well filled with 0.5 ml of the indicated buffer. For fixation, blastocysts were
incubated in 4% PFA/PBT cautiously shaking at 4 °C o/n.

The following morning blastocysts were washed once with PBT for 2 min, and twice for
5 min. Next they were incubated with 2.5 pg/ml Proteinase K/PBT for 15 min and rinsed with
PBT for 2min. To pog-fix, the blastocysts were incubated in 0.2% glutaraldehyde/4%
PFA/PBT for 20 min at RT and rinsed with PBT, once for 2 min and twice for 5 min.

Pre-Hybridization & Hybridization

In parallel, the blastocysts and 50 ul labeled riboprobe were pre-hybridized in 450 pl
Hybridization Buffer Solution Mix (HBS + 100 pg/ml tRNA) at 60°C for 3 h. The riboprobe
was denaturized for 3min at 80°C, and then cooled on ice. Blastocysts were incubated with
the denaturized hybridization solution at 60°C o/n (temperature according to the riboprobe).

Post-Hybridizaton

The post-hybridization washes were carried out at the same temperature as the hybridization.
The blastocysts were rinsed with preheated Post-Hybridization Wash Buffer (PHWB) once

for 2 min, 3 times for 25 min and a final wash gradually cooling the samplesto RT.

Next two incubation steps in MABT, one for 20 min and one for 10 min, were followed by a
2min and a subsequent 30 min incubation in Blocking solution (MABT + 2% Blocking
reagent + 20% goat serum) at RT. At the same time the antibody (Anti DIG-AP conjungate
(Roche)) was diluted 1:2000 in 1% Blocking/MABT and blocked for 30 min at 4°C. Finally
the blastocysts were incubated with the blocked antibody, at 4°C o/n.
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Staining

The blastocysts were rinsed with MABT for 2 min and for 10 min, followed by incubationsin
NTMT and in NTMT/Levamisol [2 mM], both for 10 min. The staining solution was prepared
before use as follows: first, centrifugation of BM-Purple (Roche) for 5 min at 3000 rpm, 4°C;
second transfer of supernatant into a new falcon tube, third addition of 2 mM Levamisol and
0.1% Tween 20. The blastocysts were incubated in 0.5 ml staining solution for several hours
in the dark gently shaking (incubation time depends on the riboprobe).

To dop the reaction, the blastocysts were rinsed several times in PBT, and additionally
incubated 3times for 5 min each. Blastocysts were stored in PBS a 4°C. Analysis was
performed with an inverted bright field microscope.

2.2.4 Mouse

All animal studies were carried out according to the guidelines of the "Regierung von
Unterfranken” and the University of Wurzburg. The generations of the chimeras were
performed by BayGenomics (http://BayGenomics.ucsf.edu/) and PolyGene Transgentics
(http://www.polygene.chy).

2.2.4.1. Mouse Husbandry

Mouse Facility

All users changed their shoes and wore coats, caps, masks and gloves, before were entering
the mouse facility. All incoming materials were treated with disinfectants. Mice were fed with
standard rodent diet and filtered water, ad libitum. The mice were housed in typell
polycarbonate cages. Health monitoring was carried out with sentinel mice every 3-6 months.

Breeding & Weaning

For smple strain maintenance and backcrossing (for congenic strain), we required 2-3 mating
cages and 2-3 additional cages to hold weaned pups. To breed, we placed the animals in pairs
of one male and two females, aged 8-12 weeks. We steadily replaced old breeders after 6-8
litters. To backcross, each time the new descendants were set up with new male or female to
the recipient inbred strain, for more than 10 generations (F10+).

The cages were checked at least once each week to mark pregnant females and record the
approximate birth dates of litters. The pups were weaned at 3-4 weeks of age and separated
from the female. They were separated by gender, with no more than 5 mice per cage, tagged
with metal ear tags and tail cuts were carried out to subsequently genotype them. All animals
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were registered with identity number, gender, genotype, day of birth, and generation. To
minimize fighting, weaned males were only grouped with littermates. Males that were
breeders were always separately caged or sacrificed (sac). Females were grouped depending

on their use.

Timed pregnancies were carried out, depending on the experimental needs. Therefore the
presence of a vaginal plug, in the morning after mating (mating 4-6 pm, plug check 7-10 am)
was used as sign that fertilization occurred and counted as 0.5 days post coitus (dpc).

Dispatch Animals

We used two different approaches to sacrifice the animals, carbon dioxide inhalation (CO,) or
cervical dislocation. For al animals sacrificed in the mouse facility CO, was used for
euthanasia. CO, was administered in a special container to apply the correct dosage and to
avoid behavioral distress for the animals. This approach has some disadvantages for
histological preparations; it is likely to induce capillary hemorrhages in certain tissues, e.g. in
lung and brain. To avoid these defects, we applied cervical dislocation. It is the quickest, most
effective and humane way to ensure the death of an animal. Hence, cervical dislocation of
un-anesthetized animals was only performed to prepare histological samples and for MEFs.

2.2.5 Biochemical methods

2.2.5.1. Whole Cell Lysates
MEFs cells were scraped with PBS, pelleted and resuspended with 10 times of their volumein
TNN + protease inhibitors (Pl 1:100 + PMSF 1:200) by pipetting up and down for 20 times
and incubation on ice for 20 min. Lysates were centrifuged at full speed to remove the cell
debris. The supernatant was immediately used for immunoprecipitation or boiled in 3x ESB
for 5 min and frozen at -20°C.

2.2.5.2. Tissue Extract
The mouse was sacrificed and the organs of interest dissected. The tissue was washed in PBS
and transferred into a cell strainer (Falcon), which was put onto a falcon tube. The sample was
rinsed with 3 ml PBS and homogenized with forceps or spéttle, pressing the tissue through the
nylon mesh. Next the mesh was washed with 7 ml PBS and the resulting cell suspension was
centrifuged at 1200 rpm for 5 min at RT. The cell pellet was resuspended in 3 ml ACK-lysis
buffer and incubated for 3-5 min at RT (to lyse the erythrocytes). After adding 15 ml PBS and
an additional centrifugation for 10 min at 1200 rpm, the supernatant was discarded and the
cells resuspended in 1 ml PBS. The cell suspension was transferred into a new tube and
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centrifuged at 1200 rpm for 10 min at 4°C. Finally, the supernatant was discarded and the cell
pellet was immediately used for immunoprecipitation or frozen at -20 °C.

2.2.5.3. Determination of Protein Concentration (Bradford)
The protein concentration was determined with the method described by Bradford (Bradford,
1976). Therefore 2 pl of whole cell lysate were mixed with 1 ml of Bradford solution. The
extinction at 595 nm was measured and compared to a Sandard BSA dilution series.

2.2.5.4. IP-Western Blot
The incubation steps at 4°C and at RT were all either performed on a rotating wheel or
horizontal shaker.

Immunoprecipitation

Whole cell lysate [1-2 mg] was incubated with the preferred antibody at 4°C o/n (MM 2.1.7).
The following day, 30 pul of protein A- or G-sepharose (for polyclonal or monoclonal
antibodies) was added and incubated for 1 h at 4°C. The beads were washed 5 times with 1 ml
TNN, centrifuged at 3000 rpm for 1 min at 4°C. After the last wash, the supernatant was
removed completely, the beads were resuspended in 3x ESB and incubated at 95°C for 5 min.
The samples were either directly used for electrophoresis or stored at -20°C.

SDS-polyacrylamide Gel Electrophoresis (SDS-PAGE)

The SDS-PAGE analysis was performed using a discontinuous method (Laemmli, 1970).
First the separating gel (ranging from 8-14%) was prepared. Second after polymerization, the
stacking gel was poured onto the separating gel. The electrophoresis was carried out in 1x
SDS running buffer for approx. 1h, a 35mA/gel. The gels were either used for
immunoblotting or stained for 30 min with Coomassie blue to visualize the proteins.

Set up for astandard 10% SDS-PAGE:

Separating gel Stacking gel

6.1 ml H20 6.9 ml H20

3.7ml 1.5M TrispH 8.8 1.4ml 0.5M TrispH 6.8

5 ml Acrylamid/Bisacrylamid 1.6 ml Acrylamid/Bisacrylamid
75 ul 20% SDS 50 ul 20% SDS

100 pl 10% APS 50 ul 10% APS

20 pl TEMED 20 pl TEMED
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Immunoblotting

Proteins were transferred onto a PVDF membrane with electro blotting. The membrane was
pre-incubated for 1 min with 100% methanol and rinsed with Blotting buffer. The blot was
assembled as follows. a wet sponge, a Whatman paper, the membrane, the SDS-PAGE
followed by a second Whatman paper and a sponge. This blot was placed in Blotting buffer,
in a cooled blotting tank (Biorad). The transfer occurred at 300 mA for 90 min. Successful
and equal transfer of proteins was visualized by staining the membrane for 1 min with

Ponceau S solution and rinsing in H2O.

To detect specific proteins with the respective antibodies (MM 2.1.7), the membrane was
blocked with Blocking solution (3% milk powder in TBST) for 1-2 h, and then incubated with
the primary antibody diluted in Blocking solution at 4°C o/n. The following day, the
membrane was washed 3times with TBST for 10 min each and incubated with the
appropriate secondary antibody (MM 2.1.7) for 1 h at RT. After 3 washes with TBST for
10 min each, the specific bands were detected using a Luminol solution. The membrane was

wrapped in plastic foil and exposed to an ECL-film.
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3 RESULTS

3.1 Expression of Lin in Mouse

3.1.1 Molecular Analysis of Lin mRNA Expression

To deeper investigate the role of Lin9, in cell cycle and differentiation, its expression was first
analyzed in mice. Thus RNA from different wild type (wt) mouse organs (C57BL/6 males
and females aged 6-8 weeks) was prepared. |1 n these organs, mMRNA expression of Lin9 and of
three other members of the human LINC core complex, namely Lin52, Lin54 and Lin37, were
analyzed by quantitative RT-PCR (qRT-PCR) (Schmit et al., 2007). Highest levels of Lin9
MRNA were detected in thymus, testis and spleen. These are highly proliferative tissues. Lin9
expression was also observed in all other tested tissues, although in lower amounts, e.g. in the
brain, liver, lung and intestine (Fig. 3.1 A). An analogous expression pattern was observed for
Lin52, Lin54 and Lin37. In addition to its ubiquitous expression Lin52 expression was notably
higher in muscle tissue and in the lung while increased expression of Lin37 was detected in
the ovary (Fig. 3.1 A). Several different animals were tested.

Additionally, Lin expression was analyzed during mouse development. For this reason RNA
from embryos 7.5 dpc (days post coitus) to 16.5 dpc was prepared. Stage 7.5 dpc represents
the embryo right after gastrulation, where major proliferation, cell migration and
differentiation take place to form three germ layers (Fig. 1.2). Next the cup-shaped gastrulais
turned and the germ layers are orientated at stage 8.5 dpc. The embryogenesis per se is
finished at 9.5 dpc. Afterwards, mainly organogenesis takes place, with massive proliferation
and differentiation in all organs. For example, the CNS highly differentiates in stage 13.5 dpc
and in genera the size of each organ increases up to stage 16.5dpc. Here Lin9 as well as
Lin52, Lin54 and Lin37 were again ubiquitously expressed throughout development. Only
Lin52 expression was notably higher in E12.5 and E14.5, so manly in the phase of
organogenesis and differentiation (Fig. 3.1 B).

A-Myb, B-Myb and C-Myb mRNA expression was analyzed in parallel and served as control
(data not shown). The Mybs, especially B-Myb, another important member of the LINC
complex, were as expected ubiquitously expressed throughout development and in adult
organs (Latham et al., 1996; Sitzmann et al., 1996).
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Lin9 mRNA was also expressed in mouse ES cells and blastocysts as later mentioned in more
detail (Fig. 3.10 & Fig. 3.13). Taken together these results show that Lin9 as well as Lin52,
Lin54 and Lin37 are ubiquitously expressed in adult mouse organs and throughout embryonic

development.
A

1.2

1.0

0.8

06

7
04

expression level (relative to testis)
=
[

éﬂ hhh ﬂﬁhﬂ

m Lin9

m /[ in52
o Lin54
mLin37

20

1.0

0.5

expression level (relative to E9.5)
° P

Fig. 3.1: Relative expression of Lin9, Lin52, Lin54 & Lin37 mRNA in the mouse. Expression of
Lin9, Lin52, Lin54 and Lin37 mRNA in the indicated wt mouse organs and different stage embryos
were analyzed by gRT-PCR. Expression was normalized to Hprtl. (A) Expression in adult mouse
organs. Level is shown relative to testis expression. (B) Expression in different embryonic stages. Level
is shown relative to E9.5. The different Lin mRNAs are ubiquitously expressed.
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3.1.2 Histological Analysis of Lin mMRNA Expression

To confirm the molecular data and further characterize Lin9, Lin52, Lin54 and Lin37 mRNA
expression in mouse development, whole mount preparations and histological sections were
analyzed.

First E9.5 whole-mount wt embryos were examined by in situ hybridization. Lin9, B-MYB,
Lin52, Lin54 and Lin37 DIG-labeled in situ hybridization probes were generated by in vitro
transcription from vectors containing the appropriate cDNAs (MM 2.1.5 & MM 2.2.2.11).
Similar to the gRT-PCR data with mRNA from 9.5 dpc embryos, all investigated Lins and
B-Myb were expressed throughout the entire embryo. Strongest expression was detected in the
l[imb buds and in the head (Fig. 3.2), which are tissues that are highly proliferative and cell
dense. No staining was seen in control hybridizations, with sense probes, indicating that the
staining is specific (Fig. 3.2). The B-Myb in situ hybridization included in this experiment
served as a positive control, since its ubiquitous expression is already well characterized
(Latham et al., 1996; Sitzmann et al., 1996).

E9.5

Lin9 B-Myb Lin52 Lin54 Lin37
R & &
» f f |
S " ' L N
0 4
Fig. 3.2: Expression of Lin9, B-Myb, Lin52, Lin54 & Lin37 mRNA in mouse embryos 9.5 dpc.

Whole-mount in situ hybridization in wt embryos E9.5. DIG-labeled probes for Lin9, B-Myb, Lin52,
Lin54 & Lin37 were used. Expression of the Lins and B-Myb was seen throughout the entire embryo.

AS

To further investigate the expression of Lin9, histological sections of 7.5, 9.5 and 14.5 dpc
embryos were analyzed. Standard procedures were used for sectioning and in Situ
hybridization (MM 2.2.3.4). In figure 3.3 the haemotoxylin and eosin (HE) staining is shown
in parallel to the in situ data. At 7.5 dpc a distinct Lin9 expression pattern was observed with
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highest expression of Lin9 in epithelial cells of the embryonic ectoderm and in the embryonic

mesoderm. Lin9 was weakly expressed in the embryonic visceral endoderm and the

surrounding extraembryonic tissue, including trophoblast giant cells, extraembryonic
ectoderm and ectoplacental cone (Fig. 3.3 A & C; Fig. 1.2). Trophoblast giant cells and

pariental endodermal cells showed slightly more expression than the spongy layer of

endometrial tissue consisting of decidual cells (Fig. 3.3 A). Lin9 expression was also detected

in the surrounding maternal tissue consisting of decidual cells, especially in the outer regions

closer to the uteri wall (data not shown).
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Fig. 3.3: Expression of Lin9 mRNA in mouse embryos 7.5 & 9.5 dpc. Histological sections from wt
embryos were stained with HE and RNA in situ hybridization was performed. A DIG-labeled probe for
Lin9 was used. (A) Sections of the whole decidual swellings at 7.5 dpc, transverse section left and
sagittal on the right. The expression is detected strongest in the epiblast region. (B) Sections of
9.5 dpc. The expression appears to be ubiquitous. (C) Schematic drawing of an embryo ~6.5-7.5 dpc.
Tissues are color labeled. The double-crossed arrows show the orientation of the proximal-distal and
anterior-posterior embryonic axes. (based on (Pfister et al., 2007; Sutherland, 2003).
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Next, Lin9 expression in sections of 9.5 dpc embryos was analyzed. Here the Lin9 expression
pattern was not restricted to a certain embryonic area. Rather Lin9 mRNA was detected
throughout the entire embryo (Fig. 3.3 B).

Furthermore, sagittal sections from embryos 14.5 dpc were analyzed for their Lin9 mRNA
expression. To facilitate orientation on the sections, HE staining was performed in parallel.
Lin9 was ubiquitously expressed at high levels in most organs (Fig. 3.4 A). Weaker
expression of Lin9 was detected in the heart and no Lin9 mRNA was observed in the liver. All
components of the heart are fully developed at this stage and it already has achieved its
definitive prenatal configuration (Kaufman, 2004). The liver is by far the largest of the
abdominal organs and has a fairly homogeneous histological appearance. This shows that it is
the organ which is most developed at this stage of development. The rest of the organs still
undergo structural changes (e.g. the brain) and are till highly proliferative at this stage to
increase their size. In the brain the highest expression of Lin9 was observed in the cortex.
High levels of Lin9 mRNA were also detected in the developing retinaand lens (Fig. 3.4 A &
data not shown).

To further investigate expression of Lin9 in the developing brain, transverse brain sections of
14.5 dpc embryos were analyzed. Lin9 expression was observed in the cortex, ventral in the
telencephalon as well as in its lateral ventricular zone and the floor of the Diencephalon.
Hence, the region of the subventricular zone of the developing cortex has been identified as
the area with the highest Lin9 expression (Fig. 3.4 B). The subventricular region of the
developing brain is known to be a region of neuronal proliferation during embryogenesis.
Staining specificity was confirmed with a sense probe in which case no staining is observed
(Fig. 3.4 A & B ontheright).

Additionally Lin9 mRNA is expressed in ES cells and blastocysts as later mentioned in more
detail (data not shown & Fig. 3.11). Taken together these histological results show that Lin9 is
ubiquitously expressed throughout embryonic development confirming the molecular
analysis.
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Fig. 3.4: Expression of Lin9 mRNA in mouse embryos 14.5 dpc. Histological sections from wt
embryos were stained with HE and a Lin9 mRNA in situ hybridization was performed. The
double-crossed arrows show the orientation of the embryonic axes. For inscriptions see figure legend.
(A) Sagittal sections of the whole E14.5. The HE staining is depicted on the left, two sagittal examples
of Lin9 in situ in the middle and for comparison a sense control on the right. The expression appears to
be ubiquitous. The strongest expression is detected in the developing brain. (B) Transverse brain
sections of E14.5. The sense probe as a control does not give any signal. (AS = AntiSense & S =
Sense)
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3.2 Lin9 Gene Trap Mouse Model (GT)

To understand the physiological role of Lin9, itsrole in development and to unravel a possible
rolein cell cyclein vivo, we used a Lin9 knockout mouse model.

3.2.1 Location of the Gene Trap in the Lin9 Allele

We identified a commercially available ES cell line in which one allele of Lin9 has been
disrupted by a retroviral gene trap vector (pGTOLXf; BayGenomics. ES-clone # RRI306).
The used gene trap vector contains a splice-acceptor site (SA) upstream of a promoter-less
-geo resistance gene (B-geo = fusion of B-galactosidase and neomycin phosphotransferase).
After insertion into an intron, splicing generates a chimeric transcript that confers resistance
to neomycin. In many cases, the resulting fusion protein is unstable and thus the insertion
results in a complete knockout. This ES cell line was used by BayGenomics to create

chimeric animals, using standard methods.

Chimeras were crossed with C57BL/6 wt animals and the resulting progenies were analyzed.
Southern blots showed that the gene trap vector inserted near the Bgl 11 restriction site present
inintron 11 close to exon 12 of the Lin9 gene. The detected wt Lin9 fragment is ~6 kb long,
after Bgl Il restriction and analysis with probe C (MM 2.1.5 & MM 2.2.2.13). The integrated
gene trap vector did not carry a Bgl |1 site which then resulted in alonger fragment of ~12 kb
(Fig. 3.5 C). The mutant allele, the so called Lin9 GT, was successfully transmitted to the

germline.

Since the gene trap vector randomly inserts into the genome, the exact insertion site had to be
located first. Based on original information from BayGenomics as well as on data gathered by
Southern blotting, PCR primers were designed. PCR products obtained by long-distance
PCRs were cloned and sequenced (data not shown). These experiments showed the exact
insertion site of the gene trap vector in intron 11 of Lin9 (Fig. 3.5A). A PCR strategy to
genotype the Lin9 wt and GT allele in mice was designed based on this insertion site
(Fig. 3.5 D).

The insertion of the gene trap vector should result in a truncated Lin9 fusion transcript,
consisting of the Lin9 coding region including exon 11 and the -geo resistance. Translation
of the fused MRNA should result in a truncated LIN9 B-geo protein, lacking conserved Box B
of LIN9 (Fig. 3.5 B). To analyze this in vivo, testis lysates of wt and heterozygous animals
were prepared and immunoprecipitated with antisera against human LIN-9. Bound mouse wt
and GT LIN9 protein was detected by immunoblotting. 1n heterozygous mutant testis lysate,
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Fig. 3.5: Generation of a Lin9 knockout mouse. (A) Scheme of the Lin9 GT allele which is
interrupted by the insertion of a gene trap vector ($-geo). The distances from the exons to the insertion
and the positions of the Southern probes as well as the PCR primers are indicated. (B) Scheme of the
wt versus the truncated LIN9 protein fused to $-geo shows the disrupted Box B. (C) Southern blot
analysis of tail gDNA restricted with Bgl Il and detected with labeled probe C. The alleles and their size
are indicated on the right. (D) 3 primer based PCR to detect the wt (302 bp) and GT (215 bp) Lin9
alleles in tail DNA, the products are mentioned on the right. The position of the primers is indicated in A
(also see MM primer list). (E) Testes of wt and het animals were lysed and precipitated with human
LIN-9 antisera and detected by immunoblotting. The right inlay represents the detection of the LIN9 GT
protein upon longer exposure, about 15 min.
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the level of GT LIN9 protein was very low compared to the endogenous LIN9 protein,
whereas the GT fusion protein was detected only upon prolonged exposure of the western blot
(Fig. 3.5 E). The amount of endogenous LIN9 protein was not altered. The Lin9/B-geo fusion
MRNA was also detectable by RT-PCR (data not shown).

Taken together the 129-derived ES cell line from BayGenomics was successfully used to
create knockout mice, which were further analyzed.

3.2.2 Analysis of Lin9 in Early Mouse Development

A cohort of heterozygous Lin9 animals (GT/+; 129 x C57BL/6) was established. Until now

9°™ males and females are

the Lin9®™ animals develop and behave inconspicuous. Lin
healthy, fertile and born in a normal gender ratio. The oldest sacrificed animals, circa 1 1/2
years old, were not prone to tumors compared to wt Lin9 mice (+/+). From the beginning the
mice were bred into the congenic mouse strain C57BL/6 (MM 2.1.10 & MM 2.2.4). This was

achieved by backcrossing Lin9®™*

male and female descendants to the recipient inbred strain
C57BL/6, for more than 10 generations (F10+). Backcrossing was also performed with
C57BL/6 malesto assure that the Y chromosome of the inbred strain was adopted into the GT

Lin9 strain.

Lethality phase of Lin9 mutant embryos

Genotype
Stage Total +/+ +/GT GT/GT |Fail.® DF | Value Prob.
Weanling 166%° 52 114 0 6] 2| 55.735 0.000
E13.5 292 (10R) 6 13 0] 10 (10R)| 2 7.621 0.022
E9.5 45° (14R) 12 30 (12R) 2 (2R) 1(1R)] 2| 10.156| 0.006
ELD 86°(21R)| 19 (1R)| 59 (13R) 8 (6R) 5(1R)| 2 14.72 0.001
Blastocyst 80¢ 21 39 20 7l 2 0.075 0.963

Tab. 3.1: Early lethality of Lin9-deficient embryos. Genog/Tpes were determined by Southern Blot?,
PCR" or TagMan gPCR®. Embryos genotyped as Lin9®"®" at 9.5 and 7.5dpc were partially
resorbed (R). Lin9®"®" blastocysts at 3.5 dpc were morphologically normal. PCR and Southern
failuresd were not counted for the level of significance. The Chi Square test was applied with two
degrees of freedom (DF) to calculate the probability of the Mendelian segregation.

To analyze whether LIN9 is essential for mouse development, Lin9®™™* mice were
intercrossed. Their progenies were genotyped as weanlings by Southern blot or PCR of tail
samples (Fig. 3.5 C & D). Of 166 weanlings tested, about 70% were heterozygous (114), 30%
wild type (52) and 0% homozygous mutant. These intercrosses of Lin9®"* animals revealed
that no live homozygous mutant weanlings were detected. This suggested that LINO is
required for embryonic development in the mouse (Tab. 3.1).
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To determine the stage of embryonic lethality of LIN9-deficient embryos, embryos from
Lin9®™* mating were dissected and genotyped. To address various points in embryonic
development, 13.5, 9.5 and 7.5 dpc embryos were examined. Neither at 13.5dpc nor at
9.5 dpc were normal embryos, homozygous for GT Lin9 (GT/GT) detected. At stage 7.5 dpc,
a high proportion of resorbed or embryos of abnormal histology could be detected. PCR
genotyping confirmed that some resorbed embryos were knockout Lin9 (Tab. 3.1).
Preparation of these partially resorbed embryos was difficult because of apoptotic or necrotic
cells and the adjacent maternal decidual tissue. The Chi Square test was used to calculate the
probability that Lin9®™®T embryos are not present in the expected Mendelian frequency. The
number of weanlings at stage 9.5 and 7.5 dpc analyzed was sufficient to be statistically
significant (probability below 1% level) and emphasized that the genotypes detected do not
display the Mendelian ratio.

Taken together these data indicated that LINO is required for embryonic development in the
mouse. The important question then was when and why the mutant embryos die. To
investigate this in more detail, further analyses of E7.5 and E6.5 with specific lineage markers

was performed.

3.2.3 Early Embryonic Lethality of Lin9°"¢" Embryos

To better characterize the cause of embryonic lethality, histological sections of decidual
swellings at 7.5 and 6.5 dpc from Lin9®™" intercrosses were analyzed. Histological sections
were prepared from whole decidual swellings and first stained with HE (MM 2.2.3.2).

With HE staining the abnormal implants were first visualized. The presumable Lin9®"¢"

embryos had no organized cell structures and lacked distally the distinct epithelial cells which
are typical for the epiblast and therefore the embryo (Scheme: Fig. 1.2 & Fig. 3.3 C). The
implants showed no amniotic cavity and extraembryonic coelomic cavity nor the
ectoplacental cavity in the proximal region. Only in some implants was the yolk sac cavity
visible. In general, the unstructured remains are smaller compared to their Lin9** or Lin9®™*

counterparts (Fig. 3.6 A).

Genotyping some of the 7.5 dpc old embryos was possible by scratching the embryonic
remains off the slides, isolating gDNA from the paraffin fixed tissue and genotyping with
TagMan gPCR (Fig. 3.8 & data not shown). The embryos depicted in the following figure
were genotyped. When counting the presumable Lin9®™®" embryos, 10 out of 48 embryos

were found to be abnormal.
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Fig. 3.6: E7.5 & E6.5 Lin9-deficient embryos lack e Glelast. Histological sections from whole
decidual swellings at 7.5 and 6.5 dpc resulting from Lin9”"" intercrosses were stained with HE and
RNA in situ hybridization was performed. DIG-labeled probes for Oct4 and H19 were used, as
indicated on the left. (A) The first 2 columns show sagittal sections through genotyped Lin9®™ embryos
as mentioned on top. The next 2 columns depict sections from genotyped Lin9®"®" |mplant The
epiblast is clearly Oct4 positive and the adjacent tissue is positive for H19 in the Lin9®™" embryos.
However, there is no expression for Oct4 detected in the abnormal Lin9®"¢" implants, only H19
expressmn (B) The first column depicts transverse, the second sagittal sections through Lin9™*
Lin9®™ embryos. The next 3 columns show sections from presumed L|n9G TS implant. The epiblast i |s
clearly Oct4 positive and the adjacent tissue is positive for H19 in the Lin9"” embryos. However there
is no expression for Oct4 detected, only H19 expression in the abnormal presumed Lin9¢"¢" implants.
There is no structure equivalent to the epiblast detectable (Scheme: Fig. 1.2).
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The result for the examined embryos stage 6.5dpc was very similar concerning the
disorganized phenotype, the lack of the epithelial cell structures as well as the missing cavities
and the frequency of abnormal implants (Fig. 3.6 B). About one quarter of implantation sites
were empty or contained resorbed embryos (12 out of 59 embryos analyzed in total). This
frequency correlates with the expected Mendelian ratio. Although in both cases the abnormal
implantation sites contained no clear epiblast structures, trophoblast giant cells were present,
suggesting that implantation had indeed occurred (Fig. 3.6 A & B).

To further characterize this phenotype, RNA in situ hybridization was used to analyze the cell
types present in the abnormal structured Lin9®"®" implants. Therefore Oct4, a well studied
epiblast marker, was applied to detect the developing embryo (Nichols et al., 1998; Pelton et
al., 2002; Pesce and Scholer, 2000). First a part of Oct4 cDNA was cloned into an expression
vector and transcribed (MM 2.1.6). Oct4 in situ hybridization gave a strong signal in the
epiblast, located in the distal region, of Lin9"* and/or Lin9®™ embryos, in stage 7.5 and
6.5 dpc. Interestingly, Oct4 was completely absent in the presumed 6.5 dpc and genotyped
7.5 dpc Lin9®"®T (Fig. 3.6). The visible disturbed structures could be remains of implanted
extraembryonic tissue e.g. trophoblast giant cells. To emphasize the lack of the epiblast and to
confirm the existence of only extraembryonic cells, H19 was used as a hybridization probe
(MM 2.1.6). H19 gives the reciprocal pattern of expression to Oct4 and is positive in all
extraembryonic cell types in the early post-implantation embryo (Poirier et a., 1991). In
normal implants, H19 was expressed in the proximal region, as well as posterior and anterior
throughout the adjacent areas to the epiblast. However, in the Lin9®"®", H19 was expressed
throughout the entire area corresponding to the implantation site (Fig. 3.6).

Consequently, there is no structure equivalent to the epiblast existing in the knockout Lin9

implants comparing in situ hybridizations with the HE staining.
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3.2.4 Analysis of Apoptosis in Lin9¢"®T Embryos

Embryos which do not develop properly, will be quickly resorbed by the surrounding
maternal tissue in the deciduas. TUNEL gaining was performed to examine apoptosis on
sections (MM 2.2.3.3). Apoptosis in the Lin9®™* and Lin9** embryos stage 7.5 dcp was
minor. Some positive cells are due to normal restructuring in the evolving embryonic tissue,
which will be accomplished by the surrounding trophoblasts (Pampfer and Donnay, 1999).
The TUNEL staining in the Lin9®"®" implants showed signs of apoptosis (Fig. 3.7 &
Section 3.2.2). Many of the abnormal implants as well as surrounding cells were TUNEL
positive, these areas could be the beginning of the resorption process. There are clear signs for
apoptosis in the Lin9®"®T a stage 7.5 dpc.

E7.5

+GT GT/IGT GT/IGT GT/GT GT/IGT

HE

TUNEL | &

Fig. 3.7: Apoptosis in Lin9-deficient embryos 7.5 dpc. Histological sections from whole decidual
swellings at 7.5 dpc resulting from Lin9®"* intercrosses were stained with HE and the TUNEL assay
was performed, as indicated on the left. The first column shows sagittal sections through genot%e%q

Lin9®™ embryos as mentioned on top. The next 4 columns depict sections from genotyped Lin9 !

implant. Many of the Lin9 implants were positive for apoptosis, stained in black.

3.2.5 Analysis of Lin9®"T Peri-implantation Phenotype

The presence of resorbed embryos implied that LIN9-deficient embryos are able to implant
and then die shortly after implantation, which indicates a peri-implantation phenotype. To test
whether the frequency of +/+, GT/+ and GT/GT Lin9 blastocysts obey the Mendelian ratio,
first blastocysts derived from Lin9®™* crosses were genotyped (Tab. 3.1). As blastocysts
consist of only 60-100 cells, a more sensitive TagMan gPCR protocol was developed to
genotype the GT Lin9 allele.

Therefore, one probe specific for ngf (nerve growth factor) to normalize with and another one
specific for the GT allele at the lacZ/neo border within the integrated gene trap were designed
(Fig. 3.5 A & MM 2.2.2.12). Both probes were labeled with different fluorescent dyes, which
made it possible to run the TagMan gPCR in one reaction. To establish this approach,
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TagMan PCRs were performed with Lin9®™* gDNA. Figure 3.8 A and B shows linear slope,
which represents the annealing efficiency for the specific primers for ngf and lacZ/neo. The
TagMan PCR should be sensitive enough to detect differences of approximately 1 Ct, to be
able to distinguish between GT/+ and GT/GT allelic situation in blastocysts. To verify this,
Lin9®™ gDNA was mixed 1:1 with wt gDNA to dilute the GT allele relative to ngf
(Fig. 3.8 C). The difference observed corresponded to the approximate 1 ACt (ngf Ct -
lacZ/neo Ct).

A 40.00 y = 3.4007x + 24,292 B 35.00 y=3.2387x + 159
o ngf HEX +/-1:10 000 + lacZ/neo SYBR +/-1:10 000
35.00 - 30.00 o
+- 1:1000 : 7 1000
+-1:100 ’
'(3 30.00 — 25.00 +/-1:100
+-1:10 - o
20.00
20.00 -1
: 1 2 3 4 Sample# 15.00
‘ 1 2 3 4 5 Sampleft
C D
7
.00 1 2 Sample# 100 1 2 3 4 5 6 ] 9 Sample#
~ -4.00 -1.50
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.00 * 4100 2 250 fes tes
-7.00 -3.00
{ B5
-3.50 {Bg
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Fig. 3.8: TagMan qPCR approach to genotype blastocysts. (A) & (B) Dilution of Lin9®™ gDNA to
evaluate the primer annealing efficiency for ngf and lacZ/neo. Graph shows the linear slope. The
efficiency was calculated E= 10'°P® (Pfaffl-method). To be sufficient this should be ~2. The efficiency
is depicted in the boxes. (C) The difference of the two alleles should be 1 ACt (ngf Ct - lacZ/neo Ct).
Therefore Lin9®™ gDNA was mixed 1:1 with wt gDNA and the distance shows ~1 ACt. (D) Example of
an evaluation with 9 blastocysts. The red bars indicate ~1 ACt distance to distinguish between the two
populations.

To genotype blastocysts, they were flushed out of the uterus of pregnant mice at day 3.5. The
blastocysts were washed carefully in several PBS drops and incubated for 2 hours at 65°C in
2 ul of Tail buffer with Proteinase K. Next, the TagMan gPCR was set up in triplicate. The
example depicted in figure 3.8 D shows atypical result. Here 5 blastocysts (B1-3, 6 & 8) were
genotyped as GT/+, 2as GT/GT (B5 & B9) and 2 as +/+ Lin9 (B4 & B7). Wt Lin9 is not
detectable since the lacZ/neo probe only hybridizes with the lacZ/neo locus in the GT alele.
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Fig. 3.9: Phenotypical examination of blastocysts. Images of blastocysts harvested at day 3.5 from
Lin9®™ crosses. (A) Blastocysts at 3.5 dpc were documented and directly genotyped with TagMan
gPCR. The **, ©™ and ®"®T Ling blastocysts looked indistinguishable (40X magnification). (B) Phase
contrast images of blastocysts isolated at 3.5 dpc and cultured in vitro for 7 days (10X magnification).
They were genotyped with TagMan gPCR, as indicated. Lin9®"®" blastocysts showed no robust ICM
upon the layer of trophoblast cells.
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The analysis of 80 blastocysts, stage 3.5 dpc, from Lin9®™*

crosses showed that roughly one
quarter were Lin9®"®T. The Mendelian frequency reached nearly 100% (96.3% probability)
(Tab.3.1). These Lin9®"" plastocysts are indistinguishable from Lin9"* blastocysts
(Fig3.9A). Although some isolated blastocysts looked disorganized or smaller, this

phenotype did not correlate with the knockout genotype.
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Fig.3.10: Analyses of hatching behavior of blastocysts cultured in vivo. Blastocysts harvested at
day 3.5 from Lin9®™ crosses were monitored and documented each day. After several days of growing
in culture, they were genotyped with TagMan qPCR. The chart depicts the mean (black bar) and the
individual (boxes) day of hatching, in comparison to the genotype. The number of individuals hatched
at the indicated day is labeled (total n = 65). (n = number & hd = hatching day)

More blastocysts were harvested and cultured in ES-cell media for several days. The growth
of the inner cell mass (ICM) and trophoblast layer was documented every 24 hours. The
blastocysts hatched and attached to the dish. After growing up to 10 days in culture, the
outgrowth was harvested and genotyped with TagMan PCR. Lin9®™* and Lin9"* blastocysts
displayed a relative robust growing ICM on a layer of trophoblasts (Fig. 3.9 B). In contrast,
from Lin9®"CT blastocysts only trophoblast cells remained and no obvious ICM was left. In
total, 65 blastocysts were successfully genotyped after monitoring them in vitro. However,
Lin9®"CT blastocysts hatched on average one day later (at day 3.4) than their Lin9®™* and
Lin9"* counterparts (at day 2.5), from their zona pellucida (Fig. 3.10).

In summary, all the data presented above suggests that the loss of Lin9 leads to embryonic
lethality at peri-implantation, and indicates that LIN9 is required for proper formation of the
epiblast (Tab. 3.1, Fig. 3.6 & Fig. 3.9).
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3.2.6  Analysis of Lin9 mRNA Expression in Blastocysts

The presence of resorbed embryos indicated that LIN9-deficient embryos are able to implant,
but die shortly after implantation. One question remaining is whether Lin9 is expressed in
blastocysts and therefore could be involved in establishing the well regulated evolving cell
lineage of the epiblast. To test this | examined Lin9 mRNA expression in wt blastocysts
3.5 dpc. Oct4 awell studied epiblast marker was applied as a positive control (Section 3.2.3).
The blastocysts were flushed out of the uterus of 3.5 and 4.5 dpc pregnant mice, fixed and
incubated with DIG-labeled probes. Lin9 mRNA was evident in the entire ICM of 3.5 and
4.5dpc blastocysts. Additionally it is expressed in the trophoectodermal cell in late
blastocysts (Fig. 3.11).

3.5dpc 4.5 dpc
Oct4
|
Lin9
crtl. LY A ;
NS, A A

Fig. 3.11: Lin9 expression in blastocysts is ICM-predominant. Blastocysts stage 3.5 and 4.5 dpc
from wt crosses were prepared and in situ hybridization with Oct4 and Lin9 DIG-labeled probes was
performed (stage and probe as mentioned in the panel). As a control untreated blastocysts are shown.
Oct4 probe was used to compare Lin9 to a known ICM-predominant expression. The Lin9 probe shows
a very similar expression pattern in the early blastocysts and even higher expression in the
trophoectoderm in the later stages 4.5 dpc.
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3.2.7 Analysis of GT Lin9 Heterozygous MEFs

To further analyze LIN9 function in the mouse, an in vitro cell culture system was utilized.
Primary murine embryonic fibroblasts (MEFs) were prepared from 13.5dpc embryos
(MM 2.2.1.1). Since Lin9-deficient embryos are lethal at peri-implantation stages, only
Lin9"* and Lin9®™* MEFs could be established. From previous experiments in our lab in
human cell lines, it is known that human LIN-9 is involved in the regulation of genes that
ensure the progression through G2/M phase of the cell cycle (Osterloh et al., 2007). To
monitor if this is also the case in Lin9"* and Lin9®™* MEFs, their flow cytometry profiles
(FACS) of asynchronously growing MEFs at passage 4 were compared. Lin9®™" cells show
no alteration of the cell cycle (Fig. 3.12 A). Late passage MEFs (P6 shortly before they
undergo crisis) were also monitored but no differences occurred (data not shown).

The proliferation ability of the Lin9"* and Lin9®™ MEFs was analyzed. MEF were plated
1x10* in triplicates in 24-well plates and fixed at different time points as indicated in
figure3.11 B. The plotted growth rate revealed no significant difference in proliferation
ability between Lin9"* and Lin9®™* cells.

Next Lin9*"* and Lin9®™* MEF lysates were prepared to compare their level of LIN9 protein.

The wt lysate was diluted to compare to 100% lysate from Lin9®™*

cells. The lysates were
immunoprecipitated with antisera against human LIN-9. Bound mouse wt LIN9 was detected
by immunoblotting (Fig. 3.12 C). LIN9 protein levels are only slightly reduced (75-100%) in
GT heterozygous MEFs compared to LIN9 in wt MEFs. Additionally Lin9 expression was
examined by gPCR with primers that exclusively detect the GT or wt mRNA. Moreover it
was analyzed whether these Lin9®™* MEFs display any effects on known target gene
expression, such as cdc2a and Birc5. However, only a marginal decrease in Lin9 mRNA was

observed and no alteration in cdc2a and Birc5 expression (MM 2.1.5; data not shown).

In summary, examination of the in vitro characteristics of Lin9®™ MEFs relative to their
Lin9*™* counterparts revealed no significant differences neither in cell cycle profiles, growth
rates, protein levels nor in RNA expressions.
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Fig. 3.12: Analysis of Lin9GT/+ MEFs. (A) FACS analysis of Lin9"”* and Lin9®"" MEFs are
indistinguishable. MEFs asynchronously growing in passage 4 were compared. DNA content was
determined by intensity of intercalated PI (Propidium iodide). Percentage of cells within each cell cycle
phase is indicated. (B) Population growth rates of Lin9"* and Lin9®™* MEFs. (D) Immunoblot showing
that LIN9 protein levels are only slightly reduced in Lin9®"" MEFs as compared to LIN9 in wt. IgG was
used as a negative control for the IP, B-Tubulin as loading control, dilution as indicated above.
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3.3 Generation of a Conditional Lin9 Knockout
Mouse Model

From these analyzes of the Lin9®™* intercrosses, we knew that no embryos with Lin9
knockout are detectable at 9.5 dpc or stages beyond (Section 3.2). Dueto this early embryonic
lethality around peri-implantation, these mice are only of limited use for defining the
functional role of LIN9 in adult mice in vivo. Furthermore in in vitro studies, Lin9®™* MEFs
showed no significant differences and due to the peri-implantation phenotype, it is not
possible to obtain Lin9®"¢"T MEFs. For this reason, a conditional knockout mouse model was

designed and generated.

3.3.1 Construction of the Conditional Lin9 Knockout

A targeting vector was created to "flox" exon 7 of the Lin9 gene. This vector contained a
B-geo selection cassette flanked by site-specific FRT recombination sites in intron7
(Fig. 3.13 A). To clone the left and right homologous recombination regions, genomic Lin9
sequences were obtained by PCR of gDNA from 129-derived ES cells (129/0OlaHsd). Exon 7
and its flanking regions were step-wise inserted into a vector backbone already containing the
appropriate loxP recombination sites (pBS246 (loxP)). Next the B-geo selection cassette
flanked by FRT sites was first excised from pBS-2FRT-IRES/B-geo and inserted into the right
homologous recombination region, intron 7 (Suppl. Fig. 7.2 A, B & C).

After integration into the Lin9 locus, this construct will give rise to a bicistronic mRNA that
is transcribed from the endogenous Lin9 promoter. Thus the expression of the neomycin
selection gene will depend on the endogenous expression of Lin9 in ES cells. Lin9 expression
in ES cells was confirmed by RT-PCR (Fig. 3.14 A). The selection cassette can be removed in
vivo from the conditional allele (co) with the site-specific recombinase FLPe by crossing
animals harboring the modified conditional Lin9 allele with a FLPe expression deleter strain
(Fig. 3.13B & (Farley et al., 2000)). This in vivo approach was administered to avoid an
additional transient transfection with FLP-recombinase, followed by a second round of
selection to screen for ES cell clones with the desired deletion. Additional manipulations of
the ES cells would have been very time consuming and are risky, concerning their capacity to
later contribute to the germ line in resulting chimeras (Schwenk et al., 1995). After the correct
removal of the B-geo selection cassette, exon 7 will be flanked by only the loxP sites and one
remaining FRT site in intron 7; termed floxed allele (fl). The final site-specific Cre-mediated
excision of exon 7, delta-floxed allele (Afl), (either in mice or in MEFs) will be accompanied
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with a frame shift, which will lead to a termination codon in exon 8 and a truncated protein of
195 amino acids, so that no functional LIN9 will be produced beyond exon 7 (Fig. 3.13 C).

A

I 1 K: Kpnl
13ko EV: EcoRI
Sp: Spel

P Lox

@ Frt
wildtype [] sAand IRES

‘ promoter

)il targeting vector

|
11 kb !
targeted locus

conditional allele

=3

Sal
Y
S

— K
(o]
—EV
L sp
— K
[~]
E
[ ]
=
[2]
N
=]
LK

otl

floxed allele

—* Cre ——————  creallele

T o
L]
>

. TR <

Fig. 3.13: Generation of a conditional Lin9 knockout mouse. Scheme of the conditional Lin9
targeting strategy. (A) Wt Lin9 allele and targeting vector are illustrated. The dashed lines represent the
regions for homologous recombination. The targeting vector consists of 2 Lin9 homologous regions
(dark thick blue), the floxed exon 7 and the FRT flanked B-geo selection cassette (light blue). (B) The
recombination results in the conditional allele. The selection cassette can be excised with e.g. FLPe
recombinase. The fragment sizes of the alleles are indicated in the above scheme, if restricted with
Spe | or Kpn | for Southern blot probe A or C, respectively. The position of the Southern probes as well
as the restriction sites are indicated. (C) Only the loxP sites flanking exon 7 and one FRT site remained
in the floxed allele. The exon can be deleted by the Cre recombinase in vivo and in vitro (here
illustrated with a cre-deleter allele e.g. under the control of the CMV promoter).

Notl

3.3.2 Generation of Conditional Knockout Mice

129-derived ES cells were transfected with the targeting vector, selected with neomycin and
grown in culture (PolyGene). Positive ES cell clones were identified by Southern blot, using
two different probes located upstream and downstream of the integration site, probe A and C,
respectively (probe A; Suppl. Fig.7. 1 D). Probe C detects a fragment of ~13 kb in ES cell
gDNA, restricted with Kpn | corresponding to the wt allele. In correctly targeted ES cell
clones, probe C detects an additional band ~11 kb (Fig. 3.14 B).

Next, a properly targeted ES cell clone was injected in C57BL/6 blastocysts to generate
chimeras (PolyGene). Several chimeric males were obtained and crossed with C57BL/6
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females. Genotyping of their agouti progenies with Southern blot and PCR showed that the
mutant allele was successfully transmitted to the germ line. A Southern blot example from tail
gDNA with probe C isdepicted in Fig.3.14 C. The Co-PCR detects the conditional and the wt
alele (Fig. 3.14 D; Suppl. Fig. 7.2 & 7.3).

A B
+ - RT

‘= = D
: raetn W Lin9 wt (13 kb)

Co/s

+
N

Lin9 wt (13 kb)

Lin9 co (11 kb)

ES-cells Lin9 co (11 kb)
ES-cells
5 E
+ < *
¥ & ¥ 2
+ +
S & ¥ ¢ ¢ 2
S S ks + X o g
£ 3 ¢ 5 & 5
+ + ©
== "
+ = =
- .- e S 5 75
. g~ L
- e e e . - ——-
— - Afl
fl
- - fr - e ce

Fig. 3.14: Generation of a conditional Lin9 knockout mouse in vivo. (A) RT-PCR result for Lin9
expression in ES cells. B-actin was used as a loading control (B) Southern blot analysis of ES cell
gDNA which was restricted with Kpn | and detected with radioactive labeled probe C. The alleles and
their sizes are indicated on the right. (C) Southern blot analysis of tail gDNA which was restricted with
Kpn | and detected with probe C. ES gDNA was used as a control. The alleles and their sizes are
indicated on the right. (D) PCRs for tail lysates: 1> row the Co-PCR detected the co (298 bp) and wt
(192 bp) Lin9 allele, 2™ row FRT-PCR for fl (624 bp) and wt (498 bp) and 3™ row Flp-PCR detected the
flp (725 bp) allele. (E) AFI-PCR example for the 2 primer based strategy with the possibility to detect all
3 different products, the wt (541 bp), the fl (770 bp) and the Afl (289 bp) allele. Bottom row shows
Cre-PCR (~400 bp). (The position of all the primers is depicted in the sequence cutout shown in Suppl.
Fig. 7.2 & 7.3; MM 2.1.5.)

To remove the B-geo selection cassette, animals carrying the Lin9® *allele were bred with
FLPe expressing deleter mice (Rodriguez et al., 2000). The progenies were genotyped by
FRT-PCR, to detect the fl and the wt allele. In addition, a PCR for the FLPe allele was
performed (Fig. 3.14 D, bottom row). The sequence of the fl Lin9 allele was confirmed by
cloning the PCR product and sequencing. As expected, exon 7 is flanked by loxP sites and a
single FRT site remains in intron 7. The Lin9™*animals were intercrossed and bred to
homozygosity (fl/fl). These Lin9"" mice are phenotypically normal and fertile, indicating that
the loxP sites do not interfere with the normal processing of the Lin9 mRNA.
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Next it was very important to prove that exon7 can be deleted by introducing Cre
recombinase in vivo. Therefore Lin9"" mice were bred with an early Cre expressing deleter
strain, which is under the control of the CMV promoter and located on the X-chromosome
(Schwenk et al., 1995). The Cre-mediated excision of exon 7 results in deletion of the exon 7
(Afl allele), as shown by AFI-PCR (Fig. 3.14 E; Suppl. Fig. 7.2 & 7.3). Additionally a PCR
for the Cre allele was performed (Fig. 3.14 E, bottom row).

To test whether removal of exon 7 results in a null alele, animals heterozygous for the Afl
alele (Lin9*"") were intercrossed. Genotyping indicated that no Lin9*"" animals were born
(Tab. 3.2). Thus deletion of exon 7 by Cre-recombinase results in embryonic lethality. It can
be concluded that deletion of exon 7 disrupts the function of LIN9 in a comparable manner to
the GT alele described above (Section 3.2.8).

Genotype
Stage | Total | fufl | fuafl | afiafl | Faile | DF \ Value |Prob.
Weanling ’ 612 | 26 57 0 4 | 2 ‘ 24.158 ‘ 0.0006

Tab. 3.2: Genotypic anal)ésis of Lin9*"* intercrosses. Genotypes were determined by AFI-PCR® on

tail biopsies. PCR failures” were not counted. The Chi Square test was applied with two degrees of
freedom (DF).

To briefly summarize these findings, a conditional Lin9 mouse model was generated. The
selection cassette was successfully removed in vivo. Animals homozygous for the floxed Lin9
alele (Lin9"™) develop normally, which indicates that the loxP sites do not interfere with the
function of Lin9. Floxed exon 7 can be deleted in vivo by crossing with early Cre-delter mice.

9214 could be observed. This proves that the excision

No homozygous Afl Lin9 animals (Lin
of exon 7 disrupts the function of LIN9. Finally we had the tool to overcome the early

embryonic lethality, and to further study the role of LIN9 in vivo and in vitro.

3.3.3 Analysis of Lin9" MEFs with Cre-Infection

First a cohort of Lin9"* animals was established. All the experiments mentioned in this part
and the following section were conducted in animals and MEFs resulting from a mixed
genetic background, in F1 or F2 (129 x C57BL/6). To generate MEFs homozygous for the
floxed Lin9 allele, timed pregnancies of Lin9"" intercrosses were prepared. With this set up,
Lin9"™ MEFs aswell as Lin9""* control MEFs from the same litter were generated.

To delete Lin9 in MEFs, retroviral infections with recombinant virus carrying a Hit and Run
Cre-recombinase (HR-Cre; (Silver and Livingston, 2001)) were performed. To exclude any

toxic effects Cre expression may have, this particular HR-Cre will self-excise once the critical
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level of expression required is reached. Passage 3 Lin9"" and Lin9"* MEFs were infected
with HR-Cre viral supernatant, parallel to a control infection with H2B-GFP. Exon 7 was
successfully deleted in the HR-Cre infected cells after double infection and ~48 h recovery,
confirmed with Afl-PCR (Fig. 3.15 A; MM 2.2.1.4).

Next the protein level as well as the RNA expression of Lin9 was examined in these MEFs.
First, to compare their LIN9 amount and visualize the knockout effect on protein level,
protein lysates from the infected MEFs were prepared, after a ~48 h recovery period post
infection. The lysates were immunoprecipitated with antisera against human LIN-9. Bound
mouse wt LIN9 was detected by immunoblotting (Fig. 3.15B). LIN9 protein levels are
significantly reduced in the HR-Cre infected Lin9"" MEFs compared to their Lin9**
counterparts and control infections.

Second RNA from these MEFs was prepared and RT-PCR was performed. The expression for
Lin9 was analyzed by gPCR with primers specific for the undeleted exon7 (Fig. 3.15 C,
Suppl. Fig. 7.2; MM 2.1.5). There was a decrease of about 80% in Lin9 expression in the
HR-Cre treated Lin9"™ MEFs compared to control cells.

Finally these MEFs were further monitored and their proliferation ability was analyzed. The
infected MEFs were replated 1x10* in triplicate in 24-well plates. The population growth rates
revealed only slight differences in proliferation ability between the HR-Cre infected Lin9™"
MEFs and the control cells (data not shown). Hence, in repeated experiments there was a
tendency for the Lin9-deficient cells to proliferate slower, but in the end these knockout cells
seemed to recover and were nearly as dense as the control cells. Thus it is possible that
retroviral expression of HR-Cre was not as efficient enough to delete LIN9 in the whole cell
population.

To test this idea, 1x10* MEFs were plated onto 10 cm dishes. gDNA was isolated at different
time points after Cre-mediated deletion of exon7 (24 hours, 7 days and 3 weeks). The
genotype was determined by Afl- and Cre-PCR (Fig 3.15 D). In the initial cell population,
deletion of exon 7 was detected. At later time points the floxed allele returned and the deleted
exon 7 disappeared and was nearly undetectable in PCRs from cells harvested 3 weeks
post-infection. This indicates that the Lin9*"*" MEFs have a growth disadvantage, and that,
over time, they are overgrown by the cells still harboring the intact Lin9 allele.
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Fig. 3.15: Analysis of Lin9"" MEFs infected with HR-Cre. MEFs were treated twice with HR-Cre viral

supernatant. Experiments were performed ~48 h post-infection. H2B-GFP was used as control
infection. (A) AFI-PCR which detects all 3 different alleles, wt (541 bp), fl (770 bp), and Afl (289 bp).
Bottom row shows Cre-PCR (~400 bp). (B) Immunoblot showing that LIN9 protein level is reduced in
HR-Cre positive cells. B-Tubulin used as a loading control. (C) Expression of Lin9 was analyzed with
RT-PCRs in asynchronously growing MEFs. The wt control infected cells were set to one. (D) AFI-PCR

at 3 different time points indicated above. Bottom row shows Cre-PCR. (The position of all primers is
shown in Suppl. Fig. 7.2; MM 2.1.5.)

Taken together, these experiments showed that the generation of Lin9"" MEFs was successful
and that exon7 can also be deleted in vitro. The deletion seemed very efficient and the
Lin9-deficient MEFs displayed a growth defect. Since these Lin9*"*" MEFs were overgrown

by Lin9"" cells which remained after infection, a different system to more effectively delete
exon 7 was established.



Results 75

3.3.4 Analysis of Lin9"" CreER™ MEFs

Lin9"™ mice were crossed with mice harboring inducible Cre-ER™. These transgenic mice
express Cre-recombinase that has been fused to a mutated ligand-binding domain of the
mutant human estrogen receptor (ER™) resulting in a tamoxifen-inducible Cre-recombinase.
The Cre-ER™ dlele is located in the ROSA26 locus and is more efficiently induced in cell
culture than the classical Cre-ER' allele ((Feil et al., 1997; Hameyer et al., 2007),
Fig. 3.13 C). Cre-ER™? is activated by administering 4-hydroxytamoxifen (4-OHT/tamoxifen)
(MM 2.2.1.6).

To generate Lin9"™ MEFs harboring Cre-ER™, timed pregnancies of Lin9"* and Cre-ER™

+/+

intercrosses were set up. Thereby Lin9"™ as well as Lin9"* MEFs were received which
carried one Cre-ER'? allele. The MEFs were plated in passage 3, a a density of 5.5x10° cells
per 10 cm dish, 1 day prior to the 48 h treatment with 1 uM tamoxifen. After ~60 h recovery
in fresh media the cells were harvested to perform PCR. Exon 7 was successfully deleted,

compared to control MEFs (Fig. 3.16 A).

Next, Lin9 mRNA expression was examined in these MEFs. The level of Lin9 was measured
with primers specific for the undeleted exon 7 (Suppl. Fig. 7.2; MM 2.1.5). A reduction of
about 95% on mMRNA level was detected (data not shown).

To analyze the proliferation ability of 4-OHT induced compared to uninduced cells, MEFs
were treated as mentioned above and plated, after ~8 h recovery, at a density of 1x10* in
triplicate in 24-well plates. The triplicates were harvested at the indicated time points. The
population growth rates revealed a significant proliferative arrest for the Lin9*"*" MEFs
(Fig. 3.16 B). They proliferated only minimally compared to the control cells. Importantly,
4-OHT treatment had no effect on the growth of Lin9"* MEFs.
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Fig. 3.16: Analysis of Lin9"" Cre-ERT2 MEFs. MEFs in P3 were treated with 1uM 4-OHT for 48 h

and recovered for 60 h, if not mentioned otherwise. (A) AFI-PCR detected all 3 alleles, the wt, fl and
Afl. Bottom row shows Cre-PCR, all cells are as expected CreER™ positive. (The position of all the
primers is depicted in Suppl. Fig. 7.2 & MM 2.1.5) (B) Population growth rates of Lin9" and Lin9*"*
MEFs, in passage 4, treated and untreated. The cells were plated in 24-wells 8 h after treatment.
(C) FACS analyzes of the un- and induced Lin9" and Lin9"* MEFs were asynchronously growing. The
DNA content was determined by intensity of intercalated PI. The numbers indicate the percentage of

cells in each phase of the cell cycle and additionally the SubG1 and polyploidy cells.
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To monitor the cell cycle of these Lin9-deficient MEFs, their flow cytometry profiles
compared to untreated and Lin9™* cells were analyzed. Therefore MEFs were grown
asynchronously and treated with 4-OHT as mentioned above. Cells were collected after ~60 h
recovery, fixed, stained with propidium iodide, and analyzed by flow cytometry. Lin9*"4"
MEFs showed an obvious accumulation in G2/M phase of the cell cycle, 33% versus 23% in
control cells (Fig. 3.16 C). This is accompanied by changes for the G1 phase and the S phase,
from 49% to 23% and 6% to 8%, respectively, in untreated versus treated Lin9"" cells.
Additionally, the counts for cells in SubG1l, which marks apoptotic cells, as well as
polyploidy, clearly increased. The alteration for SubGL1 is due to the 4-OHT treatment, 23% in
the Lin9*"2" cells compared to 22% in Lin9"" MEFs. However, the increase in polyploid
cells is solely seen in 4-OHT treated floxed MEFs, from 5% in uninduced to 13% in induced

cells.

In summary, deletion of the floxed Lin9 allele, created with a tamoxifen inducible
Cre-recombinase (Cre-ER™), was highly efficient. On RNA levels, it lead to an amost
complete knockout of Lin9. The examination of the in vitro characteristics of these Ling*"A"
MEFs, relative to the controls, revealed a significant impact upon cell cycle distribution and
growth rates. Why the Lin9*"" MEFs arrest in G2/M and whether they will overcome the

loss of their proliferation ability remains unclear and needs further investigation.
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4 DISCUSSION

4.1  Expression of Lin mRNA in the Mouse

There are numerous in vivo analyses contributing to our understanding of transcriptional
regulation in different cells, tissues and in the development of whole organisms, such as pRB
and E2F4 knockout mouse models. Similar to these proteins, the newly identified LINC
complex was first mainly analyzed in cell culture based model systems. LIN9 is one of the
most interesting components of the LINC core module, but so far nothing is known about its
function in vivo. LIN9 is not only involved in transcription, but in association with pRB it
may also promote differentiation. Therefore, the aim of this study was to analyze the role of
Lin9 in mouse development.

First, Lin9 mRNA expression was analyzed in mice. Lin9 is ubiquitously expressed in all
tested adult mouse organs and throughout embryogenesis (7.5 to 16.5 dpc). Its expression is
highest in thymus, testis and spleen, which are highly proliferative tissues (Fig. 3.1). B-Myb,
Lin52, Lin54 and Lin37, other members of the human LINC complex, are also ubiquitously
expressed in adult organs, with highest expression in the testis. Only Lin52 mRNA has higher
expression in muscle tissue and in the lung; and Lin37 was additionally detected in the ovary.
Interestingly, Lin52 expression is highest during embryonic stages 12.5 and 14.5 dpc, which
are the main phases of organogenesis and differentiation. These LINs may have an additional
role in these tissues.

Moreover, Lin and B-Myb expression was examined in more detail in whole mount
preparations and histological sections of different developmental stages. in situ hybridizations
for Lin9, B-MYB, Lin52, Lin54 and Lin37 were analyzed in whole-mount embryos 9.5 dpc
(Fig. 3.2). The examined Lins and B-Myb are expressed throughout the entire embryo. Highest
expression was detected in the highly proliferative and cell dense limb buds and head region.

When histological sections of 7.5, 9.5, and 14.5 dpc embryos were analyzed by in situ
hybridization, a distinct Lin9 mRNA expression pattern was observed (Fig. 3.3 A). Lin9
MRNA is detected in epithelial cells of the embryonic ectoderm and in the embryonic
mesoderm. These tissues mainly constitute to the later embryo. A weaker Lin9 expression was
observed in the embryonic visceral endoderm and the surrounding extraembryonic tissue,
including the trophoblast giant cells, the extraembryonic ectoderm and the ectoplacental cone.
This indicates that Lin9 is expressed in lower levels in cells that will later contribute to the
extra placental tissues, and may be less relevant in this particular tissue at this stage of
development. Still the trophoblast giant cells and the pariental endodermal cells directly
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enveloping the embryo show to some extent higher Lin9 expression than the decidual cells of
the spongy layer of the endometrial tissue. These cells are important for the restructuring of

the surrounding maternal tissue to ensure blood supply and proper embryonic development.

Later in development Lin9 expression is no longer restricted to certain embryonic regions. In
embryos 9.5 dpc, Lin9 mRNA was detected throughout the entire embryo (Fig. 3.3 B). This
ubiquitous expression was also observed in most organs of sectioned embryos 14.5 dpc
(Fig. 3.4 A), although Lin9 mRNA levels were lower in the heart and liver. This may be due
to the developmental stage of the heart, which has already achieved its definitive prenatal
arrangement at 14.5dpc, similar to the liver (Kaufman, 2004). Maybe reduced Lin9
expression is sufficient for these organs at the examined stage. At this developmental stage,
other organs undergo further structural changes and are still highly proliferative to increase
their size. Further analysis of Lin9 mRNA in transverse brain sections revealed high
expression in the entire cortex and a particularly high expression in the subventricular zone
(Fig. 3.4 B). This region of the developing cortex is known to be a region of extensive
neuronal proliferation during this stage of development. The mRNA expression for the other
Lins and B-Myb is similar. Expression is ubiquitously distributed in the entire embryo and in
the developing cortex (data not shown).

Taken together, the molecular as well as the histological analysis of Lin9, Lin52, Lin54,
Lin37, and B-Myb mRNA expression in vivo in adult organs and throughout embryogenesis
revealed that all of them are ubiquitously expressed and similarly distributed. This is the first
examination of Lin expression in mice. The expression pattern observed for Lin9 mRNA
indicates that it is highly expressed in tissues and regions which undergo massive
proliferation, structural rearrangements and specification underlined by differentiation. This
correlates with the ubiquitous B-Myb expression pattern, which was previously described and
associated with cellular proliferation (Latham et al., 1996; Sitzmann et al., 1996).

Moreover the similar distribution of the Lins indicates that they all function in the same cells,
therefore most likely also in the same pathways and as a complex. Colamonici’s group
recently identified some of the LINC homologues in murine NIH-3T3 cells. They found that
LIN9, B-Myb, E2F4, p130 and p107 interact with each other and form a context-dependent
mammalian dREAM-like complex in mice (Pilkinton et al., 2007). This complex behaves
similar to LINC, except that it contained pl07 in its repressive state in GO. Nevertheless, this
suggests, combined with the observed expression pattern of Lin9 and B-Myb which correlate
with the other Lins, that acomplex like LINC also existsin vivo in the mouse.



Discussion 80

4.2 Lin9 Gene Trap Mouse Model
4.2.1 Establishment of the Lin9 GT Knockout Model

To understand the physiological role of LIN9 in vivo, a Lin9-deficient mouse model was
generated. We identified a commercially available ES cdll line in which one allele of Lin9
was disrupted by a retroviral gene trap vector (BayGenomics). The used gene trap vector
carried a promoter-less -geo resistance gene (Fig. 3.5). Chimeras were generated and germ
line transmission of the Lin9 GT allele occurred.

The truncated LIN9 B-geo fusion protein lacks the conserved Box B of LIN9 (Fig. 3.5). This
Box B encodes the so called DIRP region (Domain in Rb-related pathway). The DIRP domain
is known to be essential for the association of pRB and LIN-9 (Gagrica et al., 2004) and may
also be important for the binding to the other pocket proteins. Therefore the only so far known
important domain of LIN-9 is eliminated by the gene trap insertion. The Lin9/B-geo fusion

protein was detected in testis lysate of Lin9®™*

mice, with western blot, upon long exposure
whereas the amount of wild type LIN9 protein was not altered. This indicates that the LIN9
fusion protein is unstable and rapidly degradesin vivo. Taken together Lin9 was successfully

trapped and the knockout mice were further analyzed.

4.2.2 Early Embryonic Lethality of Lin9°"“" Embryos

With this GT Lin9 mouse model, we are able to analyze the role of LIN9 in vivo, for the first
time. Lin9®™* mice were intercrossed and their progenies were genotyped as weanlings. The
genotyping quickly revealed that no live homozygous mutant weanlings are obtained.
Moreover, while determining the stage of embryonic lethality of Lin9-deficient embryos,
neither at stage 13.5 nor a stage 9.5dpc, were Lin9®"®" embryos found. Lin9-deficient
embryonic remains are first detected at sage 7.5 dpc (Table 3.1). This suggested that LIN9 is
required for embryonic development in the mouse.

To further analyze the embryonic lethality, histological sections of decidual swellings of
Lin9®™* intercrosses were examined in more detail, comparing HE staining and in situ
hybridization with specific lineage markers. The results of the examined embryos in stage
6.5 and 7.5 dpc are over all similar. Lin9°™"®" embryos display no organized cell structures
and lack the distinct epithelial cells which are typical for the epiblast and therefore the

embryo. Furthermore, the analyzed smaller abnormal implants display no obvious amniotic

++ 9GT/+

nor extraembryonic and ectoplacental cavity, compared to their Lin9™" or Lin littermates

(Fig. 3.6). In both stages, the abnormal implantation sites contain no clear epiblast structure,
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but trophoblast giant cells are present. 7.5 dpc embryonic remains could be genotyped and
were confirmed as Lin9®"®" embryos. These abnormal implants were observed in frequency
of about 25%, this correlates with the expected Mendelian ratio.

Similar phenotypes are common in embryos deficient for genes which are necessary for cell
lineage specificity such as Oct4 or Sox2 (Avilion et al., 2003; Nichols et al., 1998). These cell
lineage markers should supply us with further information about the epiblast development in
abnormally structured Lin9®"®" embryos. In situ hybridization studies with Oct4, as an
epiblast marker, and H19, as an extraembryonic cell marker, were performed (Nichols et al.,
1998; Pelton et al., 2002; Pesce and Scholer, 2000; Poirier et al., 1991). Oct4 which gives a
strong signal solely in the epiblast in control embryos was completely missing in the
Lin9®"" implants. H19 displays the expected reciprocal pattern in wild type and
heterozygous embryos, with a positive staining only in extraembryonic cells. Interestingly, the
entire disturbed structurein the Lin9®™°" implants is strongly H19 positive. This suggests that
these structures are the remains of implanted extraembryonic tissue e.g. trophoblast giant cells
(Fig. 3.6). Further experiments analyzing the expression of additional lineage specific factors
could define the epiblast loss in more detail, such as Gata6, which is a well studied factor
involved in the formation of the primitive endoderm (Chazaud et al., 2006; Morrisey et al.,
1998).

TUNEL staining of the Lin9®™®™ embryos at 7.5 dpc revealed apoptotic cells surrounding as
well as being part of the unstructured extraembryonic tissue, compared to control embryos
(Fig. 3.7), suggesting that apoptosis contributes to the elimination of abnormal Lin9-deficient

embryos.

In summary, these data suggests that Lin9-deficient embryos fail to develop proper epiblast

structures after implantation.

4.2.3 Peri-implantation Lethality of Lin9®"“" Embryos

If Lin9 deficiency indeed results in lethality at the peri-implatation stage, blastocysts should
be distributed with normal Mendelian frequency, which was confirmed by PCR genotyping
(Fig. 3.8 & Tab. 3.1).

Peri-implantation phenotypes are known for several LINC regulated genes involved in G2/M
transition, such as Survivin, Bubl, CENP-E, and Cyclin A2 (Tab. 1.3). For example,
homozygous Survivin (Birc5) null mutants display an early embryonic lethality around
4.5 dpc. The Survivin-deficient blastocysts do not form a proper blastocoel and fail to hatch.
The remaining blastomeres display deterioration and appear grossly atypical, developing
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solely into giant cells. Most of these cells exhibit abnormal nuclel with aberrant mitotic
spindles (Uren et al., 2000). Bubl knockout embryos are also early embryonic lethal while
implantation takes place. Their null blastocysts appear normal. Interestingly, cultured Bubl
knockout blastocysts do not develop a proper ICM and display no cells in mitosis (Perera et
al., 2007). Similarly, homozygous CENP-E null mutants are early embryonic lethal around
4.5 dpc. The cultured CENP-E-deficient blastocysts have problems attaching to the dish. The
cells that finally adhere do resemble ICM cells (Putkey et al., 2002). In addition this was also
observed for cyclin A2-deficient embryos, which successfully develop until the blastocyst
stage. Hence, they also die at peri-implantation 5.5 dpc (Murphy et al., 1997).

Lin9®"®T blastocysts are indistinguishable from Lin9*"* and Lin9®™ blastocysts. When they
were cultured for several days, almost all blastocysts hatched and attached to the dish.
Analysis of their hatching ability reveals that the Lin9°™"®" blastocysts hatched at an average
about one day later from their zona pellucida. In addition, after several days in culture, the
ICM of Lin9-deficient blastocysts, fails to grow and only a trophoblast cell layer remains
(Fig. 3.9 & 3.10). Thisis similar to phenotypes observed for knockouts of LINC targets, such
as Bubl or CENP-E (mentioned above), and is also comparable to B-Myb knockout embryos,
which also die between 4.5 to 5.5 dpc, due to defectsin ICM formation (Tanaka et al., 1999).

Additional studies, for example the isolation and culturing of the ICM by immunosurgery,
will be important to further analyze if LIN9 is required in ICM formation as opposed to the
trophoectodermal lineage (Solter and Knowles, 1975). ICM cells kept in media containing
LIF should remain as undifferentiated cell mass and endodermal cells. Hence ICM cells
which carry a knockout in lineage specific genes such as Sall or Oct4 transdifferentiate into
trophoectodermal cells (Elling et al., 2006; Nichols et al., 1998). With this approach we
would be able to study the differentiation ability of the Lin9®°"®" ICM and whether it really is
involved in lineage differentiation.

The question when and why exactly the LIN9-deficient embryos die still remains. Given that

LINO is required for expression of mitotic genes, Lin9®"¢"

embryos could exhibit defects in
progression into or through mitosis. Experiments such as live video microscopy and
phospho-histone H3 (PH3) staining of blastocysts harvested at day 3.5 or 4.5 and in blastocyst

outgrowth could help to further analyze the role of LIN9 in cell cycle regulation of the ICM.

Consistent with a role for LIN9 in the ICM, is its expression in this tissue at the blastocysts
stages (Fig. 3.11). This ICM-predominant expression of Lin9 appears similar to B-MYB
MRNA distribution (Yoshikawa et al., 2006). Additionally, Lin9 is expressed in mouse ES
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cells (Fig. 3.14). The next question arose whether Lin9 is involved in establishing the well
regulated evolving cell lineage of the epiblast or isinvolved in the early embryonic cell cycle.

4.2.4 Possible Role in Early Embryonic Cell Cycle Regulation
&/or Lineage Specification

Many knockout mouse models of cell cycle regulators were generated. Interestingly only a
few knockout mice showed the previously expected early embryonic lethality. Embryonic cell
cycle regulation is much more complex than expected from simple yeast and cell culture
experiments. The embryogenesis starts with the per-implantation phase which takes only
about 72h to reach the early blastocyst stage with its first lineage and differentiation signs
(Section 1.3). These two cell lineages, the TE and the ICM, separates after implantation into
various cell lineages which continue to proliferate with different kinetics to start gastrulation
and to contribute to all subsequent organs and tissues in the developing organism (Section
1.3.1). Thefactors essential for these early cell cycles of the pre- and peri-implantation phases
are mostly unknown. All known major cell cycle regulators are present in these early cell
cycles; however most of them seem not to be essential. For example, knockout studies of all
three D-type cyclins, either individually knocked out or together, as well as CDK4- and
CDKe6-deficiency revealed that they are not as essential as previously expected for cell cycle
progression. There is no general phenotype, at least in early embryonic development and
throughout embryogenesis, since most knockout animals are viable. Only certain tissues and
cell lineages display defects. In contrast, most organ and tissue development appears
unaltered; which is also true for knockout mice of the pocket proteins as well as the E2F
family members (Tab. 1.3 & Section 1.2.3; reviewed in (Ciemerych and Sicinski, 2005; Sherr
and Roberts, 2004)).

Moreover mice can survive without interphase CDKs such as CDK2, CDK3, CDK4 and
CDK®6. Even quadruplicate knockout embryos, (also referred to as triple knockouts (TKO),
since the naturally occurring mutation of CDK3 is very common in most mouse strains),
undergo organogenesis and develop to midgestation (12-15dpc). Expression levels of
important cell cycle regulators like cyclins and CDK1 are not altered in these TKO embryos.
Furthermore, CDK1 binds to all cyclins and in late G1 phosphorylates pRB, thereby freeing
the E2Fs to precede to S phase. Recently, the group of Barbacid generated a CDK1 knockout
mouse; which identified the first cell cycle regulator to be indispensable for embryonic cell
cycle in the absence of interphase (Tab. 1.3 (Santamaria et al., 2007)). These knockout mice
die prior to 1.5 dpc; the embryos do not even develop to the morula stage (16-64 cells) which
indicates that CDK1 alone is sufficient for the cell division cycles in the early embryonic
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development (Santamaria et al., 2007). This implies that the activity of CDK1 to precede cell
cycle cannot be replaced by any of the interphase CDK's during development.

There are several possible explanations why a knockout of a cell cycle relevant gene may not
result in an early lethality. First the relative survival may be due to maternal depositions of
either protein and/or RNA, second to a possible redundancy, or third to a functional overlap
that may interfere. Therefore, it is possible that an earlier Lin9®"®" phenotype is masked by
the presence of maternally deposited protein and mRNA. These maternal depositions may last
long enough that Lin9-deficient embryos survive until the blastocyst stage and implant. To
further investigate whether LIN9 is required for the earliest cell cycles, the conditional Lin9
mouse model combined with an oocyte-specific Cre-recombinase such as Gdf9 Cre could be
used (Lan et a., 2004).

Knockout mice for several LINC target genes such as Survivin, Bubl, CENP-E, and
Cyclin A2 produced a peri-implantation phenotype at an earlier stage than the so far examined
classical cell cycle regulators (mentioned above, Tab. 1.3). This emphasizes that Lin9’s role,
probably as a member of the LINC core module, is essential for regulating important cell
cycle factorsthat are known to be involved in G2/M transition. However, further experiments
to unravel the exact mechanism concerning Lin9 function in early cell cycle regulation will be
of great importance. This could be achieved by analyzing Lin9 knockout ES cell lines.

The high differentiation potential makes ES cells an ideal model to study early embryonic cell
cycles, as well as cell lineage specificities in vitro. ES cells are generated from the ICM of
blastocysts. They are pluripotent and can differentiate into all somatic lineages (Bradley et al.,
1984; Evans and Kaufman, 1981; Martin, 1981). Several distinct features are known for ES
cells: they have symmetrical self-renew, are immortal, show no contact inhibition and grow
anchorage independently, never undergo crisis or senescence, and hence retain their diploid
karyotype. ES cells behave autonomously, like cells that do not depend on adjacent cells for
signals controlling growth and survival. These are all typical features of transformed cells,
although ES cells are wild type. Still, they are tumorigenic since they can form benign tumors
(teratocarcinomas) when introduced into adult tissue (Mummery et al., 1987; Orford and
Scadden, 2008).

Moreover, ES cells and cells in the early embryo clearly function under a different cell cycle
regulation. As previously mentioned ES cells have a very short G1 phase with reduced or no
cell cycle controls (R point) and their cell cycle is very rapid (11-16 hours). Additionally,
some cells will perform endoreduplication cycles in which S phases are not followed by
mitosis (Section 1.1.1). Therefore, it seems logical that genes that progress and drive mitosis



Discussion 85

are indispensable for rapidly cycling embryonic cells to form the basis of the embryo. On the
other hand, it is not surprising that the knockout embryos of Lin9 and Lin9 target genes still
form trophoblast cells and are able to implant since they basically only endoreduplicate. In
contrast to the more classical cell cycle regulators which are mainly involved in G1/S

transition.

Another dtriking feature is that ES cells constantly suppress differentiation during
proliferation (Savatier et al., 1994). Notably, expression of the cyclins and CDKs as well as
the pocket proteins and the E2Fs are not cell cycle-dependent. The exception is
cyclin B/CDK1 (Stead et a., 2002). The cyclin ECDK?2 is congtitutively active. D-type
cyclingCDK4 are only expressed at very low levels. In contrast to p107 and pRB, p130 is not
expressed in ES cells (LeCouter et a., 1998b; Robanus-Maandag et al., 1998). However pRB
is consequently inactivated by predominant hyperphosphorylation and therefore there is a
constitutive active E2F signaling (Burdon et al., 2002).

Several studies examined the differentiation and cell cycle capability of various knockout
situations. For example, triple knockout ES cells of p107, p130, and pRB show normal
proliferation rates, but have very limited differentiation potential (Dannenberg et al., 2000;
Sage et al., 2000). These observations indicate that ES cells do not necessitate pocket proteins
for proliferation, but for differentiation (Dannenberg et al., 2000; lwamori et al., 2002). In
contrag, triple knockout MEFs display an increased proliferation rate and are unable to arrest.
These MEFs make obvious that the pocket proteins are important for the cell cycle regulation
of somatic cells (Dannenberg et al., 2000; Sage et al., 2000).

Interestingly, B-Myb is expressed in ES cells and it is not possible to produce B-Myb
knockout ES cells, which suggests that B-Myb plays a crucial role in the maintenance of ES
cells (Tanaka et al., 1999). Iwal and colleagues established an ES cell line with an inducible
dominant Myb protein (MERT), which interferes with the normal B-Myb function. They
showed that B-Myb plays an important role in regulating cell adhesion and cell cycle
progression in ES cells (Iwai et al., 2001). Interestingly, the observed morphological
ateration and G1/S arrest of the ES cells were not accompanied by expression of
differentiation markers. Recently, B-Myb was identified to be necessary in ES cells for the
correct mitotic spindle formation and maintenance of euploidy (Tarasov et al., 2008a). These
are thefirst hints that B-Myb might be required not only for normal ES cell cycle progression,
but also regulate lineage specific differentiation genes. This implied that B-Myb may play a
role in either the maintenance of the undifferentiated stem cell state, or the early events of
differentiation (Tarasov et a., 2008b).
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From all the data gathered so far, this could also be true for Lin9 and needs to be further
investigated, for example with a conditional Lin9 ES cell line. This approach would allow
additional studies concerning LIN9's possible role in differentiation, since ES cells can evolve
into embryonic bodies (EBs), which resemble the early differentiation events in
embryogenesis in vitro (Kurosawa, 2007). It will be essential to understand whether LIN9
plays an important role in proliferation and/or survival of ES cells and if this function is
associated with its cell cycle regulation potential and/or lineage specificity in mouse
development. Taken together the ES cells will complement our understanding of LIN9

function in vivo.

4.2.5 Invitro Analysis of LIN9's Role in Cell Cycle in MEFs

To further analyze LIN9 function in the cell cycle, Lin9"* and Lin9®™* primary MEFs from
13.5 dpc embryos were generated. These Lin9®™* MEFs were monitored, but showed no
significant differences neither in cell cycle phases, growth rates, protein levels nor in RNA
expressions (Fig. 3.12). This suggests that the remaining Lin9 allele in heterozygotes is
probably upregulated. Overall these results are not surprising since we never observed any

GT/+
9

dterationsinthelLin mice.

It is not unusual that heterozygous MEFs display no obvious phenotypes. For example,
Cyclin A2 heterozygous MEFs also do not shown any alterations. However it is also true that
for most mutated MEFs once they are pushed and put under pressure, their behavior changes.
For example, further analysis in CENP-E heterozygous MEFs, which show no obvious
phenotype in the first place, revealed an increase in aneuploidy and chromosomal instability
compared to control cells, depending on the passage and status. Moreover, aneuploidy in the
heterozygous animals promotes tumorigenesis in some contexts, such as ageing. In other
cases it inhibits tumor development, for example, liver tumor incidences decreased in 7,12-
dimethyl-benz-(a)anthracene (DMBA) treated animals (Weaver et al., 2007).

It would be worth investigating similar alterationsin Lin9®™* animals. Preliminary analysis of
a model of non-small-cell lung cancer in Lin9®™ mice is currently being examined, in
cooperation with Rudolf Go6tz and Ulf Rapp (Virchow Center, Wirzburg). These so called
SP-C C-Raf BxB mice express an oncogenic, constitutively active C-Raf kinase (Goetz et al.,
2004). Preliminary results suggest that Raf-induced adenomas are larger and more

GT/+
9

vascularized in Lin mice compared to the control BxB tumors. This would suggest that

LIN9 may play arole in tumor suppression in vivo.
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4.3 Conditional Lin9 Knockout
4.3.1 Generation of the Conditional Lin9 Knockout Model

To overcome the previously mentioned limitation of the classical gene trap knockout model, a
conditional Lin9 mouse model was generated. Typically Cre-loxP mice are produced by using
transgenic technology (Nagy, 2000; Sadowski, 1995; Sauer and Henderson, 1988). We used
Cre-loxP and FLP-FRT system as a genetic tool to enable cell type specific and/or inducible
deletion of Lin9. The loxP and the FRT sites were placed in cis (same DNA strand) and the
same directional orientation. This isa common approach which results in a simple excision of
the flanked element (Fig. 3.13). There are several advantages. First in comparison to sShRNA
or SSRNA (short hair pin or small interfering RNA) experiments, the floxed gene will be
completely deleted. Second, this model will provide an in vivo system, which is tissue and
temporally specific. Many special Cre strains can be used, each containing a Cre-recombinase
under different tissue-specific promoters. Moreover it will be possible to construct avariety of
Cre-mediated mouse models and Cre-inducible mice. This will allow usto study various Lin9

effects in different tissues and models, in vivo and in vitro.

The targeting vector was constructed to flank exon7 of the Lin9 gene with loxP
recombination sites and to insert a f-geo selection cassette flanked by FRT sites (Fig. 3.13).
We obtained chimeras and the mutated allele was successfully transmitted to the germ line.
The selection cassette from the conditional allele was removed in vivo, with FLP-deleter mice
(Fig. 3.14 & (Farley et al., 2000; Rodriguez et al., 2000)). The sequence of the floxed Lin9
allele was confirmed by sequencing. Lin9"" animals are fertile and phenotypically normal.
This suggests that the integrated loxP sites do not interfere with Lin9 transcription and
translation.

4.3.2 Cre-mediated Excision in vivo

Deletion of the floxed exon 7 was achieved with Cre-recombinase in vivo and in vitro. This
Cre-mediated excision was accompanied by a frame shift and resulted in a truncated protein.
No functional LIN9 was produced and this lead to a complete null phenotype. Lin9 was first
deleted in vivo by crossing Lin9"" animals with an early Cre expressing deleter strain
(Schwenk et al., 1995). The deletion of exon 7 by the Cre-recombinase resulted in embryonic
lethality; no live Lin9"™™ weanlings were born. This proved that deletion of exon 7 disrupts
the function of LIN9 in a comparable manner to the GT allele (Fig. 3.14 & Tab. 3.2).
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4.3.3 Cre-mediated Excision in vitro

First Lin9" MEFs as well as Lin9"* control cells were generated from the same litter to
minimize background level. The floxed allele in MEFs was deleted with retroviral infections
of the Hit and Run Cre-recombinase (HR-Cre; (Silver and Livingston, 2001). Excision of
exon 7 in MEFs was successful, the protein level as well as the RNA expression of Lin9
showed a considerable reduction in HR-Cre infected Lin9"" MEFs (Fig. 3.15). Lin9-deficient
MEFs showed only a tendency to proliferate slower and they recovered in the end and are
nearly as dense as the control cells. This recovery was due to an overgrowth of cells still
harboring the intact Lin9 allele. Thus these experiments suggest that the Lin9*"*" MEFs have
a severe growth disadvantage.

4.3.4 Inducible Cre-mediated Excision in vivo

To overcome efficiency problems, resulting from the retroviral infection, MEFs which carry
Lin9"™ and a tamoxifen-inducible Cre-ER" were generated (Feil et al., 1997; Hameyer et al.,
2007). The deletion of exon 7 of Lin9 created with inducible Cre-ER'™ is highly efficient
(Fig. 3.16). Mogt significantly, in Lin9*"2" MEFs cell cycle distribution and growth rate were
majorly impacted. Their proliferation ability was only minimal in population growth rate
experiments. Additionally, these Lin9-deficient MEFs displayed a clear accumulation in
G2/M phase, accompanied by massive changes in G1 and S phase of the cell cycle, and an

increase in polyploid cells (Fig. 3.16).

The reason how and why these Lin9*"*" MEFs arrest in G2/M and whether these cells will
overcome the arrest remains unclear and needs to be further investigated. A similar growth
disadvantage was recently discovered in conditional B-Myb knockout MEFs, by Ishii’s
research group. Deletion of B-Myb was generated with lentiviral infection with
Cre-recombinase. They observed in B-Myb-deleted cells a comparable growth disadvantage
and growth arrest in G2/M (Yamauchi et al., 2008). With time-laps recording and staining
they showed that B-Myb-deficient MEFs display great difficulties to finish cytokinesis, which
is probably due to defects in localization of clathrin at the mitotic spindle. Moreover they
identified a complex containing B-Myb, clathrin and filamin, termed Myb-Clafi complex,
which seems to be directly involved in spindle integrity and genomic stability. Interestingly,
they observed in B-Myb-deleted MEFs a decrease of G2/M gene expression levels (Y amauchi
et a., 2008). These seven candidates, cyclin A2, cyclinB1l, auroraA, Survivin, Bubl,
CENP-E and CDK1 are all well known targets of LINC (Osterloh et a., 2007; Schmit et al.,
2007).
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Comparing these recent findings and results concerning LINC, kinases such as Bubl which
regulate the spindle assembly checkpoint are of special interest. This checkpoint assures the
exact partition of genetic material equally between the two daughter cells. It blocks the
ubiquitin ligase activity of the APC or cyclosome (APC/C), stabilizes securin (an APC/C
substrate), and inhibits the activation of separase and therefore the onset of anaphase, until the
sister chromatids are correctly attached to the mitotic spindle. Bubl is a main component of
the spindle checkpoint, regulating the kinetochore localization of Mad2 and other checkpoint
components (Y u and Tang, 2005). Severe defects in sister chromatid cohesion and the spindle
assembly checkpoint were visible in Bubl-deficient MEFs. Moreover these conditional MEFs
showed decreased proliferation ability (Perera et al., 2007). In parallel another group around
van Deursen was able to generate a conditional knockout mouse with a gradient of reduced
Bubl expression. This approach made it possible to compare wild type, hypomorphic,
haploinsufficient, and complete Bubl knockouts. The analysis of these mice revealed that the
dosage of Bubl is critical to assure proper chromosomal segregation as well as to develop
spontaneous tumors (Jeganathan et al., 2007). Moreover as mentioned previously the early
lethality phenotype of knockout Bubl is very similar to Lin9 and B-Myb knockouts (Perera et
al., 2007).

Taken together it will be of great interest to further investigate the cause of the growth arrest
in Lin9-deficient MEFs and to analyze in more detail whether the arrest is due to the newly
identified Myb-Clafi complex or if its basis is comparable to LINC and its target genes.
Therefore, LIN9 regulated genes, in synchronized MEFs, will be systematically analyzed with
cDNA micro-arrays. This will be followed by analysis of candidate target genes as well as
known LINC target genes such as cyclin B1 and Bubl. Moreover it can be identified whether
LINO directly regulates these genes with ChiP experiments. To study the phenotype in MEFs
in more detail, it will be important to monitor single cells with time-lapse analysis and DAPI
staining, to examine spindle assembly and chromosomal integrity.

4.3.5 LIN9 Function in Tumorigenesis & Differentiation in vivo

The conditional knockout mouse is a powerful tool to study LIN9 function in differentiation
and tumorigenesis in vivo. It is of great interest, since from previous studies in human cell
culture, it is known that LIN-9 cooperates with pRB in differentiation. Additionally, it was
observed that LIN-9 showed tumor suppressing properties in vitro (Gagrica et al., 2004).
Moreover preliminary data, comparing adenoma development in SP-C C-Raf BxB mice wild
type for Lin9 versus heterozygous GT Lin9 shows that these tumor suppressive activities
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could be necessary in vivo (Section4.2.5). To further characterize the role of LIN9 in

tumorigenesis further inducible-Cre tumor models will be used.

4.3.6 Hypothesis

Taken together from previous studies in human cell culture it is known that LIN-9 is
associated and cooperates with pRB in differentiation and senescence. Depletion of LIN-9
leads to transformation in vitro (Gagrica et a., 2004). LIN-9 is essential for transcriptional
regulation of G2/M genes (Osterloh et al., 2007). Moreover LIN-9 is cell context-dependent,
associated in a complex termed LINC with other essential cell cycle regulators, such as
B-Myb and E2F4 as well as the pocket proteins p130 and p107 and the newly identified LINS
(Schmit et al., 2007). If this complex is disrupted, cell cycle progression is atered, as
demonstrated previously in human cells (Schmit et al., 2007) and in MEFs in this study. This
is probably due to genomic instability and chromosomal aberrations, followed by subsequent
polyploidy, which compares to the deletion of B-Myb (Yamauchi et al., 2008) and CENP-E
(Weaver et al., 2007). Moreover recent experiments have shown that decreased levels of Lin9
leads to senescence (Kathrin Schmitt unpublished data), which may interfere or oppose tumor
development (Fig. 4.2), e.g. Smilar to Bubl (Jeganathan et al., 2007). However, these cellular
changes may also lead to tumor development (comparable with preliminary adenoma results),
considering the tumor suppressive function of Lin9 in the pRB-pathway (Gagrica et al.,
2004). This outcome could very well be dosage as well as cell type dependent, similar to
observations in Bubl knockout animals and moreover for the loss of CENP-E in vitro and in
vivo (Weaver et al., 2007). However, we know that the loss of Lin9 leads to early embryonic
lethality in vivo (this study). This is consistent with all the previously mentioned knockout
models and underlines the necessity for Lin9 in development. Moreover with the generated
conditional knockout model we now have the tool to unravel its exact function in the cell
cycle or cell lineage of early embryogenesis. Additionally, thiswill help to reveal Lin9’srole
in differentiation.
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Fig. 4.2: Hypothesis: LIN9 is a dosage dependent tumor suppressor and its complete loss leads
to lethality. Schematic of the levels of Lin9, indicated by the relative size of the oval. This resembles
the context-dependent amount and therefore the dosage of Lin9, either reduced through e.g. shRNA
depletion (middle panel) or a knockout approach (right panel). Further information is in the text.
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5 SUMMARY

LINC, the human homologue of an evolutionary conserved complex, regulates the
transcription of a set of genes essential during the G2/M transition (Osterloh et al., 2007;
Schmit et al., 2007). One component of the LINC core module is LIN-9. LIN-9 is essential for
the transcriptional activation of LINC target genes and also promotes differentiation in
association with pRB (Gagrica et al., 2004). However, nothing is known about its function in

ViVO.

Histological and molecular analysis revealed that Lin9 is ubiquitously expressed throughout
embryonic development and in all examined adult organs. Additionally, Lin9 mRNA is
expressed in ES cells and blastocysts. Moreover the analogous distribution of the other LINC
components suggested that they all function in the same cells and most likely in the same
pathway.

To deeper investigate the role of LIN9 in cell cycle and differentiation in vivo, a Lin9 gene
trap mouse model (GT) was successfully generated and examined. Heterozygouse Lin9®"™*
mice were inconspicuous and develop normally. However, homozygouse knockout embryos

were never obtained. The Ling®™eT

embryos die at peri-implantation, probably due to a defect
in the development of the epiblast, which could be shown with in situ hybridization with
specific lineage markers. In vitro, the ICM of Lin9-deficient blastocysts did not develop
properly. These data suggest that the loss of Lin9 leads to embryonic lethality at

peri-implantation, and indicates that LIN9 is required for proper formation of the epiblast.

In parallel, the first conditional Lin9 mouse model based on the Cre-loxP technology was
generated. The Lin9"™ allele can be deleted by Cre-recombinase, in vivo and in vitro.
Therefore an inducible system with Lin9"" mice harboring Cre-ER"™ was established. The
MEFs generated from these transgenic mice carried a nearly complete knockout upon
induction with tamoxifen. Deletion of LIN9 in MEFs had a major impact upon the cell cycle
and growth rates. Specifically, they arrested in G2/M phase and stopped to proliferate.

Taken together, | was able to generate a lin9 gene trap and a lin9 conditional knockout mouse
model. All results obtained so far demonstrate, that Lin9 is an essential gene for embryonic
development and cell cycle control. It will be of great interest to further investigate
Lin9-deficiency to gain insights into the mechanism of cell cycle control in early embryonic
development and cell differentiation.
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6 ZUSAMMENFASSUNG

LINC, das humane Homolog eines evolutiondr konservierten Komplexes, reguliert die
Transkription von Genen, die essentiell fir die G2/M Transition sind (Osterloh et al., 2007;
Schmit et al., 2007). Eine Komponente des LINC Komplexes ist LIN-9. LIN-9 ist fur die
transkriptionelle Aktivierung LINC spezifischer Zielgene essentiell und kann, in Assoziation
mit pRB, die Differenzierung humaner Zellen fordern (Gagrica et al., 2004). Bisher ist jedoch
nichts tber die in vivo Funktion LIN9s bekannt.

Histologische und molekulare Analysen der Maus machen deutlich, dass Lin9 wahrend der
embryonalen Entwicklung und in allen untersuchten adulten Organen ubiquitdr exprimiert
wird. Zusétzlich wird Lin9 mRNA in ES Zellen und in Blastocysten exprimiert. Aul3erdem
legt die analoge Verteilung anderer LINC Komponenten nahe, dass sie sehr wahrscheinlich

gemeinsam in den gleichen Zellen und Signalwegen agieren.

Um die Funktion des LIN9 Proteins im Zellzyklus und der Differenzierung in vivo genauer zu
erforschen, wurde ein Lin9 ,Gene Trap“ Maus Modell (GT) generiert und untersucht.

Heterozygote Lin9®™*

Mause sind unaufféllig und entwickeln sich normal. Allerdings wurden
keine Lin9 knockout Embryonen erhalten. Lin9®”" Embryonen sterben in der peri-
I mplantationsphase, vermutlich auf Grund eines Entwicklungsdefekts des Epiblasten, was mit
in situ Hybridisierung von Abstammungslinien spezifischen Markern gezeigt werden konnte.
Die ICM Lin9 defizienter Blastocysten entwickelte sich in vitro nicht richtig. Diese Daten
machen deutlich, dass der Verlust von Lin9 zu embryonaler Letalitét im Peri-lmplantations-

stadium fuhrt, und zeigt dass Lin9 fir die richtige Ausbildung des Epiblasten ben6tigt wird.

Gleichzeitig wurde das erste konditionelle Lin9 Maus Modell, basierend auf der Cre-loxP
Technologie, generiert. Das Lin9™™ Allele kann in vivo und in vitro mit der Cre-Recombinase
deletiert werden. Deshalb wurde ein induzierbares System mit Lin9"" Mausen, die zusétzlich
Cre-ER™ tragen, etabliert. Die MEFs dieser transgenen Mause trugen nach Induktion mit
Tamoxifen einen kompletten Lin9 Knockout. Die Deletion von LIN9 hat dramatische
Auswirkung auf den Zellzyklus und die Wachstumsrate der MEFs. Neben der Akkumulation
inder G2/M Phase des Zellzyklus kommt es zu einem vollstéandigen Proliferationsstop.

Zusammenfassend war es moglich, ein Lin9 ,Gene Trap® und ein konditionelles Knockout
Maus Modell zu generieren. Beide Mausmodelle belegen, dass Lin9 ein essenzielles Gen fur
die Embryonalentwicklung und die Kontrolle des Zellzyklus ist. Die welitere Erforschung der
LIN9 Defizienz wird dazu beitragen, grundlegende Mechanismen der frihen

Zellzykluskontrolle und der embryonalen Entwicklung zu verstehen.



Appendix 94

7 APPENDIX
7.1  Supplementary Figures
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Fig. 7.1: Conditional Lin9 knockout. (A) Genomic organization of Lin9 gene, based on sequence
information from ensembl genome browser. (B) Map of the conditional Lin9 targeting vector (plasmid
#822). (C) Restriction analysis of the targeting vector. Restriction endonucleases lead to the following
pattern: Hind Il (11362 +2314 +367 +347 bp), EcoR V (4098 +10294 bp), Sal | (6931 +7461 bp), Spe |
& Not | linearized (14392 bp). (D) Southern blot analysis of ES gDNA which was restricted with Spe |
and detected with radioactive labeled probe A. The alleles and their size are indicated on the right. The
asterisks mark unspecific background bands.
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Fig. 7.2: Sequence overview of the floxed Lin9 allele. Position of all primers used is depicted in the
sequence cutout, as well as the location of the LoxP/FRT sites. The primers are labeled with their
internal numbers (MM 2.1.5). (LA = left arm; RA = right arm)
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Fig. 7.3: Primer scheme for the floxed targeting strategy. Position of all primers used and location
of exon 7 and the equivalent LoxP/FRT sites are indicated in the scheme. The primers are labeled with

their internal numbers (MM 2.1.5).

7.2 Mouse Genome Informatics (MGI)
Synonyms | MGl Origin
Lin9 MGI:1919818 lin-9 homolog (C. elegans)

Synonyms 2700022J23Rik, TGS1
Lin37 MGI:1922910 lin-37 homolog (C. elegans)

Synonyms 1810054G18Rik
Lin52 MGI:3045391 lin-52 homolog (C. elegans)
Lin54 MGI:2140902 lin-54 homolog (C. elegans)
C-myb MGI:97249 Myb: myeloblastosis oncogene
A-myb MGI:99925 Mybl1: myeloblastosis oncogene-like 1
B-myb MGI:101785 Mybl2: myeloblastosis oncogene-like 2
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7.3

Tool

Database

Homepage

MGI_3.43-mouse genome informatics

http://www.informatics.jax.org/

National Center for Biotechnology
Information (NCBI)

http://www.ncbi.nlm.nih.gov/

Ensembl

http://www.ensembl.org/index.html

Primer3 v0.4.0

http://fokker.wi.mit.edu/primer3/input.htm

Roche Applied Science Universal
ProbeL ibrary Assay Design Center

https://www.roche-applied-science.com/sig/rtpcr/u
pl/acenter.jsp?id=030000

Oligo calculator http://mbcf.dfci.harvard.edu/docs/oligocal c.html
7.4  Software

Program Program

Microsoft Office 2007 Adobe Acrobat 8.0

[Hlustrator CS2 Photoshop CS3

ApE-A plasmid Editor v1.15

DNASTAR Lasergene

EndNote X2

LeicaLAS AFv15.1
7.5  Abbreviations & Symbols
AS anti sense min minutes
B-geo Fusion of B-galactosidase & MM Material & Methods
neomycin phosphotransferase
bp Base pairs MOPS | 3-(N-morpholino)propanesulf-
onic acid
BSA Bovine serum albumin n numbers
CDK Cyclin dependent kinase NEAA Nonessential amino acids
ChiP Chromatin immunoprecipitation NP-40 Nonylphenoxylpolyethoxyl-
ethanol
co Conditional o/n over night
DF Two degrees of freedom 4-OHT | 4-Hydroxytamoxifen
DMEM | Dubecco's Modified Eagle PBS Phosphate buffered saline
Medium
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DM SO | Dimethylsulfoxid PCR Polymerase chain reaction

DNA Deoxyribonucleicacid PFA Paraformaldehyde

DOC Sodium deoxicholat PIPES 1,4-Piperazinediethanesulfonic
acid

dpc Days post coitum PM SF Phenylmethanesulfonylfluoride

EDTA | Ethylene diamine tetraacetic gPCR Quantitative real time PCR

acid
ES Embryonic stem R Resorbed
FACS | Fluorescence-Activated Cell RNA Ribonucleic acid
Sorting

FCS Fetal calf serum R point | Restriction point

Fig. Figure RT Room temperature

gDNA | Genomic DNA S sense

GT Genetrap SDS Sodium dodecyl sulfate

h hours Suppl. Supplementary

hd hatching days Tab. Table

HE Haemotoxylin & Eosin TBST Tris buffered saline-Tween

HRP Horseradish-peroxidase TEMED | N'N’N’N’-tetramethylethylene-
diamine

ICM Inner cell mass Tris Tris(hydroxymethyl)aminometh
ane

1gG I mmunoglobulin G ubiquit. | ubiquitous

P I mmunoprecipitation Wt wild type

ko knock out +/+ Homozygous, wild type

LIF Leukemia inhibitory factor +/- Heterozygous

LINC LIN-Complex -/- Homozygous, knock out

MABT | Maleic acid buffer-Tween A Delta/Deletion
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