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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 –II) 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 G0 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 G0 

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 



Introduction 

2 
 

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 (Sánchez 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 CDK6 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). 
 

 

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. G0: 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 (dREAM) (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 (Caf1) 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 DP1 in quiescent cells and acts 

there as a transcriptional repressor (Litovchick et al., 2007; Pilkinton et al., 2007). During S 

phase p130, 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 (DYRK1A), 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 GAS2 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 (Röper 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. 

 

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 G0 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 22q12.2 (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 

GAS2L1 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 17q12. 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 

GAS2L3 gene is located on chromosome 12q23.1. 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/CCdh1 but not by 

APC/CCdc20 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 III (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 (Mps1) (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 Plk1 (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 Bir1 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; Fernández-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 Bub1 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 (Hümmer 

and Mayer, 2009). The CPC finally localizes to the midbody during telophase and 

cytokinesis. For this, enzymatic activitiy of DNA topoisomerase II 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; DeLuca 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; DeLuca 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 

CHMP4C 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 µCi/µl 

4-Hydroxytamoxifen (4-OHT) 10 mg/ml in ethanol 

Ammonium Persulfate (APS) 10% in H2O 

AZD1152 20 mM in DMSO 

Bovine serum albumin (BSA) 10 mg/ml in H2O 

Bromophenol blue 4 mg/ml in H2O 

Diethylpyrocarbonate (DEPC) ready to use 

Dimethyl sulfoxide (DMSO) ready to use 

dNTPs (dATP, dCTP, dGTP, dTTP) 2 mM 

Dithiothreitol (DTT) 1 M in H2O 

Ethidiumbromide  10 mg/ml in H2O 

GTP 100 mM in H2O (pH 7) 

Hoechst 33258 10 mg/ml in H2O 

ImmuMount ready to use 

Isopropyl- β-D-1-thiogalactopyranoside (IPTG) 1 M in H2O 

Luminol 250 mM in DMSO 

Nocodazole 1 mg/ml in DMSO 

NP-40 ready to use 

p-Coumaric acid 90 mM in DMSO 

Phenylmethylsulphonylfluoride (PMSF) 100 mM in isopropanol 

Polybrene (Hexadimethrine bromide) 4 mg/ml in H2O 
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Protease Inhibitor Cocktail (Sigma) ready to use 

ProtoGel 30% (Biozym) ready to use 

Random Primer (Roche) 500 µg/ml in H2O 

Sodium dodecyle sulfate (SDS) 20% in H2O 

Taxol 10 mM in anhydrous DMSO  

Temed (99%) ready to use 

Thymidine 200 mM in DMSO 

Trifast (Peqlab) 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/µl) Thermo Scientific (Fermentas) 

His-Taq DNA Polymerase (15 U/µl) provided by AG Prof. Dr. Gessler 

Absolute QPCR SYBR Green mix Thermo Scientific 

M-MLV-RT Transcriptase (200 U/μl) Life Technologies 

RevertAid Reverse Transcriptase (200 U/µl) Thermo Scientific 

RiboLock RNase Inhibitor (40 U/µl) Thermo Scientific 

Restriction endonucleases (10 U/µl) 
Thermo Scientific (Fermentas)            
& New England Biolabs 

T4 DNA Ligase (400 U/µl) 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/ml 100 µg/ml selection of E. coli cells 

Hygromycin 100 mg/ml 400 µg/ml selection of HeLa cells 

Puromycin 10 mg/ml 0.5 to 5 µg/ml selection of HeLa cells 

Tetracycline 10 mg/ml 1.5 to 2.5 µg/ml 
induction of protein 
expression in HeLa cells 

 

2.1.4. Buffers & Solutions 

2.1.4.1. General buffers 

Phosphate buffered saline (PBS) 

1 X 

13.7 mM NaCl 

0.3 mM KCl 

0.64 mM Na2HPO4 

0.15 mM KH2PO4 

adjust pH to 7.4 with HCl 

  

Tris buffered saline (TBS) 

1 X 

50 mM Tris/HCl (pH 7.5) 

150 mM NaCl 

adjust to pH 7.4 

  

TAE buffer 

1 X 

40 mM Tris/HCl 

5 mM CH3COOH 

10 mM EDTA (pH 8.0) 
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TE buffer 

1 X 

10 mM Tris/HCl (pH 7.5) 

1 mM EDTA 

  

HEPES buffered saline (HBS) 

2 X 

280 mM NaCl 

1.5 mM Na2HPO4 

50 mM HEPES-KOH (pH 7.05) 

  

Miniprep Solution S1 
25 mM Tris/HCl (pH 8.0) 

10 mM EDTA 

  

Miniprep Solution S2 
200 mM NaOH 

1% SDS 

  

Miniprep Solution S3 

29.44 g KCH3COO 

11.5 ml CH3COOH 

28.5 ml H2O 

  

DNA Loading Buffer 

5 X 

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

  

SB liquid medium 

32 g yeast extract 

20 g select pepton 

5 g NaCl 

in 1 l H2O, autoclaved 

 
 

Glycerol stock buffer 

65 ml glycerol 

0.1 M MgSO4 

25 mM Tris/HCl (pH 8) 

ad 100 ml H2O, autoclaved 

 

2.1.4.2. Buffers for whole cell lysates 

TNN lysis buffer 

50 mM Tris/HCl (pH 7.5) 

120 mM HCl 

5 mM EDTA 

0.5% NP-40 

10 mM Na4P2O7 

2 mM Na3VO4 

100 mM NaF 

ad 500 ml H2O 

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

1 mM DTT (add fresh) 

  

Bradford solution 

50 mg Coomassie Brilliant Blue G250 

23.75 ml Ethanol 

50 ml 85% (v/v) H3PO4 

ad 500 ml H2O / filter twice 
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2.1.4.3. Buffers for tandem affinity purification (TAP) 

TAP cell lysis buffer 

10 mM Tris/HCl (pH 7.6) 

100 mM KCl 

2 mM MgCl2 

0.5% NP-40 

10 mM Na4P2O7 

2 mM Na3VO4 

100 mM NaF 

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

1 mM DTT (add fresh) 

  

TAP elution buffer 
2.5 mM desthiobiotine 

in TAP cell lysis buffer 

  

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

2 mM MgCl2 

 

2.1.4.4. Buffers for immunoblotting 

Acrylamide solution 
30% (w/v) acrylamide 

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

  

SDS running buffer 

10 X 

576 g glycine 

120 g Tris base 

40 g SDS 

ad 4 l H2O 
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Blotting buffer 

1 X 

0.6 g Tris base 

2.258 g glycine 

150 ml methanol 

ad 1 l H2O 

  

Stripping buffer 

15 g glycine 

1 g SDS 

10 ml Tween-20 

ad 1 l H2O 

adjust pH to 2.2 

  

Separating gel buffer 1.5 M Tris/HCl (pH 8.8) 

  

Stacking gel buffer 0.8 M Tris/HCl (pH 6.8) 

  

Blocking Solution 3 g milk powder in 100 ml TBS-T 

  

Protein sample buffer 

3 X 

300 mM Tris/HCl (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 
1 X 

0.5 ml Tween-20 in 1 l TBS 
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Chemiluminescence solution 

10 ml 100 mM Tris/HCl (pH 8.5) 

50 µl 250 mM luminol 

22 µl 90 mM p-coumaric acid 

3 µl 30% H2O2 

 

2.1.4.5. Buffers for immunofluorescence 

Blocking Solutions 

5 g BSA in 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 

  

BRB80 buffer 

1 X 

80 mM PIPES (pH 6.8) 

1 mM MgCl2 

1 mM EGTA 

adjust pH to 6.8 with KOH 
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BRB80 fixing solution 

50% glycerol 

8% formaldehyde 

in BRB80 buffer 

  

His-tag lysis buffer 

10 mM imidazole 

1 mM PMSF  

in TBS 

adjust pH to 8 

  

His-tag wash buffer 

20 mM imidazole 

2% NP-40 

in TBS 

adjust pH to 8 

 

2.1.4.7. Buffers for kinase assays 

Kinase assay buffer 

50 mM Tris/HCl (pH 7.5) 

10 mM MgCl2 

1 mM DTT 

20 µM ATP 

 

2.1.4.8. Buffers for genomic DNA extraction 

Tail buffer I (base buffer) 

1 X 

25 mM NaOH 

0.2 mM EDTA 

adjust pH to 12.0 

  

Tail buffer II (neutralizing buffer) 
1 X 

40 mM Tris/HCl (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)  

adjust pH to 9 

  

Stop buffer 50 mM Tris/HCl (pH 8) 

  

Elution buffer 0.2 M glycine/HCl (pH 2.5) 

  

Neutralization buffer 1 M K2HPO4 

 

2.1.4.10. Staining solutions 

Ponceau S solution 

0.1 g Ponceau S 

5 ml CH3COOH 

ad 100 ml H2O 

  

Coomassie blue staining solution 

1 g Coomassie Brilliant Blue R 250 

125 ml isopropanol 

50 ml CH3COOH 

ad 500 ml H2O / filter 

  

Coomassie destaining solution 

125 ml isopropanol 

50 ml CH3COOH 

ad 500 ml H2O 
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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 

pGEX4T2-GAS2L3 1031 GST-GAS2L3 

pGEX4T2-GAS2L3(aa1-310) 1206 GST-GAS2L3(aa1-310) 

pGEX4T2-GAS2L3(aa170-310) 1225 GST-GAS2L3(aa170-310) 

pGEX4T2-GAS2L3(aa170-535) 1164 GST-GAS2L3(aa170-535) 

pGEX4T2-GAS2L3(aa303-375) 1290 GST-GAS2L3(aa303-375) 

pGEX4T2-GAS2L3(aa303-455) 1291 GST-GAS2L3(aa303-455) 

pGEX4T2-GAS2L3(aa303-535) 1226 GST-GAS2L3(aa303-535) 

pGEX4T2-GAS2L3(aa303-694) 1067 GST-GAS2L3(aa303-694) 

pGEX4T2-GAS2L3(aa456-694) 1309 GST-GAS2L3(aa456-694) 

pGEX4T2-GAS2L3(Δ170-309) 1335 GST-GAS2L3(Δ170-309) 

pGEX4T2-mGas2l3(aa305-683) 1435 GST-mGas2l3(aa305-683) 

pGEX4T2-Histone H3(aa1-46) - GST-Histone H3(aa1-46) 

pRSETA 319 His-tag empty vector 

pRSETA-Aurora B 1412 His-Aurora B 

pRSETA-Borealin 1413 His-Borealin 

pRSETA-Borealin(aa1-141) 1416 His-Borealin(aa1-141) 

pRSETA-Borealin(aa142-280) 1417 His-Borealin(aa142-280) 

pRSETA-Survivin 1415 His-Survivin 

pRSETA-Survivin(aa1-89) 1418 His-Survivin(aa1-89) 

pRSETA-Survivin(aa90-142) 1419 His-Survivin(aa90-142) 

pRSETA-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-mGas2l3 1019 HA-mGas2l3 

pcDNA3_eGFP-GAS2L3 1033 eGFP-GAS2L3 

pcDNA3_eGFP-GAS2L3(Δ170-309) 1334 eGFP-GAS2L3(Δ170-309) 

pcDNA3_eGFP 170 eGFP 

pcDNA3_FLAG-Actinin1 1427 Flag-Actinin1 

pcDNA3_FLAG-Actinin4 1428 Flag-Actinin4 

pcDNA3_FLAG-Bag2 1429 Flag-Bag2 

pcDNA3_FLAG-Bag3 1430 Flag-Bag3 

pcDNA3_FLAG-CapZa1 1431 Flag-CapZa1 

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 

pcDNA5/FRT/To-eGFP-GAS2L3   
RNAi resistant 

1442 eGFP-GAS2L3 RNAi resistant 

pcDNA5/FRT/To-eGFP-GAS2L3(Δ170-
309) RNAi resistant 

1443 
eGFP-GAS2L3(Δ170-309)         
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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2.1.6. Antibodies 

2.1.6.1. Primary antibodies 

antigen company origin 
application & 

dilution 
internal # 

Aurora B 
Abcam 

ab2254 

rabbit 

polyclonal 

IB 1:5000 
194 

IP 1:100 

Borealin 
Santa Cruz 

sc-98869 

rabbit 

polyclonal 
IB 1:2500 246 

CDK 1 
Santa Cruz 

sc-54 

mouse 

monoclonal 
IB 1:1000 44 

CDK 2 
Santa Cruz 

sc-163 

rabbit 

polyclonal 
IB 1:1000 47 

Cyclin B1 
Santa Cruz 

sc-245 

mouse 

monoclonal 

IB 1:5000 
40 

IP 1:100 

GAS2L3 
Abnova 

H00283431-M01 

mouse 

monoclonal 
IP 1:100 195 

GAS2L3 
Abnova 

H00283431-M02 

mouse 

monoclonal 
IP 1:100 215 

GAS2L3 
Immunoglobe 

antigen aff. purified 

rabbit 

polyclonal 

IB 1:1000 
193 

IP 1:10 

GFP 
Santa Cruz 

sc-9996 

mouse 

monoclonal 
IP 1:100 99 

GST 
Santa Cruz 

sc-138 

mouse 

monoclonal 
IB 1:5000 96 

P-CENPA 
Cell Signaling 

#2187 

rabbit 

polyclonal 
IB 1:2500 247 

P-Histone H3 
Millipore (Upstate) 

06-570 

rabbit 

polyclonal 
IB 1:5000 57 

Survivin 
Cell Signaling 

#2808 

rabbit 

monoclonal 

IB 1:5000 
231 

IP 1:100 

Tubulin 
Sigma Aldrich 

T6074 

mouse 

monoclonal 

IB 1:5000 
158 

IF 1:200 
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2.1.6.2. Secondary antibodies 

specificity company application & dilution 

anti-mouse 
HRP linked 

GE Healthcare IB 1:5000 

anti-Protein A 
HRP linked 

BD Biosciences IB 1:5000 

anti-rabbit 
HRP linked 

Life Technologies IB 1:5000 

anti-mouse 
Alexa Fluor 594 

Life Technologies IF 1:500 

 

2.1.7. Primer sequences 

Primer oligonucleotides were purchased from Metabion or MWG. 

2.1.7.1. Primers for cloning 

internal # sequence  gene 

SG 1075 GCGGATCCATGCAGCCTGCAATTCAAGTATGGTTTG fwd 
hum. GAS2L3 
(aa 1-310) 

SG 1402 GGCTCGAGTTATCTGGCAGGCGAATCAGGTACACT rev 

SG 1106 GCGGATCCAGATACGGGGTTGAGCCACCAG fwd 
hum. GAS2L3 
(aa 170-310) 

SG 1402 GGCTCGAGTTATCTGGCAGGCGAATCAGGTACACT rev 

SG 1106 GCGGATCCAGATACGGGGTTGAGCCACCAG fwd 
hum. GAS2L3 
(aa 170-535) 

SG 1350 GGCTCGAGTTATGTTCCTAGACCCGTGGCTATGGTT rev 

SG 1107 GCGGATCCAGTGTACCTGATTCGCCTGCCAG fwd 
hum. GAS2L3 
(aa 303-375) 

SG 1470 GCCTCGAGTTAATTTGGCAATTTAGAACGGACTGACA rev 

SG 1107 GCGGATCCAGTGTACCTGATTCGCCTGCCAG fwd 
hum. GAS2L3 
(aa 303-455) 

SG 1469 GCCTCGAGTTACAGATCTGCTGAATTCTGGGCTGGA rev 
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SG 1107 GCGGATCCAGTGTACCTGATTCGCCTGCCAG fwd 
hum. GAS2L3 
(aa 303-535) 

SG 1350 GGCTCGAGTTATGTTCCTAGACCCGTGGCTATGGTT rev 

SG 1492 GCGGATCCCCCGAGTCCACACTTTTGCCAAATAA fwd 
hum. GAS2L3 
(aa 456-694) 

SG 1102 
GCCTCGAGGAGTATGTATTTATTTTCTAGGTTTCTTACTT
CCAG 

rev 

SG 1075 GCGGATCCATGCAGCCTGCAATTCAAGTATGGTTTG fwd 
hum. GAS2L3 
(aa 1-169) 

SG 1554 GGTCTAGACACAATTCGACCAATTTCAAGAAGACAAAG rev 

SG 1555 GGTCTAGAACACCTCAGCCTCCTGAAATGAATC fwd 
hum. GAS2L3 
(aa 310-694) 

SG 1348 
GCGCGGCCGCGAGTATGTATTTATTTTCTAGGTTTCTTA
CTTCCAG 

rev 

SG 1590 GCGGATCCAGCGTGCCAGATTCGCCTGCC fwd 
mouse Gas2l3 
(aa 305-683) 

SG 1053 GCCTCGAGCACCCTGATTTGCTGAAACGATACAAGTG rev 

SG 1548 GCGGATCCATGGCCCAGAAGGAGAACTCCTAC fwd 
human 
Aurora B 

SG 1549 GGGCGGCCGCTTAGGCGACAGATTGAAGGGCAGAG rev 

SG 1550 GCGGATCCATGGCTCCTAGGAAGGGCAGTAG fwd 
human 
Borealin 

SG 1551 GCGCGGCCGCTTATTTGTGGGTCCGTATGCTGCTGC rev 

SG 1623 GCGGATCCATGGCTCCTAGGAAGGGCAGTAG fwd 
hum. Borealin 
(aa 1-141) 

SG 1624 
GCGCGGCCGCTTATCTTGCAGTTTGAAGATTCTTACGTT
CATTTTC 

rev 

SG 1625 GCCTCGAGGTCAAAAGGTGTCCTCCATCCAAGAAG fwd 
hum. Borealin 
(aa 142-280) 

SG 1551 GCGAATTCTTATTTGTGGGTCCGTATGCTGCTGC rev 

SG 1626 GCGGATCCATGGGTGCCCCGACGTTGCC fwd 
hum. Survivin 
(aa 1-89) 

SG 1627 GCGCGGCCGCTTAGACAGAAAGGAAAGCGCAACCGG rev 
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SG 1628 GCGGATCCAAGAAGCAGTTTGAAGAATTAACCCTTGGTG fwd 
hum. Survivin 
(aa 90-142) 

SG 1629 GCGCGGCCGCTTAATCCATGGCAGCCAGCTGCTCG rev 

SG 1754 GGTGATCAATGGACCATTATGATTCTCAGCAAACCAAC fwd 
human 
Actinin1 

SG 1755 GGGAATTCTTAGAGGTCACTCTCGCCGTACAG rev 

SG 1752 GGTGATCAATGGTGGACTACCACGCGGCG fwd 
human 
Actinin4 

SG 1753 GGGAATTCTCACAGGTCGCTCTCGCCATAC rev 

SG 1756 GGGGATCCATGGCTCAGGCGAAGATCAACGC fwd 
human 
Bag2 

SG 1757 GGGAATTCCCCCTAGCTGAACGTTTGTTTTCCC rev 

SG 1758 GGGGATCCATGAGCGCCGCCACCCACTC fwd 
human 
Bag3 

SG 1759 GGGAATTCCTACGGTGCTGCTGGGTTACCA rev 

SG 1750 GGGGATCCATGGCCGACTTCGATGATCGTGTG fwd 
human 
CapZa1 

SG 1751 GGGAATTCGACCACACGTTGAATCCTTGTCTTTCC rev 

SG 1782 GGGGATCCATGAGTGATCAGCAGCTGGACTGTG fwd 
human 
CapZb 

SG 1749 GGGAATTCGCACGGCGTGTCTGGTTAGCAT rev 

SG 1760 GGGGATCCATGTCCAAGGGACCTGCAGTTGG fwd 
human 
HSC70 

SG 1761 GGGAATTCTTAATCAACCTCTTCAATGGTGGGCCC rev 

 

2.1.7.2. Primers for qPCR 

internal # sequence  gene 

SG 783 TCCTCCTCAGACCGCTTTT fwd 

mouse HPRT1 

SG 784 CCTGGTTCATCATCGCTAATC rev 
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SG 1034 GCAGCCTGCAATCCAAGT fwd 

mouse Gas2l3 

SG 1035 AGGGGACACCTGGGACTTA rev 

SG 1700 CGAGTGGATAGCCGTGAGAC fwd 

mouse Gas2l3 

SG 1701 TCTGCCTTGATGTCAACACCT rev 

SG 1907 CTCCTCAGACCGCTTTTCC fwd 

rat HPRT1 

SG 1908 TCATAACCTGGTTCATCATCACTAA rev 

SG 1903 GCTTGAAGAGTCCATCAGCA fwd 

rat Gas2l3 

SG 1904 TCGGCGATGTGCTTAACAG rev 

SG 645 GCCCAATACGACCAAATCC fwd 

human GAPDH 

SG 646 AGCCACATCGCTCAGACAC rev 

SG 1058 GCTGTCGGCATGAAGAGC fwd 

human GAS2L3 

SG 1059 AATCGATGAGAACAACTACAAGGA rev 

 

2.1.7.3. Primers for genotyping 

internal # sequence  allele / product size 

SG 1481 CGCGTCGAGAAGTTCCTATT fwd 

targeted / 200 bp 

SG 1482 TTAAATACAGGAGGAGAATAACTGG rev 

SG 1589 ACCCAAACTCAGGACCACAG fwd 
floxed / 370 bp 

wild type / 290 bp 
SG 1482 TTAAATACAGGAGGAGAATAACTGG rev 

SG 1589 ACCCAAACTCAGGACCACAG fwd 
Δ floxed / 391 bp 

wild type / 1062 bp 
SG 1681 TGAGCCTTTGGGAATCTGTC rev 

SG 914 CTA GTG CGA AGT AGT GAT CAG G  fwd 

Flp / 725 bp 

SG 913 CAC TGA TAT TGT AAG TAG TTT GC  rev 
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SG 926 GGCATTTCTGGGGATTGC fwd 

Cre / 400 bp 

SG 927 CAGACCAGGCCAGGTATCTC rev 

SG 1113 TGGGATACAGAAGACCAATGC fwd 

CreERT2 / 300 bp 

wild type / 240 bp 
SG 1114 ACGGACAGAAGCATTTTCCA rev 

SG 1115 GTCTCTGCCTCCAGAGTGCT rev 

 

2.1.7.4. Primers for long range PCR 

internal # sequence  allele / product size 

SG 1530 CATAGCTCCAGCACGGTGGAGCGGAGACAG fwd 

targeted / 7615 bp 

SG 1529 CACAACGGGTTCTTCTGTTAGTCC rev 

SG 1531 GTCCATAGCTCCAGCACGGTGGAGCGGAG fwd 

targeted / 7618 bp 

SG 1529 CACAACGGGTTCTTCTGTTAGTCC rev 

SG 1532 CACACCTCCCCCTGAACCTGAAAC fwd 

targeted / 7440 bp 

SG 1533 CATAGGCCTCGTGTTAGCTTCGCCAGGAC rev 

SG 1532 CACACCTCCCCCTGAACCTGAAAC fwd 

targeted / 7445 bp 

SG 1534 GCCTCGTGTTAGCTTCGCCAGGACAG rev 

 

2.1.8. siRNA sequences 

siRNA oligonucleotides were purchased from Metabion or MWG. 

internal # sequence targeted mRNA 

1 GGGAUACUCUUCAAGGAUUTT GAS2L3 

2 CUAUGUCAGUCCGUUCUAA GAS2L3 

3 CAUUAAAUCCAGUAGGUAAT GAS2L3 

- UAGCGACUAAACACAUCAA non targeting ctrl. 
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2.1.9. Transfection reagents 

Lipofectamine 2000 Life Technologies 

Lipofectamine RNAiMAX Life Technologies 

 

2.1.10. Markers 

GeneRuler 1 kb DNA ladder Thermo Scientific (Fermentas) 

GeneRuler 100 bp DNA ladder Thermo Scientific (Fermentas) 

PageRuler Prestained Protein Ladder Thermo Scientific (Fermentas) 

 

2.1.11. Kits 

PureLink HiPure Plasmid Midiprep Kit Life Technologies 

PureLink HiPure Plasmid Maxiprep Kit Life Technologies 

QIAquick PCR Purification Kit Qiagen 

Jetstar Gel Extraction Kit Genomed 

GeneJET Gel Extraction Kit Thermo Scientific 

Colloidal Blue Staining Kit Life Technologies 

Expand Long Template PCR System Kit Roche 

Actin Binding Protein Biochem Kit Cytoskeleton 

 

2.1.12. Beads 

Protein G agarose Millipore 

Anti-HA agarose Sigma Aldrich 

Strep-Tactin sepharose IBA 

Glutathione sepharose 4B GE Healthcare 

Ni-NTA agarose Qiagen 
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2.1.13. Escherichia coli strains 

strain description 

DH5α cloning strain 

BL21 (DE3) pLysS overexpression of recombinant proteins 

Rosetta (DE3) overexpression of recombinant proteins 

 

2.1.14. Reagents for standard cell culture 

DMEM (4.5 g Glucose/L-Glutamine) Life Technologies (Gibco) 

OptiMEM Life Technologies (Gibco) 

Penicillin/Streptomycin (10 u/μl each) Life Technologies (Gibco) 

Trypsin/EDTA (200 mg/l) Life Technologies (Gibco) 

TrypLE Life Technologies (Gibco) 

Fetal calf serum (FCS) Life Technologies (Gibco) 

 

2.1.15. Reagents for SILAC cell culture 

DMEM (without L-lysine and L-arginine)  Silantes 

Penicillin/Streptomycin (10 u/μl each) Life Technologies (Gibco) 

TrypLE Life Technologies (Gibco) 

Stem Cell Screened Dialyzed FCS Thermo Scientific (Pierce) 

L-glutamine solution (200 mM) Silantes 

13C6 labelled L-lysine (Lys-6) Silantes 

13C6 
15N4 labelled L-arginine (Arg-10) Silantes 

L-lysine Sigma Aldrich 

L-arginine Sigma Aldrich 

L-proline Sigma Aldrich 
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2.1.16. Cell culture medium & cell lines 

standard cell culture medium 

500 ml DMEM 

50 ml FCS 

5 ml Penicillin/Streptomycin solution 

  

“light” SILAC medium 

500 ml DMEM (without L-lysine/L-arginine)  

50 ml dialyzed FCS 

5 ml Penicillin/Streptomycin solution 

5 ml L-glutamine solution (200 mM) 

100 mg L-lysine (per bottle) 

50 mg L-arginine (per bottle) 

115 mg L-proline (per bottle) 

  

“heavy” SILAC medium 

500 ml DMEM (without L-lysine/L-arginine)  

50 ml dialyzed FCS 

5 ml Penicillin/Streptomycin solution 

5 ml L-glutamine solution (200 mM) 

100 mg 13C6 L-lysine (per bottle) 

50 mg 13C6 
15N4 L-arginine (per bottle) 

115 mg L-proline (per bottle) 

 

cell lines culture condtions & descritption 

HeLa Flp-In T-REx / HSS-GAS2L3 

RNAi resistant 

standard cell culture medium 

tetracycline inducible expression of HSS-GAS2L3; 

maternal cell line was a gift from Dr. Stephen Taylor; 

established by Dr. Stefanie Hauser 

HeLa Flp-In T-REx / HSS-GAS2L3 

“heavy” and “light” SILAC DMEM 

tetracycline inducible expression of HSS-GAS2L3; 

maternal cell line was a gift from Dr. Stephen Taylor, used 

for SILAC experiments; established by Dr. Stefanie 

Hauser 
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HeLa Flp-In T-REx / shGAS2L3 

standard cell culture medium 

tetracycline inducible expression of shRNA directed 

against GAS2L3 mRNA; maternal cell line was a gift from 

Dr. Stephen Taylor; Flp-In system was not used for 

creating cell line 

HeLa Flp-In T-REx / eGFP-GAS2L3 

RNAi resistant 

standard cell culture medium 

tetracycline inducible expression of eGFP-GAS2L3; 

maternal cell line was a gift from Prof. Dr. Alexander 

Buchberger 

HeLa Flp-In T-REx / eGFP-

GAS2L3(Δ170-309) 

RNAi resistant 

standard cell culture medium 

tetracycline inducible expression of eGFP-GAS2L3(Δ170-

309); maternal cell line was a gift from Prof. Dr. Alexander 

Buchberger 

Platinum-E 
standard cell culture medium 

retrovirus packaging cell line based on HEK 293T cell line 

primary Gas2l3fl/fl CreERT2 MEFs 
standard cell culture medium 

tamoxifen inducible knockout of Gas2l3 in primary MEFs 

Large T immortalized Gas2l3fl/fl 

CreERT2 MEFs 

standard cell culture medium 

tamoxifen inducible knockout of Gas2l3 in large T 

immortalized MEFs 

HEK 293 

standard cell culture medium 

human embryonic kidney cell line; used for transient 

overexpression experiments 
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2.1.17. Mouse strains 

strain description 

FLPe 

mice express Flp recombinase constitutively under control of human ACTB 

promoter; used for deletion of insertion cassettes between FRT sites 

(Rodríguez et al., 2000); 

strain: B6.SJL-Tg(ACTFLPe)9205Dym/J 

Zp3cre 

mice express Cre recombinase under control of Zp3 promoter; used for 

germline deletion of floxed alleles (de Vries et al., 2000); 

strain: B6.Tg(Zp3-cre)93Knw/J 

CreERT2 

mice express Cre recombinase after tamoxifen induction; used for conditional 

deletion of floxed alleles (Hameyer et al., 2007); 

strain: B6.Gt(ROSA)26Sortm2(cre/ERT2)Brn 

Gas2l3 ta 
mice carrying one targeted Gas2l3 allele including insertion cassette; 

strain: B6.129-Gas2l3tm1a(EUCOMM)Hmgu 

Gas2l3 fl 

mice carrying floxed Gas2l3 alleles; strain was created by crossing ‘Gas2l3 ta’ 

with ‘FLPe’ strain; 

strain: B6.129-Gas2l3fl; CreERT2 

Gas2l3 fl 

CreERT2 

conditional Gas2l3 knockout mouse strain; Gas2l3 is knocked out after 

tamoxifen administration; strain was created by crossing ‘Gas2l3 fl’ with 

‘CreERT2’ strain; 

strain: B6.129-Gas2l3fl; CreERT2 

Gas2l3 Δfl 

non-conditional Gas2l3 knockout strain; mice lack functional Gas2l3; strain 

was created by crossing ‘Gas2l3 fl’ with ‘Zp3cre’ strain; 

strain: B6.129-Gas2l3Δfl 
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2.2. Methods 

2.2.1. Cell biological methods 

2.2.1.1. Passaging of cells 

All mammalian cells were cultivated in a standard tissue culture incubator at 37 °C with 5% 

carbon dioxide (CO2) and 95% air. For passaging, old medium was discarded, cells were 

washed once with PBS and subsequently incubated for a few minutes in TrypLE Express or 

Trypsin/EDTA solution at 37 °C. The detached cells were resuspendend in fresh medium and 

plated into new cell culture dishes in the desired ratio. 

2.2.1.2. Freezing and thawing of cells 

For freezing, old medium was discarded, cells were washed once with PBS and 

subsequently incubated for a few minutes in Trypsin/EDTA solution at 37 °C. The detached 

cells were resuspendend in fresh medium, transferred to a 15 ml tube and centrifuged for 3 

min at 180 g (1200 rpm). The cell pellet was resuspended in 1 ml freezing medium and 

transferred to precooled cryotubes. The cryotubes were stored for short term at -80 °C and 

for long term in liquid nitrogen. 

For thawing, cryotubes were put into a 37 °C water bath for 1 min. The defrosted cell 

suspension was transferred into a 15 ml tube containing 9 ml fresh medium and centrifuged 

for 3 min at 180 g (1200 rpm). The cell pellet was resuspended in 10 ml fresh medium and 

plated into a new cell culture dish. 

2.2.1.3. Counting of cells 

For cell counting a Neubauer chamber was used. The cells were thoroughly trypsinized, 

resuspended in fresh medium and number of cells in suspension per 1 ml was calculated by 

using the following formula: 

Cells / 1 ml = (Cells counted per 64 squares / 40) * 105  

2.2.1.4. Transient transfection 

For transient transfection of mammalian cells two different methods were used. Calcium 

phosphate transfection was performed by mixing 5 to 10 µg of plasmid DNA with 50 µl of 2.5 

M CaCl2. The mixture was brought to a final volume of 500 µl with autoclaved H2O and 

added dropwise to 500 µl of 2 x HBS solution which was continuously bubbled. The mixture 

was incubated for 15 min at room temperature and subsequently added dropwise to the 

cells. Care was taken that the precipitated DNA was evenly distributed among the cell culture 

dish. After overnight incubation old medium was discarded, cells were washed with PBS and 
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fresh medium was added. 48 hours after transfection cells were harvested and further 

processed.  

Lipofection of cells with plasmid DNA or siRNA was carried out by using Lipofectamine 2000 

or Lipofectamine RNAiMAX according to the manufacturer’s instructions. In general, 1 µg 

plasmid DNA and 2 µl of Lipofectamine 2000 or 1.5 µl siRNA stock solution and 2 µl of 

Lipofectamine 2000 or RNAiMAX were used per well of a 6 well plate. 

2.2.1.5. Generation of stable cell lines 

For generation of a stable cell line expressing a tetracycline inducible shRNA against 

GAS2L3 mRNA, a HeLa cell line stably expressing the Tet-repressor protein was used 

(section 2.1.16). HeLa cells were plated into 6 well plates and transfected with the 

pSuperior.puro-shGAS2L3 plasmid. 48 hours after transfection, cells were plated into a 10 

cm dish and antibiotic selection was started by adding 0.5 µg/ml puromycin. After one week 

of antibiotic selection, single cell clones were isolated and further kept in culture until cell 

number was sufficient for further experiments. To test for tetracycline inducible knockdown of 

GAS2L3 mRNA, cells were treated for 72 hours with 2.5 µg/ml tetracycline or were left 

untreated. Total RNA was prepared from cells and the expression level of GAS2L3 mRNA 

was analyzed by quantitative PCR. Depletion of GAS2L3 was also verified on protein level. 

For generation of stable cell lines expressing tetracycline inducible RNAi resistant eGFP-

GAS2L3 full length and Δ170-309 mutant protein, the FlpIn T-Rex system from 

LifeTechnologies was used according to manufacturer’s instructions (section 2.1.16). Briefly, 

FlpIn T-Rex HeLa cells were plated into 6 well plates and co-transfected with pOG44 and the 

desired pcDNA5/FRT/To plasmids. 48 hours after transfection, cells were plated into a 10 cm 

dish and antibiotic selection was started by adding 400 µg/ml hygromycin and 5 µg/ml 

puromycin. After two weeks of antibiotic selection, single cell clones were isolated and further 

kept in culture until cell number was sufficient for further experiments. To test for tetracycline 

inducible overexpression of eGFP-GAS2L3 full length and Δ170-309 mutant, cells were 

treated for 48 hours with 1.5 µg/ml tetracycline or were left untreated. Next, cells were 

harvested, lysed, the exogenous protein was immunoprecipitated and the expression was 

analyzed by immunoblotting. Correct localization of eGFP- GAS2L3 full length and Δ170-309 

mutant protein was verified in parallel by immunofluorescence analysis. 

2.2.1.6. Reconstitution assays 

HeLa cells stably expressing tetracycline inducible RNAi resistant eGFP-GAS2L3 full length 

and Δ170-309 mutant protein were plated onto coverslips in 6 well plates. Cells were treated 

with 1.5 µg/ml tetracycline for 72 hours or were left untreated. 24 hours after beginning of the 

treatment, cells were transfected with siRNA directed against human GAS2L3 mRNA. 48 
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hours after siRNA transfection, cells were fixed for immunofluorescence analysis and 

percentage of multinucleated cells and cells with abnormally shaped nuclei was quantified.  

2.2.1.7. Generation of Mouse Embryonic Fibroblasts (MEFs) 

Mouse embryonic fibroblasts (MEFs) were isolated from 14.5 dpc (days post coitus) old 

embryos from timed pregnancies. Single embryos were put into separate 6 cm dishes and 

released out of the yolk sac. The blood containing organs and head were removed and 

discarded and the remaining body was washed once with PBS in a fresh 10 cm dish. Next, 

PBS was discarded, 2 ml Trypsin/EDTA solution was added and the remaining body was 

chopped into fine pieces with razorblades. The chopped embryos were incubated at 37 °C 

for 10 min, subsequently 2 ml Trypsin/EDTA solution was added, cell suspension was 

pipetted up and down several times and dishes were put back to 37 °C for additional 10 min. 

After the second incubation, 10 ml fresh DMEM medium was added, the cell suspension was 

thoroughly resuspended by pipetting up and down, plated to a fresh 10 cm dish and put to 

the cell culture incubator for overnight incubation. Next day the supernatant containing cell 

debris and unattached cells was harvested and further used for genotyping of the embryos 

(section 2.2.2.6). The attached cells (passage 1) were washed twice with PBS, further 

passaged in a ratio of 1:4 (passage 2) or directly frozen. 

2.2.1.8. Production of retrovirus in Plat-E cells 

For production of retrovirus Plat-E cells were transiently transfected with the desired plasmid 

using the calcium phosphate method (section 2.2.1.4). The morning after transfection old 

medium was discarded, cells were washed carefully with PBS and 8 ml of fresh medium was 

added. 48 hours after transfection the retroviral supernatant was harvested and filtered 

through a 0.45 µm filter. Afterwards the supernatant was used for infection or flash frozen in 

liquid nitrogen and stored at -80 °C. 

2.2.1.9. Infection and immortalization of MEFs 

For retroviral infection of primary MEFs with SV40 large T antigen a nearly confluent 10 cm 

dish of MEFs was split in a 1:5 ratio. On the next day, the old medium was discarded and 4 

ml of SV40 large T antigen retroviral supernatant containing 8 µg/ml polybrene was added to 

the dish. After 8 hours 4 ml fresh medium was added and cells were further incubated over 

night. Next day the retroviral medium was discarded, cells were washed with PBS and fresh 

medium was added. To select for the successfully immortalized large T antigen transformed 

cells serial passaging was used. 48 hours after infection cells were passaged in a ratio of 1:4 

(high confluency dish as backup) and 1:10 (low confluency dish). After the low confluency 

dish became nearly confluent, the dish was passaged again in a 1:4 and 1:10 ratio. This 



Materials and Methods 

42 
 

procedure was repeated (five times in total) until only transformed cells were left which 

reached confluency after a 1:10 splitting ratio in 2 to 3 days. 

2.2.1.10. Induction of Cre recombinase by tamoxifen 

To induce knockout of floxed alleles on genomic level, expression of Cre recombinase was 

induced by treating CreERT2 positive MEFs with 1µM 4-hydroxytamoxifen (4-OHT). After 48 

hours the 4-OHT containing medium was discarded, cells were washed with PBS and fresh 

medium was added. Cells were processed for further experiments after 1 day recovery. 

2.2.1.11. Synchronization of cells 

Synchronization of cells in M phase of the cell cycle was achieved by adding 100 ng/ml 

nocodazole for 15 hours to the cells. Mitotic cells were harvested by mitotic shake off, 

washed with PBS and further processed. Synchronization of cells in G1 phase was achieved 

by adding 2.5 mM thymidine for 24 hours. Cells were directly used for further experiments or 

washed with PBS 3 times and released into fresh medium for 8 hours to achieve 

synchronization in G2 phase of the cell cycle. 

2.2.1.12. Pharmacological inhibition of the CPC 

Cells were pretreated with different concentrations of AZD1152 ranging from 0.5 to 5 nM for 

9 hours before 100 ng/ml nocodazole was added for additional 15 hours. Afterwards cells 

were harvested with mitotic shake off and lysed with TNN lysis buffer. Cell extracts were 

resuspended in SDS protein sample buffer, boiled for 5 min, separated on a SDS-PAGE gel 

and blotted. Expression level of different proteins was analyzed via immunoblotting. 

2.2.1.13. Determination of CPC activity 

HeLa cells expressing a tetracycline inducible shGAS2L3 were either treated with 

tetracycline (2.5 μg/ml) or were left untreated for 72 hours. Nocodazole was added for 15 

hours, the cells were harvested with mitotic shake off and lysed with TNN lysis buffer. Cell 

extracts were resuspended in SDS protein sample buffer, boiled for 5 min, separated on a 

SDS-PAGE gel and blotted. Expression or phosphorylation level of different proteins was 

analyzed via immunoblotting and quantified using ImageJ.  

2.2.1.14. Immunofluorescence 

Cells were plated onto glass coverslips in 6 well plates 2 to 3 days before fixation. For 

methanol fixation, cells were rinsed with PBS and ice cold methanol was added. Fixation 

took place for 4 min at -20 °C. For PFA fixation, cells were rinsed with PBS and incubated for 

10 min at room temperature with PFA fixative. PFA-fixed cells were permeabilized for 10 min 

with 0.5% Triton X-100 in PBS. After fixation, cells were rinsed several times with PBS and 

subsequently incubated for 30 min in blocking solution. Fixed cells were incubated with the 
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desired primary antibody diluted in PBS for 1 hour in a dark humid chamber. The coverslips 

were washed gently for 3 times, 5 min each with PBS and incubated in a dark humid 

chamber with the appropriate secondary antibody diluted in PBS for 30 min. Nuclei were 

stained by treating the fixed cells with Hoechst 33258 (bisbenzimide) dissolved in PBS (10 

µg/ml) for 2 min. Afterwards the coverslips were washed again for 3 times, 5 min each and 

finally mounted onto standard glass slides for microscopy. 

2.2.2. Molecular biological methods 

2.2.2.1. RNA extraction 

Total RNA was extracted from cultured cells and mouse tissue by using Trifast reagent. For 

cultured cells, medium was aspirated and 1 ml Trifast reagent was added. After an 

incubation time of 3 min, Trifast reagent was pipetted to a 1.5 ml tube, 500 µl chloroform was 

added and the mixture was vortexed thoroughly for 20 sec. Afterwards the sample was 

centrifuged for 10 min at 13200 g, the clear upper phase containing the RNA was pipetted to 

a fresh 1.5 ml tube and 1 ml of isopropanol was added to precipitate the RNA. The sample 

was incubated for 10 min at room temperature, centrifuged for 5 min at 13200 g, the aqueous 

supernatant was discarded and the RNA pellet was washed with RNase free 75% ethanol. 

The sample was centrifuged again for 5 min at 13200 g, the ethanol was discarded and the 

remaining RNA pellet was dried for 5 min. Afterwards the pellet was resuspended in 25 µl 

RNase free water. For RNA extraction from mouse tissue, 100 mg of tissue was put into a 2 

ml tube and flash frozen in liquid nitrogen. Afterwards the tissue piece was put into a glass 

dounce homogenizer together with 1 ml Trifast reagent. The tissue was mechanically 

disrupted until the sample was homogenous. Afterwards the homogenate was pipetted to a 

fresh 2 ml tube, 500 µl chloroform was added and the mixture was vortexed thoroughly for 20 

sec. The sample was centrifuged for 10 min at 13200 g, the clear upper phase containing the 

RNA was pipetted to a fresh 1.5 ml tube and 1 ml of isopropanol was added to precipitate the 

RNA. The sample was incubated for 10 min at room temperature, centrifuged for 5 min at 

13200 g, the aqueous supernatant was discarded and the RNA pellet was washed with 

RNase free 75% ethanol. The sample was centrifuged again for 5 min at 13200 g, the 

ethanol was discarded and the remaining RNA pellet was dried for 5 min. Afterwards the 

pellet was resuspended in 50 µl RNase free water and the RNA was stored at -80 °C. 

2.2.2.2. Reverse transcription 

For reverse transcription, between 1 and 2.5 µg RNA was mixed with 0.5 µl of random 

hexamer primers (0.5 µg/µl) and brought to a final volume of 10 µl with RNase free water. 

The mixture was incubated at 70 °C for 5 min and afterwards cooled down to 4 °C. To the 

sample 6.25 µl dNTPs (2mM), 0.5 µl Ribolock RNase inhibitor (40 U/µl), 0.5 µl RevertAid 
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reverse transcriptase (200 U/µl), 5 µl 5 x RevertAid reaction buffer and 2.75 µl RNase free 

water were added. For cDNA synthesis the mixture was incubated for 1 hour at 42 °C and 

then inactivated for 15 min at 70 °C. 

2.2.2.3. Quantitative PCR 

Amounts of specific mRNAs compared to a housekeeping gene were determined by using 

quantitative real-time PCR. Samples were set up by combining 12.5 µl 2 fold concentrated 

Absolute QPCR SYBR Green Mix, 10.5 µl DNase free water, 0.5 µl forward primer (10 

pmol/µl), 0.5 µl reverse primer (10 pmol/µl) and 1 µl cDNA. Quantitative PCR was performed 

using the following program: 

95 °C 15 min 
 

95 °C 15 sec 40 

cycles 60 °C 60 sec 

 

Relative expression of a specific mRNA compared to a housekeeping gene was calculated 

by using the following formula: 

2-ΔΔCt 

ΔCt = Ct (gene of interest) – Ct (housekeeping gene) 

ΔΔCt = ΔCt (sample) – ΔCt (reference) 

 

The standard deviation of ΔΔCt was calculated by using: 

 

s1 = standard deviation of gene of interest 

s2 = standard deviation of housekeeping gene 

 

The margin of error for 2-ΔΔCt was calculated by using: 

2-ΔΔCt ± s 

The error used for the error bars was calculated by using: 

2-ΔΔCt ± s - 2-ΔΔCt 
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2.2.2.4. Small scale preparation of plasmid DNA from bacteria 

After transformation of chemically competent E. coli cells, single bacterial clones were picked 

from a LB agar plate and incubated in 3 ml liquid LB medium containing appropriate 

antibiotics overnight at 37 °C at 160 rpm on a platform shaker. For small scale preparation of 

plasmid DNA (minipreparation) 1.5 ml of overnight culture was pipetted to a 1.5 ml tube and 

centrifuged for 3 min at 13200 g. The supernatant was discarded and the cell pellet was 

resuspended in 150 µl S1 buffer supplemented with 0.6 µl RNase A (10 µg/µl). For cell lysis, 

150 µl S2 buffer was added and the mixture was incubated for 5 min at room temperature. 

To precipitate the genomic DNA and proteins, 150 µl S3 buffer was added and the sample 

was centrifuged at 13200 g for 10 min. 400 µl of the cleared supernatant was pipetted to a 

fresh 1.5 ml tube and 1 ml isopropanol was added to precipitate the plasmid DNA. The 

sample was incubated for 5 min at room temperature and centrifuged for 10 min at 13200 g. 

The supernatant was discarded and the DNA pellet was washed with 1 ml 70% ethanol. The 

sample was centrifuged again for 5 min at 13200 g, the supernatant was discarded, the 

plasmid DNA pellet was air dried for 5 min and finally resuspended in 50 µl 10 mM Tris/HCl 

(pH 8.5). To identify clones harboring the correct plasmid, the prepared plasmid DNA was 

digested with appropriate restriction endonucleases and analyzed by agarose gel 

electrophoreses. Plasmid DNA of positive clones was stored at -20 °C. 

2.2.2.5. Large scale preparation of plasmid DNA from bacteria 

For large scale preparation of plasmid DNA (midi- / maxipreparation) a single bacterial clone 

was picked from a LB agar plate and incubated in 3 ml liquid LB medium containing 

appropriate antibiotics for 5 to 6 hours at 37 °C at 160 rpm on a platform shaker. The culture 

was transferred to 100 ml liquid LB medium containing appropriate antibiotics and incubated 

overnight at 37 °C at 160 rpm on a platform shaker. After over night incubation the culture 

was transferred to 50 ml tubes and cells were harvested by centrifugation at 4300 g for 10 

min. For plasmid DNA preparation the PureLink HiPure Plasmid Midi-/Maxiprep Kit from Life 

technologies was used according to manufacturer’s instructions. The prepared plasmid DNA 

was set up to a concentration of 1 µg/µl and stored at -20 °C. 

2.2.2.6. Extraction of genomic DNA from tissue/cells and genotyping via 

PCR 

For genomic DNA extraction, 75 µl tail buffer I was added to a 1.5 ml tube containing a 

mouse tail, tissue piece or cell pellet. The tube was boiled at 95 °C for 30 min and afterwards 

put on ice for 10 min. 75 µl tail buffer II was added and the tube was vortexed briefly. For 

genotyping, 2 µl supernatant, 2.5 µl dNTPs (2 mM), 2.5 µl 10 fold concentrated ReproFast 

buffer, 1 µl forward primer (10 µM), 1 µl reverse primer (10 µM), 0.3 µl His-Taq polymerase 
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(15 U/µl) and 15.7 µl DNase free water were mixed. PCR was performed according to 

following program: 

95 °C 3 min 
 

95 °C 30 sec 
30 

cycles 
54 – 58 °C 30 sec 

72 °C 60 sec 

72 °C 5 min 
 

 

2.2.2.7. Extraction of DNA fragments from agarose gels 

The DNA fragments were loaded onto an agarose gel (0.8% to 1.2%) containing 

ethidiumbromide (0.35 µg/ml) and separated by electrophoresis between 1 and 2 hours at 

100 V. The agarose gel was put onto a UV transilluminator and the desired DNA fragments 

were cut out with a clean scalpel. The DNA was extracted from the agarose gel by using the 

Jetstar gel extraction kit from Genomed or the GeneJET gel extraction kit from 

ThermoScientific according to manufacturer’s instructions. 

2.2.2.8. Purification of PCR fragments via column purification 

PCR fragments were purified by using the QIAquick PCR Purification Kit from QIAgen 

according to manufacturer’s instructions. 

2.2.2.9. Determination of nucleic acid concentration 

Concentration of nucleic acids was determined by using a NanoDrop 2000c spectral 

photometer from Peqlab according to manufacturer’s instructions. 

2.2.2.10. Agarose gel electrophoresis 

DNA fragments were separated by size using agarose gel electrophoresis. Agarose gels 

were prepared by adding the desired amount of agarose powder to an appropriate volume of 

one fold concentrated TAE buffer. The mixture was boiled in a microwave oven until the 

agarose completely dissolved and ethidiumbromide was added to a final concentration of 

0.35 µg/ml. DNA samples were prepared by adding an appropriate amount of 5 fold DNA 

loading buffer to the DNA samples. 1 kb or 100 bp DNA ladder from Thermo Scientific was 

used as size marker. Electrophoresis was performed between 1 and 2 hours at 100 V in a 

standard electrophoresis chamber. DNA bands were visualized by using a UV 

transilluminator and photographed or excised.  
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2.2.2.11. Restriction of DNA with restriction endonucleases 

For restriction, DNA (plasmid DNA or PCR fragments) was mixed with the desired restriction 

endonuclease and the recommended buffer and incubated for 1 to 3 hours at 37 °C. As a 

standard reaction, 5 to 10 units of the desired restriction endonuclease were added to 0.5 to 

3 µg DNA and 5 µl of 10 fold concentrated buffer. The mixture was filled up to a final volume 

of 50 µl with DNase free water and incubated for 3 hours at 37°C. The digested DNA was 

purified by gel extraction or column purification. 

2.2.2.12. Standard cloning procedure 

For molecular cloning the vector and insert DNA was digested with appropriate restriction 

endonucleases and afterwards purified by gel extraction or column purification. DNA 

concentration was determined and ligation reaction was set up. As standard reaction, 1 µl T4 

DNA ligase, 2 µl 10 fold concentrated T4 DNA ligase buffer, 5 ng vector DNA and 50 to 100 

ng insert DNA were mixed and brought  to a final volume of 20 µl with DNase free water. The 

reaction was incubated for 30 min at room temperature and afterwards directly used for 

transformation of chemically competent DH5α E. coli cells. After transformation single 

bacterial clones were picked, plasmid DNA was prepared and analyzed via control 

restriction. 

2.2.2.13. Proofreading PCR using Pfu polymerase 

For standard proofreading PCR, 5 µl dNTPs (2 mM), 5 µl 10 fold concentrated Pfu buffer with 

MgSO4, 2.5 µl forward primer (10 µM), 2.5 µl reverse primer (10 µM), 0.5 µl Pfu polymerase 

(2.5 U/µl) and 150 to 200 ng template DNA were mixed and filled up with DNase free water 

to a final volume of 50 µl. PCR was performed according to following program: 

 

95 °C 3 min 
 

95 °C 30 sec 
35 

cycles 
TM – 5 °C 30 sec 

72 °C 2 min / kb 

72 °C 10 min 
 

 

When cDNA was used as template for proofreading PCR, the following slightly modified 

program was used: 
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95 °C 3 min 
 

95 °C 30 sec 
3 

cycles 
TM + 2 °C 30 sec 

72 °C 2 min / kb 

95 °C 30 sec 
3 

cycles 
TM 30 sec 

72 °C 2 min / kb 

95 °C 30 sec 
3 

cycles 
TM - 2 °C 30 sec 

72 °C 2 min / kb 

95 °C 30 sec 
6 

cycles 
TM - 4 °C 30 sec 

72 °C 2 min / kb 

95 °C 30 sec 
20 

cycles 
TM - 5 °C 30 sec 

72 °C 2 min / kb 

72 °C 15 min 
 

 

2.2.2.14. Long range PCR 

Long range PCR was performed by using the Expand Long Template PCR System from 

Roche according to manufacturer’s instructions. 

2.2.3. Biochemical methods 

2.2.3.1. Whole cell lysates 

For whole cell lysates old medium was discarded and cells were washed once with PBS. The 

dish was put on ice, 10 ml cold PBS was added and the cells were scraped from the dish 

with a plastic cell scraper. The cell suspension was transferred to a 15 ml tube and 

centrifuged for 3 min at 300 g at 4 °C. The supernatant was aspirated, the cell pellet was 

resuspended in an appropriate volume of freshly prepared TNN lysis buffer and transferred 

to a 1.5 ml tube. After incubation for 45 min on ice, the tube was centrifuged at 20000 g for 

15 min at 4 °C to precipitate the cell debris. The cleared supernatant was transferred to a 

fresh 1.5 ml tube and protein concentration was determined. The whole cell lysate was either 

used directly for further assays or mixed with 3 fold concentrated protein sample buffer, 

boiled for 5 min at 95 °C and stored at -20 °C. 
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2.2.3.2. Determination of protein concentration 

Protein concentration was determined by using the Bradford method (Bradford, 1976). In 

brief, 2 µl whole cell lysate was mixed with 1 ml Bradford solution and extinction was 

measured at a wave length of 595 nm. As reference, a BSA dilution series of known protein 

concentration was used. 

2.2.3.3. Immunoprecipitation 

For immunoprecipitation, the desired antibody was added in a ratio of 1:10 to 1:200 to a fresh 

prepared whole cell lysate containing between 250 µg to 10 mg total protein. The mixture 

was rotated for 2 to 3 hours at 4 °C before protein G beads were added for 1 hour. Beads 

were harvested by centrifugation at 1200 g for 1 min and the supernatant was discarded. 

Beads were washed 6 times with 1 ml cold TNN lysis buffer. After washing, supernatant was 

completely aspirated, beads were resuspended in 3 fold concentrated protein sample buffer, 

boiled for 5 min at 95 °C and stored at -20 °C. 

2.2.3.4. Stable isotope labelling by amino acids in cell culture (SILAC) 

For SILAC experiments HeLa cells stably expressing tetracycline inducible HA-/Strep-/Strep-

tagged (HSS-) GAS2L3 were grown in “heavy” or “light” SILAC medium. After a sufficient 

incorporation of labelled amino acids was achieved (about 5 passages), cells were plated to 

15 cm dishes and further cultivated in “heavy” or “light” medium until cell number was 

sufficient for further experiments. Cells growing in “heavy” medium were treated with 1.5 

µg/ml tetracycline for 48 hours before start of the experiment to induce expression of HSS-

GAS2L3. To trap the cells into mitosis, nocodazole (100 ng/ml) was added for 15 hours. 

Cells were harvested with mitotic shake off and thoroughly washed with PBS. One third of 

the cells was snap frozen in liquid nitrogen and stored at -80 °C, the other two thirds were 

separated into two parts and released into fresh medium for 30 min and 1 hour. After release 

cells were harvested, washed with PBS, snap frozen in liquid nitrogen and stored at -80 °C. 

The three different time points were chosen to identify interacting proteins of GAS2L3 in early 

stage (no release from nocodazole), mid stage (30 min release from nocodazole) and late 

stage of mitosis (60 min release from nocodazole). 

2.2.3.5. Tandem affinity purification of HA-/Strep-/Strep-tagged proteins 

Tandem affinity purification was performed according to the protocol described by Wyler and 

colleagues (Wyler et al., 2011). Cell pellets were lysed in an appropriate volume of TAP cell 

lysis buffer. The whole cell lysates were cleared by centrifugation at 20000 g for 15 min at 4 

°C and protein concentration was determined with the Bradford method. Strep-Tactin 

sepharose beads were added and samples were incubated for 30 min at 4 °C on a rotator. 

Beads were harvested by centrifugation at 1200 g for 1 min and washed 3 times with TAP 
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cell lysis buffer. Bound proteins were eluted 3 consecutive times with TAP cell lysis buffer 

supplemented with 2.5 mM desthiobiotine. The single eluates were pooled and HA beads 

were added. The samples were incubated for 1 hour at 4 °C on a rotator, before the beads 

were harvested by centrifugation at 1200 g for 1 min. Beads were washed 2 times with TAP 

cell lysis buffer and once with 10 mM Tris/HCl supplemented with 2 mM MgCl2. Proteins 

were eluted from the beads with SDS protein sample buffer without DTT. The finale eluates 

were cleared by centrifugation through a Mobicol spin filter column, and DTT was added to a 

final concentration of 30 mM. The samples were concentrated by using Amicon spin 

columns, the corresponding “heavy” and “light” samples were mixed in equal ratios and 

separated by Nupage Bis-Tris gel electrophoresis. The protein bands were stained with 

colloidal coomassie and the gel was sent to the Max-Planck-Institute for Biophysical 

Chemistry, Göttingen for further mass spectrometrical analysis. 

2.2.3.6. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

For standard SDS-PAGE, the MiniProtean III system from Biorad in combination with the 

discontinuous method described by Laemmli (Laemmli, 1970) was used. First a separating 

gel of the desired concentration (8 to 15%) was prepared. After polymerization of the 

separating gel, a stacking gel (5%) was poured on top. For preparation of a 1.5 mm gel the 

following recipe was used: 

separating gel 8% 10% 12.5% 15% 

H2O ultrapure [µl] 3894 3344 2656 1969 

separating gel buffer [µl] 2035 2035 2035 2035 

20% SDS [µl] 60.5 60.5 60.5 60.5 

10% APS [µl] 55 55 55 55 

30% acrylamide [µl] 2200 2750 3438 4125 

TEMED [µl] 5.5 5.5 5.5 5.5 

     

stacking gel 5%    

H2O ultrapure [µl] 990    

bromophenol blue [µl] 60    

stacking gel buffer [µl] 1000    

20% SDS [µl] 60    

10% APS [µl] 40    

30% acrylamide [µl] 500    

TEMED [µl] 4    
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Gels were run at 70 V unless protein samples migrated through the stacking gel. Afterwards 

voltage was increased to 150 V for approximately 1 hour for separation of the protein 

sample. 

2.2.3.7. Nupage Bis-tris gel electrophoresis 

For mass spectrometrical analysis, proteins were separated by using precast 4-12% gradient 

Bis-Tris gels together with the Novex Nupage SDS PAGE Gel System from Life 

Technologies according to manufacturer’s instructions.  

2.2.3.8. Coomassie blue staining of polyacrylamide gels 

After SDS-PAGE, the polyacrylamide gel was rinsed briefly with ultrapure H2O and placed in 

Coomassie blue staining solution for 1 hour at room temperature under constant shaking. 

Afterwards, gel was rinsed a couple of times with ultrapure H2O to wash away excess 

Coomassie blue stain and placed into Coomassie destaining solution for 1 to 2 days. To 

accelerate destaining process the acetic acid solution was changed regularly. 

For coomassie staining of Nupage Bis-Tris gels colloidal coomassie staining solution from 

Life Technologies was used according to manufacturer’s instructions. 

2.2.3.9. Immunoblotting 

Protein transfer from polyacrylamide gels to PVDF membranes was performed by using the 

Mini Trans-Blot wet transfer apparatus from BioRad. In brief, the PVDF membrane was 

incubated for a few minutes in pure methanol while the sponges, whatman papers and the 

polyacrylamide gel were soaked in cold blotting buffer. Next, the blotting stack was 

assembled by placing (from bottom to top) wet sponge, wet whatman paper, polyacrylamide 

gel, PVDF membrane, wet whatman paper and wet sponge together into the blotting 

chamber. The chamber was filled with a cooling device and blotting buffer. Transfer was 

performed at 350 mA for 90 min. After blotting, the successful transfer of proteins to the 

membrane was controlled by staining the membrane with Ponceau S solution. For detection 

of proteins by immunoblotting, the membrane was blocked for 1 to 2 hours in blocking 

solution and afterwards incubated over night at 4 °C with the desired primary antibody. Next 

day, membrane was washed 3 times, 10 min each with TBS-T and incubated with the 

appropriate secondary antibody for 3 to 4 hours. The membrane was washed again 3 times, 

10 min each with TBS-T and incubated for 1 min in chemiluminescence solution before it was 

wrapped in plastic foil and exposed to X-ray film. 

2.2.3.10. Transformation of chemically competent bacteria 

E. coli cells pre-aliquoted in a 1.5 ml tube were thawed on ice for 10 min. After thawing, 250 

ng plasmid DNA or 5 µl ligation reaction was added to the cells and the tube was put back on 
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ice for 30 min. Cells were heat shocked for 50 sec at 42 °C and put back on ice for 2 min, 

before 500 µl liquid LB medium without antibiotics but supplemented with 2% glucose was 

added to the tube. The sample was incubated for 1 hour at 37 °C while shaking at 700 rpm 

on an Eppendorf thermo mixer. After incubation, the tube was centrifuged for 1 min at 13200 

g, the supernatant was discarded and the cell pellet was resuspended in 100 µl LB medium. 

The bacterial suspension was pipetted onto a LB agar plate containing the appropriate 

antibiotic, plated with a Drigalski spatula and incubated at 37 °C for at least 16 hours. 

2.2.3.11. Preparation of glycerol stocks from bacteria 

Glycerol stocks were prepared by pipetting 330 µl of a fresh bacterial culture into a 1.5 ml 

tube and adding 670 µl glycerol stock buffer. The tube was vortexed briefly, flash frozen in 

liquid nitrogen and stored at -80 °C.  

2.2.3.12. Overexpression of recombinant proteins in bacteria 

After transformation of chemically competent BL21 (DE3) or Rosetta (DE3) cells with the 

desired plasmid, 10 ml SB medium, containing appropriate antibiotics, was pipetted onto the 

LB agar plate and the cell clones were thoroughly resuspended by detaching them with a 

glass pipette. Cell suspension was transferred to a baffled 2 l flask containing 500 ml SB 

medium supplemented with appropriate antibiotics and incubated at 37 °C on a platform 

shaker at 140 rpm. 1 to 2 hours later the optical density of the culture was determined by 

measuring the extinction at a wave length of 600 nm using a photometer. When the culture 

reached an optical density of 0.2 the temperature of the platform shaker was lowered to 27 

°C. The extinction of the culture at 600 nm was determined every hour and the temperature 

was further lowered to 15 °C at an optical density of 0.5 to 0.6. After the culture reached an 

extinction value between 0.8 and 1.0, 5 ml of the culture was transferred to a 15 ml tube for 

later use as pre-induction sample and the expression of recombinant protein was induced by 

adding 1 mM IPTG to the culture. After overnight incubation at 15 °C, 5 ml of the culture was 

transferred to a 15 ml tube for later use as post-induction sample and the rest of the cells 

were harvested by centrifugation at 4000 g. Supernatant was discarded, cells were washed 

once with PBS, cell pellet was snap frozen in liquid nitrogen and stored at -80 °C. Pre- and 

post-induction samples were prepared by resuspending an equal amount of bacterial cells in 

3 fold concentrated protein sample buffer. Samples were separated by SDS-PAGE, the gel 

was stained with Coomassie Blue and successful overexpression was verified by presence 

of an additional protein band of the right kilodalton size in the post-induction sample. 

2.2.3.13. Purification of recombinant GST fusion proteins from bacteria 

For purification, frozen cell pellet was thawed on ice for 20 min. Cell pellet was thoroughly 

resuspended in 20 ml GST lysis buffer and cells were lysed by using a Branson sonifier (65% 
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amplitude / 10 sec burst / 60 sec pause / 3 to 4 repeats). The bacterial whole cell lysate was 

transferred to a Corex glass tube and cleared by centrifugation at 13000 g for 30 min. 

Glutathione sepharose beads were added to the cleared supernatant and the mixture was 

incubated for 3 to 4 hours at 4 °C on the rotator. Afterwards, beads were harvested by 

centrifugation at 1200 g for 3 min and washed for 6 times with 40 ml GST wash buffer. Beads 

with bound GST proteins were either directly used or bound proteins were eluted from the 

beads with GST elution buffer and, if needed, dialyzed against PBS or BRB80 buffer 

overnight for further assays. A fraction of the dialyzed proteins was separated by SDS-PAGE 

and successful purification was verified by Coomassie Blue staining. To determine the 

concentration of the purified proteins, a BSA dilution series of known protein concentration 

was analyzed in parallel on the same SDS-PAGE gel. 

2.2.3.14. Actin co-sedimentation assay 

F-actin co-sedimentation assay was performed using the Actin Binding Protein Biochem Kit 

from Cytoskeleton. Actin was polymerized at room temperature for 1 hour and diluted to 5 

µM according to the manufacturer’s protocol. For co-sedimentation assays, 40 µl F-actin was 

mixed with 1 µM GST–GAS2L3 full length, deletion mutants or GST protein and incubated for 

30 min at room temperature. Mixtures were pelleted by centrifugation at 120000 g for 60 min 

at 24 °C. Supernatant and pellet fractions were recovered and separated by SDS-PAGE. 

Gels were stained with Coomassie Blue. 

2.2.3.15. Microtubule co-sedimentation assay 

Monomeric tubulin was a kind gift of Prof. Dr. Oliver Gruss, University of Heidelberg. Tubulin 

was polymerized at 37 °C for 30 min by addition of 0.5 volumes of glycerol and 1 mM GTP. 

The polymerized tubulin was diluted to 10 µM with BRB80 buffer supplemented with 20 µM 

taxol. For co-sedimentation assays, 20 µl of polymerized tubulin was mixed with 1 µM GST–

GAS2L3 full length, deletion mutants or GST protein and incubated for 15 min at room 

temperature. Mixtures were pelleted by centrifugation at 30000 g for 30 min at 30°C over a 

30% glycerol cushion. Supernatant and pellet fractions were recovered and separated by 

SDS-PAGE. Gels were stained with Coomassie Blue. 

2.2.3.16. Microtubule-F-actin crosslinking assay 

The microtubule-F-actin crosslinking assay was performed as described by Miller and 

colleagues (Miller et al., 2004). Briefly, 1 µM GST–GAS2L3 full length, N-terminus (aa1-310) 

or C-terminus (aa303-694) was added to 5 µM polymerized tubulin in BRB80 buffer 

supplemented with 20 µM taxol and incubated for 15 min at room temperature. After addition 

of 5 µM F-actin, the mixture was incubated for additional 15 min at room temperature and 
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centrifuged at 5000 g for 10 min at 24 °C. Supernatant and pellet fractions were recovered, 

separated by SDS-PAGE and stained with Coomassie Blue. 

2.2.3.17. Microtubule bundling assay 

5 µM unlabelled tubulin was mixed with 0.4 µM Cy5-labelled tubulin in BRB80 buffer. The 

tubulin mixture was polymerized by addition of 20 µM taxol and 1mM GTP for 30 min at 37 

°C. After addition of 500 nM GST–GAS2L3 full length, C-terminus (aa303-694) or GST, the 

mixtures were incubated for additional 30 min at 37 °C. 1.5 µl aliquots were pipetted onto 

slides, covered with 1.5 µl BRB80 fixing solution and analyzed by fluorescence microscopy. 

2.2.3.18. GST pulldown assay 

HeLa whole cell lysates containing 250 to 500 µg total protein were incubated with 

approximately 5 µg immobilized GST fusion proteins over night at 4 °C on a rotator. The next 

day, beads were harvested by centrifugation at 1200 g for 1 min and washed 6 times with 1 

ml TNN lysis buffer. After washing beads were resuspended in SDS protein sample buffer, 

boiled for 5 min at 95 °C, separated on a SDS-PAGE gel and blotted. Bound proteins were 

analyzed via immunoblotting. 

2.2.3.19. His-Tag pulldown assay 

His-tagged and GST fusion proteins were overexpressed (section 2.2.3.12), cells were lysed 

in His-tag lysis buffer by sonification and cleared lysates were prepared (section 2.2.3.13). 

For pulldown assays, bacterial cell lysate containing approximately 5 µg of His-tagged 

protein was mixed with bacterial cell lysate containing approximately 0.5 µg of GST fusion 

protein and incubated at 4 °C over night on a rotator. Next day, Ni-NTA beads were added to 

the mixture for 1 hour. Afterwards, beads were harvested by centrifugation at 1200 g for 1 

min and washed 6 times with 1 ml His-tag wash buffer. After washing beads were 

resuspended in SDS protein sample buffer, boiled for 5 min at 95 °C, separated on a SDS-

PAGE gel and blotted. Bound proteins were analyzed via immunoblotting. 

2.2.3.20. Kinase assay 

For kinase assays HeLa cells were treated for 15 hours with 100 ng/ml nocodazole, 

harvested with mitotic shake off and lysed with TNN lysis buffer. Endogenous Aurora B or 

Cyclin B1 kinases were immunoprecipitated over night at 4 °C (section 2.2.3.3). The 

precipitated kinases were washed three times with 1 ml TNN lysis buffer and two times with 1 

ml kinase assay buffer. Afterwards 2 μg GST-GAS2L3, GST, GST-Histone H3(aa1-46) or 

Histone H1 (Roche) dissolved in kinase buffer supplemented with 20 μM non-radioactive 

ATP were added together with 10 μCi γ-P32-ATP to the immobilized kinases. The reaction 

mixtures were incubated for 20 min at 30 °C. The kinase reactions were stopped by addition 
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of SDS protein sample buffer. Samples were boiled for 5 min at 95 °C and separated on a 

SDS-PAGE gel. The gel was dried and exposed to X-ray film for analysis. For mass 

spectrometrical analysis of CDK1 phosphosites, the assay was performed without 

radioactively labelled ATP. The samples were separated by SDS-PAGE, protein bands were 

stained with colloidal coomassie staining solution and the gel was sent to the Mass 

Spectrometry Core Facility of the Center for Molecular Biology of the University of Heidelberg 

for further analysis. 

2.2.3.21. Antigen affinity purification of polyclonal GAS2L3 antibody 

Polyclonal GAS2L3 antibody was antigen purified according to the protocol of Dr. Erik 

Flemington. In brief, BL21 (DE3) cells overexpressing GST and GST-mGas2l3(aa305-683) 

were lysed by sonification and supernatants were cleared by centrifugation. Glutathione 

sepharose beads were added to the supernatants containing GST or GST-mGas2l3(aa305-

683) and incubated for 1 hour at 4°C on a rotator. Beads were harvested by centrifugation at 

1200 g for 3 min at 4 °C and washed 3 times with TBS supplemented with 1% NP-40. 4 ml of 

crude rabbit serum containing polyclonal GAS2L3 antibody was thawed and diluted with 4 ml 

PBS. Beads with bound GST were added to the diluted serum and incubated for 5 hours at 4 

°C on a rotator, to pre-clear the serum from all antibodies which recognize and specifically 

bind to GST. The beads with bound GST-mGas2l3(aa305-683) were washed twice with 0.1 

M borate buffer (pH 8), once with 0.1 M borate buffer (pH 9), and once with 0.2 M borate 

buffer (pH 9). After washing, beads were incubated with 40 mM dimethylpimelimidate 

dissolved in 0.2 M borate buffer (pH 9) for 1 hour at 4 °C on a rotator, to crosslink the GST-

mGas2l3(aa305-683) protein to the glutathione sepharose beads. After crosslinking, beads 

were washed twice with 0.1 M borate buffer (pH 8) and the crosslinking reaction was finally 

stopped by incubating the beads with 50 mM Tris/HCl (pH 8) for 45 min at 4 °C on a rotator. 

Afterwards beads were washed 3 times with PBS, once with 0.2 M glycine/HCl (pH 2.5), 

once with 1M K2HPO4, again with 0.2 M glycine/HCl (pH 2.5) and 1M K2HPO4 and twice with 

PBS. The pre-cleared rabbit serum was centrifuged at 1500 g for 3 min at 4 °C to pellet the 

GST beads. The supernatant fraction was transferred to the cross linked GST-

mGas2l3(aa305-683) beads and the pellet fraction was discarded. After over night incubation 

at 4 °C on a rotator, beads were washed 3 times with PBS supplemented with 0.2% Tween-

20 and twice with pure PBS. The bound antibody was eluted 3 consecutive times by adding 

750 µl glycine/HCl (pH 2.5) to the beads. The eluates were neutralized immediately by 

adding 250 µl 1M K2HPO4. From all eluates SDS protein samples were prepared, separated 

by SDS-PAGE and analyzed via Coomassie blue staining. The two eluates with highest 

antibody concentration were dialyzed for 2 days against PBS, mixed with sterile glycerol 

(1:1), aliquoted and stored at -20 °C. The specificity of the antigen purified antibody was 

tested in immunoblotting and immunoprecipitation experiments. 
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3. Results 

3.1. GAS2L3 is regulated on protein level during cell cycle 

Previous experiments in the laboratory have shown that GAS2L3 is regulated during the cell 

cycle in a DREAM-complex dependent manner (Wolter et al., 2012). So far the regulation 

was only shown on mRNA level. To verify that GAS2L3 is also regulated on protein level 

during the cell cycle, immunoprecipitation experiments from HeLa cells, synchronized in 

different cell cycle phases (section 2.2.1.11), were performed. Samples were separated by 

SDS-PAGE and analyzed via immunoblotting. GAS2L3 protein expression peaked during G2 

and M phase of the cell cycle while in G1 phase and in asynchronous cells GAS2L3 was not 

detectable (fig 3.1a). To verify proper synchronization of cells phosphorylation of Histone H3 

on Ser 10, a G2 and M phase specific marker, was analyzed in parallel by immunoblotting 

(fig 3.1a). To confirm identity of the protein and specificity of the used antibodies, a HeLa cell 

line stably expressing a tetracycline inducible shRNA against GAS2L3 mRNA was either 

treated with tetracycline or was left untreated. Immunoprecipitation experiments with 

GAS2L3 antibody were carried out and samples were separated by SDS-PAGE. GAS2L3 

was readily detected by immunoblotting in the untreated sample while the amount of 

GAS2L3 was strongly reduced in the tetracycline treated one (fig 3.1b). 

 

Figure 3.1: Expression of GAS2L3 is cell cycle regulated. A) Endogenous GAS2L3 was 

immunoprecipitated from synchronized cells. Synchronization of cells was verified by immunoblotting 
for phosphorylated Histone H3, a marker for G2/M phase of the cell cycle. B) Identity of the 
endogenous protein was confirmed by expression of a shRNA directed against GAS2L3 mRNA. as: 
asynchronous cells. Figure was first published in Wolter et al., 2012. 

 

3.2. GAS2L3 is important for proper cytokinesis 

It has been shown in previous experiments in the laboratory that depletion of GAS2L3 leads 

to defects in cytokinesis. To further confirm this observation, HeLa cells were transfected 

with three different siRNAs against GAS2L3. Percentage of cells with defects in cytokinesis 

represented either by multinucleation or by abnormally shaped (multi-lobed) nuclei was 

quantified (fig 3.2). HeLa cells were plated on coverslips, transfected with control or GAS2L3 

siRNAs by using Lipofectamine 2000 (section 2.2.1.4) and fixed (section 2.2.1.14) (fig 3.2a). 
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In parallel, knockdown efficiency of all three GAS2L3 siRNAs was determined by quantitative 

PCR 48 hours after transfection (fig 3.2b). Percentage of multinucleated cells or cells with 

multi-lobed nuclei increased to almost 20% after treatment with GAS2L3 specific siRNA while 

only 3% of the control depleted cells showed defects in cytokinesis (fig 3.2c). 

 

Figure 3.2: Depletion of GAS2L3 leads to defects in cytokinesis. A) GAS2L3 depleted HeLa cells 

show higher percentage of abnormally shaped nuclei compared to control depleted cells. Nuclei were 
stained with Hoechst 33258 (blue) and tubulin was counterstained (red). Scale bars: 10 µm. B) 
Efficient depletion of GAS2L3 by three different siRNAs was verified by qPCR. C) Percentage of 
multinucleated cells or cells with abnormally shaped nuclei was quantified after GAS2L3 depletion. 
Results are from three independent experiments. More than 300 cells per experiment were counted. 
Standard deviations between the three experiments are indicated. Figure was first published in Wolter 
et al., 2012. 

 

3.3. GAS2L3 is a cytoskeleton associated protein 

Due to the domain architecture of GAS2L3 (section 1.3.4) and the localization studies in 

mammalian cells (Schmitt, 2010; Wolter et al., 2012), it was likely that GAS2L3 directly 
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interacts with the cytoskeleton. To address this question a set of GAS2L3 deletion mutants 

for in vitro studies was created. The cDNA sequences of full length GAS2L3 and deletion 

mutants were amplified by PCR and cloned in frame into pGEX4T-2 vector. This plasmid is 

used for bacterial overexpression of glutathione-S-transferase (GST) fusion proteins. After 

purification with glutathione sepharose beads, the GST fusion proteins were eluted from the 

beads and dialyzed (section 2.2.3.13). Fractions of the purified proteins were analyzed by 

SDS-PAGE and subsequent Coomassie blue staining. For comparison a BSA dilution series 

of known protein concentration was analyzed in parallel on the same gel (section 2.2.3.13). 

After determination of concentration and verification of protein integrity, the purified proteins 

were used in subsequent in vitro experiments. 

At first F-actin co-sedimentation assays were performed (section 2.2.3.14) (fig 3.3). 

Monomeric actin was resuspended in general actin buffer and polymerized to actin filaments 

(F-actin) by addition of actin polymerization buffer for 1 hour at 24 °C (section 2.2.3.14). 1 µM 

of the purified GST fusion proteins were incubated together with 5 µM F-actin and subjected 

to centrifugation at 120000 g for 1 hour. The supernatant and pellet fractions were separated 

by SDS-PAGE and subsequently stained with Coomassie blue (fig 3.3a). Interacting proteins 

are found in the pellet fraction together with F-actin after centrifugation while non-interacting 

proteins remain in the supernantant fraction. As control the assay was performed in parallel 

with GST protein only and with every protein without F-actin. In both cases the tested GST 

fusion proteins should remain in the supernatant fraction after centrifugation.  

The assay was performed with full length GST-GAS2L3 and five different deletion mutants 

(fig 3.3a). Full length protein and the N-terminal part containing the CH domain showed clear 

F-actin interaction, indicated by presence of the GST protein in the pellet fraction. Except for 

GST-GAS2L3(aa303-375), which only showed reduced affinity for F-actin, all of the other 

tested proteins clearly interacted with F-actin, although they lack a known F-actin binding 

domain. Importantly, none of the tested proteins was found in the pellet fractions without F-

actin (fig 3.3a). The C-terminal part of GAS2L3 harbors at least two different F-actin binding 

regions, because the non-overlapping mutants GST-GAS2L3(aa303-455) and GST-

GAS2L3(aa456-694) showed both a comparable affinity for F-actin (fig 3.3a).  
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Figure 3.3: GAS2L3 interacts with F-actin in vitro. A) Purified GST or GST-GAS2L3 full length and 
deletion mutants were incubated with F-actin and centrifuged. Supernatant (S) and pellet (P) fractions 
were recovered and analyzed via Coomassie blue staining. B) Flow chart describing the F-actin co-
sedimentation assay. C) Summary of the interaction data. f.l.: full length, aa: amino acids; RT: room 
temperature. Panel A and parts of panel C were first published in Wolter et al., 2012. 

 

Next, microtubule co-sedimentation assays were performed (section 2.2.3.15) (fig 3.4). 

Monomeric tubulin was polymerized to microtubules (MTs) as described in section 2.2.3.15. 

1 µM of the purified GST fusion proteins were incubated together with 10 µM taxol stabilized 

microtubules (MTs) and subjected to centrifugation at 30000 g for 30 min. The supernatant 

and pellet fractions were recovered, separated by SDS-PAGE and subsequently stained with 

Coomassie blue (fig 3.4a).  

Interacting proteins are found in the pellet fraction together with MTs after centrifugation 

while non-interacting proteins remain in the supernantant fraction. As control, the assay was 

performed in parallel with GST protein only and with every protein without MTs. In both cases 

the tested GST fusion proteins should remain in the supernatant fraction after centrifugation.  

The assay was performed with full length GST-GAS2L3 and five different deletion mutants 

(fig 3.4). Full length protein showed a clear interaction with MTs indicated by presence of the 

GST protein in the pellet fraction. The GST-GAS2L3(aa1-310) protein containing the CH and 

the GAR domain, which is described as a MT binding domain (Goriounov et al., 2003; Sun et 

al., 2001), did not interact with MTs. Only GST-GAS2L3(aa303-694) and the smaller non-
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overlapping deletion mutants of the C-terminal part, GST-GAS2L3(aa303-455) and GST-

GAS2L3(aa456-694) showed a clear interaction with MTs, indicating again two independent 

C-terminally located binding motifs. Importantly, none of the tested proteins was found in the 

pellet fractions without MTs.  

 

Figure 3.4: GAS2L3 interacts with microtubules in vitro. A) Purified GST or GST-GAS2L3 full 

length and deletion mutants were incubated with microtubules (MT) and centrifuged. Supernatant (S) 
and pellet (P) fractions were recovered and analyzed via Coomassie blue staining. B) Flow chart 
describing the MT co-sedimentation assay. C) Summary of the interaction data. f.l.: full length, aa: 
amino acids; RT: room temperature. Panel A and parts of panel C were first published in Wolter et al., 
2012. 

 

Taken together, the co-sedimentation assays revealed, that GAS2L3 can directly interact 

with F-actin and MTs in vitro. It became clear that the F-actin interaction is mediated by the 

N-terminus of GAS2L3 and at least two binding motifs in the C-terminus, while the MT 

binding is solely mediated by at least two independent binding motifs in the C-terminal part, 

but not by the GAR domain. The cartoon depicted in figure 3.5 summarizes the in vitro 

binding data. 



Results 

61 
 

 

Figure 3.5: Summary of the data obtained from co-sedimentation assays. F-actin binding is 
mediated by the N-terminus (probably via the CH domain) and at least two independent binding motifs 
in the C-terminus. Microtubule binding is mediated by at least two independent binding motifs in the C-
terminal part of the protein, but not by the GAR domain. Figure was first published in Wolter et al., 
2012. 

 

The two co-sedimentation assays were combined to test if GAS2L3 is able to bind to MTs 

and F-actin simultaneously in vitro (section 2.2.3.16) (fig 3.6). 1 µM purified GST fusion 

proteins were first incubated with 5 µM taxol stabilized MTs at room temperature for 15 min. 

5 µM F-actin was added and after additional incubation for 15 min the samples were 

subjected to low speed centrifugation at 5000 g for 10 min. The supernatant and pellet 

fractions were recovered, separated by SDS-PAGE and subsequently stained with 

Coomassie blue (fig 3.6a). After low speed centrifugation only MTs formed a pellet, while F-

actin stayed in the supernatant fraction (fig 3.6a lanes 1&2 top). Addition of GST-GAS2L3 to 

F-actin resulted in a pellet formation, indicating an additional F-actin bundling activity of 

GAS2L3 (fig 3.6a lanes 3&4 top). Incubation of full length protein with MTs indicated a clear 

interaction (fig 3.6 lanes 5&6 top) confirming the results obtained from the co-sedimentation 

assays (fig 3.4). The majority of F-actin went to the pellet fraction after incubation with MTs 

and full length protein, indicating a cytoskeleton crosslinking function of GAS2L3 (fig 3.6 

lanes 7&8 top). The C-terminal part was also able to cross link F-actin and MTs in vitro (fig 

3.6 lanes 7&8 middle), while the N-terminus was not, due to the lack of a MT binding domain 

(fig 3.6 lanes 7&8 bottom and fig. 3.4). Like the full length protein, the N-terminus showed 

also an F-actin bundling activity indicated by presence of F-actin in the pellet fraction after 

low speed centrifugation (fig 3.6 lanes 3&4 bottom), while the C-terminal part was not able to 

do so (fig 3.6 lanes 3&4 middle). 

The assay confirmed that GAS2L3 is able to bind simultaneously to F-actin and MTs in vitro. 

It also showed that the N-terminal part of GAS2L3 is not only able to bind, but also to bundle 

actin filaments and that the C-terminal part is sufficient for crosslinking MTs and F-actin in 

vitro. 
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Figure 3.6: GAS2L3 crosslinks microtubules and F-actin in vitro. A) Purified GST-GAS2L3 full 
length and deletion mutants were incubated with microtubules (MTs) and F-actin. Samples were 
centrifuged, supernatant (S) and pellet (P) fractions were recovered and analyzed via Coomassie blue 
staining. B) Flow chart describing the MT-F-actin crosslinking assay. C) Summary of the interaction 
data. f.l.: full length, aa: amino acids; RT: room temperature. Panel A was first published in Wolter et 
al., 2012. 

 

Additionally it was analyzed, if GAS2L3 has also a MT bundling activity in vitro. To address 

this question, a MT bundling assay was performed (section 2.2.3.17). 500 nM of purified GST 

fusion proteins were incubated for 30 min with 5 µM taxol stabilized Cy5-labelled MTs at 37 

°C. Samples were fixed on slides and analyzed by immunofluorescence microscopy. 

Incubation of polymerized MTs with MT bundling proteins leads to an accumulation of large 

filamentous MT structures. As negative control GST protein was used because it only 

showed low affinity for MTs in co-sedimentation assays (fig 3.4). Addition of GST-GAS2L3 

full length and C-terminus resulted in a strong accumulation of filamentous structures 

compared to the buffer control (fig 3.7). This finding indicated a MT bundling activity of 

GAS2L3 mediated by the C-terminal part (fig 3.7). In contrast, addition of GST protein alone 

did not lead to formation of filamentous structures (fig 3.7). 
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Figure 3.7: GAS2L3 bundles microtubules in vitro. A) GST-GAS2L3 full length, C-terminus (aa303-

694) or GST were incubated with Cy5-labelled microtubules. Samples were fixed on slides and 
analyzed by immunofluorescence (IF) microscopy. B) Flow chart describing MT bundling assay. f.l.: 
full length, aa: amino acids, scale bars: 10 µm. Parts of panel A were first published in Wolter et al., 
2012. 

 

Taken together, GAS2L3 is a cytoskeleton associated protein, which is able to bind to F-actin 

and MTs in vitro and which has additionally MT and F-actin bundling activities. The following 

figure summarizes all the obtained cytoskeleton binding data (fig 3.8). 

 

Figure 3.8: Summary of the in vitro binding data. The N-terminal part of GAS2L3 has F-actin 
binding and bundling ability. The C-terminus is able to bind to F-actin and MTs and has additionally a 
MT bundling activity. Parts of the figure were first published in Wolter et al., 2012. 

 

3.4. GAS2L3 interacts with the chromosomal passenger complex 

The GST-GAS2L3 fusion proteins created for in vitro MT and F-actin co-sedimentation 

assays were also used for in vitro binding assays to identify new interacting proteins of 

GAS2L3. In initial experiments the proteins Aurora B, Centrosomal protein of 55 kDa 

(Cep55), End-binding protein 1 (EB1), MgcRacGAP, Mklp1 and RhoA, which all co-localize 

with GAS2L3 in human cells, were tested for interaction by using GST pulldown assays (data 

not shown). HeLa whole cell lysates were incubated with immobilized GST-GAS2L3 or GST 
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as negative control and bound proteins were analyzed by immunoblotting. None of the tested 

proteins, except Aurora B kinase, showed an interaction with GAS2L3 (data not shown). As 

Aurora B kinase is a very important protein and a master regulator of mitosis and cytokinesis 

(sections 1.4.4 & 1.4.6), it was chosen for further analysis. 

GST pulldown assays with different GAS2L3 deletion mutants and full length protein were 

conducted (section 2.2.3.18) to verify the interaction with Aurora B and map the involved 

binding region of the GAS2L3 protein (fig 3.9a). HeLa whole cell lysates were incubated with 

immobilized GST fusion proteins and Aurora B binding was analyzed by immunoblotting. 

CDK2 was used as control to exclude that recombinant GST fusion proteins bind non-

specifically to proteins present in the cell lysate (fig 3.9a). Interaction between Aurora B and 

full length GAS2L3 protein was detectable like in the initial experiment. All the other deletion 

mutants harboring the N-terminally located GAR domain also showed a clear interaction with 

GAS2L3, while the two mutants without this domain did not (fig 3.9a). This experiment led to 

the conclusion, that the GAR domain of GAS2L3 is mediating the interaction with Aurora B 

kinase. To further clarify this point, an additional mutant with internally deleted GAR domain 

(GAS2L3Δ170-309) was created and used for further pulldown experiments (fig 3.9b). 

Immunoblotting revealed, that GAS2L3(Δ170-309) was not able to bind to Aurora B kinase 

any more (fig 3.9b). In cells, Aurora B kinase is incorporated into a protein complex which is 

called chromosomal passenger complex (CPC) (section 1.4). In addition to Aurora B kinase, 

the CPC consists of three other proteins named Borealin, Incenp and Survivin (section 1.4). 

To address whether GAS2L3 binds to the whole CPC and not only to Aurora B kinase, 

binding of two other members of the CPC, Borealin and Survivin, was also analyzed by 

immunoblotting (fig 3.9b). Borealin and Survivin showed an interaction with all GAS2L3 

proteins harboring the GAR domain, but not with the GAS2L3(Δ170-309) mutant (fig 3.9b). 
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Figure 3.9: The GAR domain of GAS2L3 is required and sufficient to mediate binding to the 
chromosomal passenger complex in vitro. (A) HeLa whole cell lysates were incubated with 
immobilized GST fusion proteins and binding of Aurora B and CDK2 was analyzed by immunoblotting. 
Coomassie blue stained gel of the purified GST fusion proteins is shown at the bottom. The positions 
of the fusion proteins are marked with asterisks. (B) HeLa whole cell lysates were incubated with 
immobilized GST fusion proteins and binding of Aurora B, Borealin and Survivin was analyzed by 
immunoblotting. Coomassie blue stained gel of the purified GST fusion proteins is shown at the 
bottom. The positions of the fusion proteins are marked with asterisks. (C) Summary of the binding 
data. f.l.: full length, aa: amino acids, CPC: chromosomal passenger complex. Figure was first 
published in Fackler et al., 2014. 

 

As described earlier, the CPC consists of four members (section 1.4). The question was 

raised, which of the four proteins is the direct interaction partner of GAS2L3. GST pulldown 

assays performed with whole cell lysates were not suited to address this question so the 

decision was taken to bacterially overexpress the CPC members and perform in vitro binding 

assays together with GST-GAS2L3 fusion proteins. The cDNA sequences of the CPC 

members were amplified by PCR and cloned in frame into the bacterial expression plasmid 

pRSETA. The resulting constructs were overexpressed in bacteria to obtain His-tagged CPC 
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proteins. Overexpression of His-tagged Incenp was not possible, so it could not be used for 

further assays. The other three CPC members were successfully overexpressed and used 

for in vitro binding assays together with GST-GAS2L3 (section 2.2.3.19). Whole cell lysates 

from E. coli cells overexpressing His-tagged CPC proteins and GST-GAS2L3 were prepared 

and mixed. His-tagged proteins were precipitated with Ni-NTA agarose and bound GST-

GAS2L3 protein was detected by immunoblotting (fig 3.10a). His-tagged Borealin and 

Survivin showed both a clear interaction with GST-GAS2L3, while His-tagged Aurora B did 

not (fig 3.10a). This result indicates that the direct protein interaction between GAS2L3 and 

the CPC is mediated by Borealin and Survivin but not by Aurora B kinase. 

 

Figure 3.10: GAS2L3 interacts with Borealin and Survivin, but not with Aurora B in vitro. (A) 

Bacterial cell lysates containing His-tagged recombinant proteins were incubated with bacterial cell 
lysates containing GST-GAS2L3 fusion protein. His-tagged proteins were precipitated by Ni-NTA 
agarose and binding of GST-GAS2L3 was analyzed by immunoblotting. Coomassie blue stained gel of 
the purified His-tagged fusion proteins is shown at the bottom. The positions of the fusion proteins are 
marked with asterisks. (B) Summary of the binding data. Panel A was first published in Fackler et al., 
2014. 

 

To further map the binding regions of Borealin and Survivin which mediate interaction with 

GAS2L3, deletion mutants of both proteins were created with PCR and cloning them in frame 

into the pRSETA plasmid. The resulting constructs were overexpressed and used for in vitro 

binding assays together with GST-GAS2L3, GST-GAS2L3(Δ170-309) and GST-

GAS2L3(aa170-310) (fig 3.11). 

Whole cell lysates from E. coli cells overexpressing His-tagged Borealin and Survivin 

deletion mutants and GST fusion proteins were prepared and mixed. His-tagged proteins 

were precipitated with Ni-NTA agarose and bound GST fusion proteins were detected by 

immunoblotting (fig 3.11a). The interaction between full length His-tagged Borealin and 

Survivin and GST-GAS2L3 full length and GAS2L3(aa170-310) mutant was detectable, while 

the GAS2L3 mutant lacking the GAR domain (Δ170-309) showed no interaction (fig 3.11a). 

Additionally the C-terminal mutant of Borealin and the N-terminal mutant of Survivin 



Results 

67 
 

containing the BIR domain also showed an interaction with full length GAS2L3 and 

GAS2L3(aa170-310), but not with GAS2L3(Δ170-309) (fig 3.11a). 

 

Figure 3.11: The GAR domain of GAS2L3 interacts with the C-terminus of Borealin and the N-
terminus of Survivin. (A) Bacterial cell lysates containing His-tagged recombinant proteins were 

incubated with bacterial cell lysates containing GST fusion proteins. His-tagged proteins were pulled 
down by Ni-NTA agarose and binding of GST fusion proteins was analyzed by immunoblotting. 
Coomassie blue stained gel of the purified His-tagged fusion proteins is shown at the bottom. The 
positions of the fusion proteins are marked with asterisks. (B) Summary of the binding data. f.l.: full 
length, aa: amino acids. Figure was first published in Fackler et al., 2014. 

 

The results obtained from all in vitro binding assays indicate that the interaction between 

GAS2L3 and the CPC is mediated by the GAR domain of GAS2L3 and the C-terminal part of 

Borealin as well as the N-terminal part of Survivin. The cartoon shown in figure 3.12 gives an 

overview of the interaction between GAS2L3 and the CPC. 

 

Figure 3.12: GAS2L3 interacts with the chromosomal passenger complex. The GAR domain of 
GAS2L3 directly interacts with the C-terminus of Borealin and the N-terminus of Survivin. Incenp, 
Borealin and Survivin form a triple helix bundle. Direct protein-protein interactions between GAS2L3 
and CPC subunits are indicated by xxx. 
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To verify that the interaction is also occurring in living cells, co-immunoprecipitation 

experiments were carried out. HeLa whole cell lysates were incubated with GAS2L3 and 

Survivin or with non-specific control IgG antibodies. The antibodies were precipitated by 

addition of protein G beads and bound proteins were analyzed by immunoblotting. GAS2L3 

was efficiently precipitated and the CPC proteins Aurora B and Survivin were readily 

detectable (fig 3.13a). Vice versa, GAS2L3 and Aurora B were also detectable, when 

Survivin was precipitated (fig 3.13a). Neither GAS2L3 nor Aurora B or Survivin were detected 

in samples were non-specific antibodies were used for immunoprecipitation (fig 3.13a). The 

obtained results indicate that the described in vitro interaction between GAS2L3 and the 

CPC is also occurring in living cells. To further confirm the binding data, a HeLa cell line 

stably expressing a tetracycline inducible shRNA directed against GAS2L3 mRNA was used. 

The cells were either treated with tetracycline to induce expression of shGAS2L3 or were left 

untreated. Whole cell lysates were prepared and incubated with GAS2L3 antibody. 

Immunoprecipitation experiments were carried out and bound proteins were analyzed by 

immunoblotting. In the untreated control sample GAS2L3 was efficiently precipitated and the 

CPC proteins Aurora B and Survivin were detectable (fig 3.13b). In the tetracycline treated 

sample however, only a small amount of GAS2L3 was precipitated, while the two CPC 

members Aurora B and Survivin were almost undetectable (fig 3.13b). This result confirmed 

the specificity of the observed interaction. 

 

Figure 3.13: GAS2L3 interacts with the chromosomal passenger complex in cells. (A) HeLa 
whole cell lysates were incubated with GAS2L3 and Survivin or nonspecific mouse and rabbit IgG 
antibodies. Immunoprecipitation experiments were performed and protein amounts of Aurora B, 
Survivin and GAS2L3 were analyzed by immunoblotting. (B) Whole cell lysates from HeLa cells stably 
expressing a tetracycline-inducible GAS2L3 specific shRNA were incubated with GAS2L3 antibody. 
Immunoprecipitation experiments were performed and protein amounts of Aurora B, Survivin and 
GAS2L3 were analyzed by immunoblotting. The amounts of bound Aurora B and Survivin were 
strongly reduced after induction of the shRNA confirming the specificity of the interaction. Figure was 
first published in Fackler et al., 2014. 
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3.5. GAS2L3 is phosphorylated by CDK1 but not by Aurora B 

Next, it was analyzed if GAS2L3 is not only an interacting protein of the CPC but also a 

substrate of Aurora B. To address this question, in vitro kinase assays with radioactively 

labelled ATP were performed. Because it was reported recently that CDK1 kinase 

phosphorylates GAS2L3 in vivo (Pe’er et al., 2013), CDK1 was used as a positive control in 

the in vitro kinase assays. Aurora B and CDK1/cyclin B1 were immunoprecipitated from 

HeLa whole cell lysates (fig 3.14b) and mixed with GST-GAS2L3, GST-Histone H3(aa1-46), 

Histone H1 or GST protein. GST-Histone H3(aa1-46) served as positive control for Aurora B, 

Histone H1 as positive control for CDK1 and GST was used as negative control for both 

kinases. Kinase assays were carried out (section 2.2.3.20) and phosphorylation of the 

substrate proteins were analyzed by autoradiography. GST-GAS2L3 as well as Histone H1 

were strongly phosphorylated by CDK1 kinase (fig 3.14a). In contrast to this finding, no 

phosphorylation of GAS2L3 by Aurora B kinase was observable, although Histone H3 

showed a clear incorporation of radioactively labelled ATP, confirming activity of 

immunoprecipitated Aurora B kinase (fig 3.14a). Neither Aurora B nor CDK1 kinase 

phosphorylated GST (fig 3.14a). 

 

Figure 3.14: GAS2L3 is not a substrate of Aurora B, but is phosphorylated by CDK1. (A) Aurora 
B or Cyclin B1 were immunoprecipitated from HeLa whole cell lysates. Kinase assays with GST, GST-
GAS2L3, GST-Histone H3(aa1-46) and Histone H1 as substrates were performed. Phosphorylation of 
substrates was visualized by autoradiography. Coomassie blue stained gel of the purified GST fusion 
proteins is shown at the bottom. (B) Successful immuoprecipitation of Aurora B (top) and CDK1 
(bottom) kinases was verified by immunoblotting. Figure was first published in Fackler et al., 2014. 
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In vitro kinase assays showed, that GAS2L3 was strongly phosphorylated by CDK1 but not 

by Aurora B kinase. To identify the phosphorylated residues of the GAS2L3 protein, kinase 

assay with immunoprecipitated CDK1/cyclin B1 complex was repeated without radioactively 

labelled ATP. The phosphorylated GST-GAS2L3 protein was separated by SDS-PAGE and 

stained with colloidal coomassie solution. In collaboration with Dr. Thomas Ruppert from the 

Mass Spectrometry Core Facility of the Center for Molecular Biology, University of 

Heidelberg, six serine and two threonine residues were found to be modified by 

phosphorylation (fig 3.15a). All of the identified phosphosites were located in the C-terminal 

part of the protein (fig 3.15B) and three of them matched perfectly the CDK consensus motif 

[S*/T*]-P-X-[R/K] (Moreno and Nurse, 1990) (fig 3.15a). 

 

Figure 3.15: CDK1 phosphorylates GAS2L3 at multiple sites. (A) Eight different CDK1 specific 

GAS2L3 phosphosites were identified by mass spectrometrical analysis. Phosphosites are indicated 
by number of amino acids and recognition motif. All modified residues are depicted in red. (B) Cartoon 
describing the location of the phosphorylated amino acids in the GAS2L3 protein. Mass 
spectrometrical analysis was performed by the Mass Spectrometry Core Facility, ZMBH. 

 

3.6. Depletion of GAS2L3 influences stability and activity of the CPC 

To analyze if GAS2L3 influences the activity of the CPC, HeLa cells stably expressing a 

tetracycline inducible shRNA directed against GAS2L3 mRNA were used. HeLa cells were 

treated with tetracycline or were left untreated. After addition of nocodazole, whole cell 

lysates were prepared and separated by SDS-PAGE. Expression levels of CPC proteins and 

Aurora B substrates were analyzed by immunoblotting. The intensities of the immunoblotting 

signals were quantified with ImageJ and normalized to the untreated controls. The protein 

amounts of Borealin and Survivin were lowered in the tetracycline treated sample to 

approximately 70% of the untreated control (fig 3.16). The two Aurora B substrates P-Histone 

H3 (Ser 10) and P-CENPA (Ser 7) showed a decrease of the immunoblot signal intensities to 

approximately 60% of the untreated sample (fig 3.16). However, the protein amounts of 
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Aurora B and Cyclin B1, which was used as a marker for G2/M phase of the cell cycle, 

stayed unchanged between control and tetracycline treated samples (fig 3.16). Tubulin was 

used as loading control and also showed no change in signal intensities (fig 3.16). 

 

Figure 3.16: GAS2L3 depletion slightly influences stability and activity of the chromosomal 
passenger complex. (A) HeLa cells stably expressing a tetracycline-inducible GAS2L3 specific 

shRNA were treated with tetracycline or left untreated. Cell lysates were analyzed by immunoblotting 
with the indicated antibodies. Protein levels were quantified using Image J and normalized to the 
untreated control cells. The experiment was performed four times, one representative example is 
shown. Standard deviations between the four experiments are indicated. (B) Flow chart describing the 
experiment. Panel A was first published in Fackler et al., 2014. 

 

Taken together these data suggest that GAS2L3 slightly influences the kinase activity of the 

CPC as well as the stability of its interaction partners Borealin and Survivin but not of Aurora 

B kinase.  

To analyze if the defects in cytokinesis observed after GAS2L3 depletion (fig 3.2) are related 

to the described influence on CPC activity and stability, pharmacological inhibition of the 

CPC with the Aurora B specific kinase inhibitor AZD1152 (Mortlock et al., 2007) was used. 

The amount of AZD1152 was titrated to obtain a reduction in phosphorylation levels of CPC 
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substrates comparable to shRNA mediated depletion of GAS2L3. HeLa cells stably 

expressing a tetracycline inducible shRNA against GAS2L3 mRNA were either treated with 

tetracycline, were left completely untreated or were treated with different concentrations of 

AZD1152. After addition of nocodazole, whole cell lysates were prepared and separated by 

SDS-PAGE. Amounts of P-Histone H3, P-CENPA, Cyclin B1 and tubulin were analyzed by 

immunoblotting. The titration experiments revealed that the concentration of AZD1152 

needed to achieve a comparable decrease in immunoblotting signal intensities of CPC 

substrates like it was observed after GAS2L3 depletion was about 1 nM for P-Histone H3 

and about 5 nM for P-CENPA (fig 3.17a). To investigate if AZD1152 leads to cytokinesis 

defects in this concentration range, cells with tetracycline inducible expression of shGAS2L3 

were treated with tetracycline, 5 nm AZD1152 or were left untreated. Cells were fixed and the 

percentage of multinucleated cells and cells with multi-lobed nuclei was quantified. 

Approximately 14% of GAS2L3 depleted cells showed defects in cytokinesis while the 

percentage of multinucleated cells or cells with abnormally shaped nuclei did not siginificantly 

increase in AZD1152 treated cells compared to control cells (fig 3.17b).  

 

Figure 3.17: Depletion of GAS2L3 phenocopies moderate pharmacological inhibition of the 
chromosomal passenger complex. (A) HeLa cells stably expressing a tetracycline-inducible 

GAS2L3 specific shRNA were treated with tetracycline or different concentrations of AZD1152 or were 
left untreated as control. Cell lysates were analyzed by immunoblotting with the indicated antibodies. 
(B) Percentage of multinucleated cells and cells with multi-lobed nuclei was quantified in untreated 
control, tetracycline treated and AZD1152 treated cells. Results are from two independent 
experiments. More than 300 cells per experiment were counted. Standard deviations between the 
experiments are indicated (C) Flow chart describing the assay. Panel A and parts of panel B were first 
published in Fackler et al., 2014. 
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Thus, although GAS2L3 influences stability of CPC members and kinase activity of the CPC, 

comparative pharmacological experiments showed that reduction of CPC activity by 

depletion of GAS2L3 is not strong enough to induce cytokinesis defects.  

3.7. Localization of GAS2L3 to the constriction zone depends on the GAR 

domain 

To further analyze if the GAR domain is important for correct localization of GAS2L3 during 

cytokinesis, eGFP fusion constructs from full length GAS2L3 and GAS2L3(Δ170-309), the 

mutant unable to interact with the CPC, were generated and transiently overexpressed in 

HeLa cells. Cells were fixed and analyzed by immunofluorescence microscopy. Both eGFP 

fusion proteins localized normally to microtubules during interphase (fig 3.18). As previously 

reported (Wolter et al., 2012) full length GAS2L3 showed a distinct midbody localization 

during cytokinesis (fig 3.18). The GAS2L3(Δ170-309) mutant protein was still present at the 

cytokinetic bridge but localized more distal from the midbody compared to the wild type 

protein (fig 3.18). 

 

Figure 3.18: The GAR domain is necessary for proper localization of GAS2L3 during 
cytokinesis. Localization of overexpressed eGFP-GAS2L3 full length and Δ170-309 fusion proteins 
was analyzed during interphase and cytokinesis. Nuclei were stained with Hoechst 33258 (blue) and 
tubulin was counterstained (red). Scale bars: 10 µm. 
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Taken together immunofluorescence microscopy verified that correct localization of GAS2L3 

to the midbody during cytokinesis is dependent on the GAR domain (fig 3.18). 

3.8. The GAR domain is necessary for proper function of GAS2L3 

To investigate if the GAR domain is necessary for proper function of GAS2L3, HeLa cell lines 

stably expressing tetracycline inducible siRNA resistant eGFP-GAS2L3 full length or Δ170-

309 mutant were generated to perform reconstitution assays. Endogenous GAS2L3 protein 

was depleted by siGAS2L3 while siRNA resistant eGFP-GAS2L3 full length and Δ170-309 

proteins were overexpressed in parallel. The aim of this assay was to find out if the 

reconstituted exogenously expressed proteins are able to compensate for loss of the 

endogenous protein by rescuing the observed phenotype after GAS2L3 depletion (fig 3.2). 

To confirm expression of full length eGFP-GAS2L3 and Δ170-309 mutant, cells were induced 

with tetracycline, whole cell lysates were prepared and eGFP fusion proteins were 

immunoprecipitated. Samples were analyzed by immunoblotting with GAS2L3 specific 

antibody (fig 3.19a). The cell lines expressed full length and mutant protein to a comparable 

level after tetracycline induction. Both eGFP fusion proteins were detectable at the 

cytokinetic bridge by immunofluorescence microscopy (fig 3.19b and section 3.7). After 

validation, cell lines were used for reconstitution assays. Cells were treated with tetracycline 

or were left untreated and subsequently transfected with a siRNA against GAS2L3 (internal # 

2) to knockdown the endogenous protein. The cells were fixed and the percentage of 

multinucleated cells and cells with abnormally shaped nuclei was quantified (fig 3.19c). The 

quantification results were normalized to uninduced control cells. Expression of eGFP-

GAS2L3 full length protein led to a decrease of cells with defective cytokinesis to 

approximately 70% of the uninduced control (fig 3.19d). The eGFP-GAS2L3(Δ170-309) 

mutant however did not show any rescue effect, indicating that the GAR domain is important 

for proper GAS2L3 protein function (fig 3.19d). 
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Figure 3.19: The GAR domain of GAS2L3 is necessary for successful completion of 
cytokinesis. (A) Equal amounts of RNAi-resistant eGFP-GAS2L3 (full length and Δ170-309) proteins 

are expressed after tetracycline induction. eGFP fusion proteins were immunoprecipitated with GFP 
antibody detected by immunoblotting with GAS2L3 antibody. (B) eGFP fusion proteins show midbody 
localization after tetracycline induction. (C) HeLa cells stably expressing tetracycline-inducible and 
RNAi-resistant eGFP-GAS2L3 (full length and Δ170-309) were pretreated with tetracycline before 
siRNA transfection as indicated. Nuclei were stained with Hoechst 33258 (blue) and tubulin was 
counterstained (red). Scale bars: 10 µm. (D) Percentage of multinucleated cells or cells with 
abnormally shaped nuclei was quantified after GAS2L3 depletion. Quantification results were 
normalized to untreated control cells. Results are from three independent experiments. More than 400 
cells per experiment were counted. Standard deviations between the three experiments are indicated. 
Figure was first published in Fackler et al., 2014. 

 

3.9. Identification of new interacting proteins of GAS2L3 

To identify new interacting proteins of GAS2L3, stable isotope labelling by amino acids in cell 

culture (SILAC) (section 2.2.3.4) in combination with tandem affinity (TA) purification (section 

2.2.3.5) and subsequent mass spectrometrical analysis was used. HeLa cells stably 

expressing tetracycline inducible HA/Strep/Strep-tagged (HSS-) GAS2L3 were cultivated in 

“heavy” or “light” SILAC medium for five passages. After successful incorporation of labelled 

amino acids, expression of HSS-tagged GAS2L3 was induced in cells growing in “heavy” 

medium while the cells growing in “light” medium were left untreated. To identify interacting 
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proteins of GAS2L3 specific for early stage of mitosis, cells were trapped in prometaphase by 

adding nocodazole for 15 hours and harvested by mitotic shake off. For identification of 

interacting proteins specific for mid-stage and late mitosis, cells were released into fresh 

medium for 30 and 60 min respectively after nocodazole treatment and harvested (section 

2.2.3.4). Cells from all time points were lysed and TA-purification was performed with “heavy” 

and “light” whole cell lysates (section 2.2.3.5). Final samples were mixed in an equal ratio 

and separated by Nupage Bis-Tris gel electrophoresis. The gel was stained with colloidal 

coomassie solution and sent to the Max-Planck-Institute for Biophysical Chemistry, Göttingen 

where the protein bands were excised, digested with trypsin to achieve small peptids and 

further analyzed by mass spectrometry. Incorporation of isotopic labelled amino acids 

(“heavy” amino acids) leads to a mass shift of the corresponding peptide. Comparison of 

identical peptides with different isotope composition (“heavy” versus “light”) by mass 

spectrometry yields a ratio of intensities, which accurately reflects the abundance ratios for 

the two peptides respectively proteins. A high “heavy” to “light” ratio represents a high 

enrichment of the corresponding protein in the HSS-GAS2L3 expressing (“heavy”) TA-

purification sample compared to the control (“light”) sample. This way, interacting proteins 

can be identified and discriminated from unspecifically bound proteins which have a “heavy” 

to “light” ratio of about one. 

Mass spectrometrical analysis identified 39 proteins with an enrichment value above two. Of 

all identified proteins, 19 were cytoskeleton-associated proteins, 6 proteins were chaperones 

or co-chaperones, 8 proteins were involved in gene expression or translation and 6 proteins 

had other functions (fig 3.20). GAS2L3 was strongly enriched in all three time points (fig 

3.20). 
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Figure 3.20: Mass spectrometrical analysis revealed 38 potentially new GAS2L3 interacting 
proteins. Gene and recommended protein names are presented together with the UniProt knowledge 

base identifier. Fold enrichment is given for every protein. GAS2L3 (marked in red) was heavily 
enriched in all three time points. Only proteins with at least two fold enrichment are shown. Mass 
spectrometrical analysis was performed by the group of Prof. Dr. Urlaub, MPI Göttingen. 
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For further validation of the mass spectrometrical results, six proteins from the list which 

might be connected to the observed in vivo phenotype upon loss of GAS2L3 (section 3.10), 

were chosen to be tested for interaction in co-immunoprecipitation experiments together with 

HSS-GAS2L3. The cDNAs of Actinin 1, Actinin 4, BAG-2, CapZa1, CapZb and Hsc70 were 

amplified by PCR and cloned into the pcDNA3_Flag vector. Additionally a Flag-tagged 

construct of BAG-3, a protein closely related to BAG-2 but not found on the list, was also 

created. All proteins were successfully overexpressed in HeLa cells stably expressing 

tetracycline inducible HSS-GAS2L3. Co-immunoprecipitation experiments were performed by 

incubating whole cell lysates with Strep-Tactin sepharose beads. Bound proteins were 

separated by SDS-PAGE and analyzed by immunoblotting. All Flag-tagged proteins were 

detectable in the co-immunoprecipitation samples when HSS-tagged GAS2L3 was present 

(fig 3.21a). In the absence of exogenously expressed GAS2L3, no Flag-tagged proteins, 

except Hsc70, were detectable (fig 3.21a). Binding results indicate specific protein 

interactions between GAS2L3 and all tested proteins, except Hsc70. 

 

Figure 3.21: GAS2L3 interacts with cytoskeleton associated proteins and co-chaperones 
identified by mass spectrometrical analysis. Indicated Flag-tagged proteins were transiently 
overexpressed in HeLa cells stably expressing tetracycline-inducible HSS-tagged GAS2L3. HeLa cells 
were treated with tetracycline or left untreated and lysed. Whole cell lysates were incubated with 
Strep-Tactin sepharose beads. Immunoprecipitation experiments were performed and bound Flag-
tagged proteins were analyzed by immunoblotting. (B) Flow chart describing the experiment. 

 

In conclusion, SILAC in combination with TA-purification and subsequent mass 

spectrometrical analysis identified a set of new potential interacting proteins of GAS2L3. By 
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using co-immunoprecipitation experiments the validity of the obtained mass spectrometrical 

results could be confirmed. 

3.10. Establishment of an in vivo system to study Gas2l3 function 

Expression of GAS2L3 in tissues of a male and a female C57 BL/6 wild type mouse at eight 

weeks of age was analyzed. Total RNA from 15 different tissues was prepared and 

transcribed to cDNA. By using quantitative PCR, tissue specific expression levels of GAS2L3 

relative to the housekeeping gene hypoxanthine-phosphoribosyltransferase 1 (Hprt-1) were 

determined. For better comparability, the obtained expression data was normalized to the 

tissue with the lowest expression. GAS2L3 mRNA was detectable in all analyzed tissues (fig 

3.22). Thymus, small intestine and spleen showed highest expression level, while fat tissue 

and kidney showed lowest GAS2L3 expression (fig 3.22). 

 

Figure 3.22: GAS2L3 is ubiquitously expressed in mouse tissues. Total RNA from the indicated 
mouse organs was prepared and reverse transcribed to cDNA. The expression level of GAS2L3 in the 
different mouse tissues was determined by qPCR and normalized to the tissue with lowest expression 
(fat tissue). GAS2L3 expression was analyzed in tissues of eight weeks old C57 BL/6 wild type mice. 

 

GAS2L3 was identified as a protein playing an important role in mitosis, cytokinesis and 

maintenance of genomic stability (Wolter et al., 2012). To get a deeper insight into the in vivo 

function of GAS2L3, a knockout mouse was generated in collaboration with the Max-Planck-

Institute of Molecular Cell Biology and Genetics, Dresden. Two different embryonic stem 

(ES) cell clones already carrying a targeted Gas2l3 allele were obtained from the European 



Results 

80 
 

Conditional Mouse Mutagenesis (EUCOMM) program. All EUCOMM cell lines are derived 

from an ES cell line with C57 BL/6N genetic background. In those ES cells one non-agouti 

locus was replaced by the dominant agouti wild type locus, which allows identification of ES 

cell-derived mice by agouti coat color (Pettitt et al., 2009). The Gas2l3ta/+ ES cell clones were 

created by gene targeting of one Gas2l3 allele using a targeting vector with conditional 

potential (EUCOMM ID: 45033). The exon six of the Gas2l3 gene is flanked by loxP sites 

(floxed) in the targeted Gas2l3 allele (fig 3.23a). The targeted allele harbours an insertion 

cassette located between two flippase recognition target (FRT) sites. The insertion cassette 

consists of a splice acceptor site (EN2), followed by an internal ribosome entry site (IRES) 

and the beta-galactosidase reporter gene (βgal). Furthermore it contains a neomycin 

resistance gene driven by the human beta actin promotor (βact::neo). Correct orientation of 

the insertion cassette in the targeted Gas2l3 allele was verified by long range PCR using 

gene and insertion cassette specific primers (fig 3.23). Two primer pairs were used for each 

site of the insertion cassette (fig 3.23a&b). Correct orientation of the 3’ site could be verified 

by long range PCR in both ES cell clones (fig 3.23c). The two primer pairs specific for the 5’ 

site did not yield any PCR product (data not shown). 

 

Figure 3.23: Long range PCR confirms correct orientation of the insertion cassette in the 
targeted Gas2l3 allele of embryonic stem cells. (A) Location of the primers used for long range 

PCR. (B) Long range PCR fragment sizes obtained by the different primer pairs. (C) Correct 
orientation of the insertion cassette was confirmed in two different embryonic stem cell clones 
harboring the targeted Gas2l3 allele. EN2: splice acceptor site, IRES: internal ribosome entry site, 
ßGal: ß-Galactosidase, ßact::neo: neomycin resistance gene under control of ß-actin promoter, FRT: 
flippase recognition target, loxP: locus of X-over P1, bp: base pairs 

 

Chimeric mice were generated by transfer of embryonic stem cells to blastocysts and 

subsequent implantation into uteri of foster mice. Chimeric mice were born and mated to C57 
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BL/6 mice. Germline transmission of the targeted allele was confirmed by genotyping the 

offspring pubs with primers specific for the targeted allele by PCR (data not shown). After 

presence of the targeted allele was verified, positive tested mice were transferred to the 

mouse facility of the Biocenter Würzburg. Figure 3.24 gives an overview of the breeding 

strategy for generation of conditional (fig 3.24a) and knockout alleles (fig 3.24b) of Gas2l3. 

 

Figure 3.24: Breeding strategy for generation of conditional and knockout alleles of Gas2l3. (A) 

Mice harboring the targeted allele of Gas2l3 were crossed with Flp recombinase expressing mice to 
delete the insertion cassette between the FRT sites. The resulting conditional (fl) allele contains one 
FRT site and two loxP sites flanking exon 6. B) Mice with fl allele were further crossed with Cre 
recombinase expressing mice to delete the loxP flanked exon 6. The resulting knockout (Δfl) allele 
contains one FRT site and one loxP site. (C) Location of the primers used for genotyping of the 
different alleles. The fragment sizes for the different genotyping PCRs are depicted in the table on the 
right side. Values in brackets represent theoretical fragment sizes. EN2: splice acceptor site, IRES: 
internal ribosome entry site, ßGal: ß-Galactosidase, ßact::neo: neomycin resistance gene under 
control of ß-actin promoter, FRT: flippase recognition target, loxP: locus of X-over P1, wt: wild type, ta: 
targeted, fl: floxed (flanked by loxP sites), Δfl: deleted floxed (knockout), bp: base pairs 



Results 

82 
 

Deletion of the floxed exon on genomic DNA level creates a mutated version of the Gas2l3 

gene. The mutated gene is transcribed into a frame shifted Gas2l3 mRNA, which in turn 

encodes for a truncated non-functional Gas2l3 protein. All the pubs obtained from every 

breeding step were genotyped by using PCR in combination with allele specific primers (fig 

3.24c). All expected PCR fragment sizes are shown (fig 3.24c). 

Mice harboring the targeted allele were crossed with mice expressing flippase (Flp) 

recombinase constitutively under control of the human ACTB promoter (Rodríguez et al., 

2000) to delete the insertion cassette between the flippase recognition target (FRT) sites. By 

performing this breeding step, mice with a conditional allele of Gas2l3 (also called floxed or fl 

allele) were created. A breeding scheme including possible genotypes is shown in figure 

3.25a. The offspring was genotyped by using PCR with primers specific for the targeted and 

floxed allele (fig 3.25b). Presence of Flp recombinase was verified by PCR (fig 3.25b). All 

mice carrying the floxed allele were positively tested for Flp recombinase while mice still 

carrying the targeted allele did not harbor Flp recombinase (fig 3.25b). Deletion of the 

insertion cassette and correct recombination of the allele was verified by sequencing the 

PCR product resembling the floxed allele (data not shown). 

 

Figure 3.25: Breeding strategy for mice harboring a conditional Gas2l3 allele. (A) Gas2l3
ta/+

 mice 

were crossed with a mouse strain expressing Flp recombinase to obtain mice with conditional (floxed) 
Gas2l3 allele. (B) Mice were genotyped by using PCR. All mice carrying the conditional allele were 
tested positive for Flp recombinase and negative for the targeted allele. Gas2l3 genotypes are 
indicated on top. 

 

To create a conditional, tamoxifen inducible knockout strain, Gas2l3fl/+ mice were crossed 

with CreERT2 mice. This strain expresses CreERT2 recombinase in every tissue after 

tamoxifen induction and can be used for conditional deletion of floxed exons located between 

the locus over X-over P1 (loxP) sites in vivo (Hameyer et al., 2007). The offspring was 

genotyped with PCR by using primers specifically recognizing the floxed Gas2l3 and the 

CreERT2 allele (data not shown). Gas2l3fl/+ CreERT2 cre/+ mice were further intercrossed to 

create mice homozygous for both alleles. The offspring was genotyped with the above 

mentioned PCR protocol. All mice were healthy and the genotypes were present in the 

expected mendelian ratio (data not shown). 
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To have an inducible Gas2l3 knockout system for cell culture based assays available, mouse 

embryonic fibroblasts (MEFs) were isolated from embryos derived from crosses of Gas2l3fl/+ 

with Gas2l3fl/+ CreERT2 cre/cre mice (fig 3.26a). The prepared MEF clones were genotyped by 

PCR using specific primers for the conditional Gas2l3 and the CreERT2 alleles (fig 3.26b). All 

obtained clones were CreERT2 positive, while the Gas2l3 genotype was either wild type 

(Gas2l3+/+), heterozygous (Gas2l3fl/+) or homozygous (Gas2l3fl/fl) for the floxed Gas2l3 allele 

(fig 3.26b).  

 

Figure 3.26: Breeding strategy for isolation of Gas2l3
fl/fl

 CreER
T2 cre/+

 mouse embryonic 
fibroblasts. (A) Gas2l3

fl/+
 CreER

T2 cre/cre
 mice were crossed with Gas2l3

fl/+
 CreER

T2 +/+
 mice to obtain 

embryos for isolation of mouse embryonic fibroblasts (MEFs). (B) MEFs were genotyped by using 
PCR. All MEF clones were tested positive for Cre recombinase. Gas2l3 genotypes are indicated on 
top. 

 

Inducibility of gene knockout in Gas2l3fl/fl CreERT2 cre/+ MEFs by tamoxifen was verified. Cells 

were treated with 4-hydroxytamoxifen (OHT) or were left untreated and genomic DNA and 

total RNA was prepared. Efficiency of Cre mediated recombination on genomic level was 

verified by PCR (fig 3.27a). Total RNA was transcribed to cDNA and successful deletion of 

the floxed exon was verified by quantitative PCR using exon specific primers (fig 3.27b). To 

verify that expression of Gas2l3 protein is lost in Gas2l3fl/fl CreERT2 cre/+ MEFs after tamoxifen 

induction, immortalized cells were treated with OHT or were left untreated, whole cell lysates 

were prepared and Gas2l3 was immunoprecipitated. To confirm identity of the protein and 

specificity of the antibody, HA-tagged murine Gas2l3 was transiently overexpressed in HEK 

293 cells and immunoprecipitated with Gas2l3 and HA specific antibodies. The samples 

obtained from the HEK 293 cells and MEFs were loaded onto the same polyacrylamide gel, 

separated by SDS-PAGE and analyzed in parallel by immunoblotting. It could be confirmed 

that Gas2l3 protein expression was lost in Gas2l3fl/fl CreERT2 cre/+ MEFs after OHT treatment 

(fig 3.27c). 



Results 

84 
 

 

Figure 3.27: Gas2l3 expression is lost in Gas2l3
fl/fl

 CreER
T2 cre/+

 MEFs after hydroxytamoxifen 
administration. (A) Knockout of Gas2l3 on genomic DNA level after OHT treatment was verified by 

performing genotyping PCR with the indicated primers. (B) Loss of full length Gas2l3 mRNA in OHT 
treated MEFs was verified by using qPCR. Primers specifically recognizing the floxed exon of Gas2l3 
mRNA were used. (C) Gas2l3 protein is not detectable any more after OHT treatment. Whole cell 
lysates of immortalized Gas2l3

fl/fl
 CreER

T2 cre/+ 
MEFs were incubated with GAS2L3 antibody. 

Immunoprecipitation experiments were performed and amount of bound Gas2l3 was analyzed by 
immunoblotting. To verify the identity of the endogenous protein, murine HA-tagged Gas2l3 was 
transiently overexpressed in HEK 293 cells and immunoprecipitated with HA and GAS2L3 antibody. 
Immunoprecipitation experiments were performed and samples were analyzed together with the 
endogenous protein samples by immunoblotting. 

 

To create a non-conditional knockout strain, Gas2l3fl/+ mice were crossed with Zp3cre mice. 

This strain expresses Cre recombinase under control of the Zona pellucida 3 (Zp3) promoter 

and can be used for germline deletion of floxed alleles (de Vries et al., 2000). The offspring 

was genotyped by PCR using primers specific for the floxed Gas2l3 and the Cre allele (data 

not shown). Females heterozygous for both alleles (Gas2l3fl/+ and Zp3crecre/+) were mated 

with C57 BL/6 wild type males to achieve germline deletion of Gas2l3. The offspring was 

genotyped by PCR using primers specifically recognizing Gas2l3 knockout and wild type 

allele. Heterozygous mice (Gas2l3Δfl/+) were intercrossed to create non-conditional Gas2l3 



Results 

85 
 

knockout mice (fig 3.28a). The offspring was genotyped by using the same PCR protocol 

already mentioned (fig 3.28b). 

 

Figure 3.28: Breeding strategy to generate non-conditional Gas2l3 knockout mice. (A) Gas2l3
Δfl/+

 
mice were intercrossed to obtain non-conditional Gas2l3

Δfl/Δfl
 knockout mice. (B) Mice were genotyped 

by using PCR. A genotyping example of a wild type, a heterozygous and a knockout mouse is shown. 

 

At weaning age (approximately 21 days), only ten out of a total of 187 mice were identified to 

have a Gas2l3 knockout genotype (Δfl/Δfl) (fig 3.29). All other mice showed either wild type 

(+/+) or heterozygous (Δfl/+) Gas2l3 genotype (fig 3.29). 

 

 

Figure 3.29: Loss of Gas2l3 leads to an increase in mortality. Breeding pairs were set up by 

mating two heterozygous Gas2l3
Δfl/+ 

females with one heterozygous Gas2l3
Δfl/+

 male. In total, seven 
breeding pairs were set up. Pubs were genotyped at three weeks of age. Only ten knockout mice were 
obtained from a total of 187 mice. 

 

Knockout mice which survived post weaning age were phenotypically normal but died 

suddenly between 4 and 16 weeks of age. To analyze if male and female Gas2l3Δfl/Δfl mice 

are fertile, a breeding pair of knockout mice was set up. Pubs were born and genotyped by 

PCR using specific primers for the wild type and knockout allele. All pubs harbored two 

Gas2l3 knockout (Δfl) alleles (fig 3.30). 
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Figure 3.30: Gas2l3 knockout mice are fertile. Male and female Gas2l3 knockout mice were 

intercrossed, offspring pubs were born and genotyped by PCR after weaning. Genotyping result 
indicates that all pubs from the litter (marked by the black star) showed knockout genotype. As positive 
control a heterozygous mouse was genotyped in parallel.   

 

Knockout mice were sacrificed and organs were analyzed macroscopically. Most of the 

organs looked normal, except the heart which was severely hypertrophic showing heavily 

enlarged atria and ventricles (data not shown). This heart specific phenotype was observed 

in 8 different knockout mice ranging between 4 and 16 weeks of age (data not shown). 

Expression analysis in mouse organs showed (fig 3.22) that Gas2l3 is only moderately 

expressed in adult heart muscle. To further analyze if Gas2l3 is strongly expressed during 

heart development, expression level of Gas2l3 relative to Hprt-1 was analyzed by 

quantitative PCR in rat heart cDNA samples from embryonic, postnatal and adult stages. For 

better comparability, the obtained expression data was normalized to the developmental 

stage with lowest expression. Gas2l3 expression level was declining during heart 

development, showing highest expression at embryonic stages and lowest expression at 

adult stage (fig 3.31). Rat1 cells were used as positive control (fig 3.31). 

 

Figure 3.31: Expression of Gas2l3 is declining during rat heart development. Total RNA from 
heart was prepared at the indicated developmental stages and reverse transcribed to cDNA. The 
expression level of Gas2l3 at different developmental stages was determined by qPCR and 
normalized to the stage with lowest expression (adult stage). Rat1 cells were used as a positive 
control. E: embryonic day, P: postnatal day. cDNA samples were a gift from Prof. Dr. Engel, University 
of Erlangen 
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4. Discussion 

GAS2L3 was identified as a target gene of the DREAM complex in a microarray screen 

performed in Lin9 knockout MEFs (Reichert et al., 2010). Experiments revealed that GAS2L3 

is important for maintenance of genomic stability (Wolter et al., 2012). The main tasks of this 

thesis were to further characterize the biochemical properties and physiological functions of 

GAS2L3 and to establish a knockout mouse model. 

4.1. GAS2L3 is regulated during cell cycle 

It was shown that GAS2L3 is regulated during cell cycle on transcriptional level in a DREAM 

complex dependent manner and that its expression peaks during G2/M phase of the cell 

cycle (Wolter et al., 2012). Because it is known that a high mRNA transcription level does not 

necessarily correlate with a high expression level of the coded protein (Vogel and Marcotte, 

2012), protein levels of endogenous GAS2L3 were analyzed in synchronized cells (fig 3.1a). 

It could be verified that expression of GAS2L3 peaks during G2 and M phase of the cell 

cycle, while it was undetectable in G1 phase and asynchronously growing cells confirming 

the RNA expression data (Wolter et al., 2012). In concordance with this finding a recent 

study reported, that GAS2L3 is targeted for ubiquitylation by the APC/CCdh1 but not by the 

APC/CCdc20 complex at the end of mitosis and degraded by the proteasome in a D-box 

dependent manner (Pe’er et al., 2013). 

4.2. GAS2L3 is important for proper cytokinesis 

It was reported that depletion of GAS2L3 leads to formation of multinucleated cells (Schmitt, 

2010). To analyze the observed phenotype and the cellular consequences upon depletion of 

GAS2L3 in more detail, the protein was depleted with siRNAs (fig 3.2). Experiments revealed 

that depletion of GAS2L3 significantly increased the percentage of multinucleated cells or 

cells with abnormally shaped multi-lobed nuclei compared to untreated control cells (fig 3.2c). 

This finding confirmed former results and demonstrated that GAS2L3 protein function is 

important for maintenance of nucleus integrity in HeLa cells.  

4.3. GAS2L3 is a cytoskeleton associated protein 

GAS2L3 harbors two conserved domains which are implicated in cytoskeleton interaction 

(section 1.3). Former localization studies confirmed that GAS2L3 is associated with the 

microtubule cytoskeleton in cells (Wolter et al., 2012). To further characterize which protein 

domains are directly involved in cytoskeleton interactions, in vitro co-sedimentation assays 

were performed with a set of GAS2L3 deletion mutants (fig 3.3 & 3.4).  
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Full length GAS2L3 interacted with F-actin in vitro (fig 3.3). Further co-sedimentation assays 

revealed that the N-terminal as well as the C-terminal part of GAS2L3 is able to interact with 

F-actin. The N-terminus of GAS2L3 was assumed to be interacting with F-actin because it 

harbors the conserved CH domain, a known F-actin binding domain (section 1.3). The 

interaction of the C-terminal part of GAS2L3 with F-actin was not expected because it does 

not contain any known F-actin binding domain. Interestingly it was shown that the C-terminus 

harbors at least two different, non-overlapping F-actin binding regions (fig 3.3).  

Microtubule (MT) co-sedimentation assays further revealed that binding of GAS2L3 to MTs is 

mediated by the C-terminal part of the protein (fig 3.4). This result was surprising, because it 

was assumed that the MT binding is mediated by the conserved GAR domain, which is 

reported to be a MT binding domain at least in GAS2L1, GAS2L2 and MACF (Goriounov et 

al., 2003; Sun et al., 2001). Interestingly the data shows that the C-terminus contains at least 

two different, non-overlapping MT binding regions (fig 3.4) which cannot be clearly separated 

from the C-terminally located F-actin binding regions. Another study confirmed the in vitro 

interaction of GAS2L3 with MTs and F-actin (Stroud et al., 2011). Although this report 

confirmed the observation that GAS2L3 interacts with F-actin by the CH domain and with 

MTs by its C-terminus and not by its GAR domain, it failed to show an interaction of the C-

terminus with F-actin (Stroud et al., 2011). 

The C-terminus of GAS2L3 does not contain any conserved MT or F-actin binding domain. 

From other cytoskeleton associated proteins it is known that the interactions with MTs and F-

actin are mediated by electrostatic forces due to differently charged surfaces. The positively 

charged N-terminal part of the Ndc80 protein complex for example binds to negatively 

charged C-terminal tails of tubulin molecules (section 1.4.5.1). The C-terminus of GAS2L3 

has also a positive net charge (+49) which could contribute to the interaction with negatively 

charged MTs and F-actin. 

Combination of F-actin and MT co-sedimentation assay further revealed that full length 

GAS2L3 and the C-terminal part are able to crosslink MTs and F-actin in vitro what can be 

explained by the observation that the C-terminus harbors at least two non-overlapping MT 

and F-actin binding domains. This assay also demonstrated that the N-terminal part of 

GAS2L3 has an F-actin bundling activity probably mediated by the CH domain. Additionally 

an in vitro MT bundling assay was performed (fig 3.7), which clearly showed that the C-

terminal part and full length GAS2L3 protein is able to bundle MTs in vitro. 

Taken together all the in vitro binding data it was clearly demonstrted that GAS2L3 is a 

cytoskeleton associated protein which is able to bundle and bind to MTs and F-actin in vitro. 

It is tempting to speculate what the exact function of the interaction with the cytoskeleton 
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network is. One possible explanation might be that GAS2L3 acts as a cytolinker which is 

involved in the regulation of the MT and actin cytoskeleton. This idea was also proposed by 

another study which also showed that binding strength of GAS2L3 to MTs and F-actin is 

regulated by the GAR domain (Stroud et al., 2011). Compared to other known cytoskeleton 

crosslinking proteins like the giant spectraplakins (section 1.3), GAS2L3 is a quite small 

protein, what makes a general cytolinker function (connecting F-actin and MTs in the cell 

over long distances) not very likely. It is more plausible that GAS2L3 acts as a G2/M phase 

specific crosslinking protein which is involved in crosstalk of actin and microtubule 

cytoskeleton. GAS2L3 might participate in processes like positioning of the cleavage furrow 

where crosslinking of the actin and microtubule cytoskeleton is needed in close proximity. 

Interestingly it was shown by time-lapse microscopy that the observed phenotype after 

GAS2L3 depletion (fig 3.2) is not mediated by failure of cleavage furrow ingression but rather 

by abnormal oscillations of the mitotic spindle and chromatin starting at the end of mitosis 

(Wolter et al., 2012). Similar oscillation phenotypes were also reported after depletion of 

proteins like Anillin and mDia2 which are known to play important roles in positioning of the 

cleavage furrow (Piekny and Glotzer, 2008; Straight et al., 2005; Watanabe et al., 2008; 

Zhao and Fang, 2005). 

4.4. GAS2L3 interacts with the chromosomal passenger complex 

Pulldown experiments were performed to identify new interacting proteins of GAS2L3. In 

initial experiments Aurora B, the catalytic subunit of the CPC (section 1.4.3), was identified 

as a potential interaction partner of GAS2L3. Further in vitro pulldown experiments confirmed 

the interaction and showed that the GAR domain is necessary and sufficient to mediate 

binding to the CPC (fig 3.9). 

Experiments with recombinant CPC and GAS2L3 proteins revealed that Borealin and 

Survivin but not Aurora B are directly interacting with GAS2L3 (fig 3.10). Domain specific 

characterization demonstrated that the observed interactions are mediated between the GAR 

domain of GAS2L3 and the C-terminal part of Borealin as well as the N-terminal part of 

Survivin (fig 3.11). Interestingly the domains of Borealin and Survivin involved in the 

interaction with GAS2L3 are not incorporated into the triple helix bundle which is formed by 

the N-terminal parts of Borealin and Incenp and the C-terminal part of Survivin (fig 3.12) 

(section 1.4). It is known that the BIR domain located in the N-terminus of Survivin is 

important for proper positioning of the CPC to centromeres by binding phosphorylated Thr 3 

of Histone H3 (section 1.4.4). Although localization of GAS2L3 to centromeres could not be 

detected in cells, GAS2L3 might still be somehow involved in regulating this interaction. 

Apart from the in vitro binding assays the interaction between the CPC and GAS2L3 was 

also verified in living cells by co-immunoprecipitation experiments (fig 3.13). 
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4.5. GAS2l3 is phosphorylated by CDK1 but not by Aurora B 

Kinase assays revealed that GAS2L3 was not phosphorylated by Aurora B but strongly 

phosphorylated by CDK1 in vitro (fig 3.14). This finding is in concordance with another study 

which reported recently that GAS2L3 is phosphorylated by CDK1 in HEK 293 cells in late 

mitosis (Pe’er et al., 2013). In this study the two phosphosites Ser 307 and Ser 607 were 

identified while in our in vitro phosphorylation experiments eight different CDK1 phosphosites 

could be identified by mass spectrometrical analysis (fig 3.15a). Importantly Ser 307 was 

also found to be phosphorylated in our experiments while phosphorylation of Ser 607 was 

not detected (fig 3.15a). All identified phosphosites were located in the C-terminal part of 

GAS2L3 (fig 3.15b) which mediates binding to MTs and F-actin (fig 3.5). From other 

cytoskeleton associated proteins it is known that the binding affinity to MTs and F-actin is 

regulated by phosphorylation (section 1.4.5.1). It is tempting to speculate that 

phosphorylation of the C-terminal part of GAS2L3 by CDK1 might also influence binding 

affinity for F-actin and/or MTs and by this regulate function or localization of the protein. 

4.6. Depletion of GAS2L3 influences stability and activity of the CPC 

It was shown that depletion of GAS2L3 leads to a slight reduction of Borealin and Survivin 

protein levels compared to the untreated control while the amount of Aurora B was not 

altered (fig 3.16). The two CPC substrates CENPA and Histone H3 showed also a slight 

decrease in phosphorylation at serine 7 and serine 10 upon GAS2L3 depletion indicating a 

reduced overall activity of the CPC (fig 3.16). 

It is tempting to speculate that GAS2L3 acts as a stabilizer or scaffold of the CPC and that 

loss of GAS2L3 destabilizes the direct interaction partners Borealin and Survivin and by this 

the whole CPC. It was reported that the two CPC members Borealin and Survivin are 

influencing the protein stability of each other, although the exact mechanism of this 

interdependent regulation is not fully clear. In 2004 it was shown that depletion of Borealin 

leads to degradation of Survivin while stability of Aurora B and Incenp was not altered 

(Gassmann et al., 2004). Another study reported in 2012 however that loss of Borealin not 

only leads to degradation of Survivin but also of the other CPC proteins (Liu et al., 2012). 

Interestingly the C-terminal part of Borealin, the region which is directly interacting with 

GAS2L3, was shown to be involved in regulation of Borealin stability (Date et al., 2012). This 

might explain the reduction in protein levels upon GAS2L3 depletion and further strengthens 

the hypothesis that GAS2L3 acts as a stabilizer or scaffold of the CPC and by this indirectly 

influences CPC activity. 

Another possible explanation for the reduction in overall CPC activity would be that loss of 

GAS2L3 negatively influences the localization of the CPC. In such a scenario mislocalization 
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of the CPC would result in reduced CPC activity and decreased phosphorylation of CPC 

substrates. Immunofluorescence microscopy experiments however showed that depletion of 

GAS2L3 does not lead to mislocalization of Aurora B respectively the CPC in mitosis and 

cytokinesis (data not shown and Wolter et al., 2012) what raises doubts that GAS2L3 is 

involved in proper localization of the CPC. 

It is known that inhibition of Aurora B activity leads to cytokinesis failure and multinucleation 

(Ruchaud et al., 2007). To further investigate, if the phenotype upon GAS2L3 depletion (fig 

3.2) is connected to the observed decrease in CPC activity (fig 3.16), pharmacological 

inhibition of Aurora B with the chemical inhibitor AZD1152 was used (Mortlock et al., 2007). It 

was found out that low concentrations of AZD1152 were sufficient to phenocopy GAS2L3 

depletion (fig 3.17a). Importantly, the used concentration of AZD1152 did not significantly 

increase the fraction of cells with abnormally shaped nuclei compared to untreated control 

cells (fig 3.17b). This observation is in concordance with a recent study reporting that the 

used concentration of AZD1152 is a subcritical dose which does not lead to cytokinesis 

defects (Moulding et al., 2012). The decrease in CPC activity mediated by GAS2L3 depletion 

is obviously not strong enough to be responsible for the observed cytokinesis phenotype 

upon GAS2L3 depletion. 

4.7. Localization of GAS2L3 to the constriction zone depends on the GAR 

domain 

To further address if the GAR domain is important for proper localization of GAS2L3, full 

length eGFP-GAS2L3 and Δ170-309 mutant were transiently overexpressed in HeLa cells 

and cellular localization was analyzed. Both proteins co-localized with the MT cytoskeleton 

during interphase (fig 3.18). This finding was in concordance with the fact, that both proteins 

harbor the C-terminally located MT binding region identified by in vitro co-sedimentation 

assays (fig 3.4). As reported previously (Wolter et al., 2012) full length GAS2L3 localized to 

the midbody during cytokinesis (fig 3.18). Although the GAS2L3(Δ170-309) mutant protein 

was still present at the cytokinetic bridge, it localized more distal from the midbody compared 

to the wild type protein (fig 3.18). It was reported that GAS2L3 co-localizes with Aurora B at 

the midbody (Pe’er et al., 2013; Wolter et al., 2012), so it was tempting to speculate that the 

observed mislocalization of the GAS2L3(Δ170-309) mutant protein might be connected to the 

loss of interaction with the CPC. Immunofluorescence microscopy experiments and 

subsequent line scan analysis revealed that GAS2L3(Δ170-309) did not co-localize with 

Aurora B at the midbody, while a clear co-localization between Aurora B and full length 

GAS2L3 protein was detectable (Fackler et al., 2014). Furthermore it was shown that full 

length GAS2L3 is flanked by Aurora B at the midbody and GAS2L3 fluorescent signal peaks, 

where Aurora B and Tubulin signals are less intense (Fackler et al., 2014; Pe’er et al., 2013). 
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Higher resolution imaging revealed that full length GAS2L3 localized about 1-2 μm away 

from the midbody center exactly to the constriction zone, while the GAS2L3(Δ170-309) 

mutant protein was excluded from this region (Fackler et al., 2014). The constriction zone 

corresponds to the narrowest part of the microtubule bridge connecting the proto-daughter 

cells and it represents the area where abscission takes place at the end of cytokinesis. It can 

be easily identified by a less intense immunofluorescence signal of Tubulin and other 

proteins like Aurora B or Mklp2, which is probably caused by densely packed proteins and 

microtubules hardly accessible for antibodies during immunofluorescence labelling (Elia et 

al., 2011; Guizetti et al., 2011; Hu et al., 2012; Raiborg and Stenmark, 2011). Due to the fact 

that the midbody is a highly dynamic cellular structure, the different localization patterns of 

full length GAS2L3 and the Δ170-309 deletion mutant during cytokinesis were further 

confirmed and validated by using Spastin and the kinesin Mklp2 (section 1.4.4) as 

constriction site and midbody markers for additional immunofluorescence studies (Fackler et 

al., 2014). Interestingly it was shown, that the Δ170-309 deletion mutant did not co-localize 

with Spastin at the constriction zone and Mklp2 at the midbody, while full length GAS2L3 

showed a clear co-localization with both proteins (Fackler et al., 2014). 

In summary immunofluorescence microscopy experiments revealed that the CPC localizes 

GAS2L3 to the constriction zone in a GAR domain dependent manner. The observed 

localization differences of full length GAS2L3 and GAS2L3(Δ170-309) at the midbody further 

strengthen the biochemical interaction data and point to a function of GAS2L3 in late 

cytokinesis and abscission. This finding is in concordance with a recent study, which 

identified GAS2L3 as a novel constriction site associated protein (Pe’er et al., 2013). 

4.8. The GAR domain is necessary for proper function of GAS2L3 

To further investigate, if the GAR domain is important for proper function of GAS2L3, 

reconstitution assays with GAS2L3 full length and Δ170-309 mutant were performed (fig 

3.19). The aim of these assays was to analyze if reconstituted exogenously expressed full 

length and Δ170-309 mutant protein is able to compensate for loss of endogenous GAS2L3. 

As expected, expression of eGFP-GAS2L3 full length protein led to a significant decrease of 

cells with defective cytokinesis (fig 3.19d). Expression of the eGFP-GAS2L3(Δ170-309) 

mutant however did not decrease the percentage of cells with abnormally shaped nuclei 

compared to the uninduced control (fig 3.19d). The obtained results indicate that the GAR 

domain is necessary for proper GAS2L3 protein function but it is not clear if the inability of 

the GAR deletion mutant to rescue the cytokinesis phenotype of GAS2L3 depleted cells is 

directly connected to the interaction with the CPC. As mentioned before, comparative 

pharmacological inhibition experiments demonstrated that GAS2L3 depletion only leads to a 

subcritical inhibition of CPC activity which does not cause cytokinesis defects (fig 3.17). Due 
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to this it is tempting to speculate, that the interaction between the CPC and GAS2L3 is 

important for other cellular processes like regulation of abscission. It was shown that 

GAS2L3 is an abscission site associated protein which perfectly co-localizes with Spastin 

and CHMP4B (Fackler et al., 2014; Pe’er et al., 2013), two proteins either associated with 

(Spastin) or incorporated into (CHMP4B) the ESCRT-III complex, which is known to be the 

major regulator of abscission (Schiel et al., 2013). Importantly it is known that the CPC 

subunit Borealin, which directly interacts with GAS2L3, is also implicated in regulation of 

abscission by interacting with CHMP4C another subunit of the ESCRT-III complex (sections 

1.4.1 & 1.4.5.2). It is easy to speculate that GAS2L3 might be involved in mediating the 

interaction between the CPC and subunits of the ESCRT-III complex. It is plausible that loss 

of interaction between GAS2L3 and the CPC disturbs correct signaling between the CPC 

and the ESCRT-III complex what in turn might deregulate abscission and finally lead to 

defective cytokinesis and the observed phenotype.  

4.9. Identification of new interacting proteins of GAS2L3 

For identification of new interacting proteins of GAS2L3 stable isotope labelling by amino 

acids in cell culture (SILAC) in combination with tandem affinity purification and subsequent 

mass spectrometrical analysis was performed. 

38 proteins with an enrichment of at least two (fig 3.20) were identified as potentially new 

GAS2L3 interacting proteins. 18 proteins were cytoskeleton associated, 6 proteins were 

either chaperones or co-chaperones, 8 proteins were involved in gene expression or 

translation and 6 proteins had other functions (fig 3.20). It was reported recently that many 

cytoskeleton associated proteins tend to bind unspecifically to sepharose beads during 

affinity purification experiments (Trinkle-Mulcahy et al., 2008). To verify that the enriched 

proteins were specific interactors of GAS2L3 and not background contaminants, six different 

proteins from the list were chosen for further validation by co-immunoprecipitation 

experiments. Those proteins were the F-actin cross-linking proteins Actinin 1 and Actinin 4, 

two subunits of the F-actin capping protein CapZ alpha 1 (CapZa1) and CapZ beta (CapZb), 

the chaperone heat shock cognate 71 kDa protein (Hsc70) and the co-chaperone BAG family 

molecular chaperone regulator 2 (BAG-2). The co-chaperone BAG-3, which is closely related 

to BAG-2 and known to form heteromeric complexes with some of the proteins from the list 

like CapZb, Hsc70 and Filamin (Hishiya et al., 2010; Ulbricht et al., 2013), was also chosen 

although it was not found on the original list. The Actinins 1 and 4, BAG-2, BAG-3 and both 

subunits of the F-actin capping protein CapZ interacted with GAS2L3 in co-

immunoprecipitation experiments while Hsc70 showed unspecific binding in absence of 

GAS2L3 (fig 3.21a). The co-immunoprecipitation experiments confirmed the mass 

spectrometrical results but further biochemical characterization will be necessary to get a 
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deeper insight into the physiological role of the observed interactions. Future studies will 

show if all of the proteins are direct interaction partners of GAS2L3 or if some of them are 

indirectly binding to GAS2L3 via other proteins or the actin or microtubule cytoskeleton. 

Taken together it was shown that SILAC in combination with tandem affinity purification and 

subsequent mass spectrometrical analysis is a powerful tool to identify new interacting 

proteins. 

4.10. Establishment of an in vivo system to study Gas2l3 function 

Expression of Gas2l3 in tissues was analyzed to get a broad overview of Gas2l3 abundance 

in the mouse (fig 3.22). Gas2l3 expression profile correlated well with the proliferative ability 

of the different tissues. While fast proliferating tissues like spleen, thymus and small intestine 

with a high percentage of cells in G2/M phase of the cell cycle showed highest expression of 

Gas2l3 (fig 3.22), the tissues with lower proliferative ability, where cells are mainly in G0 

phase of the cell cycle (e.g. fat tissue or kidney) showed lower expression levels (fig 3.22). 

This finding is in concordance with the described cell cycle specific regulation of Gas2l3 (fig 

3.1 and Wolter et al., 2012) and its role during mitosis and cytokinesis (fig 3.2 and Wolter et 

al., 2012). A recent study reported that Gas2l3 is also ubiquitously expressed in human 

tissues and cell lines (Stroud et al., 2011) confirming the expression data obtained from 

mouse (fig 3.22). Interestingly the authors reported that GAS2L3 is not expressed in HT1080 

cells (Stroud et al., 2011). HT1080 cells, a fibrosarcoma cell line derived from a 35 year old 

male patient (Rasheed et al., 1974), might therefore be used as a valuable system for further 

research. 

Although much effort was expended to shed light on the function of GAS2L3 in mitosis, 

cytokinesis and maintenance of genomic stability (Wolter et al., 2012), the role of Gas2l3 was 

solely investigated in cancer cell lines but not in living organisms. To gain further insight into 

the physiological role of GAS2L3, a knockout mouse model for in vivo studies was created. 

In collaboration with the Transgenic Core Facility of the Max-Planck-Institute of Molecular 

Cell Biology and Genetics mice carrying a targeted Gas2l3 allele were generated. Those 

mice were further crossed with flippase (FLP) and Cre recombinase expressing mice (fig 

3.24) to create conditional and non-conditional Gas2l3 knockout mice. 

The conditional Gas2l3 knockout strain was used to create mouse embryonic fibroblasts 

(MEFs). MEF clones homozygous for the floxed Gas2l3 allele were obtained and efficiency 

of the inducible Gas2l3 knockout system after administration of 4-hydroxytamoxifene was 

determined on genomic DNA, mRNA and protein level (fig 3.27). Surprisingly the conditional 

knockout MEFs did not show any obvious cytokinesis defects after Gas2l3 deletion like it was 

reported for cancer cell lines like HeLa cells (fig 3.2). Even after long term deletion of Gas2l3 

no significant increase in multinucleation or abnormally shaped nuclei could be observed 
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compared to untreated control MEFs (data not shown). Possible explanations would be, that 

Gas2l3 is not so important for cytokinesis of embryonic fibroblasts than it is for other cell 

types or that complete loss of Gas2l3 is compensated by other proteins or cellular 

mechanisms which are not active in highly transformed cancer cells. 

The conditional CreERT2 system is not suited to achieve full recombination of floxed alleles in 

vivo because it was shown that some tissues show no or only low levels of recombination 

after tamoxifene administration (Reichert et al., 2010). For complete Gas2l3 knockout in vivo 

a non-conditional Gas2l3 knockout strain was established by intercrossing mice harboring a 

delta floxed (Δfl) allele (fig 3.28). The mendelian ratio of the offspring pubs showed a strong 

deviation to the disadvantage of knockout mice at weaning age (fig 3.29). Only ten out of a 

total of 187 mice were identified to be Gas2l3 knockout animals (fig 3.29), which resembles 

only 5.35% (25% expected). From the remaining 177 mice 31.02% (25% expected) had a 

wild type (Gas2l3+/+) and 63.64% (50% expected) a heterozygous (Gas2l3Δfl/+) genotype (fig 

3.29). The small number of knockout mice at weaning age indicates either early postnatal or 

late embryonic lethality. Early embryonic lethality, like it was observed upon Lin9 deletion 

(Reichert et al., 2010), could be excluded due to the fact that at least a small number of 

knockout mice were born and reached adulthood (fig 3.29). Importantly the Gas2l3 knockout 

mice which survived post weaning age did not show any obvious abnormalities and looked 

phenotypically normal but died suddenly between 4 and 16 weeks of age (data not shown). 

Intercrossing of male and female knockout mice revealed that both genders are fertile 

although the received litter was small and harbored only 3 pubs (fig 3.30). 

Adult knockout mice were sacrificed and organs were analyzed macroscopically. Most of the 

knockout organs looked normal compared to wild type controls, only the hearts of knockout 

animals looked remarkable different compared to wild type hearts (data not shown). All 

analyzed knockout hearts were severely hypertrophic with heavily enlarged atria and 

ventricles (data not shown). This data indicates that knockout mice suffer from a heart tissue 

specific phenotype, which leads to a severe cardiac hypertrophy which might be the 

explanation for the high mortality rate before weaning age. 

Interestingly many of the Gas2l3 interacting proteins identified by mass spectrometrical 

analysis (fig 3.20) are known to be important for maintenance of skeletal and heart muscle 

integrity (Coats and Elliott, 2013; Garcia-Pavia et al., 2013; Selcen and Engel, 2011). Loss of 

the co-chaperone BAG-3 or the F-actin binding protein Actinin for example leads to severe 

cardiomyopathies and premature death (Citro et al., 2013; Feldman et al., 2014; Lee et al., 

2012; Mohapatra et al., 2003; Norton et al., 2011; Selcen et al., 2009). The phenotype 

observed upon loss of these proteins is very similar to the one observed after deletion of 

Gas2l3. BAG-3, Actinin and the capping protein subunits CapZa1 and CapZb localize to the 
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so called Z-disc (Arimura et al., 2011; Beggs et al., 1992; Labeit, 2011; Schafer et al., 1993), 

a subcellular structure of skeletal and cardiac muscle cells which is important for attachment 

of actin filaments and muscle contractility (Frank and Frey, 2011; Knöll et al., 2011; Luther, 

2009). It is tempting to speculate that Gas2l3 might be involved in maintenance of heart 

muscle integrity by interacting with Z-disc proteins and that loss of Gas2l3 leads to cardiac 

muscle defects which in turn cause premature death. In such a scenario Gas2l3 would 

probably act as a scaffold protein stabilizing Z-disc structures. One drawback of this idea is 

that a stabilizing function of Gas2l3 would probably mean that Gas2l3 protein has to be 

present in high abundancy in cardiomyocytes. Keeping in mind that Gas2l3 is only 

moderately expressed in adult heart muscle (fig 3.22) and that almost all cardiomyocytes in 

the adult heart are terminally differentiated and have exited cell cycle, (Pasumarthi and Field, 

2002) a situation where Gas2l3 is barely expressed (Wolter et al., 2012), this hypothesis 

seems to be challenged. 

Another possibility to explain the heart phenotype might be that loss of Gas2l3 causes 

defects early during heart development. This idea was addressed by analyzing Gas2l3 

expression levels during different stages of heart development (fig 3.31). Gas2l3 expression 

level was highest at embryonic stages but it declined during postnatal stages and finally went 

down to a very low level at adult stage (fig 3.31). Interestingly the Gas2l3 expression profile 

perfectly correlates with cell cycle activity. During embryogenesis all cells are actively 

dividing while in early postnatal stages cell cycle activity of cardiomyocytes declines and 

finally stops shortly after birth (Pasumarthi and Field, 2002; Zebrowski and Engel, 2013). In 

adult stage, only low proliferation activity is detectable in the heart (Senyo et al., 2013; 

Zebrowski and Engel, 2013). The obtained results strengthen the idea that the observed 

heart phenotype upon loss of Gas2l3 might be caused by a developmental defect occurring 

during late embryonic or early postnatal stages. 

4.11. Conclusion 

In this thesis GAS2L3 was characterized according to its biochemical properties. It was 

shown that GAS2L3 is a cytoskeleton associated protein which is able to interact with 

different cytoskeleton networks. Protein interaction studies revealed that GAS2L3 interacts 

with the CPC via its GAR domain and that this interaction is important for correct midbody 

localization of GAS2L3 during cytokinesis. Although much effort was expended to clarify the 

role of GAS2L3 its physiological function is still not unequivocally clear. The data obtained so 

far (this thesis and Wolter et al., 2012) indicates that GAS2L3 might be involved in regulation 

of cytokinesis and abscission. This idea is in concordance with a recently published report 

(Pe’er et al., 2013). To clarify more precisely the role of GAS2L3 in abscission, further 

studies are needed. Because GAS2L3 shows perfect co-localization with subunits of the 
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ESCRT-III complex (Fackler et al., 2014; Pe’er et al., 2013) it would be interesting to 

investigate if GAS2L3 is interacting with this multi-protein complex. An interaction might point 

to a direct involvement of GAS2L3 in regulation of abscission. 

The in vivo data indicates so far, that Gas2l3 is important for proper functioning of the heart. 

At the moment it is not possible to say what the exact role of Gas2l3 in this scenario is. One 

possibility would be that it is important for proper heart development and that loss of Gas2l3 

during early developmental stages leads to heart defects. This idea is supported by the fact 

that Gas2l3 is strongly expressed during heart development but barely detectable on mRNA 

level in the adult heart (fig 3.31). Another hypothesis is that Gas2l3 is important for 

maintenance of muscle integrity in the adult heart. This idea is supported by the newly 

identified protein interactors (fig 3.20 & 3.21) which show a similar knockout phenotype like 

GAS2L3 (section 4.10). A third possibility would be that Gas2l3 has a dual function by acting 

as cytokinesis regulator during heart development as well as stabilizer of the cardiac 

cytoskeleton at adult stage. 

It is obvious that further experiments are necessary to clarify the exact role of Gas2l3 in vivo. 

It would be for example important to know if Gas2l3 protein is detectable in adult 

cardiomyocytes and if it localizes to the Z-disc. It is also important to further analyze at which 

developmental stage (embryonic, postnatal or adult) the observed heart phenotype is 

occurring. 
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5. Summary 

GAS2L3 was identified recently as a target gene of the DREAM complex (Reichert et al., 

2010; Wolter et al., 2012). It was shown that GAS2L3 is expressed in a cell cycle specific 

manner and that depletion of the protein leads to defects in cytokinesis and genomic 

instability (Wolter et al., 2012). 

Major aim of this thesis was, to further characterize the biochemical properties and 

physiological function of GAS2L3. 

By in vitro co-sedimentation and bundling assays, GAS2L3 was identified as a cytoskeleton 

associated protein which bundles, binds and crosslinks F-actin and MTs. GST pulldown 

assays and co-immunoprecipitation experiments revealed that GAS2L3 interacts in vitro and 

in vivo with the chromosomal passenger complex (CPC), a very important regulator of 

mitosis and cytokinesis, and that the interaction is mediated by the GAR domain of GAS2L3 

and the C-terminal part of Borealin and the N-terminal part of Survivin. Kinase assays 

showed that GAS2L3 is not a substrate of the CPC but is strongly phosphorylated by CDK1 

in vitro. Depletion of GAS2L3 by shRNA influenced protein stability and activity of the CPC. 

However pharmacological studies showed that the decreased CPC activity is not responsible 

for the observed cytokinesis defects upon GAS2L3 depletion. Immunofluorescence 

experiments revealed that GAS2L3 is localized to the constriction zone by the CPC in a GAR 

dependent manner and that the GAR domain is important for proper protein function.  

New interacting proteins of GAS2L3 were identified by stable isotope labelling by amino 

acids in cell culture (SILAC) in combination with tandem affinity purification and subsequent 

mass spectrometrical analysis.  Co-immunoprecipitation experiments further confirmed the 

obtained mass spectrometrical data. 

To address the physiological function of GAS2L3 in vivo, a conditional and a non-conditional 

knockout mouse strain was established. The non-conditional mouse strain showed a highly 

increased mortality rate before weaning age probably due to heart failure. The physiological 

function of GAS2L3 in vivo as well as the exact reason for the observed heart phenotype is 

not known at the moment. 
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6. Zusammenfassung 

GAS2L3 wurde vor kurzem als Zielgen des DREAM Komplex identifiziert (Reichert et al., 

2010; Wolter et al., 2012). Es konnte gezeigt werden, dass die Expression von GAS2L3 

Zellzyklus abhängig reguliert wird und dass Depletion des Proteins zu Fehlern in der 

Zytokinese und genomischer Instabilität führt (Wolter et al., 2012). 

Hauptziel dieser Doktorarbeit war es, GAS2L3 hinsichtlich seiner biochemischen 

Eigenschaften und physiologischer Funktion näher zu charakterisieren. 

Unter Verwendung verschiedener in vitro Experimente konnte gezeigt werden, dass GAS2L3 

sowohl F-Aktin als auch Mikrotubuli binden, bündeln und quervernetzen kann. In vitro und in 

vivo Protein-Protein Interaktionsexperimente zeigten, dass GAS2L3 mit dem „chromosomal 

passenger complex“ (CPC), einem wichtigen Mitose- und Zytokineseregulator, interagiert 

und dass diese Interaktion durch die GAR Domäne von GAS2L3 und den C-Terminus von 

Borealin beziehungsweise den N-terminus von Survivin vermittelt wird. 

Phosphorylierungsexperimente zeigten deutlich, dass GAS2L3 kein Substrat des CPC ist, 

jedoch von CDK1 phosphoryliert wird. Zellbiologische Experimente belegten, dass Depletion 

von GAS2L3 mittels shRNA die Proteinstabilität und Aktivität des CPC beeinflusst. 

Experimente mit einem chemischen Aurora B Inhibitor dokumentierten, dass die verringerte 

CPC Aktivität nicht die Ursache der beobachteten Zytokinesefehler nach GAS2L3 Depletion 

ist. Immunfluoreszenzexperimente machten deutlich, dass GAS2L3 mit Hilfe des CPC an der 

Abschnürungszone lokalisiert wird und dass die Lokalisation abhängig von der GAR Domäne 

erfolgt.  

Mit Hilfe von SILAC in Kombination mit Tandem-Affinitätsaufreinigung und anschließender 

massenspektrometrischer Auswertung wurden neue Proteininteraktoren von GAS2L3 

identifiziert. Protein-Protein Interaktionsexperimente bestätigten die massenspektrometrisch 

ermittelten Daten. 

Um die physiologische Funktion von GAS2L3 in vivo näher analysieren zu können, wurden 

verschiedene Knockout Mauslinien etabliert. Die nicht-konditionelle Mauslinie zeigte erhöhte 

Sterblichkeit vor dem Absetzalter wahrscheinlich verursacht durch Herzversagen. Die 

genaue physiologische Funktion von GAS2L3 und der Grund für den beobachteten 

Herzphänotyp sind momentan noch unbekannt. 
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8.2. Abbreviations 

 

4-OHT 4-Hydroxytamoxifen 

aa Amino acids 

APC/C Anaphase promoting complex/Cyclosome 

APS Ammonium persulfate 

bp Base pairs 

BSA Bovine serum albumine 

CDK Cyclin dependent kinase 

CH Calponin homology 

ChIP Chromatin immunoprecipitation 

Ci Curie 

Co-IP Co-immunopreciptation 

Ctrl. Control 

DMEM Dulbecco`s modified eagle medium 

DMSO Dimethylsulfoxyde 

DNA Deoxyribonucleic acid 

dNTP Deoxyribonucleotide triphosphate 

dpc days post coitus 

DREAM DP, RB-like, E2F and MuvB complex 

dREAM Drosophila RBF E2F and Myb complex 

DRM DP, RB and MuvB complex 

DTT Dithiothreitol 

EDTA Ethylenediaminetetraacetic acid 

F-actin Actin filaments 

FCS Fetal calf serum 

Fig. Figure 

G0, G1, G2 Gap phases 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GAS2 Growth arrest specific 2 

GST Glutathione-S-transferase 

h Hours 

His Hexa histidine  

HPRT Hypoxanthine-phosphoribosyltransferase 1  

HRP Horseradish peroxydase 

IB Immunoblot 

IF Immunofluorescence 

IgG Immunoglobulin G 

IP Immunoprecipitation 

IPTG Isopropyl-β-D-1-thiogalactopyranoside 

kDa kiloDalton 

LB Luria Bertani 

LINC LIN complex 

M phase Mitosis and cytokinesis 

MEFs Mouse embryonic fibroblasts 

min Minutes 
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Mip Myb-interacting protein 

MMB Myb-MuvB 

MTs Microtubules 

NP-40  Nonylphenoxylpolyethoxyl- ethanol 

PAGE Polyacrylamide gel electrophoresis 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PFA Paraformaldehyde 

PI Protease Inhibitor 

PIPES 1,4-Piperazinediethanesulfonic acid 

PMSF Phenylmethylsulphonyl fluoride 

pRB Retinoblastoma protein 

qPCR Quantitative polymerase chain reaction 

RNA Ribonucleic acid 

RNAi RNA interference 

rpm Rounds per minute 

RT Reverse transcriptase / Room temperature 

S phase Synthesis phase 

SDS Sodium dodecyl sulfate 

shRNA short hairpin RNA 

SILAC Stable isotope labelling by amino acids in cell culture 

siRNA small interfering RNA 

TAE Tris-acetate-EDTA 

TBS Tris-buffered saline 

TBST Tris buffered saline-Tween 

TEMED N’N’N’N’-tetramethylethylene-diamine 

Tris Tris(hydroxymethyl)aminomethane 

WT Wild type 
 

  



Appendix 

123 
 

8.3. Curriculum vitae 

 

Persönliche Angaben 

 

 

Name: Marc Fackler 

Adresse:  

Geburtsdatum:  

Geburtsort:  

Nationalität:  

  

  

Ausbildung 

 

 

09/2010 – 03/2014 Dissertation im Labor von Prof. Dr. Stefan Gaubatz 

Institut für Physiologische Chemie 

Universität Würzburg 

Titel: Biochemical characterization of GAS2L3, a target gene 

of the DREAM complex 

  

07/2010 Diplom-Biologe Univ. 

Universität Würzburg 

  

09/2009 – 06/2010 Diplomarbeit (extern) 

Medizinische Hochschule Hannover 

Titel: Charakterisierung neuer domänenspezifischer 

Interaktoren des humanen VASP 

  

10/2007 – 08/2009 Hauptstudium der Biologie 

Universität Würzburg 

Hauptfach: Biochemie 

Nebenfächer: Humangenetik & Molekulare Pflanzenphysiologie 

  

10/2004 – 09/2007 Grundstudium der Biologie 

Universität Ulm 

  

06/2003 Abitur 

Carl-von-Linde Gymnasium Kempten 



Appendix 

124 
 

8.4. Publications 

 

Wolter, P., Schmitt, K., Fackler, M., Kremling, H., Probst, L., Hauser, S., Gruss, O.J., and 

Gaubatz, S. (2012). GAS2L3, a target gene of the DREAM complex, is required for proper 

cytokinesis and genomic stability. J. Cell Sci. 125, 2393–2406. 

 

Fackler, M., Wolter, P., and Gaubatz, S. (2014). The GAR domain of GAS2L3 mediates 

binding to the chromosomal passenger complex and is required for localization of GAS2L3 to 

the constriction zone during abscission. FEBS J. 281, 2123–2135. 

 

 

 

Conference contributions 

 

25.-27.09.2013 

Final retreat of the Integrated Graduate College of the SFB Transregio 17, Pommersfelden 

Talk: Biochemical and in vivo characterization of GAS2L3 

 

 

10.-13.04.2011 

Joint meeting of the SFB Transregio 17 “Ras-dependent pathways in human cancer” and the 

LOEWE Research Cluster “Tumor and Inflammation”, Rothenburg ob der Tauber 

Poster: Fackler, M., Schmitt, K., Wolter, P., Gruss, O. and Gaubatz, S. 

 Characterization of GAS2L3, a novel target gene of the human DREAM complex 

 

 

06.-08.10.2010 

Retreat of the Integrated Graduate College of the SFB Transregio 17, Würzburg 

 

  



Appendix 

125 
 

8.5. Eidesstattliche Erklärung 

 

Hiermit erkläre ich an Eides statt, dass ich die vorliegende Dissertation selbständig und ohne 

Hilfe einer kommerziellen Promotionsberatung verfasst habe und dabei keine anderen als 

die von mir angegebenen Hilfsmittel und Quellen benutzt habe. Zitate sind als solche 

gekennzeichnet. 

 

Ich versichere, dass die Regeln der Universität Würzburg über gute wissenschaftliche Praxis 

eingehalten wurden und dass ich die Gelegenheit zum Promotionsvorhaben nicht von einer 

Person oder Organisation vermittelt bekommen habe, die gegen Entgelt Betreuer bzw. 

Betreuerinnen für die Anfertigung von Dissertationen sucht. 

 

Ich erkläre außerdem, dass die vorliegende Dissertation weder in gleicher noch in ähnlicher 

Form bereits in einem anderen Prüfungsverfahren vorgelegen hat. 

 

Ich habe früher, außer den mit dem Zulassungsantrag urkundlich vorgelegten Graden, keine 

weiteren akademischen Grade erworben oder zu erwerben versucht. 

 

 

 

 

 

Würzburg, den 

 

 

 

 

 

   

Marc Fackler 


