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Introduction

1. Introduction

1.1. Mammalian cell cycle and its regulation

The mammalian cell cycle is a highly conserved, complex physiological process. It is
essential for proliferation, development and survival. During cell cycle, which is precisely
regulated, one maternal cell doubles its genetic information and divides into two genetically
equal daughter cells. The cell cycle can be subdivided into four different phases: Gap 1 (G1)
phase, synthesis (S) phase, gap 2 (G2) phase and mitosis (M) phase (fig 1.1) (Alberts et al.,
2008; Pollard et al., 2007). During the G1 phase, cells enlarge their size and synthesize all
cellular components needed for physiological activity. A growth stimulus delivered through
different growth factors (e.g. PDGF, EGF, FGF, IGF-I and —Il) leads to progression into S
phase, in which the parental chromosomes are duplicated by the process of DNA replication.
During G2 phase, cells are synthesizing proteins which are necessary for the subsequent cell
cycle stage and integrity of the duplicated chromosomes is controlled. In M phase the
duplicated chromosomes are separated. This phase can be further subdivided into prophase,
prometaphase, metaphase, anaphase and telophase (fig 1.1). In prophase the chromosomes
condense and the duplicated centrosomes migrate to the cell poles to form the mitotic
spindle. In prometaphase, the nuclear membrane breaks down while in metaphase all the
chromosomes align in the equatorial plate and microtubules of the mitotic spindle attach to
the kinetochores, multi-protein complexes located at the centromeric region of the
chromosomes. In anaphase the sister chromatides are separated and pulled to the opposite
spindle poles. In telophase all chromatids are concentrated at the spindle poles, the
chromosomes decondense and the nuclear membrane is re-formed (Alberts et al., 2008;
Pollard et al., 2007). In cytokinesis, the last step of cell division, the maternal cell is finally
divided into two daughter cells. This process is mediated by a contractile ring, consisting of
myosin and actin filaments, which forms a cleavage furrow between the proto-daughter cells.
The cleavage furrow ingresses until the cytoplasmic connection between the proto-daughter
cells is closed and the cells are only connected by the so called midbody, a thin microtubule
rich structure which contains a large number of regulatory proteins (Skop et al., 2004).
Cytokinesis is completed by abscission of the midbody, which leads to physical separation of
the two daughter cells (Glotzer, 2003; Skop et al., 2004). In absence of growth stimuli cells
are also able to leave G1 phase and enter a quiescent cell cycle stage, called GO phase. In
this stage, cells do not proliferate anymore and are able to survive for longer time periods.
Most of the differentiated, non-proliferating cells in the mammalian body have entered GO
phase (Alberts et al., 2008; Coller, 2007; Pollard et al., 2007; Shackelford et al., 1999). For

maintenance of genomic integrity, progression of cell cycle is strictly controlled at two major
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cell cycle checkpoints, the G1/S checkpoint before entering S phase and the G2/M
checkpoint after DNA replication (Hartwell and Weinert, 1989). DNA damage leads to
activation of the checkpoints and a delay in cell cycle progression. This mechanism gives
cells enough time to repair the damaged DNA before cell cycle transition. In case the
damage is too severe cells undergo apoptosis or senescence to prevent further genomic
instability (Kastan and Bartek, 2004; Kuilman et al., 2010; Shackelford et al., 1999).

Cell cycle progression is mainly controlled by heterodimeric protein complexes, the so called
cyclin dependent kinase (CDK) / cyclin complexes (Sanchez and Dynlacht, 2005). CDKs
belong to the family of serine/threonine kinases and are bound by cyclins, which act as
regulatory proteins. Protein levels of the CDKs remain constant during cell cycle, while
cyclins are expressed in a cell cycle specific manner (Dorée and Galas, 1994; Morgan, 1997,
Tyers and Jorgensen, 2000). In mammalian cells activity of CDK2, CDK4 and CDKG6 is
specific for the G1/S phase of the cell cycle, while CDK1 activity is specific for G2 phase
(Morgan, 2006; Pollard et al., 2007). CDK/cyclin complexes regulate cell cycle progression
by phosphorylation of substrates which are necessary for DNA replication and mitosis (Lees,
1995; Morgan, 2006, 1997; Murray, 2004; Pollard et al., 2007). Different growth factors lead
to G1/S transition by inducing expression of cyclin D which binds to and activates the G1/S
specific CDKs, CDK4 and CDK6 (Hunter and Pines, 1994). The tumor suppressor protein
Retinoblastoma-associated protein (pRB), which acts as negative regulator of proliferation by
binding to and inhibiting E2F1, E2F2 and E2F3 (E2F1-3) transcription factors in the
unphosphorylated state (Nevins, 1992; Sherr, 1996; Stevaux and Dyson, 2002), becomes
phosphorylated by the CDK4/cyclin D and CDK6/cyclin D complexes (Sherr, 1996).
Phosphorylation of pRB releases E2F1-3 proteins from inhibition (Nevins, 1992; Stevaux and
Dyson, 2002) and leads to G1/S transition independent of external growth stimuli (Planas-
Silva and Weinberg, 1997). The protein pRB forms together with p107 and p130 the family of
the so called pocket proteins, which share a highly conserved protein domain (pocket
domain) (Lipinski and Jacks, 1999), necessary for binding of E2F family members and other
regulatory proteins (Felsani et al., 2006; Giacinti and Giordano, 2006). While the above
mentioned E2F1-3 proteins are activators of transcription, the other five members of the E2F
family (E2F4-8) act as transcriptional repressors. E2F4 and E2F5 preferentially bind to p107
and p130 (Beijersbergen et al., 1994; Ginsberg et al., 1994; Hijmans et al., 1995; Moberg et
al., 1996), while E2F6, E2F7 and E2F8 are not interacting with pocket proteins (de Bruin et
al., 2003; Cartwright et al., 1998; Christensen et al., 2005; Gaubatz et al., 1998; Di Stefano et
al., 2003; Trimarchi et al., 1998). For DNA binding E2F1-6 proteins form heterodimers with
dimerization partner (DP) proteins (Buck et al., 1995; Cartwright et al., 1998; Ginsberg et al.,
1994; Wu et al., 1995). E2F7 and E2F8 are interacting with DNA by a tandem DNA binding

motif independent of DP proteins (Logan et al., 2004, 2005; Maiti et al., 2005).
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E2F1-3 proteins induce transcription of the cyclins A and E and other genes important for S
phase entry (Dyson, 1998; Humbert et al., 2000; Trimarchi and Lees, 2002). Cyclin E
specifically binds to and activates CDK2 which mainly regulates G1/S transition (Ohtsubo et
al., 1995) while binding of cyclin A to CDK2 is important for control of DNA replication in S
phase before onset of G2 phase (Girard et al., 1991). Cyclin A also binds to CDK1 to
facilitate entry into M phase (Walker and Maller, 1991). At the end of S phase cyclin B is
expressed. It accumulates first in the cytosol, than translocates into the nucleus and finally
binds to and activates CDK1 (Porter and Donoghue, 2003). Active CDK1/cyclin B complex
coordinates entry into mitosis (Gavet and Pines, 2010). Polyubiquitination of cyclin B in late

mitosis by the E3 ubiquitin ligase anaphase promoting complex / cyclosome (APC/C) and

subsequent proteasomal degradation leads to mitotic exit and re-entering of G1 phase (King
et al., 1994; Kramer et al., 2000; Peters, 2006; Zachariae and Nasmyth, 1999). The following
figure gives a schematic illustration of the mammalian cell cycle (fig 1.1).

Cyclin B
CDK1

Cyclin A
CDKA1

Prometaphase
Metaphase -R@c----------------
Anaphase
Telophase

Cytokinesis

GO
Cyclin A
CDK2 Cyclin D
\_/ oo
Cyclin E
CDK2

Figure 1.1: Schematic illustration of the mammalian cell cycle. The cell cycle can be subdivided
into four different phases called Gap 1 (G1), synthesis (S), gap 2 (G2) and mitosis (M) phase. The M
phase can be further subdivided into Prophase, Prometaphase, Metaphase, Anaphase and
Telophase. Cell cycle progression is controlled by different cyclin dependent kinase (CDK) / cyclin
complexes. A detailed description of the cell cycle is given in the main text. The different cell cycle
phases are not shown to scale. GO: Quiescent cell cycle stage
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Activity of CDKs is strictly controlled on cellular level by different CDK inhibitors, which either
bind monomeric CDK kinases directly or associate with CDK/cyclin heterodimers (Pavletich,
1999). The CDK inhibitor p16 for example binds directly to CDK4 and CDK6. This prevents
binding of cyclin D what in turn inhibits G1/S transition (Lees, 1995; Morgan, 2006; Pollard et
al., 2007). Other CDK inhibitors like p21, p27 or p57 bind to and inhibit CDK/cyclin
complexes, what in turn inhibits CDK kinase activity and finally leads to cell cycle arrest
(Carnero and Hannon, 1998; Harper et al., 1995; Lee et al., 1995; Sherr and Roberts, 1999;
Vidal and Koff, 2000).

1.2. DREAM complex

In 2004, the first native pocket-protein complex was identifed in D. melanogaster. This
complex was named Myb-MuvB (MMB) (Lewis et al., 2004) or Drosophila RBF, dE2F2 and
dMyb interacting proteins (AREAM) (Korenjak et al., 2004). It consists of the proteins RBF1,
RBF2, dE2F2, dimerization partner (Dp), dMyb, three dMyb interacting proteins (Mip) (Mip40,
Mip120 and Mip130), chromatin assembly factor 1 (Cafl) and dLin52 (Korenjak et al., 2004;
Lewis et al., 2004). A similar complex was later identified in C. elegans where it was named
DRM (DP, RB and MuvB) (Harrison et al., 2006). In 2007 it could be shown by different
groups that the complex is also present in mammalian cells (Litovchick et al., 2007; Pilkinton
et al., 2007; Schmit et al., 2007). It was named LINC (LIN complex) (Schmit et al., 2007) or
DREAM (DP, RB-like, E2F, and MuvB) (Litovchick et al., 2007) complex and is composed of
the five core subunits LIN37, LIN54, LIN9, LIN52 and RbAp48 and the associated proteins B-
MYB, p130, E2F4 and DP1 (Litovchick et al., 2007; Pilkinton et al., 2007; Schmit et al.,
2007). All proteins are well conserved between different organsims, except BMyb which is
absent in C. elegans (Harrison et al.,, 2006). Biochemical assays showed that the
composition of the mammalian DREAM complex switches in a cell cycle dependent manner
(fig 1.2). The core complex interacts with p130, E2F4 and DPL1 in quiescent cells and acts
there as a transcriptional repressor (Litovchick et al., 2007; Pilkinton et al., 2007). During S
phase pl130, E2F4 and DP1 are released and the core complex dissociates from G1/S
promoters (Knight et al., 2009; Litovchick et al., 2007; Pilkinton et al., 2007; Sadasivam et al.,
2012; Schmit et al., 2007). The core complex then binds to the transcription factor BMyb
during S phase (Pilkinton et al., 2007; Schmit et al., 2007) and FoxM1 during G2 phase
(Sadasivam et al., 2012). The newly formed complex associates with promoters of G2/M
specific genes and activates their transcription (Pilkinton et al., 2007; Sadasivam et al., 2012;
Schmit et al., 2007). Re-assembly of the DREAM repressor complex contributes to entering
quiescence. Lin52 is phosphorylated at serine 28 by dual specificity tyrosine-
phosphorylation-regulated kinase 1A (DYRKZ1A), which in turn leads to association of p130,
E2F4 and DP1 with the core complex and formation of the repressor complex (Litovchick et
al., 2011).
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The importance of the DREAM complex in transcriptional regulation of the G2/M phase was
reported recently by using a Lin9 knockout mouse model (Reichert et al., 2010). During
embryogenesis, loss of Lin9 leads to early embryonic lethality shortly after implantation
(Reichert et al., 2010) possibly due to loss of transcriptional activation of G2/M specific genes
important for embryonic development (Howman et al., 2000; Lee et al., 2006; Lu et al.,
2008). Conditional deletion of Lin9 in adult mice results in complete atrophy of the small
intestine and finally death within seven days (Reichert et al., 2010). Histological analysis of
the intestine tissues revealed also evidence of failure in mitosis and cytokinesis (Reichert et
al., 2010). Upon Lin9 deletion, mouse embryonic fibroblasts (MEFs) show severe defects in
mitosis and cytokinesis like binucleation, centrosome amplification, tetraploidization,
formation of multipolar spindles and abnormally shaped nuclei (Reichert et al., 2010). A high
rate of premature senescence is also observable in those MEFs (Reichert et al., 2010).
Chromatin immunoprecipitation (ChIP) and microarray experiments in human and mouse
cells showed that Lin9 is required to activate genes which are involved in different phases of
mitosis and cytokinesis, such as mitotic entry, mitotic spindle assembly, chromosome

segregation, mitotic exit and cytokinesis (fig 1.2) (Osterloh et al., 2007; Reichert et al., 2010).
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Figure 1.2: Composition and function of the DREAM complex in mammalian cells. The
composition of the DREAM complex switches in a cell cycle dependent manner. In non-proliferating
cells p130, E2F4 and DP1 bind to the DREAM core complex and lead to repression of E2F target
genes. Entry into S phase leads to release of p130, E2F4 and DP1 and binding of B-MYB and FOXM1
to the DREAM core complex. This switch activates many G2/M specific genes important for mitotic
entry, mitotic spindle formation, chromosome segregation, mitotic exit and cytokinesis. G2/M specific
target genes were identified by microarray analysis of Lin9 knockout MEFs (Reichert et al., 2010).

One gene which was strongly downregulated after Lin9 deletion was growth arrest specific 2
like 3 (GAS2L3).

1.3. Growth arrest specific 2 protein family

The Growth arrest specific 2 (GAS2) protein family consists of the four members GAS2,
GAS2 like 1 (GAS2L1), GAS2 like 2 (GAS2L2) and GAS?2 like 3 (GAS2L3). The protein
family is well conserved throughout vertebrates, but absent in primitive eukaryotes like yeast.
In D. melanogaster only one paralog protein called Pigs (pickled eggs) is present which is
important for maintenance of muscle integrity and proper differentiation of follicle cell (Pines

et al.,, 2010). All family members have two conserved domains in common the so called
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calponin homology (CH) and the growth arrest specific (GAS2/GAR) domain. The CH
domain is described as an actin binding domain mainly found in cytoskeleton but also in
signal transduction associated proteins (Castresana and Saraste, 1995). It comprises around
100 amino acids and is composed of four alpha helices (Korenbaum and Rivero, 2002). It
was originally identified in the protein Calponin (Vancompernolle et al., 1990) but meanwhile
a plethora of proteins harboring this domain were discovered (Hartwig, 1995). CH domain
containing proteins can be further subdivided according to the number of domains present.
Proteins belonging to the so called calponin-type group only harbor one CH domain while the
actinin-type proteins have either two or four CH domains (Korenbaum and Rivero, 2002;
Stradal et al., 1998). Interestingly it was shown that the CH domain of Calponin is neither
necessary nor sufficient for actin filament binding (Gimona and Mital, 1998). The GAS2 or
GAR domain is a small protein domain harboring between 60 and 80 amino acids. It was
originally identified in the GAS2 protein (Brancolini et al., 1992). Apart from the GAS2 family,
only the spectraplakins microtubule-actin cross-linking factor 1 (MACF1) and Dystonin
contain a GAR domain in the human proteome. Both proteins are giant cytoskeleton cross-
linkers which are necessary for maintenance of cellular integrity by binding and stabilizing
intermediate filaments as well as microtubule and actin cytoskeleton (Roper et al., 2002;
Suozzi et al.,, 2012). The GAR domain was originally described as a microtubule binding
domain (Goriounov et al., 2003; Sun et al., 2001), although this finding could not be verified
for all proteins harboring this domain (Stroud et al., 2011; Wolter et al., 2012). Figure 1.3

gives an overview of the GAS2 protein family.

1 313
GAS2L1 1 681
(beta) GAR
GAS2L1 1 337
(alpha) GAR
GAS2L1 1 329
(isoform 3) GAR
GAS2L2 1 880
(beta) GAR
GAS2L2 1 293
(aipha) = R

Y

GAS2L3

Figure 1.3: Overview of the Growth arrest specific 2 (GAS2) protein family. The GAS2 protein
family consists of the four members GAS2, GAS2L1, GAS2L2 and GAS2L3. All known isoforms of the
family members are shown. See main text (section 1.3.1 to 1.3.4) for further description of the
proteins. Parts of the figure were first published in Wolter et al., 2012.
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1.3.1. GAS2
The GAS2 gene is located on chromosome 11p14.3 and codes for the GAS2 protein which is

313 amino acids in length. It was first described as a protein solely expressed in growth
arrested mammalian fibroblasts (Schneider et al., 1988). Later it was shown that it is a
component of the microfilament network by interacting with F-actin and that it becomes
hyperphosphorylated in quiescent cells upon serum stimulation (Brancolini et al., 1992).
During transition from GO to G1 phase, the phosphorylation of GAS2 is coupled to
reorganization of the actin cytoskeleton (Brancolini and Schneider, 1994). It has also been
shown that GAS2 is a substrate of the interleukin-1 beta converting enzymes caspase-3 and
caspase-7 and is involved in regulation of coordinated actin cytoskeleton dependent cell
shape changes during apoptosis (Brancolini et al., 1995; Sgorbissa et al., 1999).
Furthermore GAS2 is involved in regulation of apoptosis and chondrogenesis in the
developing mouse limb (Lee et al., 1999) and it increases susceptibility to p53 dependent
apoptosis by binding to m-calpain and thereby increasing p53 stability (Benetti et al., 2001,
2005). Recently it was reported that GAS2 inhibits cell division in X. laevis embryos (Zhang
et al.,, 2011) and that it is up-regulated in chronic myeloid leukemia (CML) and required for
growth of CML cells (Zhou et al., 2014).

1.3.2. GAS2L1
The GAS2L1 gene, also known as GAR22, is located on chromosome 22g12.2 (Zucman-

Rossi et al.,, 1996). In the UniProt protein knowledgebase three different isoforms of the
GAS2L1 protein are annotated which are generated by alternative splicing of the GAS2L1
MRNA. Isoform 1, also called beta isoform is 681 amino acids in length. The other two
isoforms, isoform 2 (also called alpha isoform) and isoform 3 are C-terminally truncated
versions of the full length protein. They are 337 and 329 amino acids in length (Zucman-
Rossi et al., 1996). GAS2L1 gene expression was confirmed in many different mouse and
human tissues by northern blotting but on protein level it was only detected in testis and brain
(Goriounov et al., 2003). Interestingly, only the beta and not the alpha isoform is detectable,
what might be explained by posttranscriptional inhibition of gene expression or a high rate of
degradation of the GAS2L1 alpha protein (Goriounov et al., 2003). Furthermore it was shown
that overexpressed GAS2L1 beta can act as a cytoskeleton cross-linker by binding to
actinfilaments and microtubules (Goriounov et al.,, 2003). Recently it was reported that
GASZ2L1 is a target gene of thyroid hormone receptors and that ectopic expression lengthens
cell cycle and causes growth inhibition in human erythroid cells (Gamper et al., 2009). It was
also shown that GAS2L1 influences microtubule dynamics, stability and guidance along actin

stress fibers by interacting with end binding proteins (Stroud et al., 2014).
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1.3.3. GAS2L2
The GAS2L2 gene, also known as GAR17, is located on chromosome 17g12. GAS2L2

MRNA encodes for two different splice variants of the protein. The two isoforms harbor 880
and 293 amino acids and are called beta and alpha isoform respectively (Goriounov et al.,
2003). Northern blotting experiments showed that expression of GAS2L2 is limited to skeletal
muscle and that the beta isoform transcript is more frequently found in this tissue than the
one coding for the alpha isoform (Goriounov et al., 2003). Biochemical experiments revealed,
that overexpressed GAS2L2 beta is able to act as a cytoskeleton cross-linker by interacting
with actin filaments and microtubules (Goriounov et al., 2003). Very recently it was reported
that GAS2L2 influences microtubule stability, dynamics and guidance along actin stress

fibers by interacting with end binding proteins (Stroud et al., 2014).

1.3.4. GAS2L3

GASZ2L3 gene is located on chromosome 120g23.1. It codes for the GAS2L3 protein which is
694 amino acids in length. As described above GAS2L3 was identified as a DREAM complex
target gene in a microarray screen (Reichert et al., 2010). While we investigated the function
of GAS2L3 it was reported that GAS2L3 is a cytoskeleton associated protein, which is
ubiquitously expressed in human tissues (Stroud et al., 2011). Furthermore it was shown that
GAS2L3 is able to bind to F-actin and microtubules in vitro and that the binding strength to
the cytoskeleton is modulated by the GAR domain (Stroud et al., 2011). In 2012 Asai and
colleagues reported, that the response of hematopoietic stem cells to genotoxic stress is
mediated by Necdin in a GAS2L3 dependent manner (Asai et al., 2012). One year later it
was shown that GAS2L3 is a constriction site associated protein which is phosphorylated by
CDK1 in mitosis and targeted for ubiquitin mediated proteolysis by the APC/C®™ but not by
APC/CC*? complex (Pe’er et al., 2013). Recently it was reported that GAS2L3 interacts with
end binding proteins via its C-terminus (Stroud et al., 2014). Work in our laboratory revealed
that GAS2L3 shows a dynamic localization pattern during mitosis and cytokinesis.
Specifically, in metaphase and anaphase the protein is located at the mitotic spindle. It then
moves to the spindle midzone in telophase and finally localizes to the midbody in cytokinesis
(Wolter et al., 2012). During interphase GAS2L3 co-localizes with the microtubule
cytoskeleton (Wolter et al., 2012), although this localization is only detectable after GAS2L3
overexpression. We also reported that GAS2L3 is required for genomic stability and proper
cytokinesis (Wolter et al., 2012).

1.4. Chromosomal passenger complex (CPC)
The chromosomal passenger complex (CPC) is an important protein complex which
regulates many crucial steps during mitosis and cytokinesis. The CPC is highly conserved in

eukaryotes and consists in mammals of the three regulatory proteins inner centromere
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protein (Incenp), Borealin, Survivin and the kinase Aurora B (Carmena et al., 2009, 2012;
van der Waal et al., 2012). The four CPC members show an interdependent relationship. In
case one of the four proteins is lost, mislocalized on cellular level or functionally perturbed
sever defects in cell division occur (Adams et al., 2001; Carvalho et al., 2003; Gassmann et
al., 2004; Honda et al., 2003; Vader et al., 2006; Wheatley et al., 2001).

1.4.1. Borealin

Borealin was discovered in 2004 as a mitotic chromosome associated protein in two different
studies (Gassmann et al., 2004; Sampath et al., 2004). It is 280 amino acids in length and
harbors a helical formed stretch at the N-terminus. Together with Survivin and the N-terminal
part of Incenp the N-terminus of Borealin forms the triple helix bundle, which is necessary for
localization of the CPC to centromeres, spindle midzone and midbody (Ainsztein et al., 1998;
Gassmann et al., 2004; Jeyaprakash et al., 2007; Klein et al., 2006; Vader et al., 2006). In
mitotic cells all Survivin molecules are bound to Borealin (Gassmann et al., 2004) by forming
a soluble complex in a 1:1 ratio (Bourhis et al., 2007; Jeyaprakash et al., 2007). Borealin
interacts via its central region with the charged multivesicular body protein 4C (CHMP4C)
subunit of the endosomal complex required for transport Ill (ESCRT-III) (Capalbo et al.,
2012; Carlton et al., 2012), a multi-protein complex important for regulation of abscission
(Dukes et al., 2008; Elia et al.,, 2011; Guizetti et al., 2011; Schiel et al., 2013). On
posttranslational level Borealin is strongly modified. It becomes sumoylated in early mitosis in
a Ran-binding protein 2 (RanBP2) dependent manner by a multi subunit SUMO E3 ligase
(Klein et al., 2009; Werner et al., 2012) and de-sumoylated at onset of anaphase by sentrin-
specific protease 3 (Senp3) (Klein et al., 2009). The physiological function of this
sumoylation/de-sumoylation cycle is not yet known. Apart from this Borealin gets
phosphorylated by different kinases like Aurora B (Hayama et al., 2007), monopolar spindle
protein 1 (Mpsl) (Jelluma et al., 2008) and CDK1 (Kaur et al., 2010; Tsukahara et al., 2010)
which leads to precise regulation of protein function. Phosphorylation by Mps1 is modulating
dimerization of Borealin molecules and it is assumed to be involved in regulating CPC activity
in error correction and chromosome alignment (Bourhis et al., 2007; Jelluma et al., 2008).
Interestingly the C-terminally located dimerization motif is also involved in regulation of
protein stability (Date et al., 2012). Phosphorylation by CDK1 creates a binding platform for
the two proteins Shugoshin 1 and 2 which enables proper CPC localization to the

centromeres (Tsukahara et al., 2010).

1.4.2. Survivin

Survivin was discovered in 1997 as an inhibitor of apoptosis protein (IAP) (Ambrosini et al.,

1997). It was reported that it accumulates in G2 phase of the cell cycle and that it is involved

in negative regulation of cell death in mitosis (Ambrosini et al., 1997). Many reports have
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been published about the role of Survivin in regulation of apoptosis, but not all showed clear
evidence for involvement of Survivin in this process (Uren et al., 1999, 2000; Yue et al.,
2008). It was shown that Survivin has an active nuclear export signal (Stauber et al., 2006).
Due to this it was postulated that nuclear localized Survivin is incorporated into the CPC and
takes part in regulation of mitosis whereas cytoplasmic Survivin is involved in regulation of
apoptosis (Connell et al.,, 2008). Alpha isoform of Survivin harbors 142 amino acids but
according to UniProt knowledgebase six other isoforms created by alternative splicing exist.
It is composed of an N-terminally located baculoviral inhibitor of apoptosis repeat (BIR)
domain and a C-terminally located helical formed stretch of amino acids which forms
together with Incenp and Borealin the already described triple helix bundle (section 1.4.1),
necessary for proper localization of the CPC during mitosis and cytokinesis (section 1.4.4).
The BIR domain is important for proper localization of the CPC to centromeres (Lens et al.,
2006; Yue et al., 2008) and it is assumed that it also plays a role for CPC localization during
anaphase at least in D. melanogaster (Szafer-Glusman et al.,, 2011). Purified Survivin
molecules form homo-dimers in solution (Chantalat et al., 2000; Sun et al., 2005; Verdecia et
al., 2000) but dimerization is prevented within the CPC by direct binding of Borealin to the
dimerization motif of Survivin (Jeyaprakash et al., 2007, 2011). Like the other CPC members,
Survivin is also regulated on posttranslational level. It becomes phosphorylated by CDK1
(O’Connor et al.,, 2000, 2002), casein kinase 2 (Ck2) (Barrett et al., 2011), Aurora B
(Wheatley et al., 2004, 2007) and PIk1 (Chu et al., 2011; Colnaghi and Wheatley, 2010). It
was reported that phosphorylation of Survivin on threonine 34 by CDK1 is important for
prevention of spontaneous apoptosis (Grossman et al., 2001; Yan et al., 2006) although this
function does not seem to be conserved in all organisms (Yue et al., 2008). Additionally it
was reported, that phosphorylation by Ck2 on threonine 48 is involved in regulation of the
interaction between Borealin and Survivin (Barrett et al., 2011). Despite phosphorylation,
Survivin is also modified by ubiquitylation. It was shown that ubiquitylation of Survivin is
necessary for association with centromeres while de-ubiquitylation leads to dissociation
(Vong et al., 2005). In yeast, the Survivin homologue Birl is also regulated by sumoylation
(Montpetit et al.,, 2006) although it was not shown that this modification also occurs in
vertebrates.

1.4.3. Aurora B

Aurora B kinase was first discovered in D. melanogaster in 1995 (Glover et al., 1995). It
forms together with Aurora A and Aurora C a family of Serine/Threonine kinases. Aurora A
kinase localizes to the mitotic spindle poles (Glover et al., 1995) and has important functions
during mitotic entry, centrosome maturation and bipolar spindle formation (Carmena et al.,
2009). Its activity is regulated by a plethora of different interacting proteins like Tpx2, Ajuba,

Bora and many more (Bayliss et al., 2003; Eyers et al., 2003; Hirota et al., 2003; Hutterer et
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al., 2006; Kufer et al., 2002; Wittmann et al., 2000). Aurora C kinase is biochemically similar
to Aurora B and can complement Aurora B function in mitotic cells (Sasai et al., 2004). It is
able to interact with the CPC member Incenp (Li et al., 2004) and it might play a role together
with the CPC in embryonic development during preimplantation (Avo Santos et al., 2011).
Aurora C is highly expressed in testis (Tseng et al., 1998). In concordance with this, it was
reported that loss of Aurora C leads to abnormally shaped spermatozoa, male infertility and
polyploidy of oocytes what indicates an important role during spermato- and oogenesis
(Dieterich et al., 2007; Ben Khelifa et al., 2011, 2012; Yang et al., 2010). Aurora B is the
catalytic subunit of the CPC and binds to the IN box of Incenp by its N-terminal region
(Adams et al., 2000; Kaitna et al., 2000). The protein is 344 amino acids in length and
harbors a C-terminally located kinase domain. Establishment of Aurora B kinase activity is a
precisely regulated process. It is assumed that multiple steps are necessary to fully activate
Aurora B kinase. First of all, the IN box of Incenp binds to and partially activates Aurora B.
Aurora B then phosphorylates a C-terminally located threonine-serine-serine (TSS) motif in
Incenp and subsequently a conserved threonine residue in the T-loop of its own kinase
domain (Bishop and Schumacher, 2002; Honda et al., 2003). At the moment it is not fully
clear if those phosphorylations occur in trans for example through another CPC molcecule
located in close proximity, although recent studies strengthen this assumption (Kelly et al.,
2007; Sessa et al., 2005; Wang et al., 2011). Apart from this it was also shown that presence
of microtubules increases activity of Aurora B kinase in a telophase disk protein of 60 kDa
(TD60) dependent manner (Fuller et al., 2008; Kelly et al., 2007; Rosasco-Nitcher et al.,
2008; Tseng et al., 2010).

Despite phosphorylation, Aurora B activity and localization is also regulated by other
posttranslational modifications. It was reported that monoubiquitylation of Aurora B by the E3
ubiquitin ligase Cullin 3 regulates removal of the CPC from chromatin and influences
localization of the CPC during anaphase (Sumara et al., 2007). Additionally it was shown that
sumoylation of Aurora B within its kinase domain modulates kinase activity and is also
necessary for mitotic progression (Ban et al., 2011; Fernandez-Miranda et al., 2010). Finally,
degradation of Aurora B is mediated by polyubiquitylation via the E3 ubiquitin ligase APC/C
and subsequent proteasomal destruction (Nguyen et al., 2005; Stewart and Fang, 2005).
Because Aurora kinases are frequently overexpressed in different cancer types, it is believed
that they are valuable targets for cancer therapy (Katayama et al., 2003; Vader and Lens,
2008). At the moment there are a number of Aurora specific inhibitors in preclinical or clinical
trials (Taylor and Peters, 2008; Yeung et al., 2008).
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1.4.4. CPC localization during interphase, mitosis and cytokinesis

The CPC shows a dynamic localization pattern during cell cycle. The complex first localizes
to pericentromeric heterochromatin during late stage of S phase (Beardmore et al., 2004;
Cooke et al., 1987; Hayashi-Takanaka et al., 2009; Monier et al., 2007; Zeitlin et al., 2001).
The localization is mediated by HP1 which binds simultaneously to trimethylated lysine 9 of
histone H3 (Fischle et al., 2005) and to Incenp (Ainsztein et al., 1998; Kang et al., 2011;
Nozawa et al., 2010). After entering mitosis Aurora B phosphorylates histone H3 on serine
10 (Hsu et al., 2000; Murnion et al., 2001) what in turn leads to dissociation of HP1 together
with bound CPC from trimethylated lysine 9 of histone H3 (Hirota et al., 2005). For
dissociation pogo transposable element derived protein with zinc finger domain (POGZ) is
required (Nozawa et al., 2010). Next, histone H3 is phosphorylated by Haspin kinase at
threonine 3 what leads to binding of the CPC via interaction with the BIR domain of Survivin
(Du et al., 2012; Jeyaprakash et al., 2011; Niedzialkowska et al., 2012). Additionally histone
H2A is phosphorylated by Bubl kinase at threonine 120 what creates a binding motif for the
Shugoshins 1 and 2 which are interacting simultaneously with CDK1 phosphorylated
Borealin (Kawashima et al., 2007; Tsukahara et al., 2010). The combination of those
interaction events leads to an enrichment of the CPC at the inner centromere, the region
where the two histone modifications overlap (Dai and Higgins, 2005; Kawashima et al., 2007;
Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 2010). At onset of anaphase the CPC
is removed from inner centromeres and localizes to the spindle midzone and cell cortex
(Carmena et al., 2009, 2012). In late mitosis histone H3 is dephosphorylated at threonine 3
what leads to a repression of CPC localization to centromeres (Kelly et al., 2010; Qian et al.,
2011; Vagnarelli et al.,, 2011). Additionally Aurora B becomes ubiquitylated by the E3
ubiquitin ligase complexes Cul3-Kelch-like protein 9 (KLHL9)-KLHL13 and Cul3-KLHL21
(Maerki et al., 2009; Sumara et al., 2007). This leads to active removal of the CPC from inner
centromeres by the AAA ATPase cell division control protein 48 (CDC48) and promotes
reformation of the nucleus and decondensation of chromosomes (Ramadan et al., 2007).
After release from the inner centromeres the CPC is targeted to the mitotic spindle. This
process is mediated by an interaction between the microtubule binding protein mitotic
kinesin-like protein 2 (Mklp2) and Incenp (Cesario et al., 2006; Gruneberg et al., 2004; Jang
et al., 2005). Importantly, this interaction only occurs during anaphase after removal of an
inhibitory phosphate residue on threonine 59 of Incenp which blocks Mklp2 binding (Himmer
and Mayer, 2009). The CPC finally localizes to the midbody during telophase and
cytokinesis. For this, enzymatic activitiy of DNA topoisomerase Il and Aurora B kinase as
well as phosphorylation of Incenp on serine 197 by an unknown kinase is needed (Coelho et
al., 2008; Xu et al., 2009; Yang et al., 2007).
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1.4.5. Functions of the CPC during mitosis and cytokinesis

The CPC fulfills a plethora of different functions during mitosis and cytokinesis. During early
mitosis it is involved in maintenance of mitotic chromosome structure, regulation of
kinetochore-microtubule attachments (section 1.4.5.1), control of spindle assembly
checkpoint and formation as well as stabilization of the mitotic spindle (Carmena et al., 2009,
2012). During late mitosis and cytokinesis it regulates contractile ring formation and function
and it also participates in regulation of abscission (section 1.4.5.2) (Carmena et al., 2009,
2012).

1.4.5.1. Regulation of kinetochore-microtubule attachments

The CPC ensures correct segregation of sister chromatids by regulation of kinetochore-
microtubule attachments. Kinetochores are multi-protein complexes which are located at the
centromeres. They mediate attachment of microtubules to chromosomes and regulate
chromosomal segregation (Varma and Salmon, 2012). The kinetochore harbors a
microtubule binding platform which consists of the protein complex network KNL1, Mis12 and
Ndc80 (KMN network) (Varma and Salmon, 2012). The KMN network captures microtubule
tips (Powers et al.,, 2009) and by this connects kinetochores with spindle poles. In case
erroneous kinetochore-microtubule attachments (for example syntelic or monotelic
attachments) are established no tension is generated across the kinetochores. Lack of
tension is detected by the CPC which acts as a tension sensor (Tanaka et al.,, 2002). To
repair incorrect kinetochore-microtubule attachments the CPC phosphorylates the positively
charged N-terminal region of Ndc80 at multiple residues and by this weakens the affinity of
the KMN network for the negatively charged C-terminal part of tubulin (Alushin et al., 2010;
Cheeseman et al., 2006; Ciferri et al., 2008; DelLuca et al., 2006, 2011; Miller et al., 2008;
Tooley et al., 2011; Wei et al., 2007). Subunits of the KNL1 and Mis12 complexes are also
phosphorylated by the CPC what further decreases the microtubule binding affinity of the
KMN network (Hua et al., 2011; Welburn et al., 2010). Perpetual phosphorylation of the KMN
network further weakens the erroneous kinetochore-microtubule attachments until the
microtubules are released from the kinetochore (Cheeseman et al., 2006; DelLuca et al.,
2006). After achievement of correct bipolar (amphitelic) attachment, tension across
kinetochores is generated which leads to a physical separation of the CPC located at the
centromeres from the kinetochores. Due to the spatial distance the CPC is no longer able to
destabilize the kinetochore-microtubule interactions by phosphorylation (Lampson and
Cheeseman, 2010; Maresca and Salmon, 2010; Tanaka et al., 2002). The established
kinetochore-microtubule connections are further stabilized by the two protein phosphatases 1
(PP1) and 2A (PP2A) located at the kinetochores which mediate removal of phosphate
residues from the KMN network (Espeut et al., 2012; Foley et al., 2011; Kim et al., 2010;
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Meadows et al., 2011; Posch et al., 2010; Rosenberg et al., 2011). The model of Aurora B
acting as a tension sensor is widely accepted and was further confirmed by another study
(Liu et al., 2009). Apart from this, Aurora B also influences microtubule stability directly by
regulating the localization and activity of the mitotic centromere associated kinesin (MCAK),
which functions as an important microtubule depolymerase at centromeres (Andrews et al.,
2004; Lan et al., 2004; Ohi et al., 2004; Tanenbaum et al., 2011) and by inhibiting the activity
of the formin mDia3 which acts as a microtubule stabilizer at kinetochores (Cheng et al.,
2011)..

1.4.5.2. Regulation of abscission

During abscission which is the last step of cytokinesis the separation of daughter cells is
completed by fusion of membranes. The CPC is involved in the so called abscission
checkpoint (or “No-Cut” pathway in yeast) (Norden et al., 2006), which detects lagging
chromatin in the cleavage furrow and subsequently delays abscission. This mechanism
protects cells from DNA damage by chromosome breakage and tetraploidization
(Steigemann et al., 2009). The exact mechanism how the CPC regulates this process is not
clear in every detail at the moment. It is known that the CPC interacts with the ESCRT-III
complex mediated by an interaction between Borealin and CHMP4C (section 1.4.1). An
accepted idea is that the binding of Borealin facilitates Aurora B mediated phosphorylation of
CHMPA4C what in turn inhibits the activity of the protein and leads to a delay in abscission
(Capalbo et al., 2012; Carlton et al., 2012).

1.5. Aim of the project

GAS2L3 was identified as a DREAM complex target gene in microarray experiments
performed in Lin9 knockout MEFs (Reichert et al., 2010). It was reported that GAS2L3
expression is regulated in a cell cycle dependent manner and that it is important for
maintenance of genomic stability (Wolter et al., 2012).

The aim of the project was to further characterize the biochemical properties and
physiological function of GAS2L3. By using different in vitro assays the cytoskeleton binding
properties of GAS2L3 were analyzed biochemically. Novel protein interactors of GAS2L3
were identified by a combination of in vitro and in vivo protein-protein interaction experiments
like GST pulldown assays, co-immunoprecipitation and tandem affinity purification with
subsequent mass spectrometrical analysis. Cell biological experiments in combination with
RNA interference mediated depletion were used to further investigate the cellular function of
GAS2L3 in cells. To analyze the role of GAS2L3 in vivo, a conditional and a non-conditional

knockout mouse strain was established.
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2. Materials and Methods

2.1. Materials

2.1.1. Chemical stocks & reagents

[gamma-P32]-ATP (Hartmann analytic)

10 pCiful

4-Hydroxytamoxifen (4-OHT)

10 mg/ml in ethanol

Ammonium Persulfate (APS)

10% in H,O

AZD1152

20 mM in DMSO

Bovine serum albumin (BSA)

10 mg/ml in H,O

Bromophenol blue

4 mg/ml in H,O

Diethylpyrocarbonate (DEPC)

ready to use

Dimethyl sulfoxide (DMSO)

ready to use

dNTPs (dATP, dCTP, dGTP, dTTP)

2 mM

Dithiothreitol (DTT)

1 Min H,0O

Ethidiumbromide

10 mg/ml in H,O

GTP 100 mM in H,O (pH 7)
Hoechst 33258 10 mg/ml in H,O
ImmuMount ready to use

Isopropyl- B-D-1-thiogalactopyranoside (IPTG)

1 MinH,0O

Luminol 250 mM in DMSO
Nocodazole 1 mg/mlin DMSO
NP-40 ready to use

p-Coumaric acid

90 mM in DMSO

Phenylmethylsulphonylfluoride (PMSF)

100 mM in isopropanol

Polybrene (Hexadimethrine bromide)

4 mg/mlin H,O

16




Materials and Methods

Protease Inhibitor Cocktail (Sigma)

ready to use

ProtoGel 30% (Biozym)

ready to use

Random Primer (Roche)

500 pg/mlin H,O

Sodium dodecyle sulfate (SDS)

20% in H,O

Taxol

10 mM in anhydrous DMSO

Temed (99%)

ready to use

Thymidine 200 mM in DMSO
Trifast (Peglab) ready to use
Triton X-100 ready to use
Tween-20 ready to use
Xylene ready to use

All chemicals were purchased from AppliChem, Invitrogen, Roth or Sigma Aldrich unless

otherwise noted.

2.1.2. Enzymes

Pfu DNA Polymerase (2.5 U/ul)

Thermo Scientific (Fermentas)

His-Tag DNA Polymerase (15 U/ul)

provided by AG Prof. Dr. Gessler

Absolute QPCR SYBR Green mix

Thermo Scientific

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

Life Technologies

RevertAid Reverse Transcriptase (200 U/ul)

Thermo Scientific

RiboLock RNase Inhibitor (40 U/ul)

Thermo Scientific

Restriction endonucleases (10 U/ul)

Thermo Scientific (Fermentas)
& New England Biolabs

T4 DNA Ligase (400 U/ul)

New England Biolabs

RNase A (10 mg/ml)

Sigma Aldrich
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2.1.3. Antibiotics

name stock concentration | final concentration | description

Ampicillin 100 mg/mi 100 pg/mi selection of E. coli cells
Hygromycin | 100 mg/mi 400 pg/ml selection of HelLa cells
Puromycin 10 mg/mi 0.5to 5 pg/ml selection of HelLa cells

Tetracycline | 10 mg/mi

1.5t0 2.5 pg/ml

induction of protein
expression in HelLa cells

2.1.4. Buffers & Solutions

2.1.4.1. General buffers

Phosphate buffered saline (PBS)

1X

13.7 mM NaCl

0.3 mM KCI

0.64 mM Na,HPO,

0.15 mM KH,PO,

adjust pH to 7.4 with HCI

Tris buffered saline (TBS)

1X

50 mM Tris/HCI (pH 7.5)

150 mM NacCl

adjustto pH 7.4

TAE buffer

1X

40 mM Tris/HCI

5 mM CH;COOH

10 mM EDTA (pH 8.0)

18




Materials and Methods

TE buffer

1X

10 mM Tris/HCI (pH 7.5)

1 mMEDTA

HEPES buffered saline (HBS)

2X

280 mM NacCl

1.5 mM Na,HPO,

50 mM HEPES-KOH (pH 7.05)

Miniprep Solution S1

25 mM Tris/HCI (pH 8.0)

10 mM EDTA

Miniprep Solution S2

200 mM NaOH

1% SDS

Miniprep Solution S3

29.44 g KCH3;COO

11.5 ml CH;COOH

28.5 mlH,O

DNA Loading Buffer

5X

15% ficoll

0.05% bromophenol blue

0.05% xylene cyanol

0.05 M EDTA

in 1 X TAE

Luria Bertani (LB) liquid Medium

25 g powder in 1 | H,0, autoclaved
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Luria Bertani (LB) Agar 40 g powder in 1 | H,0, autoclaved

32 g yeast extract

20 g select pepton
SB liquid medium

5 g NaCl

in 1 1H,0, autoclaved

65 ml glycerol

0.1 M MgSO,
Glycerol stock buffer

25 mM Tris/HCI (pH 8)

ad 100 ml H,O, autoclaved

2.1.4.2. Buffers for whole cell lysates

50 mM Tris/HCI (pH 7.5)

120 mM HCI

5 mM EDTA

0.5% NP-40

10 mM Na4PZO7

TNN lysis buffer
2 mM NazVvVO,

100 mM NaF

ad 500 ml H20

Protease Inhibitors (PI) 1:100 (add fresh)

1 mM DTT (add fresh)

50 mg Coomassie Brilliant Blue G250

23.75 ml Ethanol
Bradford solution

50 ml 85% (v/iv) H3PO,

ad 500 ml H20 / filter twice

20




Materials and Methods

2.1.4.3. Buffers for tandem affinity purification (TAP)

10 mM Tris/HCI (pH 7.6)

100 mM KCI

2 mM MgCl,

0.5% NP-40

TAP cell lysis buffer 10 mM Na,P,0,

2 mM Na3VO4

100 mM NaF

Protease Inhibitors (PI) 1:100 (add fresh)

1 mM DTT (add fresh)

2.5 mM desthiobiotine
TAP elution buffer

in TAP cell lysis buffer

10 mM Tris/HCI (pH 7.6)
TAP wash buffer

2 mM MgCl,

2.1.4.4. Buffers for immunoblotting

30% (w/v) acrylamide
Acrylamide solution

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

10 X

576 g glycine

SDS running buffer 120 g Tris base

40 g SDS

ad 4 H20
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Blotting buffer

1X

0.6 g Tris base

2.258 g glycine

150 ml methanol

ad 11H20

Stripping buffer

15 g glycine

19 SDS

10 ml Tween-20

ad 11H,0

adjust pHto 2.2

Separating gel buffer

1.5 M Tris/HCI (pH 8.8)

Stacking gel buffer

0.8 M Tris/HCI (pH 6.8)

Blocking Solution

3 g milk powder in 100 ml TBS-T

Protein sample buffer

3X

300 mM Tris/HCI (pH 6.8)

15 mM EDTA

150 mM DTT

12% (w/v) SDS

15% (w/v) glycerol

0.03% (w/v) bromophenol blue

TBS-T

1X

0.5 ml Tween-20in 11 TBS
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Chemiluminescence solution

10 ml 100 mM Tris/HCI (pH 8.5)

50 pl 250 mM luminol

22 ul 90 mM p-coumaric acid

2.1.4.5. Buffers for immunofluorescence

Blocking Solutions

59 BSAin 100 ml PBS

or

10 ml FCS ad 100 ml PBS / filtered

PFA fixative

4% paraformaldehyde in PBS

Permeabilization buffer

0.5% Triton X-100 in PBS

2.1.4.6. Buffers for recombinant protein purification

GST lysis buffer

1 mM PMSF in TBS

GST wash buffer

1% NP-40 in TBS

GST elution buffer

20 mM glutathione (reduced)

in GST wash buffer

pH adjusted to 8

BRBS80 buffer

1X

80 mM PIPES (pH 6.8)

1 mM MgCl,

1 mMEGTA

adjust pH to 6.8 with KOH
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BRB8O fixing solution

50% glycerol

8% formaldehyde

in BRB80 buffer

His-tag lysis buffer

10 mM imidazole

1 mM PMSF

in TBS

adjust pHto 8

His-tag wash buffer

20 mM imidazole

2% NP-40

in TBS

adjust pHto 8

2.1.4.7. Buffers for kinase assays

Kinase assay buffer

50 mM Tris/HCI (pH 7.5)

10 mM MgCl,

I1mMDTT

20 UM ATP

2.1.4.8. Buffers for genomic DNA extraction

Tail buffer | (base buffer)

1X

25 mM NaOH

0.2 mM EDTA

adjust pH to 12.0

Tail buffer Il (neutralizing buffer)

1X

40 mM Tris/HCI (pH 5.0)
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2.1.4.9. Buffers for antibody purification

Borate buffers

1 M borate buffer (pH 8)

1 M borate buffer (pH 9)

0.1 M borate buffer (pH 8)

0.1 M borate buffer (pH 9)

0.2 M borate buffer (pH 9)

Crosslinking buffer

40 mM dimethylpimelimidate

in 0.2 M borate buffer (pH 9)

adjustpHto 9

Stop buffer

50 mM Tris/HCI (pH 8)

Elution buffer

0.2 M glycine/HCI (pH 2.5)

Neutralization buffer

1 M K;HPO,

2.1.4.10. Staining solutions

Ponceau S solution

0.1 g Ponceau S

5 ml CH;COOH

ad 100 ml H,O

Coomassie blue staining solution

1 g Coomassie Brilliant Blue R 250

125 ml isopropanol

50 ml CH;COOH

ad 500 ml H,O / filter

Coomassie destaining solution

125 ml isopropanol

50 ml CH;COOH

ad 500 ml H,O
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2.1.5. Plasmids

2.1.5.1. Plasmids for bacterial overexpression

plasmid name internal # | encoded protein
pGEX4T2 397 GST empty vector
pPGEX4T2-GAS2L3 1031 GST-GAS2L3
PGEX4T2-GAS2L3(aal-310) 1206 GST-GAS2L3(aal-310)
pPGEX4T2-GAS2L3(aal70-310) 1225 GST-GAS2L3(aal70-310)
PGEX4T2-GAS2L3(aal70-535) 1164 GST-GAS2L3(aal70-535)
pGEX4T2-GAS2L3(aa303-375) 1290 GST-GAS2L3(aa303-375)
pPGEX4T2-GAS2L3(aa303-455) 1291 GST-GAS2L3(aa303-455)
pPGEX4T2-GAS2L3(aa303-535) 1226 GST-GAS2L3(aa303-535)
PGEX4T2-GAS2L3(aa303-694) 1067 GST-GAS2L3(aa303-694)
pPGEX4T2-GAS2L3(aa456-694) 1309 GST-GAS2L3(aa456-694)
PGEX4T2-GAS2L3(A170-309) 1335 GST-GAS2L3(A170-309)
pPGEX4T2-mGas2I3(aa305-683) 1435 GST-mGas2I3(aa305-683)
pPGEXA4T2-Histone H3(aal-46) - GST-Histone H3(aal-46)
pRSETA 319 His-tag empty vector
pRSETA-Aurora B 1412 His-Aurora B
pPRSETA-Borealin 1413 His-Borealin
pRSETA-Borealin(aal-141) 1416 His-Borealin(aal-141)
pRSETA-Borealin(aal42-280) 1417 His-Borealin(aal42-280)
PRSETA-Survivin 1415 His-Survivin
pPRSETA-Survivin(aal-89) 1418 His-Survivin(aal-89)
pRSETA-Survivin(aa90-142) 1419 His-Survivin(aa90-142)
pPRSETA-Incenp 1414 His-Incenp
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2.1.5.2. Plasmids for transient overexpression in mammalian cells

plasmid name internal # | encoded protein
pcDNA3_HA-mGas2I3 1019 HA-mGas2I3
pcDNA3_eGFP-GAS2L3 1033 eGFP-GAS2L3
pcDNA3_eGFP-GAS2L3(A170-309) 1334 eGFP-GAS2L3(A170-309)
pcDNA3_eGFP 170 eGFP
pcDNA3_FLAG-Actininl 1427 Flag-Actininl
pcDNA3_FLAG-Actinin4 1428 Flag-Actinin4
pcDNA3_FLAG-Bag?2 1429 Flag-Bag2
pcDNA3_FLAG-Bag3 1430 Flag-Bag3
pcDNA3_FLAG-CapZal 1431 Flag-CapZal
pcDNA3_FLAG-CapZb 1432 Flag-Capzb
pcDNA3_FLAG-HSC70 1433 Flag-HSC70

2.1.5.3. Plasmids for establishment of stable cell lines

plasmid name internal # | encoded protein / shRNA
PCDNAS/FRT/To-eGFP-GAS2L3 1442 eGFP-GAS2L3 RNA resistant
RNAI resistant

pcDNAS/FRT/To-eGFP-GAS2L3(A170- 1443 eGFP-GAS2L3(A170-309)
309) RNAi resistant RNAI resistant

pOG44 1157 Flp recombinase
pSuperior.puro-shGAS2L3 1099 shRNA against GAS2L3 mRNA

2.1.5.4. Plasmids for retroviral infection of MEFs

plasmid name internal # | encoded protein
pBABE-neo-Large T antigen 923 large T antigen
pBABE-H2B-GFP 746 H2B-GFP
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