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1. INTRODUCTION 

1.1 Basic principles and mechanisms of signal transduction 

Cells are the fundamental units of an organism. Multicellular organisms contain 

billions of cells arranged in a well structured manner, respond to various stimuli, and 

transduce and process the information in an orchestral manner. The nature of stimuli can be 

categorized into two groups: lipophilic stimuli, which cross the plasma membrane and bind 

directly to intracellular receptors, and hydrophilic stimuli, which bind to transmembrane 

receptors.  

 

Figure 1: General principles of signal transduction through transmembrane receptors. Ligand binding to 
the extracellular domains of the receptors (G-protein coupled receptors, enzyme-coupled receptors, and ligand-
gated ion channels) induces intracellular processes. 
 

Transmembrane signaling requires two basic elements transmembrane receptors and effectors 

molecules. Transmembrane receptors bind to various extracellular stimuli like organic 

odorants, small molecules including amino acids, nucleosides, nucleotides, peptides, as well 

as proteins, lipids and fatty acid mediators and thereby transduce the signal into the cell using 

effector molecules (Hermans, 2003). Transmembrane receptors and effectors play an 

important role in cell communication and coordinate various physiological processes 

(Bockaert et al., 1999; Severin et al., 2011). On the basis of signal transduction, 

transmembrane receptors can be divided into (1) G-protein-coupled receptors, (2), enzyme-

linked receptors (3), and ligand-gated ion channels (Figure 1). 

(1) G-protein-coupled receptors (GPCRs) comprise the largest family of cell-surface 

receptors that are involved in multiple cellular processes in eukaryotes (Nürnberg, 2004; 
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Tadevosyan et al., 2012). Interestingly, more than 1000 GPCRs are encoded by mammalian 

genomes. The majority of GPCRs in mammals belongs to the group of olfactory, taste, and 

pheromone receptors (Wettschureck et al., 2005). GPCRs transduce extracellular signals via 

membrane-associated heterotrimeric G-proteins, which consists of a monomeric -subunit 

and the dimeric -subunit (Figure 2). Ligand binding induces receptor-dependent activation 

of G-proteins, leading to a replacement of GDP-bound G  (basal state) to G -GTP (active 

state) and free G  dimer (Offermanns, 2003).  

 

Figure 2: GTP-GDP cycle required for G-protein activity. Ligand dependent activation and deactivation of 
heterotrimeric G-proteins. The hydrolysis of GTP to GDP can be accelerated by various effectors as well as 
Regulators of G-protein Signaling (RGS) GTP, guanosine triphosphate; GDP, guanosine diphosphate. 

 

The GTP-bound, active -subunit and the -complex interact with effector proteins (e.g. 

enzymes and ion-channels) and thereby regulate their functions. The signaling is terminated 

by hydrolysis of GTP into GDP and inorganic phosphate (Pi) by an intrinsic GTPase activity 

of G -proteins. The formed GDP remains bound to the -subunit that now reassociates with 

the -complex to form the inactive basal state (Figure 2) (Cabrera-Vera et al., 2003; 

Offermanns, 2003). In addition, a family of regulatory proteins, called Regulators of G-

protein Signalling (RGS), are able to increase the GTPase activity of the G -subunit (Ross et 

al., 2000). RGSs play an important role in controlling the lifetime of the GPCR/G-protein-

mediated signal transduction. 

Enzyme-linked receptors: The family of enzyme-linked receptors is the second major 

transmembrane receptor family. Members of this receptor family are characterized by an 

agonist-binding domain on the outer surface of the plasma membrane and a cytoplasmic 

domain that either displays an intrinsic enzyme activity or is directly associated with an 
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enzyme. Enzyme-linked receptors play important roles in growth, proliferation, survival, cell 

cycle control and differentiation in response to extracellular stimuli. On the basis of 

cytoplasmic domain activity the enzyme-linked receptors are subdivided into the following 

classes: (a) Receptor Tyrosine Kinases (RTK), which autophosphorylate specific tyrosine 

residues (e.g. Fibroblast or epidermal growth factor receptors including the EGFR or ErbB 

families) (Lemmon et al., 2010); (b) receptor protein tyrosine phosphatases, which remove 

phosphate groups from tyrosines of various signaling proteins (e.g. CD45 or Src family 

members) (Fischer, 1999; Petrone et al., 2000); (c) receptor Serine/threonine kinases, which 

phosphorylate specific serines or threonines present in signaling proteins (e.g. transforming 

growth factor receptor, TGF-beta receptors, and activin A receptors) (ten Dijke et al., 2004); 

and lastly (d) receptor guanylyl cyclases, which catalyze the generation of the second 

messenger cGMP (Pyriochou et al., 2005). 

Ligand-gated ion channels (LGIC): Ligand-gated ion channels are a group of multimeric 

transmembrane ion-channels which play a central role in intracellular communication within 

the nervous system. Ion channels represent receptors for neurotransmitters and are involved 

in fundamental neurophysiological processes such as attention, memory, and learning (Betz, 

1990; Calimet et al., 2013). Receptors for serotonin (5-hydroxytryptamine), acetylcholine, 

and glutamate receptors are examples of cation-permeable LGIC (Changeux et al., 1992; 

Hoyer, 1990; Masu et al., 1993). The -aminobutyric acid receptor (GABAA) and the glycine 

receptor (GlyR) are characterized as anion-permeable LGIC (Kozuska et al., 2012; Langosch 

et al., 1990). 

 

1.2 The heterotrimeric G-protein family 

GPCRs represent the biggest and most diverse receptor family in mammals and signal 

through heterotrimeric G-proteins. Heterotrimeric G-proteins are members of the GTP-

binding superfamily which are fundamentally conserved from bacteria to mammals (Gilman, 

1995; Oldham et al., 2008). Upon ligand binding, activated GPCRs stimulate members of 

several subgroups of heterotrimeric G-proteins, including Gs, Gi, and Gq which are involved 

in many physiological and pathological processes (Beaulieu et al., 2011; Defea, 2008; 

Nürnberg et al., 1995). In response to various extracellular ligands binding to GPCR, the 

activated G-protein and the specificity of G-protein-effector interaction define the range of 

cellular responses. Thus, heterotrimeric G-proteins act as molecular switches which 

determine the fate of the downstream signaling pathway (Hooks et al., 2003; Neer, 1994). 
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There are additional factors besides GPCRs that are able to modulate G-protein-mediated 

signaling. Among those are receptor-independent regulators of G-protein signaling (RGSs) or 

activators of G-proteins signaling (AGSs) (Cismowski et al., 2001; Wettschureck et al., 2005) 

(for more details see Table 1).  

Different tools have been used to study G-protein-mediated signaling pathways. Both mouse 

mutants of heterotrimeric G-proteins and bacterial toxins, i.e. pertussis toxin (PTX; from 

Bordetella pertussis) and cholera toxin (CTX; from Vibrio cholerae), have uncovered 

important cellular and pathobiological functions. Pertussis toxin catalyzes adenosine 

diphosphate (ADP) ribosylation of members of the Gi/o-protein family at a cysteine residue 

near the C-terminus resulting in an functional uncoupling of the GPCR - Gi/o-protein 

interaction (Offermanns, 2003). In contrast, cholera toxin ADP-ribosylates the Gs-family and 

thereby causes its constitutive activation by blocking the GTPase activity of Gs-proteins 

(Passador et al., 1994; Sanchez et al., 2008; Tubbs et al., 2009). 

 

1.2.1 G-protein -subunits: structure and function 

G-proteins are composed of three different subunits, termed G , G , and G , with molecular 

masses of about 38-52 kDa, 35-39 kDa, and 6-8 kDa (Nürnberg et al., 1996; Oldham et al., 

2008). Altogether, 23 different G -subunits have been described in the mammalian system, 

which share in average an amino acid identity of approximately 20%. Based on the amino 

acid sequence, structural and functional homologies of the -subunits, heterotrimeric G-

proteins are classified into four main families (Table 1): Gs (includes four splice variants of 

Gs, GXL, and Golf); Gi (includes Gi1, Gi2, Gi3, Go1, Go2, Go3, Gt-r or t-c, Ggust, Gz), Gq (includes Gq, 

G11, G14, G15/16), and G12 (contains G12 and G13) (Milligan et al., 2006; Nürnberg et al., 1996; 

Simon et al., 1991). Recently, a new class of non-mammalian G -proteins (Gv; includes Gv1 

and Gv2) was identified (Table 1), but the function of Gv-proteins remains unclear (Oka et al., 

2009). 

Unlike GPCRs, G -subunits are not transmembrane proteins. Instead they are associated with 

the plasma membrane. For this, G -subunits undergo co-translational and/or post-

translational modifications at their terminal glycine and cysteine residues, such as N-

myristoylation and palmitoylation (Milligan et al., 2006). 
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Table 1: G -subunits and their modulators and effectors (Offermanns, 2003; Wettschureck et 
al., 2005) 

Families 
-

subunits 
Gene Expression Effector(s) 

RGS/AGS 
regulation 

Gs G s Gnas ubiquitous AC  RGS-PX1 (Heart) 

 G sXL Gnasxl neuroendrocrine AC   

 G olf Gnal 
olfactory epithelial, 

brain, pancreas, testis 
AC   

Gi G i1 Gnai1 mainly neuronal ACI,V,VI ; (GIRK )* 
RGS2-6, 8, 16, 

17,20 and AGS1,3 

 G i2 Gnai2 ubiquitous 
ACI,V,VI ; (GIRK , 

PLC , PI3K )* 
RGS1-5,7-14,  16-

20 and AGS1,3 

 G i3 Gnai3 mainly non-neuronal 
ACI,V,VI ; (GIRK , 

PLC ,)* 
RGS1-5, 10-14, 

16-20  and AGS1,3 

 G o Gnao neuronal, neuroendocrine 
ACI  (VDCC , 
GIRK , PLC ?)* 

RGS6,7,10-12, 14 

 G t-r Gnat1 retinal rods, taste cells cGMP-PDE  RGS9 

 G t-c Gnat2 retinal cones cGMP-PDE   

 G gust Gnat3 taste cells, brush cells PDE ?  

 G z Gnaz 
neuronal, endocrine, 

platelets 
ACI,V,VI  Rap1GAP RGS10, 17,20 

Gq G q Gnaq ubiquitous PLC 1-4  Rho-GEF  RGS1-5, 16, 18, 19 

 G 11 Gna11 
almost ubiquitous 

(except thrombocytes) 
PLC 1-4  Rho-GEF  RGS1-5, 16, 18, 19 

 G 14 Gna14 
kidney, lung, spleen and 

testis 
PLC 1-4   

 G 15/16 Gna15 hematopoietic cells PLC 1-4   

G12 G 12 Gna12 ubiquitous 
Rho-GEF  Btk , 
Gap1m  cadherin 

 

 G 13 Gna13 ubiquitous Rho-GEF  radixin  

Gv
# G v1 Gnav1 

larva and adult zebrafish, 
teleost families 

not known  

 G v2 Gnav2 teleost families not known  

*Regulation of these effectors occurs via G -dimers derived from activated G -subunits. 
#Fifth class of G -proteins, present in some vertebrates, arthropods, mollusks, and annelids. However, 
these proteins are absent in human, mouse, fruit fly, and nematodes. 

AGS, activators of G-protein-mediated signalling; 
Btk, Bruton’s tyrosine kinase; cGMP-PDE, cGMP-dependent phosphodiesterase; Gap1m, Ras 
GTPase-activating protein 2; GIRK, G-protein-regulated inward rectifier potassium channel; PI3K, 
phosphoinositide-3-kinase; PLC, phospholipase C; RGS, regulators of G-protein-mediated signaling; 
Rho-GEF, Rho guanine nucleotide exchange factor; VDCC, voltage-dependent calcium (Ca2+)-
channel. 
 

The Gs was the first G-protein identified and originally discovered in rabbit liver. It causes a 

receptor-dependent stimulation of all known adenylyl cyclases and thereby increases the 

intracellular cAMP concentration, a key secondary messenger (Krechowec et al., 2008; 

Mamillapalli et al., 2010; Northup et al., 1980). Members of the Gq family mediate the 

pertussis toxin-insensitive activation of phospholipase C-  (PLC- ) resulting in particular in 

the generation of the second messenger inositol 1,4,5 triphosphate (IP3) and hence an 

elevation of intracellular [Ca2+] levels (Gomez et al., 2013; Taylor et al., 1991). The members 
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of the G12 family, G 12 and G 13, are widely expressed, but their functions were initially not 

well understood (Morris et al., 1999). However, it could be shown later on that G 12 and G 13 

activate Rho-GEFs and thereby play an important role in the regulation of actin cytoskeleton-

dependent processes, such as adhesion, polarity and migration (Goulimari et al., 2005; Moers 

et al., 2008; Vogt et al., 2003; Wettschureck et al., 2005). The family of pertussis toxin-

sensitive Gi-proteins and their known functions are described in section 1.3. 

 

1.2.2 G-protein -subunits: structure and function 

G  consists of G - and G -subunits, which form a tightly bound functional unit (Melien, 

2007). At least six different - and fourteen different -subunits have been described (Table 

2). 

Table 2: G -and G -subunits: classification, expression, and effectors (Wettschureck et al., 

2005) 

Isoform Gene Expression Effectors 

G 1 Gnb1 widely, retinal rods  

G 2 Gnb2 ubiquitous  

G 3 Gnb3 widely, retinal cones  

G 4 Gnb4 widely, brain, lung, placenta  

G 5 Gnb5 
neuronal, lung, germ cells, 

ovaries 
 

G 5 (l) Gnb5 retina  

   ACI , ACII, IV, VII , GIRK1- 

G 1 Gngt1 brain, retinal rods 4 , PLC 1-3 , PI3K  and , 

G 14 Gngt2 brain, retinal cones receptor kinases (GRK2 and 3)  

G 2, G 6 Gng2 widely, neuronal Btk , Tsk , P-Rex1 , VDCC , 

G 3 Gng3 brain, blood PLA2, p140Ras-GEF , Raf-1  

G 4 Gng4 widely  

G 5 Gng5 widely, placenta, liver  

G 7 Gng7 widely, brain, thymus, eye  

G 8 (G olf) Gng8 
neuronal, vomeronasal 

epithelium 
 

G 9 Gng9 retina, neuronal  

G 10 Gng10 widely, brain, placenta  

G 11 Gng11 widely, except neuronal  

G 12 Gng12 ubiquitous  

G 13 Gng13 widely, brain, taste buds  

The classification of G - and G -subunits is based on their DNA sequence homologies. (l) Denotes 
the long splice variants of G 5. 
tyrosine kinase; GIRK, G-protein-regulated inward rectifier potassium channel; PI3K, 
phosphoinositide-3-kinase; PLA2, phospholipase A2; PLC, phospholipase C; P-Rex1, guanine 
nucleotide exchange factor of the Rac-GTPase; Raf-1, a member of Raf-subfamily of serine-threonin 
protein kinase; Tsk, interleukin-2 inducible tyrosine kinase; VDCC, voltage-dependent calcium 
(Ca2+)-channel. 
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The G -subunits G 1-4 share approximately 80% amino acid sequence identity as compared 

to only 50% identity with G 5. There is significantly lower identity among G -subunits 

(Downes et al., 1999), which undergo a lipid modification, i.e. isoprenylation, at their C-

terminal CAAX motif (C is cysteine, A is any aliphatic amino acid, and X is any amino acid). 

G  isoprenylation is responsible for membrane association of the -dimer (Milligan et al., 

2006). Different G (1-5) and G (1-14) proteins can pair and form unique G (1-5) (1-14) 

combinations. However, the functional significance for this diversity is not well understood 

(Smrcka, 2008). 

Unlike G -subunits, G -complexes possess no enzymatic activity. Nevertheless, they 

modulate the activity of several effectors, including GIRK channels, some members of the 

family of adenylyl cyclases (Gautam et al., 1998; Mirshahi et al., 2002; Sadja et al., 2002), or 

activation of class IB phosphoinositide 3-kinase (PI3K) (Shymanets et al., 2013). 

 

1.3 Gi-protein family: isoform-specific and redundant biological roles 

Gi-proteins (36-42 kDa) include several diverse subtypes as summarized in Table 1. Gi1, Gi2, 

Gi3, Go, Gz, and Ggust inhibit adenylyl cyclase, thereby decreasing cAMP production, whereas 

the retinal expressed subtypes Gt-r and Gt-c activate cGMP-specific phosphodiesterase 

(cGMP-PDE) (Hepler et al., 1992; Melien, 2007). Gi-proteins modulate the activity of 

various intracellular effector systems resulting in the regulation of a variety of cellular 

responses (Figure 3). Downstream effectors consist of enzymes (e.g. adenylyl cyclase, 

phospholipase C, and PI3K) and ion channels (e.g. potassium and calcium channels) (Hamm, 

1998; Melien, 2007; Urano et al., 2013; Wettschureck et al., 2005), which take over a distinct 

spectrum of biological roles. 

As an important characteristic, all members of the Gi-protein family (except Gz) are sensitive 

to pertussis toxin (PTX) (Codina et al., 1984; Katada, 2012; Murayama et al., 1983; Straub et 

al., 2012). Gi-proteins are together with Gq/11-proteins the most abundant G-protein family 

present in mammals. Interestingly, G o constitutes up to 1-2% of the total membrane protein 

in the brain (Melien, 2007).  

The G i subfamily comprises three closely related members, G i1, G i2, and G i3. These 

isoforms share an amino acid sequence identity of 85-95% (Wilkie et al., 1994) and a 

partially overlapping expression profile. Targeted loss-of-function mutations in mice have 

been produced for all G i genes (Jiang et al., 2002). G i1, G i2, and G i3 knockout mice are 

viable and show a spectrum of phenotypes (Figure 4). In contrast, double deficiency for G i2 
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and G i3 causes an early embryonic lethality in mice suggesting redundant functions of both 

isoforms during development (Gohla et al., 2007). Moreover, G i1/G i3 double-deficient mice 

are viable (Plummer et al., 2012) indicating that the ubiquitously expressed G i2 is the 

quantitatively and functionally predominant G i isoform. Since the cellular levels of the Gi-

proteins (in particular G i2) are relatively high, they also represent an important source of 

G -complexes. 

 
Figure 3: G-protein-regulated effector pathways in cellular processes and biological responses. Upon 
activation G-proteins regulate the activity of different effector molecules and thereby modulate cellular 
functions like migration of macrophages or vasotonous activity of smooth muscle cells. PI3K, 
phosphatidylinositol 3-kinase. 

 

1.3.1 Tissue specific expression and functions of G i1, G i2, and G i3 

Quantitatively, G i2 is the predominant G i isoform and it is ubiquitously expressed. G i1 is 

the first discovered G i isoform and is expressed in the nervous system. G i3, the closest 

homolog of G i1, is hardly detectable in the nervous system, but is broadly expressed in 

peripheral tissues (Table 1). Targeted loss-of-function mutations of the respective G i 

isoforms have been generated in mice and the resulting phenotypes demonstrate isoform-

specific as well as redundant functions (Figure 4). The loss of G i1 affects long term memory 

by diminishing synapse-specific plasticity (Pineda et al., 2004). G i2-deficient mice 

spontaneously develop ulcerative colitis (Rudolph et al., 1995) and display a defective 

macrophage and neutrophil migration (Wiege et al., 2013; Wiege et al., 2012). Moreover, 

they have an altered heart rate dynamics (Zuberi et al., 2008). G i3 is essentially responsible 
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for the antiautophagic effects of insulin in the liver (Gohla et al., 2007) and plays a potent 

role in melanosome biogenesis (Young et al., 2008). 

 

Figure 4: Organ- and cell-specific expression and function of G i-protein family members. Isoform-
specific expression and known functions of G i1, G i2, and G i3 in central (brain) and peripheral organs. 
 

1.4 Gi-proteins in the cardiovascular system 

1.4.1 Gi-mediated signal transduction in cardiovascular homeostasis 

Cardiovascular homeostasis and heart function are maintained through various extracellular 

signaling molecules like hormones, neurotransmitters, and growth factors which often act 

through GPCRs at the cell surface (Rockman et al., 2002). Heterotrimeric Gi-proteins, which 

are functionally coupled with many of these GPCRs, represent crucial components for 

cardiovascular homeostasis. In the cardiovascular system, G i2 and G i3, the two major G i 

isoforms expressed, display redundant as well as isoform-specific functions (Albarran-Juarez 

et al., 2009; Dizayee et al., 2011; Hippe et al., 2013) Commonly expressed GPCRs in the 

cardiovascular system are 1-adrenergic receptors (Gs-coupled), 2-adrenergic receptors 

(Gs/Gi-coupled), and M2-muscarinic receptors (Gi/Go-coupled), the latter of which are 

responsible for autonomic control of heart function. Of note, the isoform Gi2 takes over an 

important cardioprotective role (DeGeorge et al., 2008; Foerster et al., 2003; Köhler et al., 

2014; Offermanns, 2003; Waterson et al., 2011).  

 

1.4.2 The role of Gi-proteins in the regulation of the vascular tone 

The endothelium plays an important role in the regulation of the vasotonous (balance 

between vasoconstriction and vasodilatation). Endothelial cells represent the innermost layer 
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of blood and lymph vessels controlling the activity of smooth muscle cells by releasing 

various endothelium-derived vasoactive agents, i.e. vasoconstrictors and vasodilators. 

Various vascular GPCRs control and influence the vasotonus under physiological and 

pathological conditions (Breyer et al., 2001; Vanhoutte, 2009b). The function of pertussis 

toxin (PTX)-sensitive, heterotrimeric Gi-proteins (G i ) in endothelium-dependent 

vasotonous regulation is poorly understood and rather based on the analysis of in-vitro and 

in-vivo effects of PTX. Initially, it was assumed that PTX-sensitive Gi-dependent signaling is 

required for both endothelium-dependent vasorelaxation and vasoconstriction, possibly 

dependent on the vessel and cell type analyzed (Flavahan et al., 1990; Komaru et al., 1997; 

van Meijeren et al., 2004a; van Meijeren et al., 2004b). At this, several studies described a 

PTX-dependent inhibition of NO- and EDHF-dependent relaxation (Boulanger et al., 1997; 

Day et al., 1995; Michel et al., 2010; Shibano et al., 1994). However, the PTX effects in these 

studies may have not only been limited to the endothelium, but may have influenced smooth 

muscle cells as well (Hohlfeld et al., 1990). Moreover, PTX displays also Gi-independent 

unspecific effects (Mangmool et al., 2011). Thus, these findings urge a genetic analysis of the 

role of G i isoforms in endothelial dependent vasotonus regulation by employing knockout 

mouse models.  

As summarized in Figure 5 and outlined in the following, heterotrimeric Gi-proteins are 

involved in the production of vasoactive agents, i.e. Endothelium-Derived Constriction 

Factors (EDCF) and Endothelium-Derived Relaxation Factors (EDRF). EDCF comprise 

reactive oxygen species, prostanoids (e.g. PGE2) generated by cyclooxygenases (COX), and 

the potent vasoconstrictor endothelin-1 (ET-1). In contrast, major EDRFs are nitric oxide 

(NO), prostanoids (PGI2) generated by cyclooxygenases, and endothelium-derived 

hyperpolarizing factors (EDHF) (Giannarelli et al., 2010; Grosser et al., 2010; Vanhoutte, 

2009a). Interestingly, several EDCF and EDRF can function as ligands for vascular GPCRs 

which signal and modulate the vasotonous activity of smooth muscle cells via endothelial 

cells. 

Nitric oxide (NO) released by endothelial cells accounts for the relaxation of smooth muscle 

cells attributed to endothelium-derived relaxing factor (Bian et al., 2008; Pieper, 1998). NO is 

produced by the endothelial expressed isoform of nitric oxide synthase (eNOS). eNOS 

catalyzes the oxidation of L-arginine into L-citrulline and NO (Forstermann et al., 2006; 

Morlin et al., 2002; Palmer et al., 1988). NO serves as a “multi-tasking mediator” in 

mammals. It maintains the blood pressure (Stauss et al., 1999), modulates platelet activation, 
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and control leukocyte adhesion (Gkaliagkousi et al., 2009; Moncada et al., 1991; van 

Hinsbergh, 2012). Several studies indicate a role of Gi-proteins in endothelium-derived NO-

production. E.g., PTX increased L-arginine uptake and thereby the NO-production in 

pulmonary endothelial cells (Zharikov et al., 2004). Furthermore, the HDL stimulated, Gi-

coupled sphingosin-1-phosphate receptor S1P3 induces NO-production through activation of 

eNOS in endothelial cells (Nofer et al., 2004). 

 

Figure 5: Gi-dependent intracellular signaling in the regulation of the vasotonous. Schematic presentation 
of Gi-dependent signaling pathways in endothelial cells (EC) related to the production and downstream effects 
of nitric oxide (NO), prostacyclin (PGI2), and endothelin-1 (ET-1). AA, arachidonic acid; COX, 
cyclooxygenase; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; ETA and 
ETB, endothelin receptor A and B; eNOS, endothelial nitric oxide synthase; HDL, high density lipoprotein; IP, 
prostacyclin receptor; S1P, sphingosin-1-phosphate; sGC, soluble guanylate cyclase; TXA2, thromboxane A2; 
TP, thromboxane A2 receptor. Model adapted and modified in part after (Pexa, 2012). 
 

Further EDRF released by endothelial cells are EDHF and PGI2. EDHF denotes a 

vasodilative agent that hyperpolarizes the underlying vascular smooth muscle cells (Figure 

5). The entity of EDHF is not yet known with complete certainty, but an epoxide of 

arachidonic acid that is formed by a cytochrome P450–derived monooxygenase (Campbell et 

al., 1996) and hydrogen peroxide (Shimokawa et al., 2005) may work as EDHF. In fact, Gi-

proteins seem to be involved in an EDHF-dependent relaxation of mesenteric vessels 

(Griffith et al., 2002; Vequaud et al., 2001). Interestingly, deficiency of RGS2 (regulator of 

G-protein signaling 2 that accelerates inactivation of Gi-proteins) enables an endothelial Gi 
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activity to inhibit EDHF-dependent relaxation, whereas RGS2 sufficiency facilitates EDHF-

evoked relaxation by squelching endothelial Gi activity (Osei-Owusu et al., 2012).  

The prostanoid prostacyclin (PGI2) is the major vasodilator and prostaglandin produced by 

endothelial cells. PGI2 is synthesized by cyclooxygenases (constitutively expressed COX-1 

and inducible COX-2) and a subsequent PGI2 synthase (Caughey et al., 2001; Grosser et al., 

2010). 

PGI2 diffuses to the vascular smooth muscle layer and causes vasodilatation through 

activation of the Gs-coupled IP receptor (Figure 5). Interestingly, Gi-proteins induce the 

formation of PGI2 in vascular smooth muscle cells which modulate the contraction of smooth 

muscle cells in an intracrine manner (Martinez-Gonzalez et al., 2004; Taurin et al., 2007). In 

this line, myofibroblasts isolated from the small intestine and colon of G i2-deficient mice 

display a reduced arachidonic acid mobilization and a decrease in COX-1 and COX-2 

expression as well as PGE2 levels (Edwards et al., 2006). These findings indicate a critical 

role of Gαi2 in the synthesis of prostaglandins that then affect vasodilatation and/or 

vasoconstriction. Of note, COX-1 and COX-2 deficient mice show several cardiovascular and 

stroke-related phenotypes as described in Table 3. 

Lastly, endothelial cells produce a strong vasoconstrictor, Endothelin-1 (ET-1). Endothelial 

Gi-proteins seem to be involved in the regulation of ET-1 expression (Chua et al., 1993; 

Thorin et al., 1997; Yokokawa et al., 1991) (Figure 5). The vasoactive effects of ET-1 in 

smooth muscle cells are mediated through two GPCRs, ETA (Gq/11) and ETB (Gi) (Cramer et 

al., 2001; Eguchi et al., 1993) (Figure 5). Notably, ETB (Gi) is also expressed on endothelial 

cells and functions there as “clearance” receptor for ET-1 thereby controlling serum ET-1 

levels. 

Overall, altered levels of ET-1, NO, and PGI2 and hence their altered signaling pathways are 

causative for endothelial and vascular dysfunction and thereby associated with stroke 

pathologies and cerebral ischemia (Table 3). However, both the role of Gi-dependent 

signaling in the generation of these vasoactive agents as well as in their downstream effects 

has been mainly addressed by the use of PTX in-vitro and in-vivo. (Banquet et al., 2011; 

Vanhoutte, 2006, 2010). In addition, PTX represents a multifunctional toxin that displays 

both Gi-dependent and -independent effects (Mangmool et al., 2011). Genetic analysis of 

endothelial Gαi isoforms in vasotonus regulation by employing knockout mouse models is 

largely missing.  
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Table 3: Regulators of the vasotonous and their pathophysiological roles as analysed in 
knockout mouse models. 

Genes Genetic 
modification(s) 

Surgical method(s) /  
stroke model 

Phenotype of gene knockouts 

eNOS eNOS-/- 
middle cerebral artery 

occlusion (MCAO) 
reduced blood flow and larger 

infarcted areas (Huang et al., 1996) 
PGI2 

receptor 
IP-/- 

bilateral occlusion of common 
carotid artery 

cerebral ischemia 
(Wei et al., 2008) 

COX-1 COX-1-/- MCAO 
more susceptible to focal cerebral 
ischemia (Iadecola et al., 2001b)  

COX-2 COX-2-/- 
MCAO & insertion of catheter 

into common carotid artery 
reduced infarcted areas  
(Iadecola et al., 2001a)  

ET-1 Tg ET-1 ( ) MCAO 
larger infarcted areas and volumes 

(Leung et al., 2004) 

 

1.4.3 Role of Gi-proteins in thrombocyte activation 

Thrombocytes or platelets are small cell fragments which are derived from megakaryocytes 

and are characterized by a discoid shape. Platelets circulate in an inactive state in the 

mammalian blood stream under normal physiological conditions. Upon vessel injury, 

platelets take over an important role in primary hemostasis through formation of blood clots 

(George, 2000). The vessel injury exposes subendothelial fibrils (which contains collagen and 

endothelial expressed von-Willebrand-factor) such that circulating platelets are able to adhere 

at the injured vessel wall via different surface membrane glycoproteins, including integrins 

and the fibrinogen receptor which mediate the initial platelet adhesion and activation 

(Jackson, 2011; Varga-Szabo et al., 2008). The interaction between platelets and 

subendothelial fibrils accounts for the activation of platelets, which is characterized by 

changes in the morphology of discoid platelets into a pseudopodia-like shape. Activated 

platelets secrete diffusible local mediators such as thromboxane A2 (TXA2) and ADP which 

function as positive amplification signals for the activation and aggregation of platelets 

(Nieswandt et al., 2011; Rivera et al., 2009). Accumulation of these mediators at the sites of 

injury recruits additional platelets into the growing thrombus. This positive amplifying 

feedback eventually results in stable thrombus formation. Physiological activators of platelets 

like ADP, TXA2, and thrombin act through GPCRs which in turn activate Gi, Gq, G12, and 

G13 driven signaling cascades (Nieswandt et al., 2011; Offermanns, 2000, 2006; Stegner et 

al., 2011). 

Most platelet activating stimuli function through several GPCRs. In particular, ADP can bind 

to two purogenic GPCRs, P2Y1 and P2Y12, which are functionally coupled with Gq, and Gi, 

respectively (Offermanns, 2000; Rivera et al., 2009; Savi et al., 1998). 
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Figure 6: Involvement of Gi-proteins in platelet activation and aggregation. Several platelet stimuli 
agonists like ADP bind and activate GPCRs coupled to Gi-proteins, resulting in the activation of signaling 
pathways required for platelet aggregation. AC, Adenylyl cyclase; RGS, regulator of G-proteins; PI3K, 
phosphoinositide 3-kinase; PIP2, Phosphatidylinositol-(4,5)-bisphosphate; PIP3, phosphatidylinositol-(3, 4, 5)-
trisphosphate.  
 

P2Y1 activates -isoforms of phospholipase C (PLC) and is required for platelet functions 

like shape change, secretion, and aggregation. On the other hand, P2Y12 inhibits adenylyl 

cyclase and co-activates PI3K-Akt1/Akt2 and Rap1B effector pathways via G  required for 

platelet aggregation (Offermanns, 2003; Ohlmann et al., 1995; Woulfe, 2010) (Figure 6). 

Both Gq-coupled P2Y1 and Gi-coupled P2Y12 seem to be required for ADP-induced activation 

and aggregation of platelets (Rivera et al., 2009; Wettschureck et al., 2005). Although it has 

been shown ex-vivo that G i2-deficient platelets display an aggregation defect (Jantzen et al., 

2001; Offermanns, 2006), an in-depth in-vivo analysis of platelet function in hemostasis and 

thrombosis employing G i knockout mice is missing. 

 

1.5 G-proteins and the peripheral circadian clock 

1.5.1 Circadian rhythm and clock network 

Circadian rhythms represent biological processes which are characterized by oscillations of 

approximately 24 h. These rhythms are driven by “clock genes”, are internally generated and 

function to anticipate the environmental changes associated with the solar day (Ko et al., 
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2006). In mammals, the circadian clock system has a hierarchical structure with a 

central/master clock (localized in the suprachiasmatic nuclei [SCN]) and peripheral 

oscillators (all tissues and cell types except the SCN). 

 

Figure 7: Clock gene expression, synchronization, and regulation at the molecular level. The mammalian 
clock genes are ubiquitously expressed. Two major synchronizers of these molecular clocks are environmental 
light cues and food intake. In mammals, circadian clock mechanisms consists of transcriptional/translational 
feedback loops which drive 24 h body rhythms. B, brain and muscle aryl hydrocarbon receptor nuclear 
translocator-like; C, clock; CRY, cryptochrome; PER, period. ROR and REV, family of nuclear hormone 
receptors. 
 

The central clock resides in the SCN which is part of the hypothalamus and is mainly 

synchronized by light cues (Reppert et al., 2001). The peripheral clock is expressed in every 

cell of an organism and synchronized by signals both from the SCN (Reppert et al., 2002) and 

e.g. by food intake (Stokkan et al., 2001). The circadian clock system contains three major 

components (Figure 7A): (1) an input pathway, where light directly falls on retinal 

photoreceptors and thereby signals are passed to the self-sustained master circadian 

pacemaker, i.e. SCN. Moreover, the feeding time seems to be a dominant “Zeitgeber” for 

peripheral oscillators, since restricting food access at the time, when mice usually do feed, 

causes a phase-reversal of peripheral clocks without affecting the phase of the central clock in 

the SCN; (2) a circadian pacemaker, i.e., core clock components, which generate autonomous 

self-sustaining oscillations and ensure a period length of approximately 24h; and (3) the 

output pathways by which the circadian pacemaker regulates overt rhythms in physiology and 
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behavior of organisms (Lowrey et al., 2004)(Figure 7A). The major output functions from the 

SCN in mammals are sustaining overall locomotor activity. In contrast, the output functions 

of the peripheral clock include e.g. the control of the detoxification system by the liver and 

urine production by the kidney. Importantly, all output functions are due to regulation by the 

core clock (e.g. Bmal1 and Per1, see below) or core clock-controlled genes (so-called output 

genes, e.g. Dbp, see below). 

Core clock genes are defined as genes whose products are necessary components for the 

generation of the circadian rhythm within individual cells in an organism. The core clock 

genes in unicellular as well as multicellular organisms are characterized by interconnected 

positive and negative autoregulatory feedback loops at the level of transcription and 

translation (Lee et al., 2000; Richards et al., 2012; Shearman et al., 2000) (Figure 7B). Core 

clock gene products are involved in complex cycles of transcription, translation, protein-

protein interaction, post-translational modification, and nuclear translocation which 

collectively generate and ensure daily rhythms in organisms. In mammals, the two key core 

clock genes, Clock and Bmal1, encode proteins of the helix-loop-helix (bHLH)-PAS (Period-

Arnt-Single-minded) transcription factor family (Bunger et al., 2000). CLOCK and BMAL1 

proteins form heterodimers and act as transcriptional activators in order to induce expression 

of many core clock and output clock genes (Figure 7). The other core clock genes, i.e. Period 

(Per1, Per2, and Per3), and Cryptochrome (Cry1 and Cry2), function as a negative loop in the 

circadian clock. PER and CRY proteins, when produced at a critical level, form a complex 

and thereby inhibit BMAL1/CLOCK-induced transcription. Other components, like ROR and 

REV (REV-ERB), can activate or inactivate the transcription of Bmal1, respectively (Figure 

7B). 

Lastly, the output clock genes, i.e. the PAR-domain basic leucine zipper (PAR bZip) 

transcription factors Dbp (albumin site D-box binding protein), Hlf (hepatocyte leukemia 

factor), and Tef (thyrotroph embryonic factor) accumulate in a highly circadian manner in the 

SCN and peripheral tissues (Fonjallaz et al., 1996; Mitsui et al., 2001). The circadian 

accumulation of Dbp is thereby mediated by the periodic binding of CLOCK/BMAL1 to the 

Dbp promoter (Figure 8) (Ripperger et al., 2006; Stratmann et al., 2012; Yamaguchi et al., 

2000).    

1.5.2 Gi-protein-dependent mechanisms in circadian clock regulation 

So far, no studies have been published addressing a direct involvement of members of the Gi-

protein family in the regulation of clock gene expression and function. As mentioned in the 
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previous section, the major G i isoforms, G i2 and G i3 are the isoforms, which are typically 

expressed in peripheral tissues (with a predominant expression of Gαi2 as compared to Gαi3) 

and display redundant and gene-specific functions. 

 
Figure 8: Model for Gi-dependent cellular signaling in regulation of clock gene expression and function. 
Gi-proteins inhibit adenylyl cyclase and thereby subsequent downstream signaling pathways. Here, Gi-
dependent/PKA-mediated activation of the cAMP response element binding protein (CREB) at Ser133 
regulates expression of Per and Dbp in mammals.    
 

G i-proteins inhibit adenylyl cyclase activity and thereby decrease the cAMP concentration 

in cells. Interestingly, the cAMP concentration follows a circadian accumulation both in the 

SCN (Yamazaki et al., 1994) and in peripheral tissues (Zhang et al., 2010). In this regard, 

increasing the cAMP levels in the SCN by treatment with PTX (i.e. by inactivation of Gi-

proteins) lengthens the circadian period length (O'Neill et al., 2008), demonstrating that 

cAMP-dependent signaling represents a core component of the mammalian circadian 

pacemaker. However, the mechanism(s) by which PTX affects SCN chronobiology remain(s) 

unclear. Additionally, the regulator of G-protein signaling 16 (RGS16) functions as a 

GTPase-accelerating protein (GAP) for Gi-protein family members thereby accelerates the 

hydrolysis of GTP. Of note, the gene encoding RGS16 exhibits in the SCN and liver 

circadian variations in transcript levels (Huang et al., 2006). Consistent with this, Rgs16-

deficient mice displays a loss of circadian production of cAMP in the SCN, which lastly 

results in a period lengthening of the locomotor activity rhythm (Doi et al., 2011). At the 

effector level, the cAMP-PKA (Protein Kinase A) and cAMP-pERK axes (Kawasaki et al., 

2004) represent the major activators of the transcription factor CREB. Activated (i.e. 
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phosphorylated) CREB translocates then into the nucleus and functions as potent 

transcription factor for many clock and clock-controlled genes (Figure 8), including the clock 

output gene Dbp (Balsalobre et al., 2000; Haas et al., 1995; Tischkau et al., 2003).  

The clock output genes Dbp, Hlf, and Tef (all members of the PAR bZip family of 

transcription factors) are involved in the regulation of expression of atleast two sets of 

important target genes (Figure 8). These include on one hand members of the cytochrome 

P450 family that are involved in metabolic pathways and xenobiotic detoxification processes 

in the liver (Gachon et al., 2006). On the other hand, DBP is required for normal, circadian 

expression of Per genes (Per1, Per2) (Yamajuku et al., 2011). In this regard, many genes like 

c-Fos, Fos-B, Per1, and Per2 are activated by serum stimulation in cultured fibroblasts as 

well as light-activated in the SCN (Balsalobre et al., 2000; Shearman et al., 1997). Several 

chemical and physical signals are thereby able to trigger the expression and circadian 

oscillation of the core clock genes Per1 and Per2 and of the output clock gene Dbp in 

cultured cells. These signals include besides cAMP, calcium, glucocorticoids 

(Dexamethason), or temperature changes (Brown et al., 2002; Li et al., 2014; Schneider et al., 

2014; Yagita et al., 2000). 

Taken together, the following questions remain to be addressed in regards to the role of Gi-

proteins in the above described signaling pathways: (1) Are peripherally expressed Gαi 

isoforms involved in clock gene and/or clock output gene regulation via impacting on the 

cAMP/PKA-pCREB pathway? And (2), given that cAMP and pCREB take over major 

functions in the circadian SCN synchronization and mammalian physiology, the question 

arises to which extent Gαi isoforms are involved in clock gene expression and function in 

peripheral tissues, in particular in the liver.  
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2. CHAPTER 1 

The G-protein G i3 regulates a sexual-dimorphic, circadian expression of the 

clock controlled gene DBP in murine liver 

Singh M, Pexa K, Kuck F, Stibane D, Janke L, Lindecke A, Wiek C, Hanenberg H, 

Köhrer K, von Gall C, Reinke H, Piekorz RP. Manuscript in preparation.  

The circadian clock is evolutionary conserved and found in all prokaryotes and 

unicellular and multicellular eukaryotes. In mammals, the circadian clock system is 

divided into the central (SCN) and peripheral clock (all tissue except SCN) thereby 

playing important regulatory roles in various physiological processes. Cells from 

peripheral tissues generate circadian rhythms in a central clock (i.e. light-driven)-

independent manner, mainly triggered by the feeding time as “Zeitgeber” and controlled 

by the central regulators and transcription factors CLOCK and BMAL1. Interestingly, 

about 10% of all transcripts follow a cyclic expression in peripheral tissues. For example, 

numerous gene products in the liver are involved in metabolic and detoxification 

processes. They accumulate in a circadian manner based on the activity of clock output 

genes (e.g. Dbp, Hlf and Tef). The cAMP/PKA/pCREB signaling pathway has been 

implicated in the transcriptional control of Per1 (core clock component) and Dbp (clock 

output gene). However, the involvement of the GPCR-associated Gi isoforms Gαi2 and 

Gαi3 in the regulation of these genes is undefined. 

This study is based on an initial microarray-based, one-time-point gene expression 

profiling of aortic tissue from Gαi2- and Gαi3-deficient mice. Surprisingly, clock output 

genes (e.g. Dbp, Hlf, and Tef) and their transcriptional target genes (e.g. members of the 

cytochrome P450 family) are found at altered levels in Gαi3-deficient mice, but not in 

G i2
-/- or wild-type control animals. To get insight into the relative contribution of the 

central vs. the peripheral clock in this phenotype, G i3-deficient male and female mice 

and their respective wild-type controls were kept under “synchronized conditions” and 

thereby maintained in a strict 12 h light-dark cycle with free access to food and water. 

Liver tissue was collected “around the clock”, i.e. every 6 h for up to 24 h, and further 

subjected to quantitative real-time PCR (qPCR) and immunoblotting analysis to validate 

and expand the microarray screen-based findings. Here, the expression of the majority of 

core clock (including Bmal, Per1/2, and Cry1/2) and clock output genes (Hlf, Tef) is 

greatly unchanged (i.e. not phase-shifted during the 12 h light-dark cycle). Consistent 
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with this finding, the Per1-driven period length of tail fibroblasts from G i3
-/- female mice 

(as measured by a Bmal1-Luciferase reporter construct) is comparable to the period 

length of wild-type control cells. In contrast, the clock output gene Dbp shows 

specifically an altered circadian (i.e. clearly phase-shifted) expression in female, but not 

male G i3
-/- animals. In line with this, an increased activation of CREB (pSer133-CREB) 

is detectable in liver nuclear extracts from G i3-deficient female, but not male mice. 

Lastly, the transcript levels for the DBP target gene and cytochrome P450 family member 

Cyp3a11, which is in particular involved in xenobiotic metabolism, are significantly 

elevated in livers from G i3
-/- female mice. Taken together, the findings in this study 

uncover a novel isoform-specific role of G i3 and thereby indicate that the Gi3-

cAMP/PKA-pCREB signaling pathway functions -together with CLOCK/BMAL1- as a 

critical determinant in the sexual-dimorphic, circadian expression and function of DBP. 

The author of this dissertation maintained the G i2- and G i3-deficient mouse strains and 

performed their overall in-vivo characterization. He isolated and analyzed primary tail 

fibroblasts and liver tissue and performed the qPCR and immunoblotting analysis. In 

addition, he has co-designed the concept of the manuscript, interpreted and discussed the 

data.  
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3. CHAPTER 2 

Role of G i2 in the endothelium-mediated regulation of vasoconstriction and 

vasodilatation 

Singh M et al., manuscript in preparation. 

Cardiovascular in-vivo phenotyping of Gαi knockout mouse lines revealed that lack of 

Gαi2, but not Gαi3 expression results in an increased susceptibility for cerebral ischemia 

(Pexa, 2012). Approximately 45% of Gαi2 knockout animals develop a stroke phenotype 

upon unilateral carotid artery ligation, resulting in a lack of ipsilateral blood supply and 

severe cerebral ischemia. Anatomical defects in the brain vasculature, an increased 

neuronal sensitivity (i.e. glutamate toxicity), or thrombotic insults (see Chapter 3) could 

be largely excluded as possible reasons for the stroke phenotype associated with Gαi2 

deficiency (Pexa, 2012). However, this stroke phenotype could be based on an altered 

vasotonus leading to an increased vasoconstriction and/or impaired vasodilatation. In this 

regard, Gαi2
-/- mice display an elevated diastolic blood pressure (Pexa, 2012) that can be 

due to an altered vasotonus. Various (also Gi-coupled) vascular GPCRs balance the 

vasotonus via downstream effectors (e.g. COX-1 and COX-2) which are involved in the 

synthesis of vasoactive agents (e.g. PGI2/prostacyclin). Thus, the aim of this work focuses 

on the elucidation of the role of endothelial Gαi2 in the pathophysiology of the observed 

stroke phenotype.   

Expression analysis at the mRNA and protein level confirmed G i2 as the predominant 

G i isoform in Human Umbilical Vein Endothelial Cells (HUVEC) and isolated murine 

CD146+ lung endothelial cells. Interestingly, endothelial cells from Gαi2
-/-

 mice (with or 

without a stroke phenotype upon carotid ligation) display up to 2-fold increased mRNA 

levels of the potent vasoconstrictor Endothelin-1 (ET-1) (Figure 9C). Moreover, 

expression of COX-1 (producing the vasoconstrictor PGE2) was significantly upregulated 

(Figure 9A), whereas the mRNA levels for COX-2 (producing the key vasodilatator PGI2) 

were tendentially reduced (Figure 9B). Of note, the latter finding applied only to stroke-

affected Gαi2
-/-

 mice, indicating that COX-2, but not ET-1, may represent a decisive factor 

in terms of stroke occurrence. In contrast, Gαi3
-/-

 mice, which do not develop a stroke 

phenotype, express ET-1 and both COX isoforms comparable to wild-type control 

animals (Figure 9).  
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To further prove the isoform-specific and anti-apoplectic role of endothelial Gαi2, a 

mouse line was generated that lacks Gαi2 specifically in the endothelium (G i2
fl/fl

xTie2-

cre+; EC-Gαi2). Remarkably, comparable to Gαi2
-/-

 mice, EC-Gαi2 animals develop also a 

cerebral stroke phenotype, typically within 2h upon unilateral carotid artery ligation 

(incidence of ~40%, i.e. 23/58 animals affected). This is not the case for corresponding 

G i2
fl/flxTie2-cre- control mice (0/18 animals analyzed). Therefore, an endothelium-

specific deficiency of G i2 is sufficient to elicit a cerebral stroke phenotype upon 

unilateral carotid artery ligation. 

 

 

Figure 9: qPCR-based expression analysis of COX-1 (A), COX-2 (B), and ET-1 (C) in isolated 
CD146+ lung endothelial cells from wild-type, G i2

-/- and G i3
-/- animals all subjected to unilateral 

carotid artery ligation. Numbers of animals analyzed: wild-type (wt), n=12; G i2
-/- (with stroke 

phenotype), n=4; G i2
-/- (no stroke phenotype), n=6; G i3

-/-, n=4. Mean ± s.d. *p<0.05; **p<0.01. 
 

Thus, endothelial-Gαi2 may play an essential and isoform-specific role in vasotonus 

regulation by inhibiting vasoconstriction (COX-1/PGE2, ET-1) and promoting 

vasodilatation (COX-2/PGI2). In particular, mRNA levels for endothelial COX-2 (and 

potentially also the levels of released PGI2) are decreased in stroke-affected vs. non 

affected animals. This finding is consistent with the observation that inhibition of COX-2 

in humans is associated with reduced PGI2 levels and an increased risk of myocardial 
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infarction (Grosser et al., 2010). In line with that, Gαi2-deficiency is not only limited to 

the development of apoplectic stroke, but is also detrimental in conditions of myocardial 

ischemia (Köhler et al., 2014). Further work is required in both Gαi2-associated stroke 

models to better define the underlying molecular pathomechanisms at the receptor-

effector level.  

The author of this dissertation maintained the G i2- and G i3-deficient mouse strains and 

was in large part involved in the generation and characterization of the EC-Gαi2 mouse 

line. He established and optimized the MACS-based isolation procedure of endothelial 

cells and performed all molecular biological analyses. In addition, he interpreted and 

discussed the data and is involved in a first drafting of the manuscript. 
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4. CHAPTER 3 

Platelet G i2 is an essential mediator of thrombosis and ischemia reperfusion 

injury in mice
* 

Devanathan V#, Hagedorn I#, Köhler D#, Pexa K, Kraft P, Singh M, Rosenberger P, Stoll 

G, Birnbaumer L, Piekorz RP, Nieswandt B, Beer-Hammer S, Nürnberg B. Manuscript in 

preparation (#equal contribution).  

Platelets are crucial for primary hemostasis. However, under pathophysiological 

conditions, platelets become major players in thrombosis and thereby contribute to 

ischemic tissue injury in common diseases like cerebral stroke and myocardial infarct. 

The activation of platelets is to a great extent under the control of all major families of 

GPCR-associated, heterotrimeric G proteins, including Gi. Platelets express like most 

peripheral organs and cell types the G i family members G i2 and G i3. However, 

isoform-specific and -redundant roles of G i2 and G i3 in normal and pathological platelet 

function are unclear.  

In this study established knockout mouse lines for G i2 and G i3 as well as a novel mouse 

model lacking G i2 specifically in megakaryocates and platelets have been characterized 

in regards to platelet function ex-vivo and hemostasis in-vivo. Moreover, these mouse 

models were tested in experimental models of thrombosis and ischemia. It is shown that 

G i2 represents the major G i2 isoform expressed in platelets. In contrast to G i3 deficient 

and wild-type control mice, G i2
-/-

 animals, display platelet aggregation defects ex-vivo, a 

prolonged tail bleeding time, and a highly impaired thrombus formation and stability in 

different models of arterial thrombosis. Comparable to G i2
-/-

 animals, mice selectively 

lacking G i2 in platelets (PF4-cre) show a similar bleeding defect. Further, these animals 

were analyzed under conditions of cerebral (tMCAO) and myocardial ischemia. 

Interestingly, platelet-G i2-deficient animals demonstrated both smaller infarcts in the 

brain with a better neurological outcome as well as a strongly reduced ischemia 

reperfusion injury in the heart. Taken together, the data in the manuscript indicate that 

platelet-G i2 plays an isoform-specific role in controlling hemostasis as well as platelet-

associated pathologies.  

                                                 
*
Enclosure 1 
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The author of this dissertation was instrumental in the generation of the mouse line that is 

conditionally-deficient for G i2 in thrombocytes and moreover maintained animal 

colonies (breeding setups, genotyping) which were analyzed in this manuscript. In 

addition, he was involved in the interpretation and discussion of the data and also 

contributed to the revision of the manuscript. 
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5. CHAPTER 4 

Role of centrosomal adaptor proteins of the TACC family in the regulation of 

microtubule dynamics during mitotic cell division
*
 

Thakur HC, Singh M, Nagel-Steger L, Prumbaum D, Fansa EK, Gremer L, Ezzahoini H, 

Abts A, Schmitt L, Raunser S, Ahmadian M., Piekorz RP (2013). Biol Chem, 394:1411-

1423. 

The most striking feature of a living cell and entire organism is their ability to reproduce. 

The simplest type of reproduction is the mitotic division of cells into two daughter cells, 

which is occurring during the cell cycle and characterized by a series of events that 

prepare the cells for an actual cell division comprised of karyokinesis and cytokinesis. 

Mitotic cell division is vital for increasing the number of cells for e.g. during 

developmental growth and tissue repair while maintaining their genetic heritage. During 

mitosis, spindle poles, kinetochores, and various microtubule-associated proteins are 

involved in the regulation of microtubule (MT) dynamics and thereby provide MT 

stability for proper segregation of chromosomes to both daughter cells. TACC3 

(Transforming Acidic Coil-Coiled 3) belongs to a family of evolutionary conserved and 

cancer-associated centrosomal proteins, which are characterized by a C-terminal coil-

coiled (CC) domain required for protein-protein interaction and spindle pole localization. 

In this review article, an overview has been given about our current insight into the in-

vitro (biochemical and structural) and in-vivo (cell biological and genetic) characteristics 

and function of the evolutionary conserved family of TACC proteins. E.g., addressing the 

structure of highly purified TACC3 protein by electron microscopic analysis revealed an 

elongated structure and fiber-like appearance. Moreover, the current understanding of the 

diverse TACC3 interactome has been summarized. TACC3 interacts via its C-terminus 

with its major effector, the MT polymerase chTOG and thereby regulates both positively 

and negatively MT stability and dynamics dependent on the mitotic phase. Any 

dysfunction of this protein complex causes malmitosis, faulty cell division, and 

aneuploidy. As a consequence, cellular transformation is being promoted or cellular 

senescence or apoptosis results in the case of more severe mitotic defects. Further actual 

developments summarized in the review include the description of novel TACC3 gene 

fusion products (e.g. FGFR3-TACC3) generated by intrachromosomal translocation 
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events and by now identified in various cancer types. These unusual TACC3 gene fusion 

products display cell transforming activity, however, the underlying molecular 

mechanisms in terms of an altered TACC3 function remain to be determined. 

In the context of this review, the author has contributed the subcellular localization 

studies using confocal laser scanning microscopy. He was also instrumental for the 

interpretation and discussion of data presented and for the overall development of the 

review. 
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6. CHAPTER 5 

The centrosomal adaptor TACC3 and the microtubule polymerase chTOG 

interact via defined C-terminal subdomains in an Aurora-A kinase 

independent manner
*
 

Thakur HC, Singh M, Nagel-Steger L, Kremer J, Prumbaum D, Kalawy FE, Ezzahoini H, 

Nouri K, Gremer L, Abts A, Schmitt L, Raunser S, Ahmadian MR, Piekorz RP (2014). J 

Biol Chem., 289:74-88. 

Mitotic cell division represents a timely and spatially highly organized and controlled 

process that is mediated by various protein complexes localized at spindle poles, 

kinetochores, and microtubules. Centrosomal TACC (Transforming Acidic Coil-Coiled) 

proteins, which represent mitotic adaptor proteins, play an important role in the regulation 

of the dynamics and function of the bipolar spindle apparatus. TACC proteins display a 

C-terminal coiled-coil domain required for protein-protein interaction and spindle pole 

localization, whereas the role of the N-terminus that contains a central repeat region of 

unknown function is rather unclear. The major binding partner and effector of TACC3 is 

the microtubule polymerase chTOG that both promotes and inhibits MT stability and 

dynamics dependent on the mitotic phase.  

This study revealed at a structure-function based level how TACC3 and chTOG interact 

with each other. The characterization of the TACC3-chTOG protein complex in 

centrosome-driven spindle assembly at the biophysical (gel filtration), biochemical (pull-

down analysis), and cell biological (co-immunoprecipitation and confocal imaging) level 

is reported. An in-depth analysis of bacterially overexpressed and purified fragments and 

deletion mutants of TACC3 reveals that the C-terminal TACC domain consists of the two 

functionally distinct subdomains, CC1 and CC2. CC2 mediates a specific intradomain 

with the N-terminal repeat region, defining the “inactive” (effector unbound or masked) 

state of TACC3. Interestingly, specific binding of chTOG to CC1 unmasks the C-

terminus of TACC3 resulting in its activated (effector bound) state. It is further 

demonstrated that the interaction of TACC3 with chTOG is independent from Aurora-A 

kinase, a major mitotic regulator at centrosomes. However, centrosomal recruitment of 

the TACC3-chTOG complex depends on Aurora-A kinase mediated phosphorylation of 

TACC3. In summary, this work identified two functionally diverse modules (CC1, CC2) 

                                                 
*
Enclosure 3 



Chapter 5

29 

 

within the C-terminal TACC domain of TACC3. These domains modulate and mediate, 

respectively TACC3-chTOG complex formation that is a prerequisite for normal 

microtubule dynamics and mitotic spindle assembly during cell division.  

The author of this dissertation performed molecular cloning of TACC3-GFP-fusion 

constructs of TACC3 and its deletion mutants. He further characterized the interaction of 

these mutants with chTOG by in-vivo coimmunoprecipitation assays. Furthermore, he 

performed subcellular localization studies of the mitotic TACC3-chTOG protein complex 

using confocal laser scanning microscopy. He has co-designed the concept of the 

manuscript, interpreted and discussed the data, and also contributed to manuscript 

writing. 
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7. CHAPTER 6 
The centrosome and mitotic spindle apparatus in cancer and senescence

* 

Schmidt S, Essmann E, Cirstea IC, Kuck F, Thakur HC, Singh M, Kletke A, Jänicke RU, 

Wiek C, Hanenberg H, Ahmadian MR, Schulze-Osthoff K, Nürnberg B and Piekorz RP 

(2010). Cell Cycle, 9:4469-73. 

Mitotic cell division is a prerequisite for development, differentiation and organ 

morphogenesis, as well as proliferative homeostasis and tissue regeneration. The precise 

segregation of chromosomes during mitosis is ensured by the bipolar spindle apparatus, 

whose function is mediated by various proteins and protein complexes localized at 

centrosomes and kinetochores as well as by a plethora of microtubule-associated proteins. 

Alterations in microtubule dynamics and spindle assembly, centrosomal integrity, and 

kinetochore-linked mitotic checkpoint signaling, as caused e.g. by spindle poisons like 

Taxol (Paclitaxel), results typically in malmitosis and aneuploidy. Depending on the 

nature and severity of the mitotic defect(s) and the downstream stress signaling pathways, 

cells can undergo apoptosis or a post-mitotic, proliferative arrest. 

In this review article (written as a perspective) literature findings about the emerging role 

of mitotic and centrosomal proteins in cellular senescence and tissue aging are being 

summarized and discussed. Inhibition or decreased expression of various centrosomal 

(e.g. Aurora-A, TACC3, NEDD1), kinetochore-localized (e.g. CENP-A), or spindle 

checkpoint proteins (e.g. Mad2 or BubR1) proteins has been linked to the p53-driven 

cellular senescence response in cell culture as well as in corresponding novel mouse 

models. Interestingly, genetically reduced, hypomorphic expression e.g. of the mitotic 

checkpoint kinase BubR1 resulted in increased aneuploidy without increasing the basal 

tumorigenesis rate in the animals. However, mice with this genetic insufficiency for 

BubR1 or animals with a haploinsufficiency for both Bub3 and Rae1 display a 

progressive progeroid phenotype characterized by a short lifespan and typical 

pathological signs of accelerated aging. These include an impaired vascular tonus and 

typical signs of vascular aging, loss of subcutaneous fat, scoliosis, cataracts, impaired 

wound healing, or infertility. In summary, the literature summarized and discussed in this 

perspective all together strongly indicates that the mitotic spindle apparatus, and in 
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particular the mitotic checkpoint, is directly linked to cellular and organismal aging 

through molecular mechanisms that are currently still not completely understood.  

The author of this dissertation has contributed to the compilation of the literature 

necessary for this review as well as to its preparation and discussion.  
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8. CHAPTER 7 

Senescence-associated lysosomal -L-fucosidase (SA- -Fuc): a sensitive and 

more robust biomarker for cellular senescence beyond SA- -Gal
*
 

Singh M, Piekorz RP (2013). Cell Cycle, 12:1996. 

This invited News & Views article discusses the description and significance of a novel 

biomarker for cellular senescence as published by Hildebrandt et al., (Cell Cycle 2013; 

12:1922-7). In the recent years cellular senescence emerged as an important 

(patho)biological phenomenon highly relevant for antitumor defense (likely at the stage 

of cancer stem cells) and implicated in human tissue aging. In human cells, senescence 

was first observed as “replicative senescence” or “Hayflick limit” characterized by the 

fact that normal primary diploid fibroblasts display a finite proliferative capacity in 

culture before they permanently exit the cell cycle in a senescent state. Cellular 

senescence can be triggered by various stimuli, including telomere shortening (resulting 

in replicative senescence), DNA damage, mitotic defects and aneuploidy, reactive oxygen 

species, or aberrant oncogene activation.  

Senescent cells are typically characterized by a flattened morphology and increased cell 

size, increased metabolic activity, and apoptotic resistance. For the detection of senescent 

cells both in cell culture and in-vivo several molecular and cell biological markers are 

being employed, however, dependent on the cell type and the type of senescence and 

senescence stimulus, with varying robustness. The most widely used and established 

biomarker for the detection of cellular senescence represents the so-called senescence-

associated -galactosidase (SA- -gal) activity that is associated with an expansion of the 

lysosomal compartment and an increased granularity. However, the reliability and 

specificity of SA- -gal has been questioned. E.g., SA- -gal is hardly detectable in some 

types of senescence, whereas false-positive results can be obtained in non-senescent cells 

dependent on their confluency in cell culture. To overcome this problem, Hildebrandt et 

al. performed a screen of altered lysosomal activities in senescent cells. The authors 

identified a novel marker, senescence-associated lysosomal -L-fucosidase (SA- -Fuc), 

as constantly and more robustly unregulated in various types of senescence. Taken 

together, SA- -Fuc seems to represent a technically more sensitive marker both for cell 

culture analyses as well as for the detection of senescent cells during tissue aging.  
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The author of this dissertation has been instrumental for the compilation of the literature 

describing established and novel senescence markers as well as for the preparation and 

discussion of this News & Views article. 
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9. CHAPTER 8 

Downregulation of miR-15b is associated with increased SIRT4 expression in 

premature senescence and photoaging of human skin
*
 

Kuck F#, Grether-Beck S#, Singh M#, Lang A, Graffmann N, Schneider M, Lindecke A, 

Brenden H, Felsner I, Ezzahoini H, Marini A, Weinhold S, Schmidt S, Stühler K, Köhrer 

K, Uhrberg M, Krutmann J#, Piekorz RP#. Manuscript in preparation (#equal 

contribution). 

The skin represents the first line of defense against environmental noxae and undergoes 

photoaging upon exposure to UV-A and UV-B radiation. Accordingly, in dermal 

fibroblasts cellular senescence and photoaging are linked to mitochondrial dysfunction 

that can be caused by both reactive oxygen species (ROS)-dependent or -independent 

effector mechanisms. Interestingly, SIRT4 is part of the mitochondrially localized 

subfamily of sirtuins (SIRT3, SIRT4, and SIRT5) which function as deacetylases or in the 

case of SIRT4 as ADP-ribosyltransferase. Increased expression of SIRT4 negatively 

impacts on glutamate metabolism through inhibition of glutamate dehydrogenase and 

therefore on mitochondrial oxidative capacity. However, the regulation/expression and 

putative pathological function of mitochondrial sirtuins in cellular senescence and skin 

aging are unknown.  

This study is based on a differential miRNA/mRNA expression profiling of cells 

undergoing premature senescence upon malmitosis and aneuploidy. Here, decreased miR-

15b levels were linked to an increased expression of SIRT4, whereas the mRNA amounts 

of SIRT3 and SIRT5 were unaltered. Further cellular analyses proved a miR-15b-

associated upregulation of SIRT4 expression not only in various cellular model systems 

of stress-induced senescence, but also in replicative senescence as well as in UV-triggered 

photoaging of both cultured human dermal fibroblasts and biopsies from photoaged 

human skin. Enforced expression of miR-15b through transfection of oligonucleotides 

mimicking miR-15b function reduced the luciferase activity of a SIRT4 3’-untranslated 

region-based reporter construct, suggesting that SIRT4 is a direct target of miR-15b. At 

the protein level, upregulation of SIRT4 was accompanied by an increased subcellular 

colocalization with the mitochondrial marker MTCO2 (mitochondrially encoded 

cytochrome C oxidase II). Lastly, the age-associated increase in SIRT4 expression 
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together with decreased miR-15b levels was not skin-specific and also observed in 

hematopoietic progenitor cells. Taken together, this manuscript identified miR-15b as a 

negative regulator of SIRT4 expression thereby likely preventing mitochondrial 

dysfunction that is linked to cell and tissue aging.   

The author of this dissertation established the γ-irradiation/human dermal fibroblast 

senescence model and thereby performed the qPCR-based quantification of SIRT4 and 

miR-15b expression levels. Moreover, he further analyzed the regulation of SIRT4 

expression by employing miR-15b mimics and SIRT4 3’-UTR reporter plasmids in cell 

transfection studies. In addition, he has co-designed the concept of the manuscript, 

interpreted and discussed the data, and also contributed to manuscript rewriting. 
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10.  Summary 

Heptahelical receptors or GPCRs (G-protein-coupled receptors) are associated with 

heterotrimeric G-proteins (G ) and comprise the largest family of transmembrane 

receptors involved in intracellular signal transduction. Various agonists, including 

biogenic amines, nucleotides, or peptides bind to and activate their corresponding GPCRs 

and thereby modulate a plethora of (patho)physiological functions and responses in the 

body. Heterotrimeric Gi-proteins link GPCRs with adenylyl cyclases and 

phosphoinositide 3-kinases as major intracellular effectors. Among the family of pertussis 

toxin-sensitive and highly homologous Gαi-proteins, Gαi2 and Gαi3 are ubiquitously 

expressed in peripheral (non-neuronal) cell types with G i2 being typically present at 

much higher protein levels as G i3. Based on the generation and phenotypic 

characterization of mouse lines with targeted loss-of-function mutations, isoform-specific 

as well as redundant biological functions of G i2 and G i3 have been observed. The latter 

became evident through the constitutive inactivation of both genes in the mouse resulting 

in embryonic lethality. In contrast, mice lacking either G i2 or G i3 are viable and display 

organ-associated phenotypes, including an increased susceptibility for heart ischemia 

(G i2
-/-) or an impaired antiautophagic insulin signaling in the liver (G i3

-/-).  

This dissertation aimed at a further molecular and cell biological phenotyping of Gαi-

deficient mouse lines to identify novel functions of G i2and G i3. The results presented in 

Part I suggest an isoform-specific regulatory role of Gαi3 in sexual-dimorphic, circadian 

clock gene expression and function in the liver. Part II of this thesis describes an 

antiapoplectic function of endothelial Gαi2 in vasotonus regulation that is 

pathophysiologically linked to a cerebral stroke and ischemia phenotype.    

Part I  

The transcription factors CLOCK and BMAL1 ensure in the liver the circadian 

expression of the core clock component PER1 and the clock output gene Dbp as well as 

of transcriptional targets of DBP, in particular members of the cytochrome P450 family. 

PER1 functions as negative feedback inhibitor of CLOCK/BMAL thereby maintaining 

the daily period length of approximately 24 h. Interestingly, microarray-based profiling 

suggested an altered expression of Dbp and cytochrome P450 isoforms in G i3
-/- mice, but 

not upon G i2
-/- deficiency. To validate and further analyze a possible circadian 

phenotype, liver tissue was collected and analyzed from G i3-deficient male and female 
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mice and their respective wild-type controls around the clock, i.e. every 6 h for up to 24 

h. Here, the expression level and pattern of the majority of core clock genes (including 

Per1) and clock output genes was greatly unchanged and not phase-shifted during the 

normal 12 h light-dark cycle in both male and female knockout mice. Consistent with this 

finding, the PER1-controlled daily period length of tail fibroblasts isolated from G i3
-/- 

mice was not different from the period length of wild-type control cells. In contrast, the 

clock output gene Dbp showed a clearly phase-shifted circadian expression in female, but 

not male G i3
-/- animals. In line with this, increased levels of the cAMP/PKA-activated 

transcription factor and Dbp regulator CREB (pSer133-CREB) were detectable in liver 

nuclear extracts from G i3-deficient female, but not male mice. Consequently, the 

transcript levels for the DBP target Cyp3a11, a major cytochrome P450 isoform involved 

in endobiotic and xenobiotic metabolism, were also significantly elevated in livers from 

G i3
-/- female mice. In summary, the findings in Part I uncover a novel isoform-specific 

role of G i3 in chronobiology and thereby suggest that the Gi3-cAMP/PKA-pCREB 

signaling axis functions -together with CLOCK/BMAL1- as an important determinant in 

the sexual-dimorphic, circadian expression and function of DBP.  

Part II 

Previous findings from the cardiovascular in-vivo phenotyping of Gαi knockout mouse 

lines revealed that lack of Gαi2, but not Gαi3 expression results in an increased 

susceptibility for cerebral stroke and ischemia. This phenotype was not based on 

anatomical defects in the brain vasculature. Thrombotic insults as possible reason for the 

stroke phenotype could be also excluded, given that Gαi2
-/- mice displayed platelet 

aggregation defects and a strongly impaired thrombus formation and stability. Moreover, 

a mouse line lacking Gαi2 specifically in thrombocytes, which was generated and 

analyzed during this dissertation, was highly protected in from cerebral and myocardial 

ischemia in corresponding stroke models. Given that the cell-type specific mechanism(s) 

for the stroke pathology of Gαi2
-/- mice remained unclear in the foregoing studies, one 

major aim of this thesis was to investigate, whether an endothelial dysfunction, i.e. an 

altered vasotonus due to an increased vasoconstriction and/or impaired vasodilatation, 

represents the basis for the cerebral stroke phenotype of Gαi2
-/- mice. In this regard, 

previous findings and literature data indicated, that (i) Gαi2
-/- animals display an elevated 

diastolic blood pressure that is linked to an altered vasotonus, and that (ii) various 
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endothelial Gi-coupled GPCRs balance the vasotonus via regulation of the synthesis of 

vasoactive agents, in particular PGI2/prostacyclin, PGE2, and Endothelin-1.   

Profiling of purified CD146+ lung endothelial cells from Gαi2
-/- mice revealed in this 

work (i) significantly increased transcript levels of the potent vasoconstrictor Endothelin-

1, (ii) an increased expression of cyclooxygenase 1 (COX-1), and (iii) a reduction of the 

mRNA levels for cyclooxygenase 2 (COX-2). In contrast, endothelial cells from Gαi3
-/-

mice, which did not develop a stroke phenotype, expressed ET-1 and both COX isoforms 

at mRNA levels comparable to wild-type control animals. COX-1 produces the 

vasoconstrictor PGE2, whereas COX-2 is associated with the synthesis of the key 

vasodilatator PGI2. Interestingly, whereas ET-1 and COX-1 levels were altered both in 

stroke-unaffected and -affected Gαi2
-/- mice, COX-2 was reduced only in the latter group, 

indicating that a weakened COX-2/PGI2 axis represent a decisive factor for the stroke 

occurrence in Gαi2
-/- mice. Consistent with this, pharmacological inhibition of COX-2 is 

known from the literature to be associated with reduced PGI2 levels and an increased risk 

of myocardial infarction.  

To prove the isoform-specific and anti-apoplectic role of endothelial Gαi2 at a genetic 

level, a conditionally deficient mouse line was generated and analyzed that lacks Gαi2 

specifically in the endothelium. These animals developed an apoplectic phenotype with 

an incidence of ~40% that was comparable to Gαi2
-/- mice. Therefore, a cell type-specific 

deficiency of G i2 in the endothelium is necessary and sufficient to elicit the acute 

cerebral stroke phenotype observed upon unilateral carotid artery ligation. Overall, the 

data in Part II indicate that endothelial-Gαi2 plays an essential and isoform-specific role in 

vasotonus regulation by inhibiting vasoconstriction (COX-1/PGE2, ET-1) and/or 

promoting vasodilatation (COX-2/PGI2).   
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11. Zusammenfassung 

Heptahelikale Rezeptoren bzw. G-Protein gekoppelte Rezeptoren (GPCR) assoziieren 

mitheterotrimeren G-Proteinen (G ) und stellen die größte Familie von Transmembran-

rezeptoren im Rahmen intrazellulärer Signaltransduktions prozesse dar. Verschiedene 

Agonisten, wie z.B. biogene Amine, Nukleotide oder Peptide binden an und aktivieren 

deren GPCR, die dadurch eine Vielzahl (patho)physiologischer Funktionen und 

Antworten im Körper modulieren. Heterotrimere Gi-Proteine koppeln GPCR mit den 

beiden intrazellulären Haupteffektoren, Adenylylzyklasen und Phosphoinositid-3-

Kinasen. Gαi2 und Gαi3 zählen zur Familie der Pertussistoxin-sensitiven und hoch 

homologen Gαi-Proteine, die ubiquitär in allen peripheren (nicht-neuronalen) Zelltypen 

exprimiert werden. Hierbei wird Gαi2 gewöhnlich in höheren Mengen vorgefunden als 

Gαi3. Durch die Generierung und phänotypische Charakterisierung Gαi-defizienter 

Mauslinien konnten sowohl isoformspezifische als auch redundante biologische 

Funktionen von G i2 und G i3 beobachtet werden. Für letztere spricht die embryonale 

Letalität G i2/G i3-doppeldefizienter Tiere. Dagegen sind Mauslinien mit einer Defizienz 

für G i2 oder G i3 lebensfähig, wobei Gαi-isoformspezifische und organassoziierte 

Phänotypen resultieren. So weisen G i2
-/--Tiere eine deutlich erhöhte Suszeptibilität für 

Ischämie bei myokardialen Infarkten auf, während G i3-Defizienz die antiautophagische 

Signaltransduktion von Insulin in der Leber aufhebt.  

Die vorliegende Dissertation hatte die weiterführende molekulare und zellbiologische 

Phänotypisierung Gαi-defizienter Mauslinien zur Aufgabe, mit dem Ziel, neue isoform-

spezifische Funktionen von G i2 und G i3 zu identifizieren. Die in Teil I beschriebenen 

Befunde lassen eine regulatorische Rolle von G i3 in der sexualdimorphen, zirkadianen 

Genexpression und Funktion in der Leber vermuten. Teil II umfasst Befunde, die auf eine 

essentielle und zellspezifische Funktion von Gαi2 in Endothelzellen in der Regulation des 

Vasotonus deuten. Hierbei nimmt endotheliales Gαi2 eine antiapoplektische und anti-

ischämische Rolle beim zerebralen Schlaganfall ein.     

Teil I  

Die Transkriptionsfaktoren CLOCK und BMAL1 bewirken in der Leber eine zirkadiane 

Expression der coreclock Komponente PER1 und des clockoutput Gens Dbp sowie 

dessen transkriptionellen Zielgenen. Letztere umfassen vor allem Mitglieder der 

Cytochrom P450-Familie. PER1 ist als negativer feedback Inhibitor von CLOCK/BMAL 
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an der Sicherstellung der täglichen Periodenlänge von ca. 24 h beteiligt. 

Interessanterweise ließen initiale Daten aus einer microarray-basierten 

Genexpressionsanalyse vermuten, dass G i3-defiziente Tiere, im Gegensatz zu G i2
-/--

Mäusen, eine veränderte Expression von Dbp und Cytochrom P450-Isoformen aufweisen. 

Um diese Befunde eines möglichen zirkadianen Phänotyps zu validieren, wurde 

Lebergewebe aus männlichen und weiblichen G i3-defizienten Mäusen und Wildtyp-

Kontrolltieren rund um die Uhr, d.h. alle 6 Stunden bis zu 24 Stunden, isoliert und 

analysiert. Hierbei erwies sich die zirkadiane Expression der allermeisten coreclock (inkl. 

Per1) und clockoutput Gene in männlichen wie auch weiblichen Gαi3knockout-Tieren als 

größtenteils unverändert mit einen normalen Phasenverlauf im 12 h Licht-Dunkel-Zyklus. 

Entsprechend war die PER1-kontrollierte tägliche Periodenlänge primärer G i3
-/--

Fibroblasten vergleichbar mit der Periodenlänge von Wildtyp-Kontrollzellen. Im 

Gegensatz hierzu zeigte aber Dbp als clockoutput Gen eine auffällig phasenverschobene 

zirkadiane Expression in weiblichen, nicht aber männlichen Gαi3 knockout-Mäusen. 

Dieser Befund ging einher mit erhöhten Mengen des cAMP/PKA-aktivierten 

Transkriptionsfaktors und Dbp-Regulators CREB (pSer133-CREB) in nukleären 

Leberzellextrakten Gαi3-defizienter weiblicher, nicht aber männlicher Tiere. Des 

Weiteren waren auch die Transkriptmengen des DBP-Zielgens Cyp3a11, einer wichtigen 

Cytochrom P450-Isoform im endobiotischen und xenobiotischen Metabolismus, in der 

Leber Gαi3-defizienter weiblicher Tiere signifikant erhöht. Zusammenfassend sprechen 

diese Befunde für eine neue isoformspezifische und chronobiologische Rolle von Gαi3, 

wobei der Gi3-cAMP/PKA-pCREBSignalweg zusammen mit CLOCK/BMAL1 als 

wichtiger Regulator der sexualdimorphen Expression und Funktion von Dbp fungiert. 

Teil II  

Eine vorherige kardiovaskuläre Phänotypisierung Gαi-defizienter Mauslinien ergab, dass 

das Fehlen von Gαi2, nicht aber von Gαi3, eine erhöhte Suszeptibilität für zerebrale 

Schlaganfälle und Ischämie zur Folge hat. Dieser Phänotyp basierte nicht auf 

anatomischen Defekten im zerebralen Gefäßsystem. Thrombotische Ursachen für den 

Schlaganfallphänotyp konnten ebenfalls ausgeschlossen werden, da Gαi2
-/--Tiere 

thrombozytäre Aggregationsdefekte sowie eine stark eingeschränkte Thrombusbildung 

und -Stabilität aufwiesen. Des Weiteren konnte gezeigt werden, dass eine im Rahmen 

dieser Arbeit generierte und analysierte Mauslinie mit einer zelltypspezifischen Gαi2-
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Defizienz in Thrombozyten in Infarktmodellen deutlich geschützter vor zerebraler und 

myokardialer Ischämie war. Da der zelltypspezifische Mechanismus des 

Schlaganfallphänotyps von Gαi2
-/--Tieren unklar blieb, lag ein Hauptziel dieser Arbeit in 

der Untersuchung einer möglicherweise zugrundeliegenden endothelialen Dysfunktion. 

Es sollte geklärt werden, ob ein veränderter Vasotonus, d.h. eine erhöhte 

Vasokonstriktion und/oder eine verminderte Vasodilatation die Basis für die erhöhte 

Schlaganfallsuszeptibilität bei Gαi2-Defizienz darstellen könnte. In diesem 

Zusammenhang stehen vorherige Befunde bzw. Literaturdaten, dass (i) Gαi2
-/--Tiere einen 

erhöhten diastolischen Blutdruck aufweisen, der oft mit einem veränderten Vasotonus 

assoziiert ist, und dass (ii) verschiedene endotheliale, Gi-gekoppelte GPCR an der 

Balancierung des Vasotonus durch die Regulation der Synthese vasoaktiver Agentien, im 

Besonderen PGI2/Prostacyclin, PGE2 und Endothelin-1, beteiligt sind.   

Durcheine eingehende Analyse von CD146+-Endothelzellen, die aus der Lunge Gαi-

defizienterMäuse isoliert wurden, konnte in dieser Arbeit gezeigt werden, dass 

Endothelzellen mit einer Defizienz für Gαi2, nicht aber für Gαi3, signifikant erhöhte 

Transkriptmengen für den potenten Vasokonstriktor Endothelin-1 sowie eine veränderte  

Expression der Cyclooxygenasen COX-1 (erhöht) bzw. COX-2 (erniedrigt) aufweisen. 

Hierbei sind COX-1 und COX-2 mit der Synthese des Vasokonstriktors PGE2 bzw. des 

essentiellen Vasodilatators PGI2 assoziiert. Während die Expression von ET-1 und COX-

1 in Schlaganfall-betroffenen wie auch unbetroffenen Gαi2
-/--Mäusen gleichermaßen 

verändert war, konnte eine COX-2 Reduktion nur bei ersteren beobachtet werden. Diese 

Befunde deuten darauf hin, dass eine insuffiziente COX2-PGI2-Achse eine wichtige 

Determinante in der Schlaganfallsuszeptibilität Gαi2-defizienter Tiere darstellt. Hierfür 

sprechen Literatur-befunde, dass eine pharmakologische Inhibition von COX-2 mit 

reduzierten PGI2-Spiegeln und einem erhöhten Risiko für myokardiale Infarkte assoziiert 

ist.  

Um die isoformspezifische und antiapoplektische Rolle von endothelialem Gαi2 auf 

genetischer Ebene zu verifizieren, wurde eine Mauslinie mit einer zelltypspezifischen 

Gαi2-Defizienz im Endothel generiert und analysiert. Diese Tiere zeigten einen 

Schlaganfall-phänotyp mit einer mit Gαi2
-/--Mäusen vergleichbaren Inzidenz von ~40%. 

Eine endotheliale Gαi2-Defizienz scheint somit notwendig und ausreichend zu sein, um 

einen akuten Schlaganfall nach einseitiger Carotidenligatur hervorzurufen. 

Zusammenfassend lassen die Befunde dieses Teils der Dissertation vermuten, dass 
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endotheliales Gαi2 eine essentielle und isoformspezifische Funktion in der Regulation des 

Vasotonus über eine Inhibition der Vasokonstriktion (COX-1/PGE2, ET-1) und/oder eine 

Förderung des Vasodilatation (COX-2/PGI2) einnimmt.  
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13. Abbreviations 
AC adenylyl cyclase 
ADP adenosine diphosphate 
AGS activators of G-protein signaling 
ATP adenosine triphosphate 

1-AR beta-1-adrenergic receptor 
2-AR beta-2-adrenergic receptor 

cAMP cyclic adenosine monophosphate 
CD45 cluster of differentiation 45; also called protein tyrosine phosphatase, 

receptor type, C 
cGMP cyclic guanosine monophosphate 
chTOG colonic and hepatic tumor overexpressed gene protein 
COXs cyclooxygenases 
CREB cAMP response element-binding protein 
Cre tyrosine recombinase enzyme, catalyses site directed recombination 
Cry cryptochrome 
Ct Cycle threshold 
CTX cholera toxin 
Dbp albumin D-box binding protein 

 delta 
EC endothelial cells 
EDCF endothelium-derived contracting factor 
EDHF endothelium-derived hyperpolarizing factor 
EDRF endothelium-derived relaxing factor 
eNOS endothelial expressed Nitric oxide synthase 
ERK extracellular signal-related kinase 
ET-1 endothelin-1 
fl floxed allele 
G  alpha subunit of heterotrimeric G-proteins 
G i alpha subunits of heterotrimeric Gi -proteins 
G  beta subunit of heterotrimeric G-proteins 
G  G  and G  heterodimer 
GDP guanosine diphosphate 
G  gamma subunit of heterotrimeric G-proteins 
Gi heterotrimeric Gi-proteins (G ) 
GIRK G-protein-gated inwardly rectifying potassium channels 
GPCR G-protein-coupled receptor 
G-protein heterotrimeric guanosine nucleotide-binding protein 
GTP guanosine triphosphate 
h hour/hours 
HDL high-density lipoprotein 
HLF hepatic leukemia factor 
HUVEC human umbilical vein endothelial cell 
LGIC ligand-gated ion channels 
mg milligram 
miRNA micro ribonucleic acid 
ml milliliter 
M2-AR muscarinic acetylcholine receptor  
NO nitric oxide 
Per period 
PGE2 prostaglandin E2 
PGI2 prostacyclin 
PI3K phosphoinositide 3-kinase 
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PKA protein kinase A 
PTX pertussis toxin 
qPCR quantitative real-time polymerase chain reaction 
RGS regulators of G-protein signaling 
SCN suprachiasmatic nuclei 
SIRT4 Sirtuin 4 
Tg transgenic mice 
TACC transforming acidic coiled-coil  
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Abstract: During the mitotic division cycle, cells pass 

through an extensive microtubule rearrangement process 

where microtubules forming the mitotic spindle appara-

tus are dynamically instable. Several centrosomal- and 

microtubule-associated proteins are involved in the regu-

lation of microtubule dynamics and stability during mito-

sis. Here, we focus on members of the transforming acidic 

coiled coil (TACC) family of centrosomal adaptor proteins, 

in particular TACC3, in which their subcellular localization 

at the mitotic spindle apparatus is controlled by Aurora-A 

kinase-mediated phosphorylation. At the effector level, 

several TACC-binding partners have been identified and 

characterized in greater detail, in particular, the microtu-

bule polymerase XMAP215/ch-TOG/CKAP5 and clathrin 

heavy chain (CHC). We summarize the recent progress 

in the molecular understanding of these TACC3 protein 

complexes, which are crucial for proper mitotic spindle 

assembly and dynamics to prevent faulty cell division and 

aneuploidy. In this regard, the (patho)biological role of 

TACC3 in development and cancer will be discussed.
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Introduction

Mitosis, the shortest phase within the cell cycle, is a 

fundamental cell division process that is essential for 

embryonic development and postnatal proliferative 

tissue homeostasis and function. Normal mitosis ensures 

an equal distribution of the genetic material duplicated 

during S-phase into two identical daughter cells (karyo-

kinesis), which become finally separated during cytoki-

nesis. Mitosis is a very complex and tightly controlled 

process where several biomolecules including numerous 

proteins and protein complexes are involved as impor-

tant structural, functional, and regulatory elements. The 

mitotic spindle apparatus is comprised of centrosomes/

spindle poles, spindle microtubules, and microtubule-

associated protein complexes (Bornens, 2002, 2012); 

which are also involved in kinetochore protein interac-

tions at the centromeric region of chromosomes. More 

than 200 proteins are responsible for spindle pole 

formation, chromosome alignment and segregation, 

cytokinesis during the cell division process (Andersen 

et  al., 2003; Hubner et  al., 2010; Hutchins et  al., 2010; 

Neumann et  al., 2010) (http://www.mitocheck.org/), 

as well as spindle checkpoint function that monitors 

correct microtubule-kinetochore attachment, thereby 

controlling metaphase to anaphase transition (Rieder 

and Maiato, 2004; Rieder, 2011; Khodjakov and Rieder, 

2009; Musacchio, 2011; DeLuca and Musacchio, 2012).

Centrosomes are characteristic features of all meta-

zoans functioning as microtubule organizing centers 
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(MTOC) at spindle poles (Bornens, 2002, 2012; Azimza-

deh and Bornens, 2005). Centrosomes are comprised of 

a perpendicularly aligned pair of centrioles surrounded 

by pericentriolar matrix (PCM) components. Microtu-

bules as cytoskeletal elements of the spindle apparatus 

are hollow cylindrical structures, which are involved in 

the formation of cilia, flagella, axonemes, and spindle 

fibers (Nigg and Raff, 2009). In dividing cells, arrays of 

aster microtubules originate from MTOCs and connect 

them to the chromosomes at the metaphase plate 

(Compton, 2000). During the G
2
-/M-phase of the cell 

cycle, cells pass through a huge microtubule arrange-

ment process that functions as an important regulatory 

switch and consists of microtubule nucleation, elonga-

tion, polymerization, and depolymerization (Mitchison 

and Kirschner, 1984; Desai and Mitchison, 1997). Aster 

microtubules are, in particular, highly dynamic struc-

tures, which are elongated by continuous addition of 

GTP bound αβ-tubulin heterodimers to the growing 

plus ends, where their depolymerization is triggered by 

hydrolysis of bound GTP to GDP and P
i
 (Mitchison and 

Kirschner, 1984). Microtubules are dynamically unsta-

ble at their plus ends, which is characterized by two dif-

ferent transitions, called catastrophe (transition from 

polymerization to shrinkage) and rescue (transition 

from depolymerization to growth) (Figure 1) (Mitchison 

and Kirschner, 1984; Gardner et  al., 2013). Therefore, 

microtubule length and stability depend on the shift of 

the equilibrium between these two transition states that 

is primarily regulated by several microtubule-associated 

proteins (MAPs).

Among the MAPs, the centrosomal transforming 

acidic coiled coil (TACC) protein family comprises impor-

tant components of the mitotic spindle apparatus (Gergely 

et al., 2000a; Gergely, 2002; Raff, 2002; Peset and Vernos, 

2008; Ha et  al., 2013a). Vertebrates express three TACC 

isoforms, TACC1, TACC2, and TACC3 (Still et  al., 1999a, 

2004; Gomez-Baldo et  al., 2010). As discussed below in 

greater detail, TACCs are regulated by mitotic kinases, 

in particular, Aurora-A, and function at the mitotic 

spindle apparatus as adaptor proteins, thereby, interact-

ing, among others, with microtubule polymerases of the 

evolutionary conserved Xenopus microtubule-associated 

protein 215 kDa (XMAP215)/minispindles (Msps)/colonic 

and hepatic tumor overexpressed gene (chTOG)/cytoskel-

eton-associated protein 5 (CKAP5) family. This effector 

complex plays a key role in the regulation of centrosome-

dependent assembly of spindle microtubules as well as 

their dynamics and stability during mitosis (Conte et al., 

2003; Gergely et  al., 2003; Peset et  al., 2005; Peset and 

Vernos, 2008).

Catastrophe Rescue

+–

αβ-tubulin heterodimer

γ-tubulin ring complex

Figure 1 Microtubule dynamics during mitosis.

The γ-tubulin ring complex primes microtubule nucleation 

and polymerization. Further elongation of microtubules is 

dependent on the shift in equilibrium between two transition 

states, catastrophe (polymerization→shrinkage) and rescue 

(depolymerization→growth). Several MAPs regulate thereby the 

shift between these two transitions. Microtubule minus (-) and plus 

ends (+) are indicated.

Evolution of TACC adaptor proteins –  

conserved mitotic role and  

implications for nonmitotic 

functions

TACC1 was the first human TACC protein family member 

that was identified and mapped close to the fibroblast 

growth factor receptor 1 (FGFR1) region at chromosome 

8p11 (Still et al., 1999b). Similarly, TACC2 and TACC3 were 

identified and mapped to be physically linked to the cor-

responding FGFR2 and FGFR3 chromosomal regions 

10q26 and 4p16, respectively (Still et  al., 1999a, 2004). 

During evolution, two gene duplication processes gave 

rise to three distinct TACC/FGFR gene pairs (Still et  al., 

2004). Thus, three TACC isoforms have evolved in all 

vertebrates analyzed so far, except Xenopus sp., where 

only two isoforms, TACC3/Maskin (Xenopus laevis) and 

TACC2 (Xenopus tropicalis), have been reported (Klein 

et  al., 2002; Still et  al., 2004; O’Brien et  al., 2005; Peset 
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et  al., 2005). In contrast, in organisms other than meta-

zoans, only one single TACC isoform has been identified 

and characterized, i.e., Spc72 (Saccaromyces cerevisiae), 

Alp7 (Schizosaccaromyces pombe), TACC (Dictyostelium 

discoideum), TAC1 (Caenohabditis elegans), and DTACC 

(Drosophila melanogaster) (Chen et  al., 1998; Gergely 

et al., 2000b; Sato et al., 2003, 2004; Srayko et al., 2003; 

Peset and Vernos, 2008; Samereier et  al., 2011). TACC 

proteins are characterized by their highly conserved 

C-terminal coiled coil signature domain (TACC domain; 

Figure 2) (Gergely et al., 2000a; Still et al., 2004; Peset and 

Vernos, 2008; Gomez-Baldo et al., 2010; Ha et al., 2013b). 

However, looking at the evolutionary tree of coiled coil 

structure-containing proteins, the TACC family members 

form a subfamily, which is different from other typical 

coiled coil-rich proteins, like keratins, tropomyosins, and 

kinesins (Still et al., 2004; Gomez-Baldo et al., 2010).

The function of TACC orthologs in centrosomally con-

trolled mitotic spindle assembly and dynamics remained 

conserved throughout evolution (Gergely, 2002; Still et al., 

2004; Peset and Vernos, 2008). Interestingly, in addi-

tion to this conserved role, TACC family members of dif-

ferent species have obviously gained additional, mostly 

nuclear, functions during evolution (Still et  al., 2004; 

Peset and Vernos, 2008), which are far less understood. 

For example, interaction of the zink finger protein friend 

of GATA1 (FOG1) or aryl hydrocarbon receptor nuclear 

translocator (ARNT) with murine TACC3 implicates a 

function of TACC3 as transcriptional coactivator (Table 1) 

(Sadek et al., 2000; Garriga-Canut and Orkin, 2004; Partch 

et al., 2011). In this line, murine TACC3 has been originally 

identified in a yeast two-hybrid screen for signal trans-

ducer and activator of transcription 5 (Stat5)-binding 

proteins; however, subsequent in-depth structural and 

functional interaction analysis in cell culture failed to 

confirm this interaction (Piekorz et  al., 2002). Moreover, 

binding of the small nuclear ribonucleoproteins small 

nuclear ribonucleoprotein polypeptide G (SmG) and U6 

snRNA-associated Sm-like protein LSm7 (LSM7) to TACC1 

suggested a putative role of TACC1 in mRNA processing 

and homeostasis (Conte et al., 2002, 2003). A complex of 

TACC3 with tuberous sclerosis 2 (TSC2) has been impli-

cated in the control of cytokinesis and maintenance of 

the nuclear envelope structure (Gomez-Baldo et al., 2010). 

Lastly, interactions of the different TACC family members 

with chromatin modifiers and transcriptional regulators, 

including glioma-amplified sequence 41 (GAS41), the 

nuclear receptors thyroid hormone receptor (TR) and retin-

oid acid receptor (RAR), the SWI/SNF chromatin remod-

eling complex, the translation initiation factor elF4E, and 

the histone acetyltransferase pCAF corroborate the puta-

tive and diverse functional portfolio that TACC proteins 

gained during evolution (overview in Table 1) (Still et al., 

2004). Nevertheless, in vivo, the majority of these nonmi-

totic (mostly nuclear) functions of TACC proteins need to 

be critically subjected to an in-depth structure-function 

analysis in vivo, in particular, considering (i) that several 

TACC-binding partners have been originally identified by 

employing yeast two-hybrid screening using or fishing 

out the (rather sticky) TACC domain, and (ii) taking into 

account that TACC isoforms show rather defined expres-

sion profiles in vivo (cell type; proliferation status, i.e., 

Sc Spc72

Sp Alp7

Ce TAC1

Dm TACC

Tr TACC3

TACC domain

N-terminal conserved region

SPAZ motif

SPD repeat

XI TACC3

Mm TACC3

Hs TACC1

Hs TACC2

Hs TACC3

Figure 2 Domain organization of TACC protein family members.

Characteristic domains are indicated, including the highly conserved C-terminal TACC domain that is coiled coil-rich and present in all TACC 

proteins (green), the conserved first 100 amino acid residues at the N-terminus of TACC3 isoforms of higher eukaryotes (blue), random coil 

unstructured regions (gray), SPAZ motifs (dark gray), and the SPD-rich repeat region (blue). Species: Sc, Saccharomyces cereviceae; Sp, S. 

pombe; Tr, Takifugu rubripes; Xl, X. laevis; Hs, H. sapiens; Ms, M. musculus; Dm, D. melanogaster; Ce, C. elegans. Taken from Thakur (2012) 

and adapted after Peset and Vernos (2008).
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Figure 3 Insight into the TACC3 interactome.

Depicted are proteins known or proposed to interact with different domains of murine (upper part) and human (lower part) TACC3. The 

majority of the partner proteins depicted bind to the C-terminal coiled coil domain (TACC domain; green) of TACC3. As summarized in Table 

1, besides chTOG, interaction of TACC3 with several other proteins, which are involved in different cellular processes, has been described. 

The binding region(s) between DOCK7 (dedicator of cytokinesis 7) or TSC2 and TACC3 are currently unclear. The three conserved Aurora-A 

phosphorylation sites present in vertebrate TACC3 isoforms are indicated. MT, microtubules; HAT, histone acetyltransferase. Taken from 

Thakur (2012).

cycling vs. postmitotic), which do not always support the 

TACC-binding partner interactions observed under in vitro 

conditions.

Insight into structural organization 

of TACC adaptor proteins

All the TACC protein family members are characterized by 

their highly conserved C-terminal TACC signature domain 

comprised of approximately 200 amino acids, whereas the 

N-terminus is rather variable in both sequence homology 

and length (Figure 2) (Gergely, 2002; Peset and Vernos, 

2008; Ha et  al., 2013a). TAC1, the TACC homolog in C. 

elegans, is the smallest member and consists only of the 

TACC domain without a variable N-terminus (Srayko et al., 

2003). Spc72 from S. cerevisiae displays three separated 

coiled coil regions, one each at the N- and C-terminus, 

and the third in the central part (Chen et al., 1998). Alp7, 

the TACC homolog in S. pombe, shows a smaller N-ter-

minal variable region (Sato et  al., 2004). All the other 

TACC family members contain longer N-terminal variable 

regions adjacent to the TACC signature domain (Gergely, 

2002; Peset and Vernos, 2008). As is obvious from the 

TACC3 interactome discussed below (Figure 3), the TACC 

domain is involved in the interaction with several known 

binding proteins, in particular, the microtubule polymer-

ase chTOG/CKAP5.

The longer variable N-terminus of DTACC and also, 

in particular, of the vertebrate TACC3 isoforms con-

tains binding sites for the mitotic serine-threonine 

kinase Aurora-A that phosphorylates three conserved 

serine residues (S863 in D-TACC; S33, S620, and S626 in  

X. laevis TACC3/Maskin; S34, S552, and S558 in Homo 

sapiens TACC3; and, putatively, S34, S341 and S347 in 

Mus musculus TACC3) (Giet et  al., 2002; Barros et  al., 

2005; Kinoshita et  al., 2005; Peset et  al., 2005; LeRoy 

et al., 2007). As a consequence, Aurora-A phosphoryla-

tion of one particular serine (i.e., pS558 in human TACC3 

and pS626 in TACC3/Maskin) determines the recruit-

ment and differential subcellular localization of DTACC 

and TACC3 to centrosomes (pDTACC, pTACC3) compared 

to the localization along spindle microtubules toward 

their plus ends (DTACC, TACC3). Furthermore, the 

longer N-terminus of the TACC family members contains 
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also a serine-proline (SP)-rich repeat region, named 

serine, prolin, and aspartate/glutamate (SPD/E)-rich 

repeats, and the so-called serine-prolin-Azu-1 (SPAZ) 

motifs (Figure 2) (Peset and Vernos, 2008). In murine 

TACC3, this region is characterized by the presence of 

seven perfect repeats of 24 amino acids each (Still et al., 

2004). Interestingly, each repeat contains one PXXP 

motif, which represents a bona fide docking site for 

src homology 3 (SH3) domain-containing proteins (Kay 

et al., 2000). The role of protein-protein interaction via 

SH3 domains has been demonstrated in several proteins 

involved in cellular signal transduction. However, a 

putative function of the central repeat motifs present in 

TACC3 isoforms in protein-protein interaction remains 

to be established. Irrespective of this, the N-termini of 

several TACC family members mediate the association 

with several proteins, including LSM7 and SmG (TACC1), 

eIF-4E and importin-β (Maskin), Gas41 (TACC1 and 2), 

and TRAP (TACC1), which are all linked to rather diverse 

cellular processes as summarized in Table 1.

Centrosomes and the PCM are highly enriched with 

coiled coil-containing proteins (Andersen et  al., 2003). 

Coiled coil motifs or domains are mainly dimeric to hep-

tameric with a parallel or antiparallel orientation of the 

helices (Mikolajka et al., 2006). To analyze the oligomeric 

status and structural orientation of the conserved TACC 

domain, we purified murine TACC3 after bacterial overex-

pression and subjected it to biophysical characterization. 

Employing multi-angle light scattering (MALS) and ana-

lytical ultracentrifugation-sedimentation velocity (AUC-

SV) measurements, we observed that TACC3 displays a 

polydisperse, dimeric to oligomeric structure and a highly 

extended shape (Thakur, 2012). Moreover, negative stain-

ing and electron microscopy confirmed an elongated 

fiber-like structure of purified TACC3 with variable lengths 

(Figure 4). These findings are consistent with overexpres-

sion studies in eukaryotic cells where TACC proteins or the 

coiled coil-rich TACC domain per se formed highly ordered 

polymers with the capability to interact with microtubules 

(Gergely et al., 2000b).
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Figure 4 Electron microscopic analysis depicting an elongated structure and fiber-like appearance of highly purified murine TACC3 (A).

Bar size in the left panel: 100 nm. Enlarged single TACC3 fibers are shown in the right panels (bar: 10 nm). (B) Quantitative analysis of fiber-

like TACC3 molecules reveals average length and width variations of mostly 25–100 nm and 5–10 nm, respectively. For electron microscopic 

imaging, a Joel JEM-1400 electron microscope equipped with a LaB
6
 filament was used and operated at an acceleration voltage of 120 kV. 

Digital micrographs were taken at a corrected magnification of 53.800 ×  and a defocus value of -1.5 μm using a 4k × 4k CMOS camera F416 

(TVIPS) at low-dose conditions. Taken from Thakur (2012).
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TACC3 – interactome analysis and 

role in mitotic spindle function

Insight into TACC3 function in microtubule dynamics and 

cell division has been recently elaborated by global inter-

actome studies (Hubner et al., 2010; Hutchins et al., 2010; 

Neumann et al., 2010). One major effector protein binding 

to TACC3 via its TACC domain (Figure 3) represents the 

microtubule polymerase XMAP215/chTOG (Brouhard 

et  al., 2008; Widlund et  al., 2011) that colocalizes with 

TACC3 at the mitotic spindle apparatus (Figure 5A). The 

interaction of the TACC family members with the respec-

tive XMAP215 family member is evolutionary conserved 

and required for spindle pole organization and, in particu-

lar, microtubule dynamics during cell division (Bellanger 

and Gonczy, 2003; Gergely et al., 2003; Sato et al., 2004; 

Peset and Vernos, 2008). Deletion mapping of XMAP215 

in X. laevis suggested that the N-terminal part exhibits 

microtubule-stabilizing activity that stimulates microtu-

bule growth at the plus ends (Popov et al., 2001; Kinoshita 

et  al., 2002). In particular, the N-terminus of XMAP215/

chTOG proteins contains five evolutionary conserved 

TOG domains, which bind α,β-tubulin heterodimers 

and, thereby, help to polymerize microtubules (Brouhard 

et al., 2008; Al-Bassam and Chang, 2011). Conversely, in 

oocyte extracts from X. laevis, it was demonstrated that 

the C-terminal part of XMAP215 was able to suppress the 

growth of microtubules by promoting microtubule catas-

trophes (Popov et  al., 2001). Formation of the TACC3/

Maskin-XMAP215/chTOG complex appears to antagonize 

the microtubule depolymerase activity of the kinesin-like 

protein XKCM1/MCAK at the plus poles (Kinoshita et al., 

2005) and, independent from XKCM1/MCAK function, to 

stimulate assembly of microtubules at centrosomes (Barr 

and Gergely, 2008). Taken these findings into account, 

it seems that TACC3/Maskin functions as an adaptor 

protein (Hood and Royle, 2011), where binding of the 

TACC domain to XMAP215/chTOG ‘engages’ the C-terminal 

part of XMAP215/chTOG and, thereby, inhibits its micro-

tubule catastrophe-promoting activity. Therefore, during 

mitotic cell division, the TACC3/Maskin-XMAP215/chTOG 

protein complex likely causes a shift of the dynamic equi-

librium toward the microtubule rescue status (Figure 1). 

Upon metaphase-anaphase transition and mitotic exit, 

the TACC3 levels strongly decline by Cdh1-dependent 

ubiquitination and proteasomal degradation (Jeng et al., 

2009a). As a consequence, a gradual increase in depoly-

merization activity by the ‘TACC-free’ C-terminal domain of 

XMAP215/chTOG may then lead to a dynamic equilibrium 

Figure 5 Subcellular colocalization of TACC3 with chTOG and CHC (clathrin heavy chain) in mitotic Hela cells. Images of metaphases were 

collected under a Zeiss cLSM510-Meta microscope at a 63 ×  magnification.

(A) At centrosomes and the spindle apparatus, TACC3 colocalizes with chTOG and microtubules. (B) CHC colocalizes with TACC3 at  

centrosomes and a diffused region around the spindle poles. DAPI was used to detect DNA. Taken from Thakur (2012).
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Figure 6 Schematic model summarizing the role of TACC3 in the regulation of microtubule dynamics at the mitotic spindle apparatus.

TACC3 in a complex with chTOG localizes at the centrosome and along spindle microtubules in an Aurora-A kinase-regulated manner. The 

TACC3 (pS558)-chTOG complex interacts with the clathrin triskelion, thereby, mediating microtubule growth kinetics and stability both at 

the longitudinal level and by providing microtubule cross linking (Booth et al., 2011; Royle, 2012). Interestingly, the RanGTP and Aurora-A 

regulated and K-fiber-localized HURP may recruit protein phosphatase 1 (PP1) to the mitotic spindle apparatus. It is, therefore, tempting to 

speculate that TACC3 (pS558) undergoes dephosphorylation by the HURP-controlled PP1 complex prior to localization toward the microtu-

bule plus poles as suggested for DTACC (Tan et al., 2008). Model adapted and taken from Thakur (2012).

shift toward the microtubule catastrophe status. Of note, 

this proposed mechanism may be evolutionary conserved 

given the very high sequence identity of the C-termini 

of mammalian chTOG proteins when, e.g., compared to 

the C-terminus of XMAP215 from X. laevis (Thakur, 2012). 

Moreover, the ‘KKIGSK’ sequence and phosphorylation 

motif present in the C-terminus of XMAP215, which plays 

a role in (possibly TACC3/Maskin-dependent) centro-

somal targeting of XMAP215 (Popov et  al., 2001), is also 

completely conserved in mammalian chTOG proteins. 

Taken together, although an in-depth structural TACC3-

chTOG interaction mapping has not been described yet, a 

model can be envisioned where TACC3/Maskin regulates 

spindle microtubule dynamics during mitotic progression 

through the control of the spatiotemporal localization of 

XMAP215/chTOG and its microtubule (de)polymerizing 

activity (Figure 6).

Interestingly, clathrin heavy chain (CHC), which has 

been recently identified as the interacting partner for the 

TACC3-chTOG protein complex (Fu et  al., 2010; Hubner 

et al., 2010; Lin et al., 2010; Booth et al., 2011), plays an 

essential role in the organization of the mitotic spindle 

where CHC perfectly colocalizes with TACC3 (Figure 5B). 

Binding of CHC to TACC3/Maskin occurs, in contrast to 

chTOG, outside of the TACC domain and requires Aurora-

A-mediated phosphorylation at serine residues 620 and 

626 (Maskin) or 558 (human TACC3; Figure 3) (Fu et  al., 

2010; Lin et  al., 2010). In the following clathrin heavy 

chain 17 (CHC17), but not the related isoform CHC22, 

was shown to control spindle pole integrity during early 

mitosis by stabilizing centrosomal chTOG (Foraker et al., 

2012). Moreover, elegant work by Booth et  al. demon-

strated that the TACC3-chTOG-CHC protein complex is 

crucial for the stabilization of intermicrotubule bridges 

and kinetochore fibers, the latter mediating chromosomal 

movement during mitosis (Booth et al., 2011). Rapid inac-

tivation of the TACC3-chTOG-clathrin axis at defined 

mitotic stages proved that clathrin, which is recruited to 
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microtubules by phosphorylated TACC3 (Fu et  al., 2011; 

Royle, 2012), is essential for both spindle assembly and 

subsequent spindle function (Cheeseman et al., 2013). In 

summary, TACC3 functions as an adaptor protein and a 

recruitment factor for both chTOG and clathrin to ensure 

proper mitotic spindle dynamics and function.

TACC3 – expression pattern and 

biological role

Mammalian TACC isoforms display differences in the 

temporal and spatial expression profile as well as in the 

subcellular localization pattern (Gergely et  al., 2000a; 

Piekorz et  al., 2002; Schuendeln et  al., 2004). Human 

TACC3 was initially identified as gene overexpressed in 

multiple myeloma (Still et al., 1999a; Eslinger et al., 2010) 

and various other cancer cell lines and tumor cell types 

(Ha et al., 2013b). TACC3 is expressed at high levels during 

embryogenesis and postnatally in proliferating and regen-

erative cell types, including the hematopoietic system, 

reproductive organs, and epithelial cells (Hao et al., 2002; 

Piekorz et al., 2002; Schuendeln et al., 2004). In contrast, 

TACC2 is found predominantly in postmitotic tissues like 

the brain and heart (Schuendeln et  al., 2004), whereas 

TACC1 shows a more ubiquitous expression pattern  

in vivo (Lauffart et  al., 2006). During cell cycle progres-

sion, TACC3 mRNA and protein levels increase dramati-

cally in the late S- and G
2
-/M-phase (Piekorz et al., 2002), 

followed by Cdh1-regulated proteasomal degradation of 

TACC3 during mitotic exit (Jeng et al., 2009b).

Studies employing mouse knockout models revealed 

a vital role of TACC3 during embryonic development. Gene 

deficiency for TACC3 results in embryonic lethality asso-

ciated with aneuploidy, activation of the mitotic spindle 

assembly, and postmitotic p53-p21WAF checkpoints, apopto-

sis, impaired proliferation, and overall strong growth retar-

dation (Piekorz et al., 2002; Yao et al., 2007). At this, TACC3 

plays, e.g., an essential role in hematopoietic stem cell 

function or mesenchymal cell expansion that is required 

for proper formation of the axial skeleton (Yao et al., 2007). 

Comparable effects, including an induction of growth 

arrest (by triggering the cellular senescence program) 

or apoptosis, both dependent on the p53/G
1
 checkpoint 

status, have been observed when TACC3 was depleted by 

RNA interference in various cell culture models (Schmidt 

et al., 2010a,b; Schneider et al., 2007, 2008). In contrast, 

TACC2 is dispensable for normal development, and TACC2 

gene deficiency did not cause any detectable mitotic or 

proliferative defects (Schuendeln et al., 2004). Moreover, 

double deficiency for TACC2 and TACC3 did not aggravate 

the phenotype of TACC3-deficient embryos. As a TACC1 

deficiency has not been described yet, possible redundant 

roles between TACC1 and TACC2 cannot be assessed. Taken 

together, the reason(s) why mammalians evolved three 

TACC isoforms with possibly specific roles as well as the 

degree of functional redundancy between these isoforms 

remain(s) unclear.

The emerging pathobiological role 

of TACC proteins in human cancer

TACC genes have been originally discovered in genomic 

regions that are amplified in breast tumors and multi-

ple myeloma (Still et al., 1999b). Mutations or an altered 

expression of TACC1 and TACC3 have been subsequently 

linked to the etiology of breast, ovarian, bladder, non-

small-cell lung cancer, prostate, and melanoma tumors 

(Cully et al., 2005; Lauffart et al., 2005; Jung et al., 2006; 

Kiemeney et al., 2010; Hodis et al., 2012; Ha et al., 2013a). 

A role in the androgen-mediated growth of prostate cancer 

has been suggested for TACC2 (Takayama et  al., 2012). 

Moreover, the TACC3 gene is amplified in glioma tumors 

at the genomic level. These tumors show a grade- specific 

upregulation of TACC3 expression, which is highest 

in grade IV glioma, a tumor type with poor prognosis 

(Duncan et  al., 2010). Interestingly, intrachromosomal 

FGFR1-TACC1 and FGFR3-TACC3 gene fusions have also 

been recently detected in subsets of glioblastoma and 

bladder cancer patients (Singh et al., 2012; Williams et al., 

2012; Parker et  al., 2011). These fusion proteins display 

a constitutive FGFR tyrosine kinase activity presumably 

activating downstream signaling effector pathways, local-

ize to mitotic spindle poles obviously due to the presence 

of the C-terminally fused TACC domain, are associated 

with aneuploidy, and display pro-proliferative and onco-

genic activities both in vitro and in vivo. In this regard, 

TACC3 influences PI3K/Akt and ERK signaling associ-

ated with tumorigenic epithelial-mesenchymal transition 

(EMT) and cell migration/invasion (Ha et al., 2013b).

Moreover, TACC3 linked [e.g., hepatoma up-regulated 

protein (HURP)] or interacting (e.g., chTOG or TSC2) 

proteins can be as well altered at the level of structure 

or expression in different transformed tumor cell types 

(overview in Ha et al., 2013a), therefore, potentially con-

tributing to tumorigenesis. For example, chTOG and 

HURP were identified as overexpressed genes in human 

hepatic carcinomas (Charrasse et  al., 1995; Tsou et  al., 

2003), and mutations of the tumor suppressor protein 
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TSC2 were initially observed in renal carcinogenesis and 

hepatic hemangiomatosis (Kobayashi et al., 1999).

Taking these findings into account, it is tempting to 

speculate that members of the mitotic Aurora-A-TACC3-

chTOG axis act as ‘driver’ factors in tumor development 

and, hence, represent potential therapeutic targets. 

Indeed, conditional loss of the TACC3 gene expression 

leads to apoptosis and tumor regression in vivo in the p53-/-  

mouse sarcolymphoma model (Yao et  al., 2011). A role 

of TACC3 in chemoresistance and the cellular response 

to antimitotics can also be envisioned, given that RNAi-

mediated TACC3 depletion or treatment with the TACC3 

inhibitor KSH101 (Wurdak et  al., 2010) sensitizes tumor 

cells to the antiproliferative and apoptotic effects of 

paclitaxel (Schneider et al., 2008; Schmidt et al., 2010a; 

Cappell et al., 2012). Consistent with this, TACC depletion 

renders cells from D. discoideum also to be hypersensitive 

against the microtubule-depolymerizing drug thiabenda-

zole (Samereier et al., 2011).

Conclusion and open questions

The Aurora-A kinase regulated TACC3-chTOG-CHC protein 

complex plays a pivotal role in centrosomal function 

and mitotic spindle assembly and dynamics (Figure 6). 

Despite the current insight into the TACC isoform expres-

sion and function (Peset and Vernos, 2008; Zyss and 

Gergely, 2009; Royle, 2012; Ha et  al., 2013b), various 

molecular and cellular aspects of TACC (patho)biology 

await further investigation. For instance, there is lack 

of insight into the three-dimensional structure of the 

TACC3 domains mediating the interaction with chTOG or 

clathrin heavy chain. Another issue is the analysis of the 

role of dephosphorylation as regulatory mechanism to 

control the mitotic pools of pTACC3 vs. TACC3. An inter-

action of DTACC with the microtubule-associated protein 

Mars, which binds directly to protein phosphatase PP1, 

thereby promoting DTACC dephosphorylation, has been 

reported (Tan et al., 2008). Interestingly, HURP represents 

the Mars homolog in higher vertebrates that localizes to 

kinetochore microtubules (k-fibers) close to chromosomes 

(Sillje et al., 2006). HURP was described as an oncogenic 

target of Aurora-A kinase (Yu et al., 2005), thereby, con-

trolling the microtubule-binding capacity of HURP (Wong 

et al., 2008). Thus, HURP may recruit PP1 or a currently 

unknown phosphatase to the microtubules and, hence, 

control spindle dynamics by balancing pTACC3/TACC3 

levels (Figure 6). Lastly, structure-function analyses of 

putative ‘driver’ TACC1 and TACC3 mutations in human 

cancers with respect to mitotic loss-of-function or gain-of-

function phenotypes is required. The latter apply, in par-

ticular, to genomic instability, checkpoint activation, and 

oncogenic signaling.
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Polymerase chTOG Interact via Defined C-terminal
Subdomains in an Aurora-A Kinase-independent Manner*□S
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Background: The TACC3-chTOG protein complex is essential for mitotic spindle assembly.

Results: TACC3-chTOG binding is directed and mediated by specific intradomain and interdomain interactions that are not

affected by Aurora-A kinase.

Conclusion: Formation of the TACC3-chTOG complex is Aurora-A-independent, in contrast to its recruitment to the spindle

apparatus.

Significance: Novel insight into regulation and domain specificity of TACC3-chTOG interaction is provided.

The cancer-associated, centrosomal adaptor protein TACC3

(transforming acidic coiled-coil 3) and its direct effector, the

microtubule polymerase chTOG (colonic and hepatic tumor

overexpressed gene), play a crucial function in centrosome-

drivenmitotic spindle assembly. It is unclear howTACC3 inter-

acts with chTOG. Here, we show that the C-terminal TACC

domain of TACC3 and a C-terminal fragment adjacent to the

TOG domains of chTOGmediate the interaction between these

two proteins. Interestingly, the TACC domain consists of two

functionally distinct subdomains, CC1 (amino acids (aa) 414–

530) andCC2 (aa 530–630).Whereas CC1 is responsible for the

interactionwith chTOG,CC2performs an intradomain interac-

tion with the central repeat region of TACC3, thereby masking

the TACCdomain before effector binding. Contrary to previous

findings, our data clearly demonstrate that Aurora-A kinase

does not regulate TACC3-chTOG complex formation, indicat-

ing that Aurora-A solely functions as a recruitment factor for

the TACC3-chTOG complex to centrosomes and proximal

mitotic spindles. We identified with CC1 and CC2, two func-

tionally diverse modules within the TACC domain of TACC3

that modulate and mediate, respectively, TACC3 interaction

with chTOG required for spindle assembly and microtubule

dynamics during mitotic cell division.

The centrosome represents the main microtubule (MT)4

organizing center in all metazoans and is thereby responsible

for equal partitioning of chromosomes to daughter cells during

the mitotic phase of the cell cycle (1–5). Numerical and struc-

tural abnormalities of centrosomes are associated with aneu-

ploidy, chromosomal instability and transformation, develop-

mental defects, apoptotic cell death, and cell cycle arrest

through induction of premature senescence (6–12). Cancer

cells e.g. counteract extra centrosomes and, therefore, the dan-

ger of multipolar divisions and excess aneuploidy/cell death

through centrosome clustering (13–15). This process became

an attractive pharmacological tumor target (16, 17).

During the cell cycle centrosomes undergo a division and

maturation process called the centrosome cycle (4, 18, 19).

Mitotic centrosomes are structurally made up of one pair of

centrioles surrounded by the pericentriolar matrix (20). More

than two hundred proteins are involved in centrosome assem-

bly, organization, and function (19, 21–23). These proteins

have structural, functional/enzymatic, and regulatory/signal-

ing roles in MT nucleation and spindle dynamics, mitotic pro-

gression, and cytokinesis (24). Recent work by the Mitocheck

consortium (25, 26) provided a global confirmation of known

and identification of novel cell division genes and their protein
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complexes that require biochemical and functional elucidation

in greater detail.

Members of the centrosomal TACC (transforming acidic

coiled-coil) family of proteins are important structural compo-

nents of themitotic spindle apparatus (27–29). TACCs are con-

served in all metazoans and play a vital role as adaptor proteins

in the regulation of centrosomal integrity and spindle MT sta-

bility and dynamics (27, 28, 30–34). Vertebrates express three

TACC isoforms, TACC1, TACC2, and TACC3, of which the

latter is typically found at high levels in proliferative and regen-

erative cell types and tissues (35–37). During the cell cycle

TACC3 expression increases strongly in the G2/M phase (38)

followed by Cdh1-dependent degradation of TACC3 during

mitotic exit (39). TACC3deficiency leads to growth retardation

and embryonic lethality (38, 40), in line with the anti-prolifer-

ative impact of shRNAmediated gene silencing of TACC3 (41,

42).

A crucial regulator of TACC3 is themitotic kinase Aurora-A

that phosphorylates TACC3 (pTACC3) and thereby deter-

mines its differential centrosomal/proximal spindle (pTACC3)

versus distal spindle MT (TACC3) localization during (pro)-

metaphase (43–46). Interestingly, recent findings expand the

function of TACC3 and the Aurora-A-TACC3 axis to the reg-

ulation of kinetochore-microtubule connections (47) and cen-

tral spindle assembly at later stages ofmitosis (48), respectively.

Other known TACC3 binding partners with regulatory/effec-

tor functions include the endocytic and vesicle trafficking pro-

tein clathrin (i.e. clathrin heavy chain) (49, 50) that binds to the

clathrin interaction domain of pTACC3 to ensure intermicro-

tubule bridging and mitotic spindle organization (51, 52).

Moreover, the evolutionary conserved interaction between

TACCs andMT polymerases of the XMAP215 family is crucial

for spindle pole stabilization and growth of centrosomal MTs

(43, 46, 53). Family members, which comprise XMAP215 in

Xenopus laevis,Msps inDrosophilamelanogaster, and chTOG/

CKAP5 (cytoskeleton associated protein 5) in Homo sapiens,

are identified by the presence of several “TOG” domains

involved in MT binding.

TACC proteins are structurally characterized by a rather

variableN-terminal region of which the approximately first 100

residues are uniquely conserved among vertebrate TACC3 iso-

forms. Further features include a central serine-proline-gluta-

mate-rich repeat region (28, 33) that in the case of murine

TACC3 is characterized by seven perfect repeats of 24 amino

acids each (thereafter referred to as “7R”) (33, 38) as well as a

highly conserved, coiled-coil-containing C terminus (thereaf-

ter referred to as “CC” or “TACC domain”). This signature

domain is composed of �200 amino acids (aa) (27, 33, 55),

required for centrosomal localization, and known to be

involved in protein-protein interaction (28). Here, TACC pro-

teins interact from yeast to human through their TACC

domain with the C terminus of XMAP215 family members (28,

46, 56, 57), thereby targeting them to spindle poles. In contrast,

the functional role of the N-terminal part of TACC3 outside of

the TACCdomain is rather undefined besides being a substrate

for Aurora-A-mediated phosphorylation that is required for

centrosomal and proximal spindle localization of TACC3 (28).

From the analysis of X. laevis TACC3, it has been proposed

that the N-terminal part masks the TACC domain and thereby

inhibits its function (58, 59). Aurora-A mediated phosphoryla-

tion of TACC3 was implicated to “unmask” and thereby ex-

pose the TACC domain to intermolecular interaction with

XMAP215 (46, 59). However, the molecular basis/details of the

masking/unmasking mechanism of the TACC domain and its

interaction with the C terminus of XMAP215 remained enig-

matic. Here, we subjected recombinantmurineTACC3 and the

C-terminal part of the murine XMAP215 homologue chTOG

to a deletion and biochemical interaction analysis. We identify

within the TACC domain two functionally distinct sub-

domains, CC1 (aa 414–530) and CC2 (aa 530–630), which are

involved in interdomain and intradomain protein interaction,

respectively.We demonstrate that TACC3 forms a stable intra-

molecular complex through the interaction of 7R with CC2

(TACC domain “masked”). Interestingly, the C terminus of

chTOG (aa 1806–2032) right hand to the putative MT-inter-

acting TOG6 domain (52) binds selectively to the CC1 module

and thereby disrupts the intramolecular CC2–7R complex,

thereby giving rise to the effector-bound state of the TACC

domain (TACC domain “unmasked”). Neither intradomain

interaction of TACC3nor its binding to chTOGwas affected by

Aurora-A kinase. Thus, consecutive intra- and intermolecular

protein interactions direct and determine TACC3-chTOG

protein complex formation before its Aurora-A-regulated cen-

trosomal and proximal spindle recruitment required for MT

growth and mitotic spindle assembly.

EXPERIMENTAL PROCEDURES

In Silico Analysis of TACC3—Protein sequences of TACC

family members were retrieved from the NCBI database and

used for further analysis. For sequence alignment and evolu-

tionary analysis of conserved domains, the ClustalW multiple

sequence alignment algorithm was used (60), and alignment

was analyzed with JALVIEW. Further analysis of the coiled-

coil boundary in the TACC domain of murine TACC3 was

performedusing theCOILS server in 14, 21, and 28 residue scan

mode (61). Algorithms and tools from the EXPASY pro-

teomic server were employed for sequence-based protein

characterization.

Cloning of Expression Constructs—Coding sequences for

murine TACC3 and its variants were amplified using se-

quence-specific primer and cloned into the pGEX-4T1-NTEV

expression vector. The following constructs were created: full-

length TACC3 (aa 1–630); TACC3-�N (�1–118); TACC3-�R

(�141–308), lacking the serine-proline-glutamate-rich repeat

region; TACC3-�N�R (�1–118 and �141–308); 7R (aa 119–

324) comprising the serine-proline-glutamate-rich repeat

region; CC (TACC domain; aa 414–630); CC1 (aa 414–530);

CC2 (aa 530–630) (62). Moreover, pGEX-4T1-NTEV-based

expression constructs for C-terminal fragments of human

chTOG were created: chTOG-Cterm (aa 1574–2032),

chTOG-A (aa 1544–1805), and chTOG-B (aa 1806–2032). To

generate TACC3 deletion mutants fused at the C terminus to

GFP, the following constructs were cloned in a pEGFP-N1

(Clontech)-based vector: full-length TACC3; TACC-�CC1

andTACC-�CC2 lacking theCC1 orCC2 subdomains, respec-
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tively; TACC-�CC lacking the entire TACC domain. All con-

structs were validated by DNA sequencing.

Overexpression and Purification—GST fusion proteins were

overexpressed in Escherichia coli BL21 Rosetta strain (Nova-

gen). Protein extraction was carried out by incubating cells at

4 °C with DNase I (10 �g/ml) followed by cell lysis in a micro-

fluidizer (model M110S, Microfluidics Corp.) at a pressure of

10.000 p.s.i. Bacterial lysates were centrifuged to collect soluble

fractions, and GST-tagged proteins were isolated from the

supernatant via GST affinity purification. Upon cleavage of the

GST tag with tobacco etch virus protease (4 units/mg, 4 °C,

overnight) or thrombin (2 units/mg, 4 °C, overnight) proteins

were subjected to gel filtration using a standard buffer contain-

ing 30 mM Tris-HCl, pH 7.5, 200 mM NaCl, 3 mM DTT, and 2

mM EDTA. The GST tag from the TACC3-�N and TACC3-

�N�R deletion mutants could not be cleaved by tobacco etch

virus protease for unknown reasons (data not shown), thus

employing thrombin for both GST tag removal and cleavage at

the internal site (supplemental Fig. S4). The final purity was

analyzed on SDS-PAGE, proteins were concentrated using cen-

trifugal ultrafiltration devices (Amicon Ultra; Millipore), and

protein concentration was determined by the Bradford assay.

For mass spectrometric analysis of thrombin-cleaved TACC3,

the protein was desalted by passing through NAP-25 columns

(GE Healthcare) and analyzed by MALDI-TOF at the central

BMFZ facility of the Heinrich-Heine-University Düsseldorf.

Immunoblotting—Proteins were separated using SDS-

PAGE gels and transferred to nitrocellulose membranes

(Hybond C, GE Healthcare). Blots were probed overnight with

primary antibodies: �TACC3 (N18) and �TACC3 (C18), both

generated in rabbits (38), are specific for the N and C terminus

of murine TACC3, respectively; �GST (Abcam); �chTOG

(Abcam, QED Bioscience/Acris, and Novus Biologicals); �GFP

(RocheApplied Science). After threewashing stepsmembranes

were incubated with horseradish peroxidase-coupled second-

ary antibodies for 1 h. Signals were visualized by the ECL detec-

tion system (GE Healthcare), and images were collected using

the INTAS chemostar imager.

Analytical Gel Filtration/Size Exclusion Chromatography

(SEC)—Gel filtration was performed using a Superose 6 10/300

GL column connected to an ÄKTATM purifier (GEHealthcare)

and UV900 detector. For molecular weight determination, the

columnwas calibrated with standard proteins of knownmolec-

ular mass: thyroglobulin (669 kDa), ferritin (440 kDa), aldolase

(158 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa),

ribonuclease A (13.7 kDa), and aprotinin (6.5 kDa). Protein

samples (50–200 �g) were injected onto the preequilibrated

column, and elution fractions of 0.5 ml were collected. Elution

profiles were recorded using UNICORN4.11 software, and

peak fractions were analyzed by SDS-PAGE followed by Coo-

massie Brilliant Blue (CBB) staining and immunoblotting.

GST Pulldown Assay—GST, GST-fused TACC3 variants,

and fragments of the C terminus of chTOG (chTOG-Cterm)

were expressed in E. coli and purified using standard protocols.

To obtain prey proteins, the GST tag was cleaved off with

tobacco etch virus protease and cleared by reverse GSH affinity

purification.GSH-Sepharose beads (GEHealthcare) in a 100-�l

volume were washed 3 times with standard buffer. GST and

GST-fused proteins (10–20�M) were added and incubated in a

final volume of 200�l at 4 °C for 1 h. Blocking with 5% BSA (2 h

at 4 °C) was performed followed by three washing steps with

standard buffer (30 mM Tris-HCl, pH 7.5, 200 mM NaCl, 3 mM

DTT, 2 mM EDTA). Finally, samples were incubated at an

equimolar ratio with prey proteins at 4 °C for 2 h. After five

washing steps, 100 �l of 2� Laemmli buffer was added, and

samples were heat-denatured (5 min at 95 °C) and analyzed by

SDS-PAGE followed by CBB staining and immunoblotting.

Isothermal Titration Calorimetry (ITC)—Purified TACC3

variants and chTOG-Ctermwere first subjected to gel filtration

(Superose 6 XK16/60) using ITC buffer (30 mM Tris-HCl, pH

7.5, 200 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine, 2 mM

EDTA). For the 7R fragment, buffer was exchanged by over-

night dialysis against ITC buffer using Slide-A-Lyzer dialysis

cassettes (Thermo Scientific). All ITCmeasurements were car-

ried out at 20 °C using a VP-ITC microcalorimeter (Microcal)

(63, 64). Proteins were loaded into the sample cell and titrated

with their putative interaction partners (10–15-fold higher

protein concentration in the syringe compared with the con-

centration in the cell; titration volume 8, 10, or 15�l; spacing of

150–180 s; reference power of 13�cal s�1, stirring at 310 rpm).

The final data analysis was carried out using Origin software

(Microcal Software). The experimental data were evaluated

using Origin 7.0 software (Microcal Software) to determine the

binding parameters, including association constant (Ka), num-

ber of binding sites (N), and enthalpy (�H). Control measure-

ments were performed by titrating buffer to the protein and

vice versa.

Immunoprecipitation—Purified TACC3 proteins before and

after thrombin cleavage (�10–15 �g) were mixed with 2 �l of

rabbit antisera (�TACC3 N18 or �TACC3 C18) (38) and incu-

bated overnight at 4 °C. Thereafter, 25 �l of protein A/G-aga-

rose (Santa Cruz Biotechnology) preabsorbed with BSA was

added, and the volumewas adjusted to 100�l with IP buffer (30

mMTris-HCl, 200 mMNaCl, 2 mM EDTA). After an incubation

period of 1 h the beads were washed with IP buffer, and protein

complexes were eluted with 2� Laemmli loading buffer and

analyzed by SDS-PAGE and immunoblotting using primary

antibodies (N18, C18) and horseradish peroxidase-conjugated

secondary antibodies. Moreover, total cell lysates from

HEK293 cells, which were transfected with expression vectors

for TACC3 or TACC3 deletion mutants fused C-terminally to

GFP, were prepared essentially as described (32) and thereafter

subjected to immunoprecipitation using �GFP antibodies

(Roche Applied Science). chTOG was detected in the co-im-

munoprecipitates using an �chTOG antibody from QED

Bioscience/Acris.

Protein Kinase Assay—Purified human Aurora-A kinase

(Signal Chem) was employed according to the manufacturer’s

instructions. In brief, kinase assays were performed in a volume

of 25 �l by mixing 5 �l (0.1 �g/�l) of Aurora-A kinase (diluted

in kinase assay buffer: 5 mM MOPS, pH 7.2, 2.5 mM �-glycerol

phosphate, 5 mM MgCl2, 1 mM EGTA, 0.4 mM EDTA, 50 ng/�l

BSA) with 1 �g of purified TACC3 protein (before and after

thrombin cleavage) or 1�g of theTACC3-chTOGcomplex as a

substrate. The final volume was adjusted to 20 �l with double

distilled H2O, and reactions were started by adding 5 �l of 10
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mM ATP (dissolved in 25 mM MOPS, pH 7.2, 12.5 mM �-glyc-

erol phosphate, 25 mM MgCl2, 5 mM EGTA, 0.4 mM EDTA).

Reactions were incubated at 30 °C for 15 min and stopped by

the addition of 10 �l of 2� Laemmli loading buffer. Samples

were separated by SDS-PAGE, and phosphorylated proteins

were subsequently detected by Pro-Q Diamond (Molecular

Probes, Invitrogen) and CBB staining.

Eukaryotic Cell Culture—HEK293 and HeLa cells were cul-

tured in Dulbecco’s modified Eagle’s medium supplemented

with 10% fetal calf serum (Invitrogen), 2 mM L-glutamine, 100

units/ml penicillin, and 100 �g/ml streptomycin. GFP-fused

TACC3 expression vectors were transfected into HEK293 cells

using the TurboFect transfection reagent (ThermoScientific).

The Aurora-A kinase inhibitor MLN8237 (Selleckchem) was

applied in cell culture at a concentration of 0.5 �M for 2 h (65).

Confocal Laser Scanning Microscopy—Cells were seeded at

densities of 8 � 103 cells/cm2 on coverslips and fixed with

ice-cold methanol/acetone (1:1) for 20 min at �20 °C upon

MLN8237 treatment. Subsequently, cells were incubated in IF

buffer (4% bovine serum albumin, 0.05% saponin in PBS) for

1 h and stained in IF buffer with the following primary antibod-

ies at the indicated dilutions: anti-�-tubulin (DM1a,1:500,

Sigma, or YOL1/34, Acris Antibodies, Hiddenhausen, Germa-

ny); �TACC3 (H300 or D2, Santa Cruz Biotechnology); anti-�-

tubulin (GTU-88, 1:100, Sigma); �chTOG (1:500, Acris); �pT288

Aurora-A (1:500; Cell Signaling). DNA was detected using 4,6-

diamidino-2-phenylindole (DAPI, 1 mg/ml; Sigma). Analyses

were performed with a LSM510-Meta confocal microscope

(Zeiss) equipped with 40/1.3 or 63/1.4 immersion objectives

and excitation wavelengths of 364, 488, 543, and 633 nm.

RESULTS

The TACC Domain of TACC3 Consists of Two Distinct

Coiled-coil Subdomains—To examine the primary structure of

murine TACC3 and thereby define functional modules in

TACC3, sequence alignments of vertebrate TACC family

members were performed. Consistent with previous findings

(28, 33, 55), theN termini of TACC3 isoforms are characterized

by a variable length and different amino acid composition as

compared with other vertebrate TACC family members. Inter-

estingly, the first 100 amino acids of TACC3 isoforms display a

sequence identity of up to 75% (data not shown) followed by the

central repeat region that in the case of murine TACC3 com-

prises seven conserved serine-proline-glutamate-rich repeats

(7R) each consisting of 24 amino acids. Interestingly, coiled-coil

prediction analysis indicated the presence of one breaking

region that divides the C-terminal TACC domain of mamma-

lian TACC3 proteins into two coiled-coil-containing sub-

domains, CC1 and CC2 (supplemental Fig. S1). Here, CC2

clearly revealed a higher amino acid sequence identity than the

CC1 subdomain (supplemental Fig. S2). Overall, the domain

organization of vertebrate TACC3 proteins emphasizes their

isoform-specific functional roles as comparedwithTACC1 and

TACC2. That is exemplified by the embryonic lethality caused

by TACC3 deficiency, which is not observed for TACC2 defi-

ciency (37, 38, 40), as well as by the selective interaction of the

aryl hydrocarbon receptor nuclear translocator (ARNT) with

TACC3 but not with TACC1 and TACC2 (66).

Moreover, we identified a unique and functional thrombin

cleavage site (410LEPR/GL415) close to the TACC domain of

murine TACC3 (Fig. 1A) that is absent in all other TACC3

proteins and TACC isoforms. This cleavage site resembles a

bona fide recognition site for thrombin (410LVPR/GS415).

Although the thrombin site present in murine TACC3 might

not have any physiological relevance, it was used as a tool in this

study to analyze the intra- and intermolecular interaction of

murine TACC3.

Purification of Deletion Mutants and Fragments of TACC3

and chTOG—Based on the in silico analysis we cloned murine

TACC3 and its variants (supplemental Fig. S3) as well as C-ter-

minal fragments of chTOG (supplemental Fig. S5A) into the

prokaryotic expression vector pGEX-4T1-NTEV. Proteins

fused N-terminally to glutathione S-transferase (GST) were

purified, cleaved using tobacco etch virus protease to remove

the GST tag, and finally separated by gel filtration and/or

reverse glutathione affinity chromatography (supplemental

Figs. S4 and S5, B and C). Thrombin cleavage of TACC3

resulted in two fragments, a larger N-terminal part (TACC3-

N7R, aa 1–413) and a smaller C-terminal fragment (CC, aa

414–630) containing the TACC domain (Fig. 1A and supple-

mental Fig. S4A). The identity and size of theCC fragment (25.2

kDa) was corroborated by mass spectrometry using MALDI-

TOF. The adaptability of the thrombin site was also confirmed

for the deletion mutants TACC3-�R, TACC3-�N, and

TACC3-�N�R (supplemental Fig. S3 and S4).

IntradomainAssociation Leads to an IntramolecularMasked

State of TACC3—We next subjected TACC3 to analytical size

exclusion chromatography (aSEC) using a Superose 6 10/300

column. Interestingly, TACC3 eluted before and after throm-

bin cleavage in peak fractions with apparent molecular masses

of �1200 and �630 kDa, respectively (Fig. 1B), the latter being

unexpectedly the only peak detected after thrombin cleavage.

Subsequent peak fraction analysis by SDS-PAGE and CBB

staining as well as immunoblotting demonstrated the co-elu-

tion of both fragments, TACC3-N7R and CC (Fig. 1C). These

findings strongly suggested the formation of a tight complex

between theN- andC-terminal parts of TACC3.We confirmed

this intramolecular interaction by co-immunoprecipitation of

TACC3 before and after thrombin cleavage using antibodies

specific for the N or C termini of murine TACC3 (38). As indi-

cated in Fig. 1D, TACC3-N7R and CC was co-immunoprecipi-

tated in both directions. Of note, thrombin cleavage of TACC3

did not result in changes in its secondary structure as indicated

from circular dichroism measurements (supplemental Fig.

S11A).

The Intramolecular Interaction of TACC3 Is Mediated

between the 7R and CC2 Domains—To identify the domains

involved in intradomain TACC3 interaction, we deleted the

conserved N-terminal region (�1–118; TACC-�N) and the

central 7R region (�141–308; TACC3-�R) (supplemental Fig.

S3). The respective purified TACC3 variants were analyzed

before and after thrombin cleavage by aSEC. The absence of the

first 118 amino acids did not have any detectable effect on the

elution pattern of TACC3-�N that was comparable to full-

length TACC3 (Fig. 2B). Also, upon thrombin cleavage, both

protein fragments (named TACC3–7R and TACC3-CC in Fig.
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2) still co-eluted in one peak, suggesting that the conserved

N-terminal region is not essentially involved in the intramolec-

ular interaction of TACC3. In contrast, deletion of the 7R

region abolished intradomain binding and resulted after

thrombin cleavage in the separation of the fragments (named

TACC3-N and TACC3-CC in Fig. 3) in two distinct peaks with

apparent molecular masses of 160 and 630 kDa, respectively).

Their identity was reconfirmed by immunoblot analysis (Fig.

3C). Thus, the central serine-proline-glutamate-rich repeat

region (7R) is required for the intramolecular interaction with

the C-terminal CC domain.

We further validated this finding by subjecting the isolated

domains, i.e. GST-7R (bait) and CC (prey) (supplemental Fig.

S3) to pulldown-based interaction analysis. GST alonewas used

as the control. Although CC showed an unspecific binding to

the beads, we could still detect a clearly stronger binding of CC

when GST-7R was used as bait and analyzed by immunoblot-

ting (Fig. 3D). Last, to determine the region within the TACC

domain that binds to the central repeat region, we purified 7R

and the CC subdomains CC1 and CC2 (supplemental Fig. S3

and S4E) and analyzed their interaction by employing ITC. As

indicated in Fig. 3E, significant calorimetric changes as well as

changes in the temperature as a function of the molar ratio of

the interacting proteins were observed when 7R was titrated

onto CC2. In contrast, binding of 7R to CC1 could not be

detected (Fig. 3E, lower panel). We conclude that the central

repeat region, i.e. 7R, binds selectively to CC2 and thereby

mediates intramolecular TACC3 binding potentially masking

the C terminus of TACC3 before intermolecular protein

interaction.

TACC3 Interacts with chTOG via Its CC1Domain—Wenext

characterized the interdomain binding betweenTACC3 and its

major effector, the MT polymerase chTOG. We employed the

C terminus of chTOG as bait (GST-chTOG-Cterm; supple-

mental Fig. S5) in pulldown assays demonstrating a strong

interaction between chTOG-Cterm and the CC domain of

FIGURE 1. Thrombin cleavage of murine TACC3 generates two N- and C-terminal fragments staying in one intramolecular complex. A, a novel and
unique thrombin site divides TACC3 into two separate parts, TACC3-N7R and TACC3-CC. N specifies the conserved �100 amino acid residues at the N terminus.
CC1 and CC2 indicate two distinct coiled-coil subdomains in the C terminus. r1 to r7 denotes the central region in TACC3 consisting of seven serine-proline-
glutamate-rich repeats (7R). B, determination of the apparent molecular mass of TACC3 by aSEC (Superpose 6, 10/300). Elution profiles of TACC3 before (solid
line) and after thrombin cleavage (dashed line) are indicated. Vo, void volume. mAu, milliabsorbance units. C, peak elution fractions were analyzed by SDS-PAGE
followed by CBB staining (left panel) and immunoblotting (central and right panels employing N18 and C18 antibodies directed against the N- or C-terminal end
of TACC3, respectively) (38). D, co-immunoprecipitation analysis of TACC3 before (upper panel) and after thrombin cleavage (lower panel) was performed either
without antibody input (beads control, lane 2) or by using N18 and C18 antibodies (lanes 3 and 4). Thr., thrombin.
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TACC3 (Fig. 4A). Interestingly, when analyzing the relative

contribution of the two coiled-coil-containing subdomains of

the TACC domain (i.e. CC1 and CC2; supplemental Fig. S3) to

chTOG-Cterm binding in aSEC experiments, we observed a

prominent peak shift of CC1 mixed with chTOG-Cterm that

did not occur in the case of CC2 (Fig. 4, B andC). This selective

CC1-chTOG-Cterm interaction was still observable in the

presence of equimolar amounts of CC2, i.e. when mixing and

analyzing all three fragments together (Fig. 4D). Of note, CC1

and CC2 did not interact with each other (supplemental Fig.

S7). Subsequent ITC-based binding measurements revealed a

strong association between CC1 and chTOG-Cterm with a Kd

of 0.7 �M and a binding stoichiometry (n � 0.83) of nearly 1:1

(Fig. 4E). Consistent with the aSEC data, we did not detect any

interaction between CC2 and chTOG-Cterm in ITC experi-

ments (Fig. 4E). Importantly, we confirmed these findings also

in vivo by expressing deletionmutants of TACC3 lacking either

the TACC domain (CC) or one of its subdomains (i.e. CC1 or

CC2) in HEK293 cells as C-terminally tagged GFP fusion pro-

teins. Transfected cells were subjected to co-immunoprecipita-

tion analysis using GFP-specific antibodies. As indicated in Fig.

5, deletion of CC1, but not of the CC2 subdomain, abrogated

interaction with endogenous chTOG, strongly indicating that

also under in vivo conditions the CC1 domain specifically

determines binding of TACC3 to chTOG.

chTOG Binds to TACC3 via a C-terminal Region after the

MT-interacting TOG Domains—Having localized CC1 as part

in the TACC domain that binds to the C terminus of chTOG,

we now narrowed down the TACC3 interacting part within the

C terminus of chTOG. For this, we purified and analyzed two

subdomains, chTOG-A (aa 1544–1805), which contains the

putative, MT-interacting TOG6 domain (52), and chTOG-B

(aa 1806–2032) within the C terminus of chTOG (supplemen-

tal Fig. S5). As indicated in the pulldown-based interaction

analysis in Fig. 6, chTOG-B, but not chTOG-A, efficiently

bound to TACC3 or its isolated CC1 domain. Consistent with

this, employing aSEC and subsequent peak fraction analysis on

SDS-PAGE, we observed a clear complex formation for

chTOG-B-CC1 but no interaction and peak shift when

chTOG-A andCC1weremixed together (supplemental Fig. 10,

A andB). Thus, chTOGbinds specifically via a C-terminal frag-

ment adjacent to the putative MT-binding TOG6 domain to

the CC1 domain of TACC3.

Interaction of chTOG with TACC3 Abrogates Intradomain

Masking of TACC3—Based on the findings above, we next

addressed the relation between the intradomain TACC3 inter-

action (mediated through 7R and CC2) and intermolecular

CC1-chTOG-Cterm binding thereby analyzing the “direction-

ality” of formation of these protein complexes. As indicated in

Fig. 7A, GST-fused chTOG-Cterm was able to pull down full-

lengthTACC3or its C terminus (CC) produced upon thrombin

cleavage of TACC3. However, in the latter case, the N-terminal

part of TACC3 (TACC3-N7R) could not be detected in GST-

chTOG-Cterm pulldown complexes by immunoblotting (Fig.

7A, last lane) strongly indicating that chTOG-Cterm binding

uncouples the intramolecular TACC3 interaction. These find-

ings were further validated by subjecting the TACC3-chTOG-

Cterm protein complex before and after thrombin cleavage to

aSEC. Fig. 7B shows that bothTACC3 alone andTACC3bound

to chTOG-Cterm eluted on aSEC comparably at a peak fraction

equivalent to an apparent molecular mass of �1200 kDa. In

contrast, when TACC3 was prebound to chTOG-Cterm and

then subjected to thrombin cleavage, a shift of theTACC3 com-

plex (TACC3-N7R-CC; apparentmass of�630 kDa) toward an

FIGURE 2. The N-terminal 118 amino acids are not involved in intramolecular complex formation of murine TACC3. A, primary structure of TACC3-�N
lacking the N-terminal part of 118 aa. B, aSEC (Superpose 6, 10/300) elution profiles of GST-TACC3-�N before (solid line) and after (dashed line) thrombin
cleavage. Vo, void volume. mAu, milliabsorbance units. C, peak elution fractions were analyzed by SDS-PAGE followed by CBB staining (upper panel) and
immunoblotting using anti-TACC3 C18 (middle panel) or anti-GST antibodies (lower panel). GST was used as a control.
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earlier elution volume corresponding to an apparent mass of

�800 kDa was detected (Fig. 7C). SDS-PAGE analysis con-

firmed that this peak shift was due to the interaction of chTOG-

Cterm with the TACC domain, once more indicating that the

intramolecular interaction between 7R and CC2 is relieved

upon chTOG-Cterm binding to CC1. We conclude that

7R-CC2 andCC1-chTOG-Cterm are consecutive andmutually

exclusive interactions representing the twodistinctmasked and

unmasked states of the C-terminal TACC domain of TACC3.

Aurora-A Kinase Does Not Interfere with TACC3-chTOG

Complex Formation—Aurora-A kinase phosphorylates and

targets TACC3 to centrosomes and proximal mitotic spindles

as a prerequisite for TACC3-chTOG protein complex-depen-

dent centrosomal MT assembly and dynamics (43–46).

Sequence alignment and phosphorylation prediction revealed

that murine TACC3 displays three putative Aurora-A phos-

phorylation sites (Ser-34, -341, and -347) that are localized in

the N-terminal part outside of the CC domain (Fig. 1A) and are

conserved in human TACC3 (Ser-34, -552, and -558) as well as

X. laevisTACC3 (Ser-33, -620, and -626) (28). Our in vitro data

presented above already indicated that Aurora-A-mediated

phosphorylation of TACC3 is not required to expose theTACC

domain for intermolecular protein interaction. However, the

time point when Aurora-A phosphorylates TACC3, i.e. before

or after chTOG binding, remained unclear.We, therefore, sub-

jected (i) TACC3 before and after thrombin cleavage, (ii)

TACC3-�R lacking the central repeat region required for intra-

molecular masking, and (iii) TACC3 prebound to chTOG-

Cterm to in vitro kinase assays. As shown in Fig. 8, under all

these conditions the N terminus of TACC3 outside of the

TACC domain was efficiently phosphorylated by Aurora-A

kinase. Thus, Aurora-A phosphorylates TACC3 independent

from the masked or unmasked status of the TACC domain and

does thereby not discriminate between the unbound or

chTOG-bound state.

These in vitro findings were also tested in vivo by employing

the Aurora-A kinase inhibitor MLN8237 in cell culture under

conditions where Aurora-A kinase activity (as monitored by

autophosphorylation at Thr-288) was abrogated (supplemental

Fig. S8A). As indicated in supplemental Fig. 8, B–D, MLN8237-

mediated inhibition of Aurora-A kinase impaired spindle for-

mation and colocalization of TACC3 and chTOG to microtu-

bules and spindle poles. However, centrosomal colocalization

of TACC3 and chTOG was still detectable despite the oc-

currence of fragmented centrosomes. Consistent with this,

employing co-immunoprecipitation analysis, interaction of

TACC3 with chTOG was still detectable in MLN8237-treated

cells (supplemental Fig. S9). Taken together, these findings

emphasize that Aurora-A functions solely as a recruitment fac-

tor of the TACC3-chTOG complex to centrosomes and proxi-

mal spindle microtubules (43–46) without affecting its forma-

tion and protein interaction.

DISCUSSION

This study provides novel molecular insight into the basis of

spindleMT stability and dynamics duringmitosis by determin-

ing the interaction between the centrosomal adaptor protein

TACC3 and the MT polymerase chTOG. The main findings of

our work are as follows. 1) The C-terminal TACC domain of

TACC3 consists of two functionally distinct modules, CC1 and

CC2. 2)CC2performs an intradomain interactionwith the cen-

tral repeat region (7R), a complex that masks intermolecular

interaction of TACC3. 3) chTOG directly binds CC1 via a

C-terminal fragment adjacent to N-terminal MT binding TOG

domains. 4) Aurora-A kinase, a major regulator of TACC3,

does not interfere with TACC3-chTOG complex formation

either in vitro or in vivo. 5) Thus, Aurora-A solely acts as a

centrosomal/proximal spindle recruitment factor for the

TACC3-chTOG complex consistent with previous findings

(43–46).

Our data argue against the possibility that the evolutionary

conserved interaction between TACC3 and chTOG family

members, as observed by several groups (31, 53, 58, 59, 67),

requires the complete TACC domain. By analyzing the

TACC3-chTOG protein complex, we define CC1 as an chTOG

interacting domain. Moreover, we show that the deletion

mutant TACC3-�CC1, in contrast to TACC3-�CC2, fails to

co-immunoprecipitate/interact with chTOG in vivo (Fig. 5).

Our findings are consistent with recent work of Hood et al. (52)

that has analyzed the interaction of humanTACC3 and chTOG

isoforms using a deletion mapping approach. The authors nar-

rowed down the corresponding human CC1 domain to a short

region of 12 amino acids (aa 673–684) that appears to be suffi-

cient for chTOG binding and chTOG localization on spindle

MTs in vivo (52). Interestingly, centrosomal localization of

chTOG was apparently reduced but still detectable, further

indicating that chTOG may be recruited to centrosomes via

both TACC3-dependent and -independent mechanisms.

As indicated in our model (Fig. 9), the mutually exclusive

intradomain 7R-CC2 and interdomain CC1-chTOG interac-

tions, respectively, provide novel functional insight into the

subdomain selectivity and directionality of TACC3-chTOG

complex formation. Our findings obtained by ITC analysis

(Figs. 3E and 4E) are of particular relevance by providing clear

insights into differential binding affinities for a strong chTOG-

Cterm-CC1 interaction versus a weak 7R-CC2 interaction.

Accordingly, we propose that chTOGbinding to CC1 results in

a conformational change of the CC2 subdomain, which is in

turn released from its intramolecular complex with 7R and

hence unmasks both CC2 and the central repeat region of

FIGURE 3. Deletion of the central repeat (7R) domain prevents intramolecular TACC3 complex formation. A, primary structure of TACC3-�R lacking the
7R domain. B, elution profile of TACC3-�R on analytical gel filtration (Superpose 6, 10/300) before (solid line) and after (dashed line) thrombin cleavage. Vo, void
volume. C, peak elution fractions were analyzed on SDS-PAGE (4 –15% gradient gel) followed by CBB staining (upper panel) and immunoblotting using the
indicated antibodies (middle and lower panels). Thr., thrombin. D, the interaction between the isolated repeat region (7R) and the TACC domain (CC) was
analyzed by pulldown assays and immunoblotting using N18 and C18 antibodies against TACC3. The asterisk indicates bovine albumin used to reduce
unspecific binding to GSH-Sepharose beads. E, analysis of the interaction between 7R and subdomains of the TACC domain (CC1, CC2) employing ITC. Heat
changes after association of the indicated protein fragments indicate that 7R selectively interacts with CC2 (upper panel) but not CC1 (lower panel). See
supplemental Fig. S6 for experimental ITC controls.
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TACC3. As a consequence, not only CC2, but also 7R may

become available for further interactions with other down-

stream binding partners. However, in the latter case, no protein

is currently known that binds to the central repeat domain of

TACC3 despite the presence of bona fide PXXP binding motifs

known to interact with SH3 domain-containing proteins in

intracellular signaling processes. This is different for the TACC

domain that has been identified by yeast two hybrid-based

screening as well as pulldown and immunoprecipitation assays

asmajor binding partner for various, functionally rather diverse

proteins. These include factors involved in cortical neurogen-

esis (Cep192, DOCK7) (68, 69), hematopoietic development

(FOG-1) (70), hypoxia response and gene expression (ARNT)

(66), transcriptional regulation (MBD2) (71), and regulation of

mTOR signaling (TSC2) (55). Interestingly, FOG-1 and ARNT

have been proposed to bind to a region containing the last 20

residues of the CC2 subdomain (66, 72). Consistently, CC2may

be involved not only in intradomain but also in intermolecular

protein interactions, whereas CC1 may only undergo intermo-

lecular effector binding.

Aurora-A-mediated phosphorylation of TACC3 seems not

to interfere with TACC3 intradomain and TACC3-chTOG

interdomain interactions under in vitro conditions (Fig. 8).

Accordingly, in vivo, TACC3-chTOG interaction and centro-

somal colocalization was still detectable in HeLa cells that have

been subjected to treatmentwith theAurora-A kinase inhibitor

MLN8237 (supplemental Figs. S8 and S9). These findings also

contradict the previous model proposing that Aurora-A-medi-

ated phosphorylation ofX. laevisTACC3 triggers unmasking of

the TACC domain and thereby exposes it for intermolecular

interaction (i.e. XMAP215 binding) and centrosomal targeting

(46, 59). In fact, Aurora-A-mediated phosphorylation of

TACC3 seems to be solely required for targeting of theTACC3-

chTOG complex to centrosomes and spindle MTs (28, 44). In

the latter case, pTACC-chTOG interacts with another key

effector in mitotic spindle assembly, the clathrin heavy chain,

thereby cross-linking and stabilizing MT bundles (31, 51, 52).

Based on this study a sequential function of TACC3-chTOG

effector complexes in the course of mitosis can be proposed.

FIGURE 4. The CC1 subdomain of TACC3 mediates chTOG binding. A, interaction between the C terminus of chTOG (chTOG-Cterm; aa 1574 –2032; supple-
mental Fig. S6) and the CC domain of TACC3 was analyzed by pulldown assays and immunoblotting using antibodies against the C-terminal end of TACC3 (C18)
and GST. B and C, binding of purified TACC subdomains (CC1 or CC2) to chTOG-Cterm was analyzed by aSEC (superpose 6, 10/300) followed by SDS-PAGE and
CBB staining of the respective peak fractions. D, chTOG-Cterm interacts in a competition experiment selectively with CC1 when mixed with both CC1 and CC2
fragments. Samples were analyzed by aSEC followed by SDS-PAGE and CBB staining of the respective peak fractions. The dotted box indicates elution fractions
from the analysis of the CC1�CC2�chTOG-Cterm mixture employing anti-chTOG and anti-TACC3 (C18 recognizing CC2, but not CC1) antibodies. E, analysis of
binding of chTOG-Cterm to CC1 (left panel) and CC2 (right panel) using ITC confirms selective protein complex formation between chTOG-Cterm and CC1. See
supplemental Fig. S6 for experimental ITC controls.

FIGURE 5. The CC1 subdomain is required for binding of TACC3 to chTOG in vivo. HEK293 cells were transfected with expression constructs for TACC3 or
the indicated C-terminal deletion mutants all C-terminally fused to GFP. After 48 h, total cell lysates were prepared and subjected to co-immunoprecipitation
analysis using a GFP-specific antibody followed by SDS-PAGE analysis and detection of chTOG in the immunoprecipitates. mAu, milliabsorbance units; IP,
immunoprecipitation. The asterisk indicates an unspecific band.

FIGURE 6. The C terminus of chTOG following the six TOG domains binds
to the CC1 subdomain of TACC3. The interaction between the C terminus of
chTOG (divided into the subfragments chTOG-A and chTOG-B; supplemental
Fig. S5) with full-length TACC3 or its CC1 subdomain was analyzed by pull-
down assays and subsequently detected by CBB staining and immunoblot-
ting using antibodies against the C-terminal end of TACC3 (C18). chTOG-B,
but not the TOG6 domain containing fragment chTOG-A (supplemental Fig.
S5), displays a selective interaction with TACC3.
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FIGURE 7. Binding of chTOG-Cterm to TACC3 disrupts the intradomain interaction of TACC3. A, the interaction between chTOG-Cterm and thrombin-
cleaved TACC3 was analyzed by pulldown assays and immunoblotting using the indicated antibodies. Intramolecular interaction of TACC3-N7R with CC is
thereby abrogated upon chTOG-Cterm binding, as chTOG-Cterm pulls down CC but not TACC3-N7R (last lane). Thr., thrombin. B and C, aSEC-based analysis of
the TACC3 - chTOG-Cterm complex was performed employing uncleaved TACC3 (B) or thrombin-cleaved TACC3 either alone or prebound to chTOG-Cterm (C).
Peak fractions were analyzed by SDS-PAGE and CBB staining. The dashed lines within the CBB-stained SDS-PAGE gels highlight the peak shift of the chTOG-
Cterm-CC complex (but not of TACC3-N7R) after thrombin cleavage. mAu, milliabsorbance units.
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TACC3 interacts with the C terminus of chTOG thereby tar-

geting it in an Aurora-A-dependent manner to spindle poles.

On the other hand, the evolutionary conserved N terminus of

chTOG likely comprises MT-stabilizing activity as demon-

strated for XMAP215. In particular, XMAP215/chTOG pro-

teins contain a variable number of TOG domains that bind to

��-tubulin heterodimers, load them as MT polymerase (73) to

the plus ends ofMTs, and thereby inhibit “MTcatastrophes.” In

contrast, the C-terminal part of XMAP215 (and likely also

chTOG) suppresses MT growth by promoting MT catastro-

phes (74). Therefore, the engagement of chTOG-Cterm by the

CC1 subdomain of TACC3 during G2/M transition and meta-

phase might be a vital step in shifting the equilibrium toward

MTpolymerization. Uponmitotic exit, Cdh1 and ubiquitin-de-

pendent degradation of TACC3 (39) then “disengages” theMT

catastrophe promoting activity of theC terminus ofXMAP215/

chTOG. As a consequence, a shift of the equilibrium occurs

towardMT “shrinkage” and disassembly of the spindle appara-

tus. Thus, TACC3 family members may function as “engage-

ment factors” for the C terminus of XMAP215/chTOG to

ensure a dynamic balance betweenMT rescue and catastrophe

during the course of mitosis.

Besides a better molecular understanding regarding the

mechanism and directionality of TACC3-chTOG interaction,

we furthermore obtained novel insight into the unusual bio-

physical properties of TACC3. Analysis by aSEC (e.g. Fig. 1)

clearly demonstrated that TACC3 displays a higher oligomeric

mass and/or an elongated rod-like structure, obviously due to

the presence of the coiled-coil containing TACC domain that

elutes inherently at an apparent molecular mass of �630 kDa

(Fig. 3B). Moreover, endogenous TACC3 or FLAG-tagged

TACC3 from transfected eukaryotic cells behaves on aSEC

comparable to purified TACC3 (data not shown). These find-

ings are in accordance with the observation that TACC iso-

forms overexpressed in HeLa cells form in a TACC domain-

dependent manner punctuate-like structures resembling

cytoplasmic polymers (data not shown) (27). Employing fur-

ther analytical methods including multiangle light scattering

and analytical ultracentrifugation allowed us to conclude that

TACC3 is characterized by a oligomeric (i.e. dimeric to hexam-

eric) structure and a highly extended shape (supplemental Fig.

11, B and C, and supplemental Table S1). These findings are

consistent with data from electron microscopic analysis where

TACC3 depicts an elongated, fiber-like appearance (34).

Another abnormality of murine TACC3 represents its migra-

tion in SDS-PAGE gels at 120–130 kDa (Fig. 1C) as compared

with its theoretical molecular mass of 70.5 kDa. Interestingly,

this unusual “gel shifting” is not based on the presence of the

coiled-coil containing TACC domain (data not shown) but is

rather caused by the central repeat region (supplemental Fig.

S4, B versus A). As proof, deletion of the 7R domain restored

normal gel migration of TACC3 (Fig. 3C and supplemental Fig.

S4B). Of note, abnormal SDS-PAGE migration of acidic pro-

teins can be caused by an altered binding of surfactants (like

SDS) (75), a possibility that remains to be clarified for TACC3

and in particular the 7R domain.

FIGURE 8. Aurora-A kinase phosphorylates murine TACC3 in vitro inde-
pendent from its intra- or intermolecular binding status. Kinase assays
were performed in the presence and absence of purified Aurora-A kinase
employing uncleaved and thrombin-cleaved TACC3 (A), TACC3-�R (B), and
the TACC3-chTOG-Cterm complex (C). Phosphorylated protein fragments
were visualized by ProQ diamond staining. Thr., thrombin.

FIGURE 9. Integrative model for the domain specificity and directionality
of TACC3-chTOG complex formation. We propose that the intradomain
(7R-CC2; TACC3 masked) and intermolecular (CC1-chTOG; TACC3 unmasked)
binding states of TACC3 are mutually exclusive, thereby defining a direction-
ality of TACC3 regulated adaptor function toward chTOG binding and func-
tion. TACC3 can be phosphorylated by Aurora-A kinase in both binding
states, indicating that Aurora-A acts as a centrosomal recruitment factor but is
not involved in exposing the TACC domain for intermolecular interaction
with chTOG or TACC3-chTOG complex formation. Moreover, based on bio-
physical characterization of murine TACC3 (supplemental Fig. 11, B and C, and
supplemental Table S1; Ref. 34) we conclude that TACC3 displays an dimeric
to oligomeric state. Thr., thrombin.
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Biological and pathobiological roles of TACC3 are under-

lined by several observations. TACC3 deficiency leads to severe

growth retardation and embryonic lethality (38, 40). This is in

line with the anti-proliferative and cell cycle arrest/senescence-

inducing impact of shRNA-mediated gene silencing of TACC3

(41, 42). Moreover, it could be shown that TACC3 depletion

sensitizes cells to the apoptotic and senescence-inducing

effects of mitotic spindle poisons. Accordingly, inducible gene

disruption of TACC3 in vivo in the p53�/� sarcolymphoma

model is highly effective in causing apoptotic tumor regression

(76). Interestingly, besides quantitative deregulation of gene

expression of TACC isoforms in several tumor types, TACC1

and TACC3 point mutants have been identified in melanoma

and ovarian cancer patients (77, 78). Moreover, oncogenic

fusions between TACC and fibroblast growth factor receptor

genes have been recently described in glioblastomamultiforme

and bladder cancer patients (79, 80). The impact of these struc-

tural and tumor-associated alterations on Aurora-A-mediated

regulation and function of TACCs is currently unknown and

requires a more in-depth molecular understanding of TACC-

effector interactions. Irrespective, it is tempting to speculate

that these TACCmutants translate through loss-of-function or

gain-of-function mechanisms into chromosomal instability

and aneuploidy and thereby support cellular transformation

(81, 82). Taken all these points into account, TACC3 represents

an attractive antitumor target that may be at least indirectly

drug-treatable at the level of its interactome.This assumption is

supported by the recent identification of small drugs that act as

inhibitors of protein-protein interaction and thereby impair the

half-life and stability of TACC3 (KSH101), disrupt the TACC3-

ARNT complex (KG-548), or inhibit the function of the

TACC3-chTOG complex (spindlactone) (54, 66, 83, 84).
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Altered cell division is associated with 
overproliferation and tumorigenesis, 

however, mitotic aberrations can also 
trigger antiproliferative responses lead-
ing to postmitotic cell cycle exit. Here, 
we focus on the role of the centrosome 
and in particular of centrosomal TACC 
(transforming acidic coiled coil) proteins 
in tumorigenesis and cellular senescence. 
We have compiled recent evidence that 
inhibition or depletion of various mitotic 
proteins which take over key roles in 
centrosome and kinetochore integrity 
and mitotic checkpoint function is suf-
ficient to activate a p53-p21WAF driven 
premature senescence phenotype. These 
findings have direct implications for pro-
liferative tissue homeostasis as well as for 
cellular and organismal aging.

Mitotic cell division is a prerequisite for 
development, proliferative homeostasis 
and tissue regeneration. During mitosis 
the bipolar spindle is organized by cen-
trosomes to ensure faithful separation 
of chromosomes to both daughter cells.1 
Spindle poles, kinetochores and vari-
ous microtubule-associated proteins are 
involved in the regulation of microtubule 
dynamics. On the one hand, the assembly 
of the mitotic spindle apparatus is a highly 
complex and dynamic process and tightly 
regulated by cell cycle components and in 
particular by the kinetochore attachment 
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checkpoint.2 On the other hand, anom-
alities in centrosome and mitotic spindle 
architecture and functions have profound 
consequences for cell cycle progression 
and can lead to chromosomal instability, 
aneuploidy/tetraploidy and cell death.1,3,4

Cancer cells often display genetic insta-
bility and centrosomal anomalities, thus 
implying chromosomal missegregation 
and aneuploidy as driving forces in tumor-
igenesis. Interestingly, this concept was 
already proposed almost 100 years ago by 
the pioneering work of Theodor Boveri.5 
However, the role of the centrosome and 
its amplification in generating genomic 
instability, and as a consequence cancer, 
is debated as amplified centrosomes can 
form clusters and assemble a bipolar rather 
than a multipolar spindle resulting in nor-
mal cell division.6 Moreover, analysis of 
mice with reduced expression of the cen-
tromere-linked motor protein CENP-E 
(Centromere protein E) unexpectedly 
revealed that increased aneuploidy can 
act both in an oncogenic way (in the case 
of spontaneous tumors) and as a tumor 
suppressor (in the case of induced tumor 
formation).7

An alternative and intriguing concept 
linking centrosomal amplification to 
tumorigenesis was recently proposed and 
successfully tested in the fruit fly model. 
The authors demonstrated that symmet-
ric (abnormal), rather than asymmetric 
(normal) cell division of neuroblasts, but 
not genomic instability, led to their over-
proliferation resulting in a transplantable 
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multiforme, GBM) which have a very poor 
prognosis.32 Despite of these findings, the 
relevance of TACC3 for the pathogenesis 
of GBM or other cancer types needs to be 
substantiated and additional functional 
data are required to establish TACC3 as a 
“driver” in tumor development and hence 
as a potential therapeutic target.

Irrespective of the obvious connection 
between centrosomal aberrations, over-
proliferation and tumorigenesis, altera-
tions in the mitotic machinery can also 
act as potent triggers for postmitotic cell 
cycle exit and permanent growth arrest. 
Interestingly, as we discuss below and 
summarize in Table 1, various recent 
reports link centrosome and kinetochore 
dysfunction to the induction of cellular 
senescence.

The phenomenon of cellular senescence 
was first described almost 50 years ago. 
Hayflick and Moorhead noted in their 
classical work that normal diploid fibro-
blasts exhibit in culture only a limited pro-
liferative capacity and following a finite 
number of cell divisions undergo a state of 
cell cycle arrest, known as replicative senes-
cence.33 In human cells this intrinsic type 
of senescence is typically elicited by pro-
gressive erosion of telomeres.34 Senescence 
represents a major cellular stress and self-
defense response with tumor suppressor 
function. As such it is elicited by extrinsic 
factors, including strong mitogenic stim-
uli like oncogenic Ras(G12V) (referred to 
as oncogene-induced senescence), DNA 
damage, various cytotoxic drugs and oxi-
dative stress.35,36 These forms of senescence  
represent rapid antiproliferative reponses 
and are generally referred to as stress-
induced premature senescence (SIPS).

Senescent cells exhibit characteristic 
features such as growth arrest, apoptosis 
resistance and altered gene expression.36 
The cells display several features which 
distinguish them from quiescent cells 
reversibly arrested in the G

1
 phase of the 

cell cycle.34,37 In particular, senescent cells 
adopt (1 morphological changes, i.e., they 
become larger and flattened and display 
an increased granularity, (2) changes 
in nuclear architecture characterized by 

of microtubules and spindle stability.17-20 
TACC3 is predominantly expressed dur-
ing the G

2
/M phase of the cell cycle where 

it localizes in an Aurora-A phosphoryla-
tion and clathrin heavy chain-dependent 
manner to centrosomes and mitotic spin-
dles (Fig. 1A; refs. 21–24). TACC3, but 
not the related isoform TACC2 which 
is rather found in postmitotic tissues, is 
required for efficient cell expansion and 
survival as indicated by its crucial and 
non-redundant role(s) during embryogen-
esis and stem cell function.20,25

TACC genes have been originally dis-
covered in genomic regions that are ampli-
fied in cancer.26,27 Mutations of TACC3 as 
well as altered expression of TACC1 or 
TACC3 have been subsequently linked 
to the etiology of breast, ovarian, blad-
der and non-small cell lung cancer.28-31 
Interestingly, in gliomas, the TACC3 
gene, localized at 4p16, is amplified. This 
is accompanied by a grade-specific upreg-
ulation of TACC3 expression which is 
highest in grade IV gliomas (glioblastoma 

cancer-like phenotype.8,9 Given these 
provocative findings it is important to 
determine to which extent centrosomal 
aberrations occur in human cancer stem 
cells10 and whether these defects affect an 
early stem cell balance between the sym-
metric (cancer promoting) and asymmet-
ric (cancer suppressing) division mode.11

The mammalian transforming acidic 
coiled coil (TACC) family of centro-
somal proteins consists of three members 
(TACC1, 2, 3) which are important struc-
tural components of the mitotic spindle 
apparatus contributing to its dynam-
ics.12,13 TACC proteins are evolution-
ary conserved from yeast to man12-16 and 
share a 200 amino acid coiled coil motif 
at their C-terminus, but have only limited 
homology in the N-terminal part. During 
mitosis, TACCs regulate centrosome 
integrity, centrosome-dependent assembly 

Figure 1. Inhibition of the Aurora-A-TACC3 function triggers premature senescence. (A) Confocal 

microscopic analysis of Aurora-A kinase colocalized with its substrate TACC3 during cell division. 

Centromeric regions were visualized by the CREST autoimmune serum. (B) Inhibition of Aurora-A 

activity by the small molecule inhibitor MLN8054, siRNA-mediated Aurora-A depletion or knock-

down of its downstream target TACC3 all trigger comparable effector pathways and a premature 

senescence phenotype. (C) Senescence upon TACC3 depletion is characterized by the occurrence 

of HP1γ (pS83)-positive senescence-associated heterochromatic foci (SAHF), nuclear accumula-

tion of the cell cycle inhibitor p21WAF, and increased SA-β-Gal activity (blue staining).  

(B and C) modified from ref. 44.
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p19ARF did not prevent embryonic lethal-
ity caused by TACC3 deficiency (Piekorz 
et al., unpublished results). Nevertheless, 
the lethality of TACC3 deficient embryos 
(being probably secondary to a growth 
arrest phenotype) could be partially res-
cued by genetically reducing p53 expres-
sion.25 Moreover, Vogel et al. observed 
that increase of p53 levels during tran-
sient mitotic arrest occurs independently 
of ATM, ATR, Chk1 and Chk2.49 Thus, 
during prolonged mitosis, p53 levels 
may simply accumulate due to the lack 
of Mdm2-mediated degradation, as 
Mdm2 levels are dependent on transcrip-
tion which is absent in mitosis and only 
resumes in G

1
.42

As summarized in Table 1, altered 
expression of various proteins required 
for centrosomal integrity, kinetochore 
organisation or mitotic checkpoint func-
tion has now been linked to p53 activation 
and premature senescence. For instance, 
silencing of the mitotic spindle check-
point kinase Bub1 or the centromere-
localized histone H3 variant CENP-A 
activates a stress response characterized 
by the appearance of typical senescence 
markers. Consistent with these findings, 
downregulation of Bub1 and CENP-A 
has been observed under conditions of 
oncogenic stress and during replicative 
senescence.50,51 Lastly, mouse models with 
a genetic insufficiency for BubR1 or a hap-
loinsufficiency for both Bub3 and Rae1 
display progressive aneuploidy, premature 

by an increase in p53 and p21WAF levels, 
downregulation of phosphorylated and 
hence inactive retinoblastoma protein 
(pRb) preventing S phase entry, forma-
tion of SAHFs, and increased SA-β-Gal 
positivity (Fig. 1).44 Interestingly, a simi-
lar premature senescence phenotype was 
observed in p53 proficient tumor cells 
when Aurora-A kinase, the upstream 
regulator of TACC3, was either pharma-
cologically inhibited or depleted.45 These 
findings provide evidence that the cen-
trosomal Aurora A-TACC3 axis (Fig. 1) 
affects the commitment of mitotic cells to 
cellular senescence. Given that p53 levels 
rise during prolonged mitosis (“mitotic 
clock function of p53”; reviewed in ref. 
42), and that Aurora-A phosphorylates 
p53 at Ser315 thereby sensitizing p53 for 
degradation,46 it is conceivable that ele-
vated mitotic p53 levels per se link spindle 
stress to cellular senescence via transcrip-
tional induction of p21WAF in G

1
. In this 

model, Aurora-A plays an inhibitory role 
during normal cell division, as it keeps p53 
levels below a critical threshold, whereas 
upon prolonged mitotic arrest Aurora-A 
independent mechanisms may intervene 
to increase p53 concentrations necessary 
for G

1
 arrest. Possible candidates for those 

positive p53 regulators would be the ataxia 
telangiectasia mutated (ATM) kinase and 
the cyclin-dependent kinase inhibitor 
p19ARF that both prevent p53 degrada-
tion by the ubiquitin ligase MDM2.47,48 
However, a deficiency of either ATM or 

the formation of senescence associated  
heterochromatic foci (SAHF) linked to 
the repression of proliferative genes and 
(3) biochemical changes including an 
expansion of the lysosomal compart-
ment with increased SA-β-galactosidase 
expression and lack of BrdU incorpora-
tion and DNA synthesis. Lastly, the cell 
cycle regulators p53, p21WAF1 and p16INK4a, 
as well as the mTOR (mammalian Target 
of Rapamycin) pathway play crucial roles 
in the induction and maintenance of the 
senescent phenotype.34,38,39 In this regard, 
recent findings underline a new and key 
function of mTOR in determining the 
choice between senescence and quiescence 
upon p53-p21WAF mediated cell cycle 
arrest.40,41

Targeting TACC3 by gene inactivation in 
mice or RNA interference in cells causes 
centrosomal dysfunction and mitotic 
spindle stress with cellular consequences 
that are determined by the status of the 
postmitotic and p53-p21WAF-controlled G

1
 

checkpoint.25,42,43 Whereas checkpoint-
compromised human cancer cells rapidly 
succumb to polyploidization and mitotic 
catastrophe,19 checkpoint-proficient cells 
primarily activate a senescence program. 
This response is usually characterized 

Table 1. Proteins of the mitotic spindle apparatus linked to premature senescence

Protein(s)
Localization & 

 function

Mode of targeting function/

expression

Effector mechanisms & senescence 

markers
References

Aurora-A mitotic kinase small drugs, siRNA p53, p21WAF, pRb, SA-β-Gal 45, 48

TACC3 CT, MT dynamics siRNA p53, p21WAF, pRb, SAHF, SA-β-Gal 44

PCM1 CT integrity siRNA P53, p21WAF, pRb, SA-β-Gal 61, 62

Pericentrin CT integrity siRNA p53, p21WAF, pRb, SA-β-Gal 61, 62

p31Comet SAC overexpression p53, p21WAF, SA-β-Gal, PAI-1 60

CENP-A KT organisation OIS, RS, siRNA p16INK4a, p53, p21WAF, SAHF, SA-β-Gal 51

Bub1 KT/SAC RS, siRNA p53, p21WAF 50

Bub3/Rae1 KT/SAC haploinsufficiency (in vivo) p16INK4a, p53, p21WAF, SA-β-Gal 53

BubR1 KT/SAC hypomorphic alleles (in vivo) p16INK4a, p53, p21WAF, SA-β-Gal 52

Mad2 KT/SAC siRNA p53, p21WAF, SA-β-Gal, SASP 59

This table lists proteins of the mitotic spindle apparatus whose functional inhibition and/or the indicated changes in expression result in p53 activa-

tion and a cellular senescence response. Abbrevations: Bub, budding uninhibited by benzimidazoles; CENP, centromere protein; CT, centrosomal; Mad, 

mitotic arrest deficient; KT, kinetochore; MT, microtubule; OIS, oncogene induced senescence; PAI, plasminogen activator inhibitor; PCM, pericentrio-

lar material; pRb, phosphorylated Retinoblastoma protein; RS, replicative senescence; SAC, spindle assembly checkpoint; SAHF, senescence associated 

heterochromatic foci; SASP, senescence associated secretory phenotype; TACC, transforming acidic coiled coil.
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of telomeres and nuclear or mitochondrial DNA damage are major causes for the induction of ei-

ther apoptotic cell death or cellular senescence. Recent findings indicate that a functional impair-

ment of the centrosome and mitotic spindle apparatus is as well sufficient to provoke a complete 

loss of proliferative capacity and induction of a cellular senescence program (Table 1). Thus, like 

telomeres, centrosomes and kinetochores may take over a crucial role in regulating commitment 

of mitotic cells to premature senescence.
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cell death (Fig. 1). This was remarkably differ-

ent from the cellular pathways mediated by 

ATP or nigericin, which triggered significant 

IL-1β release, caspase-1-dependent pyropto-

sis and no protein degradation. Importantly, 

in cells treated with ATP or nigericin, lyso-

some rupture occurred only after caspase-1 

activation and induction of pyroptosis, sug-

gesting that lysosome dysfunction is not 

required for inflammasome activation. Based 

on these results, the authors conclude that 

upstream signals, such as potassium efflux, are 

likely more effective stress signals for NLRP3 

activation than lysosome disruption. Taken 

together, their findings confirm that complete 

lysosome rupture is a catastrophic event lead-

ing to necrotic cell death; this cell death is 

independent of NLRP3 signaling and distinct 

from pyroptosis triggered by inflammasome-

inducers, and can therefore explain the differ-

ent immune response associated with these 

compounds. These observations complement 

another recent article published by the same 

group, where the authors showed that alum 

and LLOMe trigger cathepsin-mediated, cas-

pase-1 and RIP-1-independent necrosis that 

is essential for their function as immunologic 

adjuvants.5 Together these papers provide 

insight into the mechanism by which the cell 

death phenotype of lysosome-disrupting 

agents contributes to the unique immunologic 

response generated by these compounds 

when used as adjuvants. More broadly, these 

studies provide strong proof for a danger the-

ory of adjuvancy suggesting that our immune 

system has evolved to respond to agents that 

trigger cytotoxic events.
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Discovery and Origin of Cellular Senescence

Classical work by Hayflick and Moorhead1 

uncovered more than 50 y ago the biological 

and evolutionarily conserved phenomenon 

of cellular senescence. The authors demon-

strated that primary fibroblasts exhibit only a 

finite proliferative capacity in culture, before 

they exit the cell cycle in a state known as rep-

licative senescence (“Hayflick phenomenon”).1 

This type of senescence is caused by progres-

sive telomeric erosion associated with the 

accumulation of DNA damage. Alternatively, 

several stress factors, including hypermito-

genic stimuli like oncogenic Ras, reactive oxy-

gen species and cytotoxic drugs that cause 

DNA damage, as well as mitotic spindle dys-

function and aneuploidy can trigger an accel-

erated antiproliferative response, known as 

stress-induced, premature senescence (SIPS).2

(Patho)biological Role of Senescence

Senescence comes along as a (patho)biologi-

cally relevant, but two-edged, cellular stress 

response. On one hand, a protective and 

tumor-suppressive role of cellular senescence 

has been demonstrated at the pre-malignant 

level.3 On the other hand, senescence exhibits 

detrimental effects at the cellular and organ 

level, including proliferative exhaustion of 

progenitor and stem cells or promotion of 

inflammatory processes linked to the so-called 

senescence-associated secretory phenotype 

(SASP) (Fig.  1).4 Interestingly, elimination of 

accumulating senescent cells in vivo in the 

mouse effectively delays aging-associated dis-

orders, thereby corroborating the causative 

link between cellular senescence and tissue 

dysfunction in age-related phenotypes.5 Thus, 

cellular senescence seems to be ultimately 

connected to health and lifespan regulation 

during organismal aging.

Characteristics and Markers of Senescent 

Cells

In order to detect senescent cells in culture, 

and clearly more challenging under in vivo 

and in situ conditions, several markers with 

varying robustness are being used beyond 

the typical flattened cellular morphology and 

increased cell surface (Fig.  1). Overall, prolif-

erative arrest, apoptosis resistance and altered 

gene expression and miRNA profiles (Fig.  1) 

represent general features of senescent cells.2 

At the nuclear architecture level, formation of 

DNA-SCARS (DNA segments with chromatin 

alterations reinforcing senescence) and senes-

cence-associated heterochromatic foci (SAHF)4 

mirror the repression of proliferative genes 

and therefore the lack of DNA synthesis as 

detected by a lack of BrdU incorporation and 

G
1
 arrest. At the molecular checkpoint level, 

the p53-p21WAF1 pathway and the tumor sup-

pressor p16INK4a, as well as rapamycin-sensi-

tive mTOR (mammalian Target of Rapamycin) 

signaling take over synergistic roles in the 

induction and maintenance of the senescent 

phenotype (Fig. 1).2,6 Lastly, at the biochemical 

and enzymatic level, a considerable expansion 

of the lysosomal compartment and, hence, 

increased granularity is typically observed in 

cells undergoing senescence. That is demon-

strated by an increased senescence-associated 

β-galactosidase activity (SA-β-Gal; measured 

at pH 6), the classical marker that is widely 

used to detect senescent cells.7

Senescence-Associated Lysosomal α-L-

Fucosidase (SA-α-Fuc): A new and Robust 

Senescence Marker

Several of the markers described above may 

work in a cell type- and senescence stim-

ulus-dependent manner and are therefore 

not always reliable. For example, p16INK4a 

increases during replicative aging. However, 

p16INK4a is either not expressed or inactivated 

in certain tumor cells, which, however, are still 

prone to SIPS due to an intact p53 pathway. 

Senescence-associated lysosomal α-L-fucosidase (SA-α-Fuc):  
A sensitive and more robust biomarker for cellular senescence beyond SA-β-Gal
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Moreover, solely determining SA-β-Gal activ-

ity can potentially result in both wrong posi-

tive results (increased SA-β-Gal activity due to 

hyper-dense cell cultures), or wrong negative 

results, where SA-β-Gal is not or only weakly 

induced and therefore not sensitively enough 

detected upon cellular senescence. Taking in 

particular the latter observation into account, 

Hildebrand et al. investigated comprehen-

sively several lysosomal hydrolases, besides 

SA-β-Gal, for their suitability as senescence 

markers.8 Interestingly, the authors identified 

α-L-fucosidase, a glycosidase involved in the 

metabolism of certain glycolipids and glyco-

proteins, as a novel and promising biomarker 

for cellular senescence. Hildebrand et al. tested 

senescence-associated α-fucosidase activity 

(SA-α-Fuc) in various senescence models in 

cell culture, including replicative and onco-

gene-induced senescence, as well as SIPS. 

Unequivocally, both at the transcriptional and 

the enzymatic level SA-α-Fuc turned out as an 

at least equivalent, and in most cases an even 

more reliable, marker for the detection of cel-

lular senescence as compared with SA-β-Gal.

Taken together, SA-α-Fuc represents a 

convenient, sensitive and robust senescence 

marker in cell culture experiments employing 

both rodent and human senescence models. 

Further characterization of SA-α-Fuc expres-

sion and activity under stringent in vivo and 

in situ settings could include the detection of 

rather sparsely occurring senescent cells at the 

cancer stem and progenitor level, as well as the 

analysis of senescent cells during tissue aging.
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Figure 1. Characteristic features of senescent cells. Cells undergoing replicative senescence (RS) 

or stress-induced premature senescence (SIPS) are distinguished by an enlarged and flattened 

morphology and several molecular and subcellular changes, including activation of tumor 

suppressor pathways (p53-p21WAF, p53-Dec1, p16Ink4a), chromatin alterations (DNA-SCARS, DNA 

segments with chromatin alterations reinforcing senescence; SAHF, senescence-associated 

heterochromatic foci) and activation of certain transcription factors (Sp1) as well as production 

of secreted factors (SASP, senescence-associated secretory phenotype). Moreover, cell surface 

expression of decoy receptor 2 (DcR2) typically increases during senescence. Lastly, the lysosomal 

compartment expands considerably in cells undergoing cellular senescence. Here, as demonstrated 

by Hildebrand et al.,8 the classical and widely used senescence-associated -galactosidase activity 

(SA- -Gal)7 is now joined by a novel and more robust lysosomal (bio)marker for cellular senescence, 

SA- -Fuc (senescence-associated -fucosidase activity).

INK4a/ARF-dependent senescence upon persistent replication stress
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One outcome of persistent activation of 

the DNA damage response (DDR) is cellular 

senescence; a programmed, permanent, cell 

cycle exit. DDR activation serves as a block to 

malignant transformation with senescence as 

a core feature of this effect. Diverse conditions 

that induce senescence, for example ionizing 

radiation, oncogene activation and telomere 

attrition, themselves induce DDR activation. 

In virtually all of these instances, senescence 

can be rescued by ablation of p53 function, 

thereby allowing the cells to re-enter the cell 

cycle in the presence of DNA damage. In 

this issue, Monasor and colleagues provide 

new evidence suggesting that the well-known 

tumor suppressor INK4a/ARF enables replica-

tive stress (RS)-induced senescence.1 This is 

notable, since, in contrast to p53, INK4a/ARF 

has generally been thought not to play a role 

in DNA damage-induced senescence. Loss of 

the INK4a/ARF locus on chromosome 9p21 

is one of the most frequent abnormalities 

observed in human tumors, second only to 

loss and/or mutation of TP53 (p53). The INK4a/

ARF locus encodes two proteins, p16(INK4a) 

and ARF (p16Ink4A and p19ARF in mice), which 

regulate the Retinoblastoma and p53 path-

ways respectively.2 In normal cells, INK4a/ARF 

levels are usually barely detectable. Monasor 

and colleagues report that persistent RS is also 

associated with elevated INK4a/ARF expres-

sion, and that INK4a/ARF deficient cells can 

sustain growth in the presence of substantial 

levels of RS. Furthermore, upon interrogation 

of the Cancer Cell Line Encyclopaedia Project 

(http://www.broadinstitute.org/ccle/home), 

they found a correlation between copy num-

ber variation (CNV) and p16INK4A levels; cell lines 

with high levels of CNVs (RS has been shown to 

cause CNV3) exhibited low levels of p16INK4A. 

The authors consequently propose INK4a/ARF 

as a bona fide RS-checkpoint activator.1


