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Prologue 
 
Decoding the molecular mechanisms that support cellular functions lets us 

gradually understand the complexity of life and the origin of human diseases. Such 

progress is desperately needed in order to develop novel therapies against 

detrimental diseases, such as cancer. Huge steps have been made using simple 

model organisms, e.g. Saccharomyces cerevisiae, Caenorhabditis elegans, 

Drosophila melanogaster, but more recently cultured human cell lines as well as 

mammalian animal models, especially rodents, have contributed to a large scale in 

solving the complex questions of modern cell biology. The discoveries gathered 

over the years led to the realization that a major cause of severe neuronal 

diseases and cancer formation arise from misbalances in the intracellular 

trafficking of molecules. It has become evident that protein transport processes are 

critical factors to ensure the proper function of healthy tissue. The responsible 

machineries are complex and have been a focus of investigation by researchers 

for many years and will be for many years to come. As a consequence, in the year 

2013, the Nobel Prize in Physiology or Medicine was awarded to Randy W. 

Schekman, James E. Rothman and Thomas C. Suedhof for their groundbreaking 

work on the basic cellular mechanisms of vesicular transport ("The 2013 Nobel 

Prize in Physiology or Medicine - Press Release". Nobelprize.org. Nobel Media AB 

2014. Web. 3 Apr 2017). However, many aspects of the systems involved are as 

yet elusive and need to be investigated further in much more detail. During the 

past years, our research group has dedicated itself to help to elucidate the 

molecular mechanisms responsible for correct translocation of secretory proteins 

from the Golgi complex, a major sorting station, to the plasma membrane. The 

group’s focus has so far predominantly been laid upon vesicle fission and 

shedding, which occur at the Trans Golgi Network and require a versatile set of 

proteins including small GTPases of the Arf family as well as protein kinases C 

and D. The following study was aimed to explain in more detail the transport of 

secretory cargo vesicles downstream of the Golgi complex through the cytoplasm 

towards the plasma membrane. This cytoskeleton-based process is driven by 

motor proteins and has raised increasing interest in the field during the past years. 
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I.1 Kinesin mediated protein transport  
 
I.1.1 The secretory pathway 
 
The successful trafficking of proteins is a multi-step process that is controlled by a 

large number of intracellular pathways. In the year of 1975, for the first time, the 

‘vesicular transport hypothesis’ was propagated stating that intracellular transport 

processes generally take place involving membranous vesicles that enclose cargo 

molecules, marking it a milestone discovery in cell biology (Palade, 1975). In the 

following years, the groups around Schekman, Rothman and Suedhof used 

various approaches to decipher the molecular mechanisms of intracellular 

transport to a degree that substantially helped to understand the basic principles of 

vesicle trafficking (Balch et al., 1984; Hata et al., 1993; Kaiser and Schekman, 

1990; Novick and Schekman, 1979; Perin et al., 1990; Sollner et al., 1993).  

We now know, that the vast majority of proteins reach their destination in a 

process termed conventional secretion (Nickel and Seedorf, 2008). Following 

synthesis, correct folding and posttranslational modification at the endoplasmic 

reticulum, secretory as well as resident cargo proteins are transferred to the Golgi 

complex, the major sorting hub, where additional modifications involving 

glycosyltranferases take place. In order to be transported further towards the 

plasma membrane, or other organelles, cargo molecules are sorted into specific 

carriers at the Trans-Golgi-network (TGN) and are released by a shedding process 

to move to their respective target destination. Cargos that are destined to be 

exported into the extracellular space utilize the secretory pathway, where they are 

either transported constitutively, or stored in intracellular vesicles that are released 

upon stimulation by a specific trigger, e.g. a signaling cascade following the 

docking of neurotransmitters or hormones to membrane receptors (Fig.1) (Kelly, 

1985). Proteins of the secretory pathway have diverse functions including cell 

dynamics, maintenance, intra- and intercellular signaling, cell division and many 

more (Rothman, 1994; Rothman and Orci, 1992). Cargo carriers bridge the gap 

from the TGN to the plasma membrane by ATP-dependent microtubule-based 

plus-end directed transport proteins of the kinesin family (Vale et al., 1985). 
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Fig.1. The secretory pathway. (A) Regulated and constitutive protein secretion. While in 

constitutive vesicle transport (upper sequence) secretory cargo is permanently released into the 
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extracellular space, regulated secretion (lower sequence) is triggered by a specific signal, such as 

a hormone binding to a cell surface receptor. PM plasma membrane. TGN trans golgi network. 

Image from: Becher and Seufferlein, unpublished. (B) Transmission electron microscopy image of 

intracellular structures in BON cells. Membranous vesicles budding from the Golgi apparatus (#) 

are indicated by orange arrows. Microtubules are marked by the asterisk. Image from: Becher and 

Seufferlein, unpublished. 

 

I.1.2 Microtubule based transport 
 
To reach their point of delivery within the cell or at the plasma membrane, 

transport vesicles need to travel the distance between the TGN and their 

destination in a concerted manner. Basically, there are two different cytoskeletal 

structures that serve as tracks for protein trafficking, actin filaments and 

microtubules. While actin is usually utilized as a network for short-range transport, 

long distance travel e.g. from the Golgi complex to the plasma membrane, as 

examined in this study, is facilitated by microtubule tracks (Hirokawa et al., 2009; 

Rodionov et al., 2003; Snider et al., 2004; Vale, 2003).  

 

Microtubules are rod-shaped polymer structures with a diameter of around 25 nm 

built up from tubulin heterodimers (each comprising one alpha and one beta 

tubulin subunit) (Hirokawa and Noda, 2008) that originate from microtubule 

organizing centers (MTOC), most notably during interphase represented by the 

Golgi associated centrosome. The MTOC functions as nucleation and subsequent 

polymerization starting point. Microtubules show a characteristic polarized 

organization; they consist of relatively stable, slowly polymerizing inward oriented 

minus-ends and far less stable plus-ends pointing towards the periphery in most 

cell types (Fu and Holzbaur, 2013; Hirokawa and Noda, 2008). In this context, 

microtubules undergo a constant GTP-dependent disassembly and re-

polymerization process at their ends, commonly referred to as dynamic instability, 

to modulate cytoskeletal properties. The resulting shrinkage and re-growth 

phenomenon can be visualized at the plus-ends by tracking fluorescently marked 

microtubule associated end-binding (EB) proteins (Renner et al., 1997; Wen et al., 

2004). Due to these processes, the average halftime of microtubule structures is 

usually low (less than ten minutes); however, it can be altered by posttranslational 

modifications, such as tyrosination or acetylation (Infante et al., 2000; Janke and 

Bulinski, 2011; Takemura et al., 1992). Since microtubules serve as tracks for 
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intracellular transport procedures, these modifications can also affect intracellular 

transport (Hammond et al., 2008; Hammond et al., 2010; Janke and Bulinski, 

2011). The tight regulation of the microtubule network is closely interconnected 

with the successful delivery of protein cargo in all compartments and deficiencies 

in microtubule organization result in severe transport defects (Yogev et al., 2016).  

 

I.1.3 Microtubule motor proteins 
 

The main factors that facilitate microtubule-based vesicle transport are kinesin and 

cytoplasmic dynein ATP-dependent motor proteins, respectively (Akhmanova and 

Stearns, 2013; Brady, 1985; Vale et al., 1985). While dynein moves cargo in a 

retrograde manner toward the microtubule minus-ends, motors of the kinesin 

superfamily permit for anterograde transport in the microtubule plus-end direction. 

The underlying machinery is highly conserved in various kinds of cells (Hirokawa 

et al., 1998; Hirokawa et al., 2009; Vale, 2003). Cytoplasmic dynein interacts with 

a large number of proteins forming the so-called dynactin complex, an activating 

complex which can vary in its composition and thereby ensure specific cargo 

binding (Fu and Holzbaur, 2013; Schroer, 2004), whereas the kinesin superfamily 

of motor proteins consists of many members (more than forty in humans), 

summarized in 14 families according to their features. They have been described 

to transport specific cargos or carrier types (Goldstein and Yang, 2000; Hirokawa 

et al., 2009). It is not uncommon that different kinesin motors cooperate in the 

transport of a given cargo (Levi et al., 2006; Messitt et al., 2008; Nekrasova et al., 

2011). Kinesin proteins comprise a motor (‘head’) domain responsible for ATP 

hydrolysis and microtubule binding that enables them to walk along microtubules 

structures. They also consist of a stalk domain often involved in homo- or 

heterodimerization as well as a globular cargo-binding (‘tail’) domain (Hirokawa et 

al., 1998; Hirokawa et al., 1989; Hirokawa and Takemura, 2005). With the 

exception of the kinesin-13 and kinesin-14 families, all of the kinesins are plus-end 

directed and the directionality is largely determined by the intramolecular position 

of the respective motor domain. Plus-end directed motors have an N-terminal 

motor and a C-terminal cargo-binding domain (Hirokawa and Noda, 2008). One of 

the most abundant plus-end motors consists of proteins KIF5A, KIF5B and KIF5C, 

which form homo- or heterodimers and belong to the kinesin-1 family. These 

motors were identified in neuronal cells, with KIF5B being the only subunit present 
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in non-neuronal cell types (Hirokawa et al., 1989; Kanai et al., 2000; Vale et al., 

1985). A well-studied model cargo substrate of kinesin-1 is the secretory vesicular 

stomatitis virus glycoprotein (VSV-G) (Kreitzer et al., 2000; Nakata and Hirokawa, 

2003). 

Although motor proteins can directly bind to certain cargo proteins, they also 

interact with dedicated accessory factors to control motor processivity and cargo 

vesicle binding. The KIF5 dimer, e.g. is able to bind to cargo via two kinesin light 

chain (KLC) molecules in a tetrameric complex (Gyoeva et al., 2004). In 

heterotrimeric kinesin-2, the anterograde transport complex on which this study is 

predominantly focused, the motor subunits bind indirectly to membranous cargo 

via the KIF adaptor protein KAP3 (Deacon et al., 2003; Hirokawa and Noda, 2008; 

Jimbo et al., 2002; Takeda et al., 2000).  

 
I.1.4 Determining directionality: Models to explain opposing microtubule 
motor protein regulation 
Plus-end directed kinesin motors constantly compete with inward directed dynein 

minus-end motors for cargo binding. The resulting effect that can be observed in 

living cells is a back and forth movement of vesicles on microtubules; at times they 

also appear to be stationary (Muresan et al., 1996). This finally leads to cargo 

moving towards its destination in a seemingly saltatory manner, rather than by 

continuous transport at constant velocities (Jolly and Gelfand, 2011). A selective 

binding of either minus- or plus-end directed motors to specific cargos would 

suggest a more processive unidirectional motility of vesicles and does therefore 

not sufficiently account for the in vivo situation. It has also been shown in multiple 

studies, that several opposing motor molecules can bind to the very same cargo 

vesicle at the same time (Hendricks et al., 2012; Hendricks et al., 2010; Maday et 

al., 2012). Hence, two more complex models have been proposed to explain the 

outcome of intracellular trafficking directionality. The ‘coordination model’ suggests 

a tightly regulated machinery that is able to specifically switch motor proteins ‘on’ 

or ‘off’ (Fu and Holzbaur, 2013; Gross et al., 2002). In this model, opposing motors 

are bound to the cargo vesicle, but motor activity is regulated by adaptor or 

scaffolding proteins as well as by posttranslational modifications (Fu and Holzbaur, 

2013). There is some evidence for this model, including data showing that fast 

axonal transport in neurons can occur despite the presence of opposing motors 

bound to the cargo, suggesting that some of the bound motor proteins are inactive 
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(Fu et al., 2014). In the so-called ‘tug-of-war’ model, several of the competing 

molecules can act on a given cargo at the same time, and the overall directionality 

of transport is dependent on whether the stochastically stronger force is oriented 

anterograde or retrograde. The weaker motors then are also known to detach from 

microtubule tracks (Fig. 2) (Blehm and Selvin, 2014; Hendricks et al., 2010; Muller 

et al., 2008; Soppina et al., 2009). A vast amount of experimental data in the 

literature supports this model, e.g. bidirectional movement of late endosomes and 

lysosomes has been shown to involve simultaneous binding of few kinesin and up 

to five times more dynein molecules. The higher cargo affinity of kinesins makes 

up for their lower number, however, and could explain this observation (Hendricks 

et al., 2010; Mallik et al., 2013). 

 

 
Fig. 2 Tug-of-war model for transport directionality. Simplified schematic illustration showing 

kinesin (right-hand side; here: kinesin-1) and cytoplasmic dynein (left-hand side) walking on a 

microtubule track and simultaneously binding to a cargo vesicle. Several kinesin and dynein 

molecules can interact with the vesicle and stoichiometry as well as processivity define the 

outcome of netto vesicle transport direction. Scaffold proteins are not shown in this image. From: 

Becher and Seufferlein, unpublished. 
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I.1.5 Kinesin-2 
 
Members of the kinesin-2 family are ubiquitously expressed in all human tissues 

and possess key functions in many fundamental biological processes including 

development, regulation of mitosis, ciliary assembly, neuronal polarization and 

multiple sorts of intracellular transport (Cole et al., 1998; Keil et al., 2009; Shi et 

al., 2004). Although kinesin-2 was first characterized as a trimeric protein complex 

(Cole et al., 1993; Wedaman et al., 1996), it is now known that different types and 

oligomers of kinesin-2 family members exist in mammalian cells. While KIF17 

forms homodimers (Setou et al., 2000), potentially similar to kinesin-1 (de Cuevas 

et al., 1992), KIF3 proteins usually form heterotrimeric complexes. The 

heterotrimeric kinesin-2 transport complex comprises of KIF3A, KIF3B (and in rare 

cases, KIF3C, respectively) and the KIF associated protein 3 (KAP3) (Fig.3) in a 

molecular ratio of 1:1:1 (Keil et al., 2009; Keil et al., 2013; Verhey and Hammond, 

2009; Yamazaki et al., 1995; Yamazaki et al., 1996). While the KIF3A and KIF3B 

subunits form the microtubule binding motor unit, KAP3, an alpha helical globular 

protein containing a protein-binding armadillo repeat region, interacts with the C-

terminal rod of the KIF3A/KIF3B heterodimer and was suggested to have a 

function in efficient cargo binding (Deacon et al., 2003; Gindhart and Goldstein, 

1996; Hirokawa and Noda, 2008; Jimbo et al., 2002; Takeda et al., 2000; 

Wedaman et al., 1996). In line with this, KAP3 has been found to interact with 

various kinesin-2 cargo molecules, such as fodrin containing vesicles and 

adenomatous polyposis coli APC, a tumor suppressor involved in neuronal 

polarization; in addition, it binds to melanosomes via dynactin (Deacon et al., 

2003; Jimbo et al., 2002; Shi et al., 2004; Takeda et al., 2000). Furthermore, a 

function in stabilizing the rod-like structure of the KIF3 subunit heterodimer has 

been implicated for KAP3 (Doodhi et al., 2009), while it has no influence on the 

motor’s ATPase activity (Scholey, 2013). However, many details of how the 

assembly, processivity or cargo binding of kinesin-2 might be affected by the 

interaction of the KIF3 dimer with KAP3 are so far still elusive (Scholey, 2013). 
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Fig.3. Schematic illustration of the heterotrimeric kinesin-2 complex. The motor subunits 

KIF3A and KIF3B are marked orange and blue, respectively. The complex binds to membranous 

cargo via the adaptor protein KAP3 (red). This image has been adapted with permission from 

Figure 8 in: Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science by 

Company of Biologists. 

 

 

I.1.6 Key functions of heterotrimeric kinesin-2 
 
I.1.6.1 Cilium biogenesis 
 
Kinesin-2 mediated intraflagellar transport was shown to be vital for cilium 

assembly in eukaryotic cells by delivering precursors of the ciliar core component, 

the axoneme (Marszalek 1999, Hao 2011). Cilia are important in sensory signaling 

processes, i.e. photoreceptors, where in addition to the KIF3A/B-KAP3 complex a 

function for KIF3A/C-KAP3 has been proposed (Zhao and Malicki, 2011), as well 

as for cellular motility (Ishikawa and Marshall, 2011; Scholey, 2013) and 

development (Corbit et al., 2008). 

 

 
 
 

https://doi.org/10.1242/jcs.200170
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I.1.6.2 Intracellular anterograde vesicle transport

Several functions of the KIF3 complex for organelle and protein trafficking in both 

neuronal and non-neuronal cells have been proposed. In neuronal cells, fast 

axonal transport of fodrin containing granules, a process that is vital for neurite 

outgrowth, as well as slow transport of choline acetyltransferase in a vesicle 

independent manner, are mediated by heterotrimeric kinesin-2 (Ray et al., 1999; 

Takeda et al., 2000). 

In non-neuronal mammalian cells, kinesin-2 motors facilitate late endosome and 

lysosome anterograde movement (Brown et al., 2005). Notably, this motor 

complex is crucially involved in the transport of vesicles between the ER and the 

Golgi complex (Stauber et al., 2006) and of special carriers, such as dense core 

granules, towards the plasma membrane (Scholey, 2013). In this context, also, the 

distribution of human immunodeficiency virus (HIV) has been shown to be 

dependent on kinesin-2 mediated transport of HIV-positive compartments in 

infected macrophages. The precise molecular mechanism however is still unclear 

(Gaudin et al., 2012). 

I.1.6.3 Cell cycle progression

The KIF3 complex can affect cytokinesis and mitosis through various mechanisms. 

One possibility is by affecting ciliogenesis due to the action of cilia as force 

generators during daughter cell separation (Brown et al., 1999). On the other 

hand, kinesin-2 complex components have been shown to interact with cell cycle 

regulators. KIF3B interacts specifically with the armadillo repeat protein p0071, 

whose kinesin-2 mediated targeting to the midbody during spindle formation is 

required for RhoA activation and to trigger contractile ring formation during 

cytokinesis (Keil et al., 2009). KIF3B is also involved in the transport of synaptic 

nuclear envelope protein 1, a spectrin family member, which helps to recruit 

membrane compartments to the cleavage zone in cytokinesis (Fan and Beck, 

2004). 
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I.1.6.4 Cell polarization
Some studies have implicated heterotrimeric kinesin-2 in the correct localization of

mRNA during development, a process that is of importance to generate polarity.

Here, kinesin-2 likely works in cooperation with kinesin-1 (Betley et al., 2004;

Messitt et al., 2008). Furthermore, in polarized cells, a major significance for

kinesin-2 mediated protein transport has been reported. In neuronal cells, the KIF3

complex delivers the Par complex and APC to the tip of the nascent axon, laying

the foundation for cellular polarity (Nishimura et al., 2004; Shi et al., 2004).

Similarly, the Par complex is involved in polarity generation in epithelial cells (Fan

and Beck, 2004; Scholey, 2013), and APC is also crucial for polarization of

migratory cells, e.g. fibroblasts (Jimbo et al., 2002; Murawala et al., 2009; Scholey,

2013).

I.1.6.5 Intercellular adhesion

Both kinesin-1 and kinesin-2 motors have been reported to play a role in delivery 

of adhesion proteins to the cell surface (Nekrasova et al., 2011). The 

heterotrimeric KIF3 complex, in particular, has been shown to transport N-cadherin 

to cell-cell contact sites (Teng et al., 2005). Since a role for the p120 catenin family 

member p0071 in desmosomes and cell adhesion has been repeatedly reported, a 

respective significance of its interaction with KIF3B in adhesion seems likely but 

has not been explicitly investigated so far (Keil et al., 2007; Nolze et al., 2013; 

Wolf et al., 2006). 

I.1.6.6 Development

KIF3 has been linked to embryonic development several times in the past. 

Randomized left-right determination could be observed in mouse embryos lacking 

either KIF3A or KIF3B, which, in essence, was found to be a consequence of 

correct ciliar assembly impairment (Nonaka et al., 1998; Takeda et al., 1999). A 

mouse embryo model based study from the year 2008 has shown that knockout of 

Kif3a led to developmental defects by indirectly affecting beta-catenin mediated 

Wnt signaling due to the inability of cells to generate cilia following a block of 

kinesin-2 transport processes (Corbit et al., 2008). 
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I.1.7 The significance of kinesin-2 mediated transport processes in various
diseases

Imbalances in vesicular transport driven by defects in kinesin-2 function can lead 

to clinically relevant phenotypes in cells. In particular, a wide range of ciliopathies 

including mental retardation, respiratory disorder, infertility, hydrocephalus, 

polydactyly and polycystic kidney disease can be a direct consequence of defects 

in kinesin-2 orchestrated ciliar assembly (Marshall, 2008; Scholey, 2013). As 

mentioned above, the spreading of HIV is regulated by the heterotrimeric KIF3 

complex in a process still under investigation (Gaudin et al., 2012). KAP3 has 

been shown to be a crucial modulator of breast tumor kinase mediated cancer cell 

migration (Lukong and Richard, 2008) and more generally spoken, cellular 

transport is often deregulated in cancer. The underlying mechanisms are still an 

intriguing field of investigation and will carry on to provide a potent option for 

therapeutic intervention in the future (Patel et al., 2014).  
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I.2 BON cells: a model for studying intracellular vesicle transport from the
TGN to the plasma membrane

A model system that has been previously established in order to examine dense 

core granule transport and secretion are BON cells, a cell line originally derived 

from a human pancreatic neuroendocrine tumor (NET) (Evers et al., 1994; von 

Wichert et al., 2005). BON cells are carcinoid cells of neuroectodermal origin and 

are characterized by the hypersecretion of various substances. Among those are 

bioamines and neuropeptides, namely IGF-I or the secretory pancreastatin 

precursor protein Chromogranin A (CgA) (von Wichert et al., 2005; von Wichert et 

al., 2000). CgA is clinically highly relevant, being an important biomarker of NETs 

in patient blood. Since Chromogranin A release is deregulated and markedly 

elevated in BON cells, it provides an excellent tool to monitor the tightly regulated 

molecular machinery for vesicle trafficking from the trans-Golgi network (TGN) to 

the plasma membrane. Notably, using the BON cell model system, a key role for a 

calcium-calmodulin kinase, Protein kinase D, in chromogranin vesicle biogenesis 

at the Golgi could be identified by showing a block of CgA containing granule 

release from a perinuclear area that specifically co-stained with trans-Golgi 

markers (von Wichert et al., 2008). 

Although, many regulators of intracellular transport have been already identified, 

once in a while, proteins that were previously not described to be important for 

vesicular trafficking may greatly impact vesicular transport processes. The 

armadillo repeat protein p0071 was identified to be a potential candidate factor in 

protein trafficking, because in a Y2H-screen for novel interaction partners of this 

protein by the group of Mechthild Hatzfeld, a large number of potentially p0071-

associated proteins with functions in vesicle trafficking were revealed (Keil et al., 

2013). However, specific molecular mechanisms and cargos have not been 

reported so far. Given our research group’s expertise and interest in deciphering 

cellular transport related processes, in my thesis I have aimed to investigate this 

interesting link in more detail. 
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I.3 The armadillo repeat protein p0071

P0071, also known as plakophilin 4 (PKP4), is a ubiquitously expressed 130 kDa 

protein that is part of the p120-catenin family. This protein family is 

phylogenetically closely related to the classical catenins beta-catenin and 

plakoglobin and comprises of p120-catenin, NPRAP and plakophilin 1-3 (PKP1, 

PKP2, PKP3) (Fig. 4) (Keil et al., 2013). All members of this family contain a 

central stretch of 40-45 amino acid sequence repeats, the so-called armadillo 

repeats (arm-repeats), which form a region that can bind to a large variety of 

interacting proteins (Alema and Salvatore, 2007; Keil et al., 2013; Schackmann et 

al., 2013). This domain was first described in D. melanogaster in a protein named 

armadillo that has been implicated in the Wnt signaling pathway (Peifer et al., 

1994). It was soon discovered, however, that armadillo repeat domain proteins, 

due to their vast amount of binding partners within the cell, have remarkably 

versatile functions i.e. by acting as scaffolds in large protein complexes (McCrea 

and Gu, 2010). Respective roles have been described in signaling, cellular 

adhesion and cell-cell contacts, cytoskeleton maintenance, and cell cycle. P0071, 

in particular, has been reported to modulate intercellular adhesion, neurite 

outgrowth, cytoskeletal organization, cell division (Keil et al., 2007; Nolze et al., 

2013; Wolf et al., 2006) and Rab11-dependent endosomal recycling (Keil and 

Hatzfeld, 2014). In line with this, p0071 has been found to localize to different 

cellular compartments including adhesion sites, the nucleus and the perinuclear 

area, as well as to the cytoplasm (Wolf et al., 2006). 
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Fig.4. The p120-catenin family of armadillo-repeat proteins. Marked in grey are related 

classical catenins, while proteins of the p120 family are marked by the red box. Asterisks mark 

proteins that carry a PDZ binding site at their carboxytermial region. 

I.3.1 Structural features of p0071

The structure of p0071 is built up from an N-terminal head-domain, harboring a 

short sequence motif conserved in p120 catenins that is predicted to form a coiled-

coil structure. P0071 also contains a central armadillo repeat protein binding 

domain, and a shorter C-terminal tail domain (Keil et al., 2013) as well as a PDZ-

domain at its carboxy-terminal end, a feature that is only moderately conserved 

within the p120 catenin family (Hatzfeld, 2005). Like p120 catenin, p0071 has an 

overall rod-shaped structure that is slightly bent due to a loop structure within the 

9th armadillo repeat motif at the center (Fig. 5) (Choi and Weis, 2005). Four 

putative isoforms of p0071 deriving from different mRNA transcripts through 

alternative splicing have been reported on DNA level, which only differ by a few 

amino acids in length, but no isoform-specific differences in form or function are 

known on protein level (Jakobsen et al., 2013). 

p120-catenin 

beta-catenin* 

p0071* 

NPRAP* 

ARVCF* 

plakoglobin 

PKP1 

PKP2 

PKP3 
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Fig.5. Structural features of the armadillo repeat protein p0071. A loop region within the 

armadillo repeat sequence causes a slight kink in the rod like structure. Notably, p0071 carries a 

PDZ binding site at its C-terminus, in contrast to p120-catenin. 

I.3.2 Proteins interacting with p0071

The majority of the so far characterized binding partners of p0071 interact, 

unsurprisingly, either with its armadillo repeat domain or with the carboxy-terminal 

PDZ domain. A few, however, in particular desmosomal proteins desmocollin 3a, 

desmoplakin and plakoglobin have been described to bind to the N-terminal head 

domain (Hatzfeld et al., 2003; Setzer et al., 2004). An overview listing the so far 

well characterized interactions of p0071 can be found in table 1. An interesting 

finding has been reported in 2013 when a yeast-two-hybrid screen with the p0071 

armadillo and tail domains, respectively, yielded a total of 171 potential interaction 

partners. Among these, fourteen had functions in cellular adhesion and twenty-two 

have been assigned to cytoskeletal organization, in line with literature describing 

an important role for p0071 in regulation of these processes; however, the largest 

proportion - forty-two hits - represented proteins involved in vesicle transport (Keil 

et al., 2013). This is surprising, since a potential regulative function of p0071 in 

protein trafficking had not been described so far. 

head tail arm repeat 

PDZ binding domain at 
carboxyterminus 
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p0071 domain head domain arm repeat domain 

tail domain / 
PDZ binding 

site 

characterized 
interactions 

plakoglobin, 
desmocollin 3a, 

desmoplakin 

(Hatzfeld et al., 

2003; Setzer et 

al.,2004) 

E-, VE-, OB-, N- 
Cadherin (Hatzfeld and 

Nachtsheim, 1996; 

Calkins et al., 2003; 

Hatzfeld et al., 2003; 

Hofmann et al., 2008, 

2009), KIF3B (Keil et 

al.,2009), Rab11 (Keil et 

al., 2014), plakoglobin 

(Hatzfeld et al., 2003), 

presenelin (Stahl et al., 

1999), RhoA, Ect2 (Wolf 

et al., 2006), folliculin 
(Nolze et al., 2013) 

erbin, ZO-1, 
papin, 

FRMPD2 

(Stenzel et al., 

2009, Izawa et 

al., 2002; Jaulin 

-Bastard et al.

2002; Laura et

al., 2002; Ohno

et al., 2002, 

Deguchi et al., 

2000) 

Table 1. Interaction partners of p0071. The majority of interacting proteins bind to the p0071 

armadillo repeat domain or the PDZ binding sequence, but interactions have also been reported for 

the large head domain. (Hofmann et al., 2009; Stahl et al., 1999; Stenzel et al., 2009) 
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I.4 Biological functions of p0071

I.4.1 P0071 in cellular adhesion

When p0071 was first described first in 1996, it was shown to localize to 

intercellular adhesion sites (Hatzfeld and Nachtsheim, 1996). Numerous 

publications then followed characterizing its role in this context. P0071 interacts 

directly with E-, VE- and N- cadherin, which are key mediators for the 

establishment of cell-cell contacts found in adherens junctions and desmosomes 

(Calkins et al., 2003; Hatzfeld et al., 2003). Catenins are generally known to 

regulate cadherin stability and hence cellular adhesion; for example, p120-catenin 

has been shown to interfere with cadherin endocytosis and thereby strengthen cell 

contacts (Xiao et al., 2003). Interestingly, both positive and negative regulation of 

cellular adhesion have been reported to be functions of p120-catenin 

(Anastasiadis and Reynolds, 2001). While an E-cadherin stabilizing effect at 

adherens junctions has also been linked to p0071, suggesting a putative 

redundancy with other catenins, a simultaneous and contrary effect on 

desmosome organization seems to be unique for p0071 (Setzer et al., 2004). The 

same study also stated that in contrast to p120, p0071 does not have significant 

effects on adhesion strength (Setzer et al., 2004), but this is still controversial, 

since p0071 has been shown to interact and co-localize with folliculin, a tumor 

suppressor, at adherens junctions. Interestingly, this interaction was described to 

downregulate adhesion strength (Medvetz et al., 2012; Nahorski et al., 2012). A 

differential role of p0071 in comparison to p120-catenin could be explained by the 

PDZ binding site at the C-terminus of p0071, a feature absent in p120. Via this 

domain, p0071 has been reported to interact with a number of proteins involved in 

cellular adhesion, i.e. erbin, FRMPD2, and papin (Deguchi et al., 2000; Izawa et 

al., 2002; Jaulin-Bastard et al., 2002; Laura et al., 2002; Ohno et al., 2002). 

Furthermore, NPRAP, which features an identical PDZ binding sequence, was 

shown to interact with ZO-1, a cytoplasmic zonula occludens protein that binds to 

claudin and occludin stabilizing tight junctions (Deguchi et al., 2000). However, 

how p0071 is regulating cell adhesion and where these regulations locally occur 

are still subject to investigation and while it interacts with proteins assigned to 

different sorts of cell-cell contacts, p0071 itself was characterized to associate 

primarily with adherens junctions (Hatzfeld, 2007; Hofmann et al., 2008). 
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I.4.2 P0071 in cytoskeleton dependent processes

Members of the p120-catenin family and other catenins are known to control 

cytoskeletal organization via Rho family GTPases (Keil et al., 2013).  Yet, the 

compartments affected by regulation through catenins can be distinctively 

distinguished from one another. Through a direct interaction with the carboxy-

terminal domain of cadherins, beta-catenin links the intracellular complex proteins 

of cell contacts to the cytoskeleton. This happens in cooperation with alpha 

catenin, which anchors the entire complex to cytoskeletal actin (Anastasiadis and 

Reynolds, 2001). Intracellular cadherin domains also bind to p120-catenin. The 

mechanism of how p120-catenin affects cytoskeletal organization, however, is 

more complex, and involves Rho GTPase signaling.  Rho GTPases are key 

mediators of the actin cytoskeleton (Hall, 1998) at the interface of actin and 

cellular adhesion, and p120-catenin interacts with several members of this family: 

While it can activate Rac and cdc42 (Kuroda et al., 1998), it inhibits RhoA activity 

(Anastasiadis et al., 2000). This facilitates actin polymerization and increases cell 

motility.  
P0071, too, affects cytoskeleton-dependent processes via Rho GTPases. 

However, the role of p0071 in Rho signaling is not redundant to that of p120-

catenin and is related to cell cycle progression: It interacts with the Rho-GEF Ect2, 

which has been suggested to recruit p0071 to the furrow ingression area at the 

central spindle during cytokinesis, where it acts as a complex stabilizing scaffold 

enhancing RhoA activity (Wolf et al., 2006). This is important for contractile ring 

formation during cell division. Accordingly, depletion or overexpression of p0071 

both resulted in mitotic defects (Keil et al., 2013; Wolf et al., 2006). 
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I.4.3 P0071 and intracellular transport

The spatial distribution of p0071 proteins inside the cell is of major importance to 

ensure the correct progression of cell cycle and other processes. In a study from 

2009, p0071 was reported to interact with the motor protein KIF3B, a subunit of 

the anterograde heterotrimeric kinesin-2 complex. It could be demonstrated that 

delivery of p0071 to the midbody or adhesion sites, as well as its correct 

localization during mitosis is KIF3B-dependent. In line with this, KIF3B depletion 

mimicked the effects seen following knockdown of p0071 with regards to RhoA 

signaling and cell cycle completion (Keil et al., 2009). More recently, p0071 has 

been demonstrated to bind Rab11a, a major effector of recycling processes. In this 

context, p0071 was shown to be required for anterograde transport of Rab11 (Keil 

and Hatzfeld, 2014). Although a connection to the p0071-KIF3B interaction was 

not evaluated, Rab11a was described to be a kinesin-2 cargo (Schonteich et al., 

2008). Interestingly, the interaction between p0071 and KIF3B is direct, in contrast 

to most classical kinesin-2 cargo proteins, and does not require adaptor proteins 

or membranous packaging vesicles (Keil et al., 2009). This comes in addition to 

the hypothesis that p0071 associates with proteins involved in intracellular 

transport, albeit this has not been examined closer in previous work (Keil et al., 

2013).  
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p0071 feature 
biological 

context 
citations 

Interaction with cadherins 

Junctional protein 

of epithelial as 

well as 

endothelial cells 

Hatzfeld and Nachtsheim, 

1996; Calkins et al., 2003; 

Hatzfeld et al., 2003; 

Hofmann et al., 2008, 

2009 

Interaction with desmosomal 

proteins (e.g. 

desmoplakin,plakoglobin) 

Desmosomal 

adhesion 

Hatzfeld et al., 2003; 

Setzer et al., 2004 

Association with folliculin 

Negative 

regulator of cell 

adhesion 

Medvetz et al., 2012; 

Nahorski 

et al., 2012 

Interaction with presenellin 

Signalling / Wnt 

pathway 

(suggested) 

Stahl et al., 1999 

Interaction with PDZ domain 

containing proteins 

Peripheral 

membrane / cell 

contacts 

Stenzel et al., 2009, Izawa 

et al., 2002; Jaulin -

Bastard et al. 2002; Laura 

et al., 2002; Ohno et al., 

2002, Deguchi et al., 

2000; Ohno et al., 2002 

Controls Rho signaling, 

localization to spindle poles and 

the midbody during cytokinesis 

Cell division / 

mitosis 

Wolf et al., 2006; Keil et 

al., 2007 

Direct interaction with KIF3B 

Localization 

during mitosis / 

(transport?) 

Keil et al., 2009 

Upregulated in schizophrenia 

patients 

Neuronal 

plasticity 

Martins-de-Souza et al., 

2009 
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p0071 feature 
biological 

context 
citations 

Interaction with Rab11 

Intercellular 

adhesion / 

recycling 

Keil et al., 2014 

FRMP controls p0071 mRNA 

translation 

Actin filament 

organization 
Nolze et al., 2013 

Table 2. Overview of p0071 biological functions reported in the existing literature. 

I.4.4 Relevance of p0071 in various diseases

Potential roles of p0071 in clinically relevant context are still not sufficiently 

characterized. P0071 has been shown to be upregulated in schizophrenia 

(Martins-de-Souza et al., 2009) and was implied as a potential target of treatment 

for fragile-X-syndrome (Nolze et al., 2013). The p120-catenin family member that 

shows the greatest homology to p0071 is NPRAP, a protein only expressed in 

neuronal cells under normal conditions. Remarkably, NPRAP is upregulated in 

various tumor types including prostate cancer, lung and colorectal cancer and is 

linked to bad prognosis (Fang et al., 2012; Lu, 2010; Zeng et al., 2009; Zhang et 

al., 2014). Although expression levels of p0071 in cancer have seldom been a 

focus of investigation so far, high expression has been reported to significantly 

correlate with poor survival in neuroblastomas (Zhao et al., 2015), while in 

oropharyngeal tumors, its expression inversely correlates with tumor size 

(Papagerakis et al., 2003). P0071 mRNA has also been found to be present in 

breast cancer cell protrusions where it could, during epithelial to mesenchymal 

transition, possibly act as an enhancer of invasion and metastasis by controlling 

adherens junctions (Jakobsen et al., 2013). A function of p0071 in the regulation of 

intracellular transport as is reported in this study implies a further relevance of this 

protein in the context of diseases, especially in cancer, since deregulated 

secretion is a vital, and still often undervalued, feature of malignant tumor cells. 
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Aim of this study 

Cellular protein traffic is modulated by multiple regulatory networks. These include 

the microtubule network, vesicle generation and separation from the Golgi and ER 

as well as various kinesin- and dynein-based motor machineries. Dysbalances in 

the regulation of protein transport within cells are characteristic for various 

diseases including cancer. A better understanding of the intimate mechanism of 

cellular transport can therefore assist in developing novel therapeutic strategies 

and tailor existing approaches to specific diseases in a more target-oriented 

manner. Thus, it is of vital interest to decipher the responsible machineries as well 

as to identify the involved components.  

It has been previously reported that a large number of proteins commonly 

assigned to cellular transport processes were identified as potential interaction 

partners of the armadillo protein p0071. In addition, p0071 has been reported to 

directly bind kinesin-like motor protein KIF3B, which is untypical for mere cargo 

particles of the KIF3 complex. However, a role of p0071 in transport and secretion 

has not been reported in the literature so far. Thus, the purpose of this work was to 

examine whether p0071 plays a role in transport processes and how this is 

regulated in detail by answering the following core questions:  

• Does p0071 knockdown affect intracellular protein transport and what

phenotype can be observed?

• Which cellular compartments can the observed effects be located to?

• Does p0071 specifically regulate a certain transport mechanism or

machinery or is it generally involved in all intracellular traffic events? Are

these effects observed in different cancer cell lines?

• Is the KIF3 complex an essential part of this regulation and if true, what is

the precise role of p0071 within this complex?

• Which domains of the p0071 structure are responsible for its role in protein

transport?

In order to answer these questions we involved several classical biochemical and 

molecular biology methods like coimmunoprecipitation, ELISA and immuno-

pulldown assays, as well as state of the art microscopy techniques, including 

Foerster Resonance microscopy, electron microscopy and fluorescence live cell 

imaging. 
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II Material and methods 
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II.1 Material

II.1.1 Machines and apparatus devices

Device Company Country 

BioPhotometer Eppendorf Hamburg, Germany 

Centrifuge 5417C Eppendorf Hamburg, Germany 

Certomat IS Sartorius Goettingen, Germany 

Fusion SL Vilber Lourmat Eberhardzell, Germany 

GS-3 Rotor (Sorvall) Thermo Scientific Carlsbad, CA, USA 

Heraeus Biofuge fresco Thermo Scientific Carlsbad, CA, USA 

Heraeus Labofuge 400 Thermo Scientific Carlsbad, CA, USA 

Heraeus Megafuge 1.0R Thermo Scientific Carlsbad, CA, USA 

HERAcell 240i CO2 Incubator Thermo Scientific Carlsbad, CA, USA 

InfiniteM200pro Tecan Group Ltd. Maennedorf, Switzerland 

Mini-Protean Tetra System Biorad Hercules, CA, USA 

Power Pac HC Biorad Hercules, CA, USA 

Primus96Plus MWG-Biotech Ebersberg, Germany 

SP8 confocal microscope Leica Wetzlar, Germany 

SubCell GT Biorad Hercules, CA, USA 

Stage Top Incubator Okolab Pozzuoli, Italy 

Test-tube-rotator neoLab Migge Heidelberg, Germany 
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Device Company Country 

Thermomixer compact Eppendorf Hamburg, Germany 

Type 45 TiRotor Beckman Coulter Brea, CA, USA 

Table 3. Used machines and apparatus devices 

II.1.2 Reagents

Reagent Company Country 

2 – propanol VWR Radnor, PY, USA 

Acetone Applichem Darmstadt, Germany 

Acrylamide Roth Karlsruhe, Germany 

Agarose Sigma-Aldrich St Louis, MO, USA 

Ammonium persulfate Sigma-Aldrich St Louis, MO, USA 

Ampicillin Roth Karlsruhe, Germany 

β-mercaptoethanol Merck Darmstadt, Germany 

Bradford assay reagent BIORAD Hercules, CA, USA 

Bromophenolblue Roth Karlsruhe, Germany 

BSA Serva Heidelberg, Germany 

Citric acid Sigma-Aldrich St Louis, MO, USA 

Coomassie Blue R-250 Thermo Scientific Carlsbad, CA, USA 

Cycloheximide Sigma-Aldrich St Louis, MO, USA 

DMEM Thermo Scientific Carlsbad, CA, USA 

DNase I Applichem Darmstadt, Germany 

DTT Thermo Scientific Carlsbad, CA, USA 
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Reagent Company Country 

ECL reagent  (Super Signal West® 

extended duration substrate) 

Thermo Scientific Carlsbad, CA, USA 

Escherischia coli BL 21 (DE3) New England Biolabs Ipswich, MA, USA 

EDTA Sigma-Aldrich St Louis, MO, USA 

Ethanol VWR Radnor, PY, USA 

FCS Biochrom Berlin, Germany 

Fluoromount G Southern Biotech Birmingham, AL,USA 

L-Glutathione reduced Sigma-Aldrich St Louis, MO, USA 

Glutathione sepharoseTM  4 B GE Healthcare Chicago, IL, USA 

Glycerol Roth Karlsruhe, Germany 

Glycine Applichem Darmstadt, Germany 

Hydrochloric acid VWR Radnor, PY, USA 

IPTG Thermo Scientific Carlsbad, CA, USA 

Kanamycin Sigma-Aldrich St Louis, MO, USA 

LB medium capsules MP Biomedicals St Ana, CA, USA 

Lipofectamine LTX Invitrogen Carlsbad, CA, USA 

Lysozyme Sigma-Aldrich St Louis, MO, USA 

Magnesium chloride Sigma-Aldrich St Louis, MO, USA 

Methanol Sigma-Aldrich St Louis, MO, USA 

Nocodazole Sigma-Aldrich St Louis, MO, USA 

Paclitaxel (taxol) Sigma-Aldrich St Louis, MO, USA 

PBS (Dulbecco’s phospho 

buffered saline) 

Thermo Scientific Carlsbad, CA, USA 
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Reagent Company Country 

Penicillin & Streptomycin Invitrogen Carlsbad, CA, USA 

Phosphatase inhibitors cocktail 

phosSTOP EASYpack) 

Roche Basel, Switzerland 

Polyethylenimine PolySciences Inc. Warrington, PA, USA 

Ponceau S solution Sigma-Aldrich St Louis, MO, USA 

Protease inhibitors cocktail 

(cOmplete Mini EDTA free) 

Roche Germany 

Protein A sepharose beads GE Healthcare Chicago, IL, USA 

Puromycin dihydorchloride Sigma St Louis, MO, USA 

PVDF membrane Millipore Billerica, MA, USA 

SDS (sodium dodecyl sulfate) Roth Karslruhe, Germany 

SDS-PAGE ruler Thermo Scientific Carlsbad, CA, USA 

SiR tubulin Spirochrome Stein am Rhein, CH 

Skimmed milk powder Roth Karlsruhe, Germany 

Sodium azide Sigma-Aldrich St Louis, MO, USA 

Sodium chloride Merck Darmstadt, Germany 

Sodium deoxycholate Sigma-Aldrich St Louis, MO, USA 

Sodium hydroxide Applichem Darmstadt, Germany 

WB Stripping Buffer (RestoreTM) Thermo Scientific Carlsbad, CA, USA 

TEMED 

(N,N,N′,N′-Tetramethylethane- 

1,2-diamine) 

Biorad Hercules, CA, USA 

Tetracycline Sigma-Aldrich St Louis, MO, USA 
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Reagent Company Country 

Tris base USB Corp. Cleveland, OH, USA 

Triton X-100 Sigma-Aldrich St Louis, MO, USA 

Trypsin-EDTA (0.5 %) Thermo Scientific Carlsbad, CA, USA 

Tween®-20 Sigma-Aldrich St Louis, MO, USA 

Vinblastine Sigma-Aldrich St Louis, MO, USA 

Table 4. Used reagents 

II.1.3 Consumables and kit reagent systems

Product Company Country 

0.2ml PCR tubes Biorad Hercules, CA, USA 

6 well cell culture plate cellstar® Greiner Bio-One Kremsmuenster, Austria 

14 ml PP Tube Greiner Bio-One, Kremsmuenster, Austria 

Antigen unmasking solution Vector Laboratories Burlingame, CA, USA 

Bio-Rad Protein Assay Dye 

Reagent Concentrate 

Biorad Hercules, CA, USA 

Blotting Pad 707 VWR Radnor, PY, USA 

Cell Culture Flasks, 75cm×, PS, 

red filter cap, sterile 

Greiner Bio-One Kremsmuenster, Austria 

Cell culture dish cellstar®, 

100/20MM 

Greiner Bio-One Kremsmuenster, Austria 

Disposable cuvettes semi-micro Brand Wertheim, Germany 

E.Z.N.A. Plasmid DNA Mini Kit I Omega bio-tek Norcross, GA, USA 

Filter tissue (polyamide) 

102x100mm, 50 m 

Hartenstein GmbH Wuerzburg, Germany 

Filtropur S 0.2 Sarstedt Nuembrecht, Germany 

Glass Bottom -Dish35mm, high Ibidi GmbH Martinsried, Germany 

Human MMP9 ELISA Kit Invitrogen Carlsbad, CA, USA 
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Product Company Country 

Immobilon-P®  PVDF membrane Millipore Billerica, MA, USA 

Microscope Slides SuperFrot 

Weiss cut edges 

Roth Karlsruhe, Germany 

Mini Protean System Glass Plates Biorad Hercules, CA, USA 

NucleoBond® Xtra Maxi Macherey-Nagel Dueren, Germany 

Nunc®  Maxisorp ELISA plates Thermo Scientific Carlsbad, CA, USA 

PCR dNTP-Mix (10mM) Genaxxon Ulm, Germany 

Pipette Tips (10 l, 200 l, 1000 l) Starlab Hamburg, Germany 

Poly-Prep Chromatography 

Columns 

Biorad Hercules, CA, USA 

Reaction tubes (1.5ml, 2ml) Sarstedt Nuembrecht, Germany 

Serological Pipets (Stripette 5ml, 

10ml, 25ml) 

Corning Inc. Corning, NY, USA 

SmartLadder Eurogentec Liège, Belgium 

TransIT-HeLa-MONSTER® Kit Mirus Bio Madison, WI, USA 

UV-Cuvette micro Brand Wertheim, Germany 

Vivaspin 2ml 10.000 MWCO HY Sartorius Goettingen, Germany 

Table 5. Used consumables and kits 

II.1.4 Antibodies used

Name ordering 
number 

company Dilution References 

p0071 

GP71 Progen, 
Heidelberg, 
Germany 

IF: 1:50 
IP: 2µg 

(Hofmann et al., 2008; 
Hofmann et al., 2009; 
Medvetz et al., 2012) 

KIF3B sc-50456 St Cruz, 
Santa Cruz, 
CA, USA 

IF: 1:100 
WB: 
1:1000 
IP: 2µg 

(Aguado-Fraile et al., 2012; 
Keil et al., 2009) 
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Name ordering 
number 

company Dilution References 

KAP3 sc-55598 St Cruz, 
Santa Cruz, 
CA, USA 

IF: 1:100 
WB: 
1:1000 

(Landers et al., 2009; Traynor 
et al., 2010) 

alpha-tubulin T5168 Sigma 
Aldrich, St 
Louis, MO, 
USA 

IF: 1:200 
WB: 
1:1000 

(Lefave et al., 2011; Whelan 
et al., 2010) 

TGN46 NBP1-
49643 

Novus 
Biologicals, 
Littleton, CO, 
USA 

IF: 1:500 (Eiseler et al., 2016; Wille et 
al., 2014) 

chromogranin 
A 

M086929
-2

DAKO, St 
Clara, CA, 
USA 

IF: 1:100 (Aguilera et al., 2015; Gradiz 
et al., 2016; Scharfmann et 
al., 2014) 

beta-actin #A2228 Sigma 
Aldrich, St 
Louis, MO, 
USA 

WB: 
1:2000 

(Darr et al., 2014; Wohlfert et 
al., 2006; Zhao et al., 2011) 

Flag-M2 #F1804 Sigma 
Aldrich, St 
Louis, MO, 
USA 

WB: 
1:2000 

IP: 2µg 

(Han et al., 2010; He et al., 
2010; Kinsey et al., 2009; 
Rudinskiy et al., 2009) 

p0071 651166 Progen, 
Heidelberg, 
Germany 

WB: 
1:100 

(Hofmann et al., 2008; 
Hofmann et al., 2009) 

PKD2 A300-
073A 

Bethyl, 
Montgomery, 
TX, USA 

WB: 
1:1000 

(Azoitei et al., 2011; Irie et al., 
2012; Zheng et al., 2011) 

acetylated 
tubulin 

ab125356 Abcam, 
Cambridge, 
UK 

WB: 
1:1000 

(Mori et al., 2015; Smirnova 
et al., 2016; Xiaojun et al., 
2016) 

V5 epitope ab3792 Millipore, 
Billerica, MA, 
USA 

WB: 
1:2000 

(Cui et al., 2015; Jablonski et 
al., 2015; Minoura et al., 
2016) 

Name ordering company Dilution References 
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number 

Anti-guinea 
pig FITC 

F-7762 Sigma 
Aldrich, St 
Louis, MO, 
USA 

IF: 1:400 (Geffrotin et al., 2000; 
Kasimiotis et al., 2000; 
Makarenko et al., 2002) 

Alexa-Fluor 
568/647 

goat-anti-
rabbit 

# A11036 

# A21244 

Thermo 
Scientific, 
Carlsbad, 
CA, USA 

IF: 1:400 (Eiseler et al., 2010; Eiseler 
et al., 2012; Eiseler et al., 
2015; Wille et al., 2014) 

Alexa-Fluor 

488/568 

goat-anti-
mouse 

#A11029 

#A11031 

Thermo 
Scientific, 
Carlsbad, 
CA, USA 

IF: 1:400 (Eiseler et al., 2010; Eiseler 
et al., 2012; Eiseler et al., 
2015; Wille et al., 2014) 

Alexa-Fluor 
488 

goat-anti-
guinea pig 

#A11073 Thermo 
Scientific, 
Carlsbad, 
CA, USA 

IF: 1:400 (Baer et al., 2012; Checchi et 
al., 2014; Housley et al., 
2013) 

Table 6. Used antibodies 

II.1.5 RNAi constructs

shRNA Target Target sequence 

scramble no target CCTAAGGTTAAGTCGCCCTCGC 

TCGAGCGAGGGCGACTTAACCTTAGG 

TRCN0000123179 PKP4 CCCAAGGAACTGTGAGCAATT 

TRCN0000123181 PKP4 GCCAACGAAGTACCCTTACAT 

TRCN0000116458 KIF3B CCTGCCTCTTACAACGTAGAA 

TRCN0000116460 KIF3B GCTCGCGTTCTCATGCAATTT 

NM_016457.x-294s1c1] PKD2 CCGGCTTCTACGGCCTTTACGACAAC 

TCGAGTTGTCGTAAAGGCCGTAGAAGTTTTT 

Table 7. SiRNA constructs 
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II.1.6 Buffers

Phospho buffered saline (PBS) Conc. 

NaCl 137 mM 

KCl 2.7 mM 

 Na2HPO4 10 mM 

KH2PO4 1.8 mM 

TBS-Tween washing buffer for ELISA Conc. 

Tris-HCl (pH 7.6) 20 mM 

NaCl 150 mM 

Tween 20 0.1 % 

Cell lysis buffer Conc. 

Tris-HCl (pH 7.6) 10 mM 

EDTA 5 mM 

NaCl 50 mM 

NaF 150 mM 

Triton X-100 1 % 

Western Blot transfer buffer Conc. 

Tris base 3 g / l 

Glycine 14.5 g / l 

Methanol 200 ml / l 

IF blocking buffer Conc. (in 1x PBS) 

BSA 5 % 

Tween-20 0.05 % 
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SDS-PAGE running buffer Conc. 

Tris base 3.02 g / l 

Glycine 14.4 g / l 

SDS 1 g  / l 

5X Laemmli buffer Conc. 

Tris-HCl (pH 6.8) 200 mM 

Glycerol 20 % 

Bromophenolblue 0.05 % 

SDS 10 % 

DTT/β-ME 10 mM 

Table 8. Buffer composition tables 

SDS-PAGE gel composition 
Component 

Stacking gel 

(4 %) 
(10 ml) 

Seperating gel 

(10 %) 
(10 ml) 

Acrylamide (30 %) 1.7 ml 3.3 ml 

Water 6.8 ml 3.9 ml 

Tris-HCl (0.5 M pH 6.8) 2.5 ml - - -

Tris-HCl (1.5 M pH 8.8) - - - 2.5 ml 

SDS (10 %) 0.1 ml 0.1 ml 

APS (10 %) 0.1 ml 0.1 ml 

TEMED 0.01 ml     0.004 ml 

Table 9. SDS-PAGE gel composition 
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II.1.7 Software

Name Company Country 

Adobe Photoshop CS6 

13.0 

Adobe USA 

Blender 3D software http://www.blender.org USA 

EndnoteX1 Thomson Reuters USA 

Excel 15.0.4701.1001 Microscoft Corporation USA 

GraphPad Prism 6 for 

Windows 6.04 

GraphPad Software, Inc. USA 

Irfanview for Windows http://www.irfanview.com USA 

National Institute of Health 

(NIH) ImageJ 

1.49v http://imagej.nih.gov/ij USA 

National Institute of Health 

(NIH) ImageJ (Fiji) 

1.50a http://imagej.nih.gov/ij USA 

LAS AF 2.6.3 build 8173 Leica Microsystems CMS GmbH Germany 

Serial Cloner 2.6.1 http://serialbasics.free.fr/Serial_Cloner.html USA 

Tecan i-control 3.3.10.0 Perkin Elmer, Inc. USA 

Word 15.0.4701.1001 Microscoft Corporation USA 

Table 10: Used Software 
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II.2 Methods

II.2.1 Cell culture

The human neuroendocrine carcinoid BON used for this study were authenticated 

in February 2014 (Munzberg et al., 2015). Panc1 pancreatic tumor cell lines had 

been freshly purchased from the European Collection of Cell Cultures through 

Sigma-Aldrich, St Louis, MO, USA. All cell lines used including HeLa and Hek293 

cells were maintained in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% (v/v) fetal bovine serum in a humidified atmosphere of 5% 

CO2: 95% air at 37°C. 

II.2.2 Transfection of cell lines

BON and Hek293T cells were transfected with polyethylenimine (PEI) 

(Polysciences Inc., Warminster, PA, USA). 2 µg/ml DNA was mixed with 7.5 µg/ml 

PEI at room temperature in serum free medium and incubated for 20 minutes to 

allow complex formation. DNA complexes were then added to cells and 4 hours 

after transfection, media were changed to avoid toxicity. HeLa cells were 

transfected using HeLa Monster reagent (Mirus Bio, Madison, WI, USA). Transient 

transfection of Panc1 cells was performed using FuGENE HD (Promega, Madison, 

WI, USA). The manufacturer’s instructions for each reagent were followed in each 

case.  

II.2.3 Lentiviral transduction of mammalian cells

To create stable cell lines, viruses were harvested from supernatant of HEK293FT 

cells that were transfected with lentiviral packaging, evelope and transfer vectors 

(pSPAX.2, pMD2.G and pLKO) combined at a ratio of 3:1:4. Cell culture 

supernatants were subsequently collected after 48 hours of lentivirus production 

and used to infect BON, HeLa and Panc1 cells, respectively. Cells were lentivirally 

transduced by adding 1 ml of virus supernatant to 4 ml of culturing media for 24 

hours and afterwards selected using 6 µg/ml puromycin for BON and Panc1 cells 

and 2 µg/ml puromycin for HeLa cells, respectively (Sroka et al., 2016). Assays 
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were performed after only a few days after selection to avoid long-term effects of 

protein knockdown. 

II.2.4 DNA constructs and RNA interference

The mammalian expression plasmids for p0071-HA (pVen2-HA-p0071(wt)) and 

KIF3B (pcDNA3-KIF3B-wt-Flag) as well as the bacterial expression vector p0071-

R(510-993)-pGex5 were a kind donation from Prof. Mechthild Hatzfeld, Martin-

Luther University Halle, and described previously (Keil et al., 2009). P71-head(1-

509)-pGex5.1 and p0071(tail)-pGex-5X-1, both also a kind donation from Prof. 

Hatzfeld, were created by inserting the p007 head domain (aa 1-509) into 

pGEX5.1 at the MunI and EcoRI restriction sites and the tail domain (aa 994-1149) 

into pGEX-5X-1 at the EcoRI and XhoI restriction sites, respectively. PcDNA3-

tubulin-mCherry and mEOS-EB3 were a kind donation from Prof. Franz Oswald 

(Ulm University). The mammalian expression vector for KAP3 (pEF-DEST51-

KAP3-V5-His) was ordered and purchased from Source bioscience (Nottingham, 

UK). The plasmid used for expression of CgA-GFP has been described in the 

literature (von Wichert et al., 2008). To generate knockdown of P0071- and KIF3B 

in various cell lines, short hairpin RNA (shRNA) constructs specifically designed 

for the according genes were acquired  from Thermo Scientific (GE Dharmacon, 

Lafayette, CO, USA). Two p0071 shRNAs targeting the P0071 3’ UTR 

(TRCN0000123179, referred to in text as shp0071 #1) and P0071 cDNA 

(TRCN0000123181, referred to as shp0071 #2), respectively were selected for 

experiments after evaluation via western blot. Accordingly, two shRNAs directed 

against KIF3B (TRCN0000116458, referred to in the text as shKIF3B #1 and 

TRCN0000116460, referred to as shKIF3B #2) were chosen after gene knockdown 

confirmation on protein level via western blot for experiments. To knock down 

KAP3 in cell lines, two different shRNAs were used (clone IDs TRCN0000117237 

(referred to as shKAP3 #1) and TRCN0000117238 (referred to as shKAP3 #2)). 

Lentiviral packaging constructs pSPAX.2 and pMD2.G originated from Addgene. 

The PKD2 shRNA used in this study (NM_016457.x-294s1c1]) was purchased 

from Sigma-Aldrich, St Louis, MO, USA. 
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II.2.5 Treatment of cells with microtubule targeting agents (MTAs)

With the exception of the dosage dependent secretion assay shown in Figure 12 

where different concentrations were applied as indicated, serum starved cells were 

incubated with 10 nM paclitaxel (taxol) (Sigma Aldrich, St. Louis, MO, USA) and 5 

nM vinblastine (Sigma Aldrich, St Louis, MO, USA), respectively overnight. CgA 

secretion assays were carried out subsequently. To analyze the degrees of tubulin 

acetylation, western blots were performed from total cell lysates after incubation 

times with microtubule targeting agents of up to 72 hours as indicated. Nocodazole 

washout experiments were done by incubating HeLa cells seeded on glass slides 

with 2.5 µg/ml nocodazole (Sigma Aldrich, St Louis, MO, USA) for 2 h at 37°C and 

subsequently rinsing 5 times and transferring to fresh media for 2 h before sample 

fixation. 

II.2.6 Immunofluorescence microscopy

BON and HeLa cells grown on microscope coverslips were fixed and 

permeabilized with ice-cold methanol for 5 minutes.  After a 30 minutes blocking 

step at room temperature in PBS containing 5% FBS and 0,05% Tween-20, 

primary antibody diluted in blocking solution was added for two hours followed by 

washing five times with PBS. Subsequently, secondary Alexa Fluor (Invitrogen, 

Carlsbad, CA, USA) antibodies were diluted 1:400 in blocking solution and 

samples were incubated for additional 2 hours. After extensive washing, coverslips 

were mounted onto microscopy slides with Fluoromount-G mounting solution 

(Southern Biotech, Birmingham, AL, USA). The primary antibodies used for 

immunofluorescence include anti-p0071, anti-KIF3B, anti-KAP3, anti-alpha-tubulin, 

anti-TGN46 and anti-chromogranin A. They are also listed in II.1.4. For AB-FRET 

experiments, fixed samples were prepared as described above and then 

processed with help of a confocal laser scanning microscope TCS SP8-HCS 

(Leica, Mannheim, Germany) with a Plan APO CS2 63x/1.3 water immersion 

objective. Acceptor bleaching was done by exposing a defined region of interest 

(as shown in Fig. 22) to an intensive 561-nm laser pulse. Pre-bleach as well as the 

respective post-bleach images of donor and acceptor molecules were acquired by 

an automated time series, and values for FRET efficiency of individual 

experiments was calculated by subtracting the donor pre bleach to donor post 
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bleach ratio from one. Mean FRET efficiency and SEM of non-thresholded raw 

data and statistical significance was calculated using two-tailed unpaired Student's 

t test (Eiseler et al., 2016; Sroka et al., 2016; Wille et al., 2014).  

II.2.7 Live cell imaging

For live cell video assays, 0.3 x 106 cells were counted and seeded onto 35 mm 

glass bottom dishes (ibidi GmbH, Martinsried, Germany) 24 hours before 

treatment. Microtubule plus end point tracking was done with the help of an 

inverted Olympus IX71 microscope (Olympus, Hamburg, Germany) with an 

attached ORCA R2 camera (Hamamatsu Orca, Hamamatsu, Japan) and the 

Simple PCI Software (Compix, Irvine, CA, USA). Live cell imaging for VSV-G 

assays, chromogranin release from BON cells and vesicle tracking, respectively, 

was performed using a confocal laser scanning microscope TCS SP8-HCS (Leica, 

Mannheim, Germany) equipped with Plan APO CS2 63x/1.3 water immersion 

objective. Living cells were maintained in Leibovitz L-15 medium allowing image 

acquisition in a CO2 free atmosphere in a K-Frame OKO-LABS stage-top incubator 

at temperatures indicated for each experiment. Image series were recorded with 

active autofocus with a 90% open pinhole in order to compensate for thermal drift.   

II.2.8 Transmission electron microscopy

Transmission electron microscopy sample preparation was done at the core facility 

for electron microscopy at Ulm university according to a previously published 

protocol for high-pressure freezing and by freeze substitution followed by epon 

embedding (Buser and Walther, 2008). 

BON cells with shRNA mediated knockdown of P0071 and control cells, 

respectively, were seeded in 9.6 cm2 cell culture dishes onto 3mm glow 

discharged, carbon-coated sapphire discs (160 µm thickness, Engineering Office 

M. Wohlwend GmbH, Sennwald, Switzerland). After twenty-four hours, cells were

then high pressure frozen with the help of a Wohlwend HPF Compact 01 high-

pressure freezer (Engineering Office M. Wohlwend GmbH, Sennwald,

Switzerland). Freeze substitution of samples was achieved by replacing the

contained ice with substitution medium (acetone containing 3% glutaraldehyde,

0.1% uranyl acetate, 1.2% H2O). During this process the temperature was slowly
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increased from 183 to 273 K within 18 hours of time. After incubation at room 

temperature for thirty minutes, samples were washed two times with acetone and 

embedded in epon plastic for 72 hours at a polymerization temperature of 333 K. 

Finally, samples were cut using an ultramicrotome (Leica Ultracut UCT) and a 

diamond knife (Diatome, Biel, Switzerland). Samples were then analyzed with a 

JEOL JEM2100F transmission electron microscope. 

II.2.9 Cell lysis and Western blot

Cells were lysed in lysis buffer (10 mM Tris-HCl, 5 mM EDTA, 50 mM NaCl, 50 mM 

NaF and 1 % Triton X100 supplemented with Complete Protease inhibitor Cocktail 

and PhosStop tablets (Roche, Basel, Switzerland)) and used for western analysis 

or, where indicated, subsequently subjected to immunoprecipitation using 2 µg of 

specific antibody and Protein A Sepharose beads (GE Healthcare, Chicago, IL, 

USA). Proteins were separated by SDS-PAGE and transferred to PVDF 

membranes (Millipore, Billerica, MA, USA). Blocking of membranes was achieved 

by incubation in 5 % non-fat dry milk in phosphate buffered saline (PBS) 

containing 0.2 % Tween 20. Prior to HRP coupled secondary antibody incubation 

and luminescence detection, membrane were shaken over night at 4 °C with 

primary antibodies.  

II.2.10 Pulldown

P0071 deletion constructs (p0071-R(510-993)-pGex5.1 (armadillo repeat domain), 

p0071-head(1-509)-pGex5.1 (N-terminal head domain) and p0071(tail)-pGex5.1 

(C-terminal tail domain) were transformed in BL21DE3 bacteria (New England 

Biolabs, USA). Expression of proteins was initiated by induction at A600 = 0.6 with 

1 mM isopropyl 1-thio-β-d-galactopyranoside (Thermo Scientific, Waltham, MA, 

USA) for 5 h at room temperature on a shaker. Bacteria were treated with 1 mg / 

ml lysozyme and DNAse and lysed via sonification, and proteins were purified on 

beads using Glutathione Sepharose 4BTM (GE Healthcare, Chicago, IL, USA). 20 

µl of protein-loaded beads were incubated with 1.5 mg of total cell lysate from 

HEK293T cells overexpressing KAP3-V5-His or transfected with empty vector as 

control for two hours at 4 °C. Beads loaded with GST alone were also used as 

negative control. After extensive washing, protein bound to beads was denatured 
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in SDS sample buffer at 95°C and analyzed via SDS PAGE and western blot. To 

generate purified KAP3 protein for interaction studies in a completely cell free 

approach, large amounts of KAP3-GST were first expressed in BL21 bacteria. 

Following cell lysis, the protein was bound to Glutathione Sepharose 4BTM beads 

(GE Healthcare, Chicago, IL, USA) and eluted into glutathione buffer (20 mM 

reduced glutathione in 50 mM Tris pH 8.0). Protein concentration was 

subsequently increased using Vivaspin2 concentrator columns (10,000 MWCO, 

Satorius Stedim Biotech) in Tris buffer (25 mM Tris, pH 8.0). Removal of the GST-

tag was achieved with the help of HRV3C protease (MoBiTec, Goettingen, 

Germany). Samples were incubated on a rotator with 1.5 units per 100 µg of 

protein for 8 hours and then added to Glutathione bead slurry three times in a row 

for one hour each in order to remove the cut GST tag, any still uncut GST-fusion 

protein and to wash out the HRV3C protease. All experimental steps after initial 

cell lysis were performed at 4 °C. The purity of tag-free KAP3 protein was 

analyzed by performing SDS PAGE and Coomassie staining of the gel (PlusOne 

Coomassie tablets, PhastGel Blue R-350, GE Healthcare, Chicago, IL, USA). 

Similarly, GST-tagged p0071-head domain protein and GST alone, respectively, 

were purified with the help of Glutathione Sepharose 4BTM (GE Healthcare, 

Chicago, IL, USA) and eluted from the beads by adding L-glutathione (Sigma-

Aldrich, St Louis, MO, USA). Protein concentration and re-buffering into PBS was 

achieved using Vivaspin2 concentrators (10,000 MWCO, Satorius Stedim 

Biotech). For in vitro interaction studies, purified proteins were then mixed as 

described and KAP3 primary antibody was added for overnight incubation at 4 °C. 

Specific binding of purified proteins was assessed the following day by performing 

protein A sepharose mediated pulldown followed by western analysis. 

II.2.11 VSV-G secretion assay

HeLa cells were lentivirally infected to express control shRNA and P0071 shRNA, 

respectively, and briefly selected using 3 µg / ml puromycin. Cells were then 

transfected to express a fluorescently marked, temperature sensitive variant of 

VSV-Glycoprotein (VSV-G-eGFP) (Pusapati et al., 2010) and incubated at 39.5°C, 

5% CO2 overnight to inhibit cargo release from the ER. To accumulate vesicles at 

the Trans Golgi network, cells were incubated at 20°C for two hours. They were 

then returned to permissive temperature (37°C) in the presence of 20 µM 
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cycloheximide for live cell imaging to monitor VSV-G transport to the plasma 

membrane. Ten cells per condition were quantified by measuring the signal 

intensities over time within a region of interest drawn around the perinuclear area 

where the signal accumulation after incubation at 20°C was seen (see Fig. 19, T0 

image), using the ImageJ software. 

II.2.12 Chromogranin A secretion assay

BON cells were lentivirally transduced with shRNA construct as indicated in each 

case and selected for two days with 6 µg / ml puromycin. They were then seeded 

into 6 well plates and FCS starved overnight. The next day, they were washed with 

serum free DMEM and fresh culture medium was added. After four hours of 

secretion, supernatants were collected and subjected to ELISA using NUNC 

MaxiSorp™ (Sigma Aldrich, St Louis, MO, USA) high protein-binding capacity 

polystyrene 96 well ELISA plates. Supernatants were diluted one to ten and 

incubated in ELISA plates at 4°C overnight. After a two hours blocking step at 

37°C using PBS containing two per cent BSA, anti-CgA mouse monoclonal 

antibody (DAKO, St Clara, CA, USA) was added (1:2000 dilution in PBS-BSA 

0.05% Tween-20) for one hour at room tempeature. HRP activity was detected 

using 1-StepTM Ultra TMB Solution (Thermo Scientific, Waltham, MA, USA) and 

absorption values at 450 and 540 nm were determined using a microplate reader 

(Tecan Infinite M200 Pro, Tecan, Maennedorf, Switzerland).  

II.2.13 MMP-9 ELISA assay

Panc-1 pancreatic cancer cells expressing shRNAs directed against P0071, PKD2 

and scrambled shRNA, respectively, were seeded in 6-well dishes and after 24 

hours serum-free medium was added for 48 hours of secretion. Subsequently, 

supernatants were collected and analyzed via ELISA using a commercial kit 

(MMP-9 Human ELISA Kit; Life Technologies, Carlsbad, CA, USA) according to 

the manufacturer’s instructions. 
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II.2.14 Time lapse microscopy

BON cells were transduced with shRNA constructs for P0071 and PKD2 

knockdown as described above and treated with taxol where indicated. Cells were 

then transiently transfected with CgA-eGFP using PEI and serum starved at 18°C 

overnight to provoke cargo retention at the trans-Golgi Network (TGN). Reinitiation 

of cargo transport to the plasma membrane was achieved by putting the the cells 

back at a permissive temperature of 37°C in a live microscopy chamber and cells 

were monitored using the confocal laser scanning microscope TCS SP8-HCS 

(Leica, Mannheim, Germany) as described above.  

II.2.15 Intracellular vesicle tracking

To analyze intracellular cargo trafficking, BON cells transduced with scrambled 

shRNA or shRNA directed against P0071 and KIF3B, respectively, were 

transfected to express CgA-eGFP and treated with 100 nM SiR-tubulin 

(Spirochrome, Stein am Rhein, Germany) to visualize the microtubule network. 

Cargo retention at the level of the trans Golgi network was provoked by incubating 

cells at 18°C overnight. Cellular transport was then allowed to recover at 37°C and 

vesicles were tracked in live imaging in the cytoplasmic area, approximately within 

the middle third auf microtubule structures, between Golgi membranes and the 

plasma membrane using the ImageJ Manual Tracking tool. Vesicle tracking was 

performed for up to 100 frames per vesicle and depended on the time a pursued 

granule was moving within the focused layer of the microscope (and thus 

observable). Data interpretation and determination of parameters directionality, 

velocity and traveled distances from the starting point of each track was performed 

with the help of the ImageJ chemotaxis tool for particle motility analysis. 

II.2.16 Microtubule plus end tracking

HeLa cells featuring P0071 knockdown and control cells were transiently 

transfected with a plasmid encoding end-binding-protein mEOS-EB3. Microtubule 

polymerization at plus-ends could then be visualized by EB-3 comet-like particle 

tracking in live immunofluorescence microscopy using an inverted Olympus IX71 

microscope (Olympus, Hamburg, Germany) as described above. Fifty particles per 
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condition were tracked for five seconds each in several cells using the ImageJ 

manual tracking tool and velocities were calculated and quantitated. 

II.2.17 Microtubule binding spin down assay

To perform in vitro binding studies with purified microtubules, a microtubule spin-

down kit was used (#BK029, Cytoskeleton Inc.,Denver, CO, USA). Hek293 cells 

were treated with control shRNA and p0071-directed shRNA, respectively. For 

each condition, twenty-five 10 cm dishes of cells transfected to transiently express 

KIF3B-Flag protein were grown and lysed, followed by affinity purification using 

FlagM2 sepharose beads (Sigma-Aldrich, St Louis, MO, USA). Subsequently, 

elution of KIF3B-Flag was induced by by pH shift (glycin buffer pH 2.6) and 

concentrated in HEPES buffer using Vivaspin2 concentrators (10,000 MWCO, 

Satorius Stedim Biotech). For the binding assays shown in this study, 2 µg of 

KIF3B-Flag protein per sample were used. Tubulin polymers of circa 10 µm length 

(concentration 5 x 1011 MT/ml) from 100 µg tubulin mixed with GTP were stabilized 

by adding paclitaxel. Precisely as stated in the kit manufacturer’s instructions, 

samples were incubated with KIF3B-Flag protein from p0071-depleted, control 

cells and microtubule binding control proteins (BSA as negative binding control 

(7.5 µg per sample used) and MAP2 as positive control (16 µg per sample used)), 

respectively. After carefully applying samples on top of a cushion buffer solution 

(80mM PIPES, 1 mM MgCl2, 1 mM EGTA, 60 % glycerol), they were subjected to 

100,000 g ultracentrifugation. Collected fractions were then analyzed by SDS 

PAGE and western blot and quantified (see respective figure legend). 

II.2.18 Statistical analysis and preparation of figures
Fluorescence intensities in live cell video sequences were measured using the

ImageJ software. Statistical analysis was done with the Prism software, version

6.00, for Windows (GraphPad, San Diego, CA). Graphs display mean±SEM for all

conditions. Statistical significance: ns = not significant, *p = 0.05–0.01, **p = 0.01–

0.001, ***p < 0.001, ****p < 0.0001. Graphical software downloaded from

www.blender.org was used to create schematic images to explain protein

interactions and cellular pathways.
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III Results 
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III.1 P0071 co-localizes with microtubules and secretory vesicles in
neuroendocrine carcinoid (BON) cells

Previously published data showed that p0071 is ubiquitously expressed 

throughout the cytoplasm and can be found primarily at cellular adhesion sites, but 

also to a large extent in the perinuclear area (Hatzfeld, 2005; Hatzfeld and 

Nachtsheim, 1996; Jakobsen et al., 2013; Wolf et al., 2006). To examine a 

potential association of p0071 with vesicular structures, I performed 

immunofluorescence analysis of endogenous p0071 in neuroendocrine pancreatic 

carcinoid (BON) cells. P0071 was most predominant localized at cell-cell contacts, 

but in addition also showed a cytoplasmic and perinuclear distribution (Fig. 6). Yet, 

there was no specific co-localization with the well-established Trans Golgi Network 

marker TGN46, suggesting that p0071 may not have a major function at this 

compartment (Fig. 6) (Becher et al., 2017).  

Fig. 6 Intracellular staining of p0071. Fixed BON cells were stained with antibodies targeting 

p0071 (shown in green), alpha-tubulin (shown in red) and TGN46 (shown in magenta). P0071 is 

distributed throughout the cytoplasm with strong signals at adhesion sites. A partial co-localization 

with microtubules was observed (white arrows). Scale bar: 10 µm. 

P0071 also partially co-localized with microtubule structures, marked by alpha-

tubulin in the cytoplasmic area (Fig.6) (Becher et al., 2017). Microtubules serve as 

tracks for molecular motors that help to transfer various cargos to their 
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destinations. Among these are peptide hormone-containing vesicles transported to 

their release sites at the plasma membrane (Elias et al., 2012). One major 

secretory hormone cargo in BON cells is chromogranin A. I therefore examined 

next, whether p0071 co-localized with vesicular structures that were co-stained 

with chromogranin A in BON cells. Indeed, partial co-localization and a visible 

enrichment of p0071 at chromogranin containing granules in the cytoplasm could 

be observed (Fig.7) (Becher et al., 2017). In summary, these observations hint a 

potential role of p0071 in the intracellular transport of CgA containing vesicles, 

whereas the lack of co-localization with the Trans Golgi marker TGN46 suggests 

that p0071 likely is not involved in vesicle biogenesis events at the TGN.   

Fig. 7. P0071 colocalizes with CgA granules. Endogenously stained p0071 (shown in green) 

shows signal enrichment at chromogranin A-positive vesicular structures (red), as marked by 

white arrows, in BON cells. Scale bar: 10 µm. This figure was first published in Becher et al., 

2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists 

Reproduced with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 
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III.2 Knockdown of p0071 severely affects chromogranin A secretion from
BON cells

Since p0071 was associated with chromogranin carriers I investigated whether 

p0071 depletion would alter chromogranin A secretion. ShRNA-mediated 

knockdown of p0071 expression resulted in a significant decrease of 

chromogranin A secretion from pancreatic neuroendocrine tumor cells as 

measured by time-lapse microscopy using BON cells transiently transfected with 

CgA-eGFP (Becher et al., 2017). CgA-eGFP cargo retention at the Trans Golgi 

Network (TGN) was induced at low temperature and secretion reinitiated at 37°C. 

Control cells showed a visible depletion of the intracellular GFP signal intensity by 

secretion of CgA-eGFP into the extracellular space detectable within 25 minutes, 

whereas p0071 knockdown prevented a significant loss of the cytoplasmic CgA-

eGFP signal.  A similar phenotype was observed in control cells upon depletion of 

Protein Kinase D2 (PKD2), a calcium-calmodulin kinase that we have previously 

shown to regulate CgA release from the trans-Golgi network (von Wichert et al., 

2008) (Fig. 8). 

T0 T5 T10 T15 T20 
T20 

T25 

scramble 

sh p71#2 

sh PKD2 



 61 

Fig. 8. Knockdown of p0071 strongly affects chromogranin A secretion from BON cells. 
Upper panel: Time-lapse microscopy tracking CgA-GFP release in BON cells. Live cell imaging 

showing intracellular fluorescence intensity of CgA-GFP after temperature-mediated block at the 

Trans Golgi Network area and reinitiation of secretion at permissive temperature over a time frame 

of 25 minutes. P0071 depletion led to intracellular retention of CgA, whereas in control cells a 

significant decline in fluorescence intensity could be observed (quantified in lower panel; mean and 

SEM from n=3 experiments). *P<0.05; ns, not significant (two-tailed unpaired Student's t-test). 

PKD2 knockdown cells were used as controls. Scale bars represent 7.5 µm. This figure was first 

published in Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science by 

Company of Biologists Reproduced with permission of COMPANY OF BIOLOGISTS LTD. in the 

format Republish in a thesis/dissertation via Copyright Clearance Center. 

The striking effects on CgA secretion were further confirmed by quantitative 

analysis of CgA in the supernatant of BON cells using a previously published 

ELISA (Becher et al., 2017). Again, depletion of p0071 resulted in a similar, 

pronounced defect in CgA release and this effect was phenocopied in PKD2 

knockdown cells as described previously (von Wichert et al., 2008) (Fig. 9). To 

verify a specific role of p0071 on CgA-secretion at this stage, I further performed 

rescue experiments by ectopically expressing p0071-HA in cells treated with a 

shRNA targeting the 3’ UTR of P0071 (shp0071 #1), which therefore could not 

target the ectopically expressed protein. Depletion of p0071 using this 3’ UTR 

shRNA, again, significantly impaired CgA release, whereas re-expression of 

p0071-HA restored secretion to wildtype levels (Fig. 9) (Becher et al., 2017).  
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Fig. 9. P0071 specifically controls CgA release from BON cells. BON cells were treated with 

shRNAs directed against p0071 and PKD2, respectively. Cell culture supernatants from BON cells 

secreting chromogranin A were then collected after 4 hours and quantified via ELISA. Left-hand 

side; mean and SEM from duplicate measurements of n=6 experiments. ****P<0.0001 (two-tailed 

unpaired Student's t-test).  Right-hand side: knockdown of p0071 and PKD2 was analyzed by 

western blotting. Lower panel: Secretion phenotype rescue following p0071 knockdown. BON cells 

were treated with an shRNA targeting the 3’ prime region of the P0071 RNA and then transiently 

transfected to ectopically express p0071-HA. Chromogranin secretion levels were measured via 

ELISA and compared to cells treated with unspecific shRNA. Left-hand side: Mean and SEM of 

n=3 experiments with duplicate replica. ****P<0.0001 (two-tailed unpaired Student's t-test). Right-

hand side: Western blots showing P0071 knockdown and subsequent overexpression of p0071-

HA. This figure was first published in Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, 

Journal of cell science by Company of Biologists Reproduced with permission of COMPANY OF 

BIOLOGISTS LTD. in the format Republish in a thesis/dissertation via Copyright Clearance 

Center. 
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III.3 Chromogranin A granules accumulate in the cytoplasm of NET cells after
p0071 knockdown

In order to assess where the disturbed CgA secretion processes originated, I 

utilized transmission electron microscopy (TEM) to visualize chromaffin vesicles in 

different compartments. TEM images revealed a strong increase in the number of 

chromaffin vesicles in the entire cytoplasmic area between the Golgi apparatus 

and the plasma membrane of BON cells, upon depletion of p0071. This suggests 

that effective microtubule-based CgA transport to the plasma membrane may be 

impaired by loss of p0071 (Fig. 10) (Becher et al., 2017). 

Fig. 10. Vesicular granules accumulate in P0071 knockdown cells. Electron microscopy 

images of BON cells. The right panel shows a representative cell treated with shRNA targeting 

p0071, the left panel a respective control cell. Successfully transduced cells were selected with 

puromycin. Chromaffin secretory vesicles can be identified as dark electron dense structures. 

Accumulation of vesicles in p0071 knockdown cells is marked by white arrows. Scale bars: 2 µm. 

This figure was first published in Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, 

Journal of cell science by Company of Biologists Reproduced with permission of COMPANY OF 

BIOLOGISTS LTD. in the format Republish in a thesis/dissertation via Copyright Clearance 

Center. 
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III.4 Knockdown of p0071 does not affect microtubule organization

P0071 was previously described to modulate cytoskeletal organization (Hatzfeld 

and Nachtsheim, 1996; Keil et al., 2013; Wolf et al., 2006). We have further shown 

that p0071 partially co-localized with microtubules in the cytoplasm of cells, where 

we also found granules accumulated upon p0071 knockdown during TEM analysis 

(Fig. 6, Fig. 10) (Becher et al., 2017). Thus, defects in CgA transport might have 

been caused by aberrant re-organization of the microtubule network. Microtubule 

stability has been described as a crucial factor for vesicle transport efficiency 

(Erickson, 1980; Xie et al., 2010). In line with this, microtubule-targeting agents 

were shown to severely impact secretion processes (Erickson, 1980; Thuret-

Carnahan et al., 1985; Xie et al., 2010). I therefore aimed to investigate whether 

defects in CgA transport might have been the result of stabilization or 

destabilization of microtubules and/or deficiencies in their respective 

polymerization. Consequently, BON cells were treated with microtubule targeting 

agents taxol and vinblastine to evaluate and compare respective phenotypes to 

those after p0071 depletion. Indeed, my experiments demonstrated a perinuclear 

retention of CgA-eGFP in time lapse microscopy after cells had been treated with 

the microtubule stabilizing drug taxol (Becher et al., 2017; Thuret-Carnahan et al., 

1985) (Fig. 11). The observed phenotype also was comparable to that obtained in 

p0071 and PKD2 knockdown cells. 

Fig.11. Taxol impairs chromogranin secretion in BON cells. Single images have been 

extracted from a time lapse microscopy at specified time points series showing loss of 

intracellular fluorescence intensity of CgA-GFP after temperature mediated block at the TGN and 

subsequent re-initiation of secretion within 25 minutes in BON cells. Treatment with 10nM taxol 

almost completely CgA release into the extracellular space, indicated by no loss of signal 

intensity over time. The images shown for the control are part of an experiment also shown in Fig. 

8. Scale bars: 7.5µm. This figure was first published in Becher et al., 2017, DOI: 
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https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists Reproduced 

with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 

Furthermore, it could be confirmed that both, microtubule depolymerizing agents 

(vinblastine) and stabilizing drugs (Paclitaxel) severely impacted CgA secretion 

from BON cells already at moderate doses (Fig. 12) (Becher et al., 2017).  

Fig. 12. Microtubule network disorganization affects vesicle transport. Effect of microtubule 

targeting agents taxol and vinblastine on CgA secretion in BON cells after overnight incubation at 

several doses, as compared to p0071 knockdown. Mean and SEM from n=6 experiments. 

**P<0.01, ****P<0.0001 (two-tailed unpaired Student's t-test). This figure was first published in 

Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of 

Biologists Reproduced with permission of COMPANY OF BIOLOGISTS LTD. in the format 

Republish in a thesis/dissertation via Copyright Clearance Center. 

Microtubule stability is regulated by posttranslational modifications, in particular 

acetylation. Thus, to investigate whether p0071 depletion might act on microtubule 

network stabilization, I assessed next the acetylation sate of tubulin, as this has 

been proposed as a reliable indicator for the degree of tubulin stability (Asthana et 

al., 2013; Webster and Borisy, 1989). When examining effects on microtubule 

stability by acetylation-specific antibodies, taxol, and to a milder degree 
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vinblastine, significantly enhanced microtubule acetylation, in line with literature 

(Fig. 13) (Becher et al., 2017; Erickson, 1980; Thuret-Carnahan et al., 1985; Xie et 

al., 2010). However, p0071 knockdown, in contrast to microtubule targeting 

agents, did not cause alterations in the degree of microtubule acetylation and thus 

stability (Becher et al., 2017). These results therefore suggest that p0071 is likely 

to modulate protein transport via a different mechanism. 

Fig. 13. P0071 does not regulate tubulin acetylation. P0071 knockdown in HeLa cells does not 

lead to alterations in α-tubulin acetylation. Taxol (10 nM) and vinblastine (5 nM), respectively, both 

show significant effects on acetylation as shown by western blotting using an antibody directed 

against acetylated alpha-tubulin. This figure was first published in Becher et al., 2017, DOI: https://

doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists Reproduced with 

permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 

In addition to microtubule stability, cargo trafficking can also be mediated by 

microtubule polymerization, a process that can be experimentally investigated by 

tracking ectopically expressed fluorescence labelled end binding proteins. End-

binding-protein-3 (EB3), a protein that stimulates microtubule growth, is known to 

bind to the plus ends of microtubules (Akhmanova and Steinmetz, 2008) and 

therefore commonly used as polymerization marker. Due to their large and flat 

morphology and detailed microtubule network, I performed EB3-eGFP tracking 

video microscopy in HeLa rather than in BON cells. Tracking of EB3 plus-end 

comets in this model system indicated no significant difference in microtubule 

polymerization rates upon p0071 depletion, when compared to respective controls 

(Fig. 14). The microtubule stabilizing agent taxol, on the other hand, also caused 
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severe inhibition of microtubule polymerization and thus served as a dedicated 

positive control for these experiments (Fig. 14) (Becher et al., 2017).  

Fig. 14. P0071 depletion does not affect microtubule plus-end polymerization. End binding 

protein mEos-EB-3 was transiently expressed and tracked in HeLa cells to visualize microtubule 

plus end polymerization in p0071 knockdown as well as control cells and cells incubated for 16 

hours with a low concentration of taxol (10 nM). Microtubule plus end marking comets were still 

intact under all conditions examined (upper panel). Fifty particles per condition were tracked over 5 

seconds. The respective particle velocities were subjected to statistical analysis (lower panel). 

Bars represent mean and SEM, ****P<0.0001 (two-tailed unpaired Student's t-test). This figure was 

first published in Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell 

science by Company of Biologists Reproduced with permission of COMPANY OF BIOLOGISTS 

LTD. in the format Republish in a thesis/dissertation via Copyright Clearance Center. 
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Since microtubule stability and the integrity of Golgi membranes are closely 

connected (Chabin-Brion et al., 2001), it was further necessary to assess if p0071 

depletion would impact on the Golgi complex structure and maintenance, which 

are coordinated by the microtubule cytoskeleton. Golgi complex maintenance was 

monitored by nocodazole washout experiments. Nocodazole induces a reversible 

depolymerization of the microtubule network (Rogalski and Singer, 1984). HeLa 

cells, treated with either p0071 or scrambled shRNAs, both displayed a strong 

dispersion of the Golgi complex and the microtubule network, 2 hours after 

addition of nocodazole (Fig. 15). Phenotypes were visualized by 

immunofluorescence staining of TGN46 and alpha-tubulin in fixed cells. However, 

following extensive washout of nocodazole, the Golgi complex as well as the 

microtubule network were completely restored within two hours in control cells as 

well as in p0071 knockdown cells (Becher et al., 2017).   

Fig. 15. P0071 depletion does not affect microtubule network and Golgi organization. HeLa 

cells showing RNAi mediated knockdown of p0071 and control cells were treated 

with nocodazole for two hours, followed by intensive washout. Fixed cells were stained for 

alpha-Tubulin (green) and Golgi apparatus marker TGN46 (red) at time points before 

treatment, two hours of incubation with nocodazole and two hours after washout. Golgi 

disruption and microtubule disorganization as a consequence of nocodazole exposure as well as 

re-organization two hours after washout is shown for all samples. This figure was first published 

in Becher et al., 2017,DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science by 

Company of Biologists Reproduced with permission of COMPANY OF BIOLOGISTS 

LTD. in the format Republish in a thesis/dissertation via Copyright Clearance Center. 
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Taken together, these data suggest that p0071 does not mediate intracellular 

protein transport by modulating microtubule polymerization and stability or by 

fostering structural changes at the Golgi compartment. 

III.5 The kinesin-2 protein KIF3B regulates secretion of chromogranin A

In 2009 it was reported that intracellular sorting of p0071 is mediated via its 

interaction with the kinesin-2 complex protein KIF3B (Keil et al., 2009). The cargo 

binding domain of KIF3B was shown to directly interact with the armadillo repeat 

domain of p0071, independently of other proteins from the KIF3 transport complex

(Keil et al., 2009). This feature is untypical for transport clients, since cargo is 

usually packed into membranous vesicles that interact with motor complexes via 

specific adaptor proteins. KIF3B is part of a heterotrimeric motor complex, which 

also comprises of KIF3A and kinesin adaptor protein 3 (KAP3) (Verhey and 

Hammond, 2009). This complex belongs to the family of plus-end directed kinesin-

2 motors and is involved in the trafficking of various cargos, including large dense 

core granules (Scholey, 2013), nucleic acids and organelles towards the plasma 

membrane. I first confirmed the interaction of p0071 with KIF3B in co-

immunoprecipitation experiments in HEK293T cells transiently expressing p0071-

HA and KIF3B-Flag (Fig. 16) (Becher et al., 2017). 

Fig. 16. P0071 interacts with the kinesin-2 motor protein KIF3B. Coimmunoprecipitation 

experiment for p0071 and KIF3B. P0071-HA and KIF3B-Flag were overexpressed in Hek293 cells 

(input protein levels shown on right-hand side). Using Flag-M2 antibody for immunoprecipitation 

from total cell lysate, p0071-HA was detected in KIF3B-Flag precipitate. This figure was first 

published in Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science 

by Company of Biologists Reproduced with permission of COMPANY OF BIOLOGISTS LTD. in 

the format Republish in a thesis/dissertation via Copyright Clearance Center. 
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Given the above-described regulation of CgA secretion by p0071 and its direct 

interaction with KIF3B, it seemed reasonable to characterize the role of KIF3B in 

chromogranin release from BON cells. I was able to demonstrate that depletion of 

KIF3B by two different shRNAs significantly impaired CgA secretion from BON 

cells in ELISA experiments to a level comparable to the results obtained for p0071 

depletion (Fig.17). Corroborating this data, endogenously stained KIF3B strongly 

co-localized with CgA vesicles in BON cells as shown by confocal microscopy (Fig. 

17) (Becher et al., 2017).  It was therefore evident, that p0071 and KIF3B might

represent crucial factors for effective transport of CgA granules, which raised the

question whether the respective roles of these two interacting proteins might be

interconnected.
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Fig. 17. KIF3B is involved in chromogranin A transport in BON cells. Upper panel: ELISA 

showing chromogranin A protein amount in BON cell culture supernatant after 4 hours of incubation 

following shRNA mediated knockdown of KIF3B and p0071. ****P<0.0001; ns, not significant (two-

tailed unpaired Student's t-test). Right-hand side: western blot to assess respective protein 

knockdown levels in BON cells used in the experiment shown on left. Lower panel: Co-staining of 

KIF3B chromogranin A proteins demonstrating colocalization at vesicular structures in BON cells 

(white arrows). This figure was altered and first published in Becher et al., 2017, DOI: 

https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists Reproduced 

with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 

III.6 P0071 depletion significantly affects kinesin-2 mediated MMP-9 
secretion in Panc-1 cells but not kinesin-1-dependent transport of VSV-G

Regulated transport of large dense core granules, such as CgA vesicles, is at least 

partially dependent on kinesin-2 complexes (Scholey, 2013), and I could show that 

the KIF3 motor complex was also involved (Becher et al., 2017). P0071 is known 

to bind to the KIF3B subunit of the heterotrimeric kinesin-2 motor. We therefore 

investigated whether p0071 would also affect transport of additional kinesin-2 

cargos. Matrix metalloprotease 9 (MMP9) is a protease with a high relevance for 

cancer cell migration, invasion and metastasis and regulates multiple processes 

associated with matrix degradation as well as tumor angiogenesis (Egeblad and 

Werb, 2002; Wille et al., 2014). MMP-9 transport was shown to be dependent on 

KIF3 (Hanania et al., 2012). To explore a putative role of p0071 also during MMP-9 

secretion from Panc-1 pancreatic cancer cells, we again performed ELISA assays 

with cell culture supernatants. Depletion of p0071 using two different shRNAs 

significantly impaired MMP-9 release into Panc-1 supernatants (Fig. 18). As a 

control, Protein Kinase D2 was targeted and in line with our previously published 

results, depletion of PKD2 strongly impaired MMP-9 secretion (Becher et al., 2017; 

Wille et al., 2014). 

https://doi.org/10.1242/jcs.200170
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Fig. 18. P0071 depletion affects transport of Matrix Metalloprotease 9. Release of kinesin-

2/KIF3 cargo MMP9 from Panc-1 pancreatic cancer cells into culture supernatant is decreased 

following p0071 knockdown. Left-hand side: ELISA assay measuring MMP-9 levels secreted by 

p0071 knockdown cells in comparison to control cells. Two different shRNAs targeting p0071 were 

used. PKD2 knockdown was used as control for MMP-9 transport inhibition. ***P<0.001; 

****P<0.0001 (two-tailed unpaired Student's t-test). Right-hand side: Western blot analysis of total 

cell lysates showing protein expression levels in Panc1 cells following treatment with different 

shRNAs. This figure was first published in Becher et al., 2017, DOI: 

https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists Reproduced 

with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 

The impaired secretory transport of different kinesin-2 cargos upon p0071 

depletion suggested that this effect is likely the consequence of impaired kinesin-2 

motor function during anterograde carrier transport on microtubules. In order to 

support this hypothesis, we assessed whether p0071 was also involved in 

secretion of cargo transported by another type of motor protein: kinesin-1. We 

tested the effect of p0071 depletion on the transport of vesicular stomatitis virus 

glycoprotein (VSV-G), a kinesin-1 cargo (Cai et al., 2009; Hirokawa et al., 2009). 

Knockdown of p0071 displayed no effect on VSV-G-eGFP transport in transiently 

transfected HeLa cells (Fig. 19)(Becher et al., 2017). Thus, p0071 seems to be 

specifically involved in secretion of cargo that depends on the kinesin-2 motor 

complex, suggesting a vital function for the molecular interaction of p0071 with the 

KIF3B kinesin-2 motor subunit in regard to microtubule-based protein transport 

processes. 
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Figure 19. Intracellular transport of kinesin-1 cargo VSV-G is not controlled by p0071. VSV-

G-eGFP transport assay. HeLa cells transiently expressing kinesin-1 cargo VSV-G-eGFP were 

kept for 16 hours at non permissive temperature (39.5°C) and then put at room temperature for 

two hours to reinitiate ER-to-Golgi transport. Golgi-to-plasma membrane transport at 37°C in 

presence of cycloheximide to block protein synthesis was monitored for 1 hour via live cell imaging 

using a TCS SP8 confocal microscope (upper panel, left-hand side). Fluorescence signal intensity 

loss over time at the perinuclear area was compared in p0071 depleted and control cells (upper 

panel, right-hand side) and quantified as described in II.2.11 (lower panel). Mean and SEM from 

n=10 experiments. ns=not significant (two-tailed unpaired Student's t-test). This figure was first 

published in Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science 

by Company of Biologists Reproduced with permission of COMPANY OF BIOLOGISTS LTD. in 

the format Republish in a thesis/dissertation via Copyright Clearance Center. 
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III.7 Knockdown of p0071 interferes with directional kinesin dependent
protein transport along microtubules

In order to further characterize how p0071 regulates CgA transport towards the 

cell membrane, we performed time-lapse microscopy of BON cells ectopically 

expressing CgA-eGFP and tracked the movement of storage vesicles along 

microtubule structures, which were visualized by SiR-tubulin treatment. After 

temperature mediated cargo retention and re-release from Golgi membranes, both 

control and p0071 knockdown cells displayed vesicular movement in the cytosolic 

area. The overall accumulated distances covered by granules over time, a 

measurement that does not discriminate random movement from directional travel, 

were equal in control and knockdown cells (Fig. 20 D). There was also no 

difference in the respective velocities of the granules (Fig. 20 E). Yet, tracking of 

vesicles within the middle third of microtubules between the Golgi complex and the 

plasma membrane revealed an impaired directional vesicle movement upon p0071 

depletion (Figure 20 C). CgA-GFP-positive structures showed a significant 

reduction (of around 50%) in travelled distance from the starting point to the end 

point of each track (Euclidian distance) and effects were confirmed by two 

independent shRNAs (Fig. 20 A-B). Knockdown of the p0071 interaction partner 

KIF3B (Keil et al., 2009) was able to mimic these effects, pointing to a putative 

function of p0071 in the kinesin-2 dependent directional movement of CgA 

containing vesicles along microtubule tracks to the plasma membrane (Fig. 20 A-

D) (Becher et al., 2017).  
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Fig. 20. P0071 depletion interferes with directionality of chromogranin A granule transport. 
(A) Chromogranin A-GFP vesicles were tracked in BON cells via live cell imaging. Center of graphs 

mark the starting points of tracking. Tracks where the Euclidian travelled distance was greater than 

2.5 µm are marked black, whereas tracks that showed little directionality and a Euclidian travelled 

distance of less than 2.5 µm are marked red. Tracking was performed in control cells and 

knockdown cells (p0071 and KIF3B knockdown, respectively) and was done over varying time 

intervals determined by the time moving vesicles stayed observable in the microscope focus layer. 

40 tracks per condition were used for quantification. (A’) Euclidean distance for cells treated with 

unspecific shRNA. (B’) Euclidean distance in p0071 depleted cells (via shRNA #1). (C’) Euclidean 

distance in p0071 depleted cells (via shRNA #2). (D’) Euclidean in KIF3B depleted cells. (B) 

Euclidian travelled distance (µm per track) of chromogranin A-GFP vesicles in BON cells. Statistics 

were done for 40 tracks per condition (scrambled shRNA; shp0071 # 1&2 and shKif3B (see also 

A)). Mean and SEM, **P<0.01; ****P<0.0001 (two-tailed unpaired Student's t-test). (C) Statistics for 

directionalities of CgA-GFP vesicle tracks shown in A), calculated via dividing Euclidian by the 

respective accumulated distances of each track. Mean and SEM, ****P<0.0001 (two-tailed unpaired 

Student's t-test). (D) Accumulated travelled distance (µm per track, covering any movement 

regardless from its direction in respect to the tracking starting point) and (E) mean velocity of 

chromogranin A-GFP vesicles in BON cells as tracked in live cell imaging. Forty tracks per 

condition (control shRNA; shp0071 # 1&2; shKIF3B) were followed for the time each of them 

stayed in the microscope focus layer and quantified. This figure was first published in Becher et al., 

2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists 

Reproduced with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center.

D 

0

5

1 0

1 5
ns 

ns 

ns 

sh p0071  
#1

sh scramble sh p0071  
#2

sh KIF3B A
cc

um
ul

at
ed

 tr
av

el
le

d 
di

st
an

ce
 [µ

m
] 

ve
lo

ci
ty

 [µ
m

/s
] 

sh scramble sh p0071 
 #1

sh p0071 
#2

0 .0 0

0 .0 5

0 .1 0

0 .1 5

0 .2 0

0 .2 5

E 

 

https://doi.org/10.1242/jcs.200170


 77 

Kinesin plus-end directed motor proteins are in constant competition with dynein 

minus end directed transport processes, a phenomenon described as “tug of war” 

that dictates the directionality of carrier movement (Gross et al., 2002; Soppina et 

al., 2009). The above-described tracking experiments suggest that kinesin-

mediated transport of vesicles is affected by p0071 depletion, generating an 

imbalance in transport processes. Vesicles therefore are more likely to display 

random non-directional movement rather than favoring kinesin dependent, plus-

end directed trafficking towards the plasma membrane. This could either be 

caused by impaired binding of the kinesin motor domain to microtubule structures 

following p0071 depletion, or by the disruption/destabilization of kinesin-motor-

vesicle binding. To investigate a potential molecular mechanism, a quantitative 

acceptor-photobleach Foerster resonance energy transfer (AB-FRET) study was 

performed to assess molecular proximity/interaction of KIF3B motor subunits with 

microtubule tracks. AB-FRET is a very sensitive tool to study protein-protein 

interactions in fixed cells. FRET energy transfer between suitable donor and 

acceptor fluorophores is only possible if the distance between the two 

fluorescence markers amounts to 10 nm or less. Thus, non-radiative energy 

transfer between donor and acceptor dye can be revealed by photobleaching the 

FRET acceptor and measuring a concomitant increase in donor fluorescence 

intensity. To examine KIF3B-tubulin binding, endogenous kinesin-2 was stained by 

anti-KIF3B and Alexa-488 antibodies and microtubules were labeled by alpha-

tubulin-mCherry. In these experiments, FRET efficiencies describing the proximity 

of KIF3B and microtubules were not significantly different for controls and upon 

p0071 depletion (Fig. 21A) (Becher et al., 2017). The latter findings could be 

confirmed by in vitro microtubule binding studies with KIF3B-FLAG protein affinity-

purified from HEK293T lysates of scrambled shRNA treated and p0071-depleted 

cells (Fig. 21B-D). The in vitro experiments demonstrated that the amount of 

KIF3B-FLAG present in 100,000 g microtubule pellet fractions was not significantly 

altered after knockdown of p0071 (Fig. 21B-D) (Becher et al., 2017). In summary 

these data thus suggest that p0071 may rather be involved in determining the 

interaction of the kinesin-2 motor with the cargo vesicle. This notion is 

corroborated by the fact that p0071 does not bind to the motor domain of KIF3B 

but directly interacts with its C-terminal cargo binding moiety (Keil et al., 2009). 
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Fig. 21. KIF3B motor protein binding to microtubules is unaffected by p0071 knockdown. (A) 

Interaction of the kinesin-2 motor protein KIF3B to microtubule tracks was assessed by measuring 

relative proximity via quantitative AB-FRET analysis. Alpha-Tubulin-mCherry was transiently 

expressed as acceptor molecule in BON cells treated with control shRNA or two different shRNAs 

targeting p0071. KIF3B was endogenously stained as FRET donor. Graph showing mean and 

SEM percentage FRET (N=15 cells and three independent experiments). ns, not significant (two-

tailed unpaired Student's t-test). (B) Microtubule binding spin-down assay. Left-hand side: control 

experiment performed with the microtubule associated protein MAP2A as positive MT binding 

control and BSA as negative control. Right-hand side: KIF3B-Flag protein purified from control 

cells and cells depleted of p0071, respectively was used to determine specific binding to 

microtubules for each condition. (C) Portions of KIF3B-Flag protein detected in pellet fractions 

were quantitated 
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relative to total amount of KIF3B-Flag used in experiments (pellet + sup). Integrated band 

intensities from n=3 experiments; ns, not significant. (D) Left-hand side: p0071 knockdown control 

for Hek293 cells expressing KIF3B-Flag used for microtubule spin-down assays. Right-hand side: 

KIF3B-Flag protein detected via SDS PAGE and western blot after purification used for 

experiments shown in B) and C). This figure was first published in Becher et al., 2017, DOI: 

https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists Reproduced 

with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 

 

III.8 P0071 directly interacts with the KIF3 complex adaptor protein KAP3 

In addition to KIF3B, the heterotrimeric KIF3 complex also contains a second 

motor component, KIF3A, as well as the associated protein KAP3 (Doodhi et al., 

2009; Kondo et al., 1994; Scholey, 2013; Takeda et al., 2000; Yamazaki et al., 

1995; Yamazaki et al., 1996). Molecular functions of KAP3 are currently still under 

investigation, but it has been suggested to be an important factor for effective 

cargo binding to the motor complex (Doodhi et al., 2009; Scholey, 2013). Among 

the so far described interaction partners of KAP3 are client proteins of the KIF3 

motor complex: Fodrin and APC (Jimbo et al., 2002; Takeda et al., 2000) or 

dynactin in melanosomes (Deacon et al., 2003). An association of p0071 with 

KAP3, which binds to the KIF3B cargo binding domain via its armadillo repeats, 

therefore also seemed possible and thus might also modulate the KIF3-KAP3 

interaction and linkage of the cargo vesicle. Hence, it was necessary to determine 

the role of kinesin-2 complex protein KAP3 in KIF3 dependent CgA granule 

transport. 

Interestingly, depletion of KAP3 using two different shRNAs led to an impaired 

secretion of CgA from BON cells (Fig. 22), generating a phenotype resembling the 

one observed upon upon knockdown of KIF3B and p0071 (Fig. 9, Fig. 17 (upper 

panel)) (Becher et al., 2017).  

https://doi.org/10.1242/jcs.200170
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Fig. 22. Depletion of KAP3 leads to KIF3 cargo secretion impairments. Left-hand side: KAP3 

knockdown using two different shRNA constructs led to significant deficiencies of CgA secretion in 

BON cells as shown by ELISA. ****P<0.0001; ns, not significant (two-tailed unpaired Student's t-

test).)Right-hand side: Verification of KAP3 knockdown via western blot. This figure was first 

published in Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science by 

Company of Biologists Reproduced with permission of COMPANY OF BIOLOGISTS LTD. in the 

format Republish in a thesis/dissertation via Copyright Clearance Center. 

To investigate whether p0071 would bind to KAP3, co-immunoprecipitation 

experiments of endogenous proteins from BON cell lysates were performed. KAP3 

co-immunoprecipitated with p0071 pulled down using a specific antibody (Fig. 23 

A) (Becher et al., 2017). In addition, AB-FRET experiments were performed to 

assess molecular proximity/interaction of p0071 and KAP3 at CgA-positive 

vesicular structures. In line with the co-immunoprecipitation studies p0071-labeled 

with Alexa-488 antibodies was in FRET distance to KAP3-V5-His stained with 

Alexa-568 dyes (Fig. 23 B, D, E) localized at CgA-(stained with Alexa-647) positive 

vesicles. In contrast, there was no FRET observed between CgA cargo, contained 

in vesicles (labeled with Alexa-488 secondary antibodies as donor) and KAP3-V5-

His-Alexa-568 in corresponding AB-FRET negative control experiments (Fig. 23 C, 

D, E) (Becher et al., 2017).

https://doi.org/10.1242/jcs.200170
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Fig. 23. P0071 interacts with KAP3 at CgA positive vesicular structures. (A) P0071 and KAP3 

coimmunoprecipitate. Guinea pig polyclonal anti-p0071 was used for precipitation of endogenous 

p0071 from BON total cell lysate. Mouse monoclonal anti-KAP3 and mouse monoclonal anti-

p0071 were used for reprobing. As negative control cell lysate was incubated with blank protein A 

sepharose beads alone (left lane of left hand panel). Right hand panel: Protein expression control 

in total cell lysate. (B) Interaction as measured by acceptor photobleaching of endogenously 

stained p0071 (donor; A’;D’) with ectopically expressed KAP3-V5-His (acceptor; B’; E’) in the 

cytosolic region of BON cells secreting chromogranin A granula (also endogenously stained) (C’; 

F’). Quantitative AB-FRET analysis was performed for fifteen cells from three independent 

experiments (region of interest (ROI) shown in G’). (C) Chromogranin A vesicular packed cargo 

protein was stained as donor in an according negative control FRET experiment (H’ to K’, ROI 
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shown in L’). Representative cells shown in A’ to L’. Quantification of fifteen cells each is shown in 

(D). Mean and SEM percentage FRET; ns, not significant (two-tailed unpaired Student's t-test). 

Scalebar represents 10 µm. (E) Representative Sub-ROI analysis of the FRET efficiencies for 

p0071 (A’; G’; magnifications B’ and H’, respectively) and KAP3-V5-His (C’; I’; magnifications D’ 

and J’, respectively) at chromogranin A containing granule structures in the BON cell cytosolic 

area. Sub-ROIs are marked by yellow circles around CgA-positive staining and arrows (E’; F’). 

Calculated percentage FRET of individual Sub-ROIs is shown as yellow numbers in H’. Scalebar 

represents10 µm.  This figure was first published in Becher et al., 2017, DOI: 

https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists Reproduced 

with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 

In addition to FRET binding studies, we further verified the interaction of p0071 

with KAP3 by GST-pulldown experiments (Becher et al., 2017). P0071-head, 

p0071-armadillo-repeat and p0071-tail domain GST-fusion proteins were purified 

from BL21 bacteria and used to pull down ectopically expressed KAP3-V5-His 

(Fig. 24) from HEK293T cell lysates. It is known from literature that the KIF3B 

motor protein binds to the armadillo repeat domain of p0071. Interestingly, I now 

was able to show that the p0071-head domain was required for binding to KAP3, 

whereas p0071 armadillo and tail domains, respectively, did not interact (Fig. 24 

A). These results indicate a specific interaction of KAP3 with p0071 via the p0071 

head domain, independent of the p0071-KIF3B interaction. In a control GST-

pulldown experiment, I was further able to verify that the kinesin-2 cargo protein 

MMP9-GFP (Hanania et al., 2012; Wille et al., 2014) did not bind to any of the 

p0071 domains (Fig. 24 B), despite being transported by the KIF3 motor complex. 

This is also in line with the above described FRET results for CgA cargo 

and emphasizes the specificity of the GST-pulldown experiments. Thus, our 

interaction studies so far suggest that p0071 not only binds to KIF3 but also KAP3 

pointing to a putative important role of p0071 in stabilizing interactions within the 

trimeric KIF3 motor complex. 

https://doi.org/10.1242/jcs.200170
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Figure 24. KAP3 binds specifically to the p0071 head domain. (A) Left-hand panel: Pulldown 

experiment to map the specific binding site of p0071 in the p0071-KAP3 interaction utilizing 

singularly expressed domains of p0071. Total cell lysate from Hek293 cells overexpressing KAP3-

V5-His was incubated with purified glutathione immobilized GST-p0071-head domain, GST-

p0071-armadillo repeat domain and GST-p0071 tail domain protein, respectively. Empty beads 

and GST beads and cells transfected with empty vector were used as negative controls. Right-

hand panel: western blot confirming protein expression of KAP3-V5-His in Hek293 cells. (B) Left-

hand panel: Control experiment for GST-pulldown. Secretory cargo protein MMP-9-GFP was 

overexpressed in Hek293 cells and incubated with individual bacterially expressed and purified 

domains of p0071. Incubation with purified GST-p0071-head, GST-p0071-armadillo repeat and 

GST-p0071 tail domains immobilized on GST-sepharose beads, respectively, was followed by 

western analysis to 
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detect coprecipitated MMP-9, which was not found. Blank beads and GST-only-loaded beads as 

well as lysates from cells transfected with empty vector were used as negative controls. Right-hand 

panel: KAP3-V5-His overexpression in HEK293T cells. This figure was first published in Becher et 

al., 2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists 

Reproduced with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 

The direct interaction between KAP3 and p0071 was furthermore examined in a 

completely cell free approach by performing in vitro binding experiments with 

bacterially expressed and purified KAP3 and p0071-head domain-GST proteins 

(Fig. 25). The experiments confirmed the specific binding of KAP3 to the head 

domain of p0071 and finally ruled out any potential indirect effects generated by 

using whole cell lysates (Becher et al., 2017).  

Fig. 25. Cell free approach to examine p0071-head domain binding to KAP3. P0071-head-

GST and KAP3 proteins were expressed in BL21 cells and purified. Left-hand side: After overnight 

incubation with KAP3 antibody, proteins were pulled down using Protein-A sepharose beads and 

KAP3-bound p0071-head domain protein was detected via western blot. Lower panel: Ponceau 

staining of the nitrocellulose membrane. GST alone does not specifically bind to KAP3. Middle 

panels: Western analysis of input samples and Ponceau staining of respective membrane showing 

purified proteins. Right-hand side: Coomassie blue staining of 10 % SDS gel showing purified 

KAP3-GST (left-hand lane in gel) and KAP3 after removal of the GST-tag by HRV3C protease 

(right-hand lane), as indicated by the molecular mass shift. This figure was first published in 

Becher 

https://doi.org/10.1242/jcs.200170
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et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, Journal of cell science by Company 

of Biologists Reproduced with permission of COMPANY OF BIOLOGISTS LTD. in the 

format Republish in a thesis/dissertation via Copyright Clearance Center. 

III.9 P0071 controls the strength of the KIF3B-KAP3 interaction within the
heterotrimeric kinesin-2 complex

To further characterize the role of p0071 for KIF3 complex protein interactions, it 

was tested next, whether depletion of p0071 would alter binding between KIF3B 

and KAP3. Knockdown of p0071 using two different shRNAs significantly impaired 

the binding of KIF3B and KAP3 in BON cells (Fig. 26 A-B, E-F). In co-

immunoprecipitation experiments, less KAP3 was detected in KIF3B 

immunoprecipitates following p0071 depletion. These results were further 

confirmed in Panc-1 human pancreatic cancer cells upon p0071 depletion (Fig. 26 

C-D). Vice versa, immunoprecipitation of KAP3 while probing for the association of

KIF3B in complexes, yielded similar results. When p0071 was depleted (applying

shp0071 #2), a marked reduction of co-precipitated KIF3B was detected (Fig. 26

G-H) (Becher et al., 2017), strengthening the hypothesis that p0071 modulates

KIF3 motor complex interactions and stability by binding to KIF3B as well as KAP3

via different parts of the protein.
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Fig. 26. Binding of KAP3 to KIF3B is reduced following p0071 depletion. (A) Left-hand side: 

KAP3 was detected in KIF3B immunoprecipitates from BON cell lysates following treatment with 

control shRNA or shp0071 #1, respectively. Right-hand side: Protein expression cotrol blots from 

total cell lysates. Immunoprecipitation was performed with Rabbit polyclonal anti-KIF3B and 

mouse monoclonal anti-KAP3 / rabbit polyclonal anti-KIF3B were used for probing samples. KAP3 
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intensities from three independent experiments were normalized to the according intensities of 

KIF3B bands and quantified in B). N=3 experiments, mean and SEM, *P<0.05 (two-tailed paired 

Student’s t-test). (C) Left-hand side: Coimmunoprecipitation experiment for KIF3B and KAP3 in 

Panc1 cells that expressed control shRNA and shRNA directed versus p0071, respectively. Right-

hand side: protein expression control western blot from Panc1 total cell lysates used for the 

experiment shown on left. (D) Quantification of three independent KIF3B - KAP3 

coimmunoprecipitation experiments as shown in A) normalized to KIF3B band intensities. N=3 

experiments. Mean and SEM, *P<0.05 (two-tailed paired Student’s t-test). (E) 
Coimmunoprecipitation experiment as described in A), performed using shp0071 #2 accordingly. 

Quantification (as in B)) of 3 experiments is shown in F). (G) Left-hand side: Vice-versa 

immunoprecipitation experiment to the experiment shown in B). KAP3 was pulled down from 

lysates from BON cells depleted of p0071 and control cells, respectively. Coprecipitated KIF3B 

was subsequently detected via western analysis. Right-hand side: input samples verifying equal 

expression of KIF3B and KAP3, respectively, in control and p0071 knockdown cells. (H) KAP3 

band intensities normalized to KIF3B band intensities from three independent experiments as 

shown in G) were quantified. N=3 experiments, mean and SEM, *P<0.05 (two-tailed paired 

Student’s t-test). This figure was first published in Becher et al., 2017, DOI: 

https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists Reproduced 

with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 

As an additional approach to examine the overall stabilization of kinesin-2 driven 

cargo transport specifically at cargo vesicles, the signal intensities of KIF3B 

stained with specific primary and fluorescent secondary antibodies were 

quantitated at CgA positive structures in the cytoplasmic area of BON cells using 

confocal image sections (Fig. 27). Indeed, shRNA mediated knockdown of p0071 

was accompanied by a significant depletion of KIF3B signal at CgA-containing 

transport vesicles in respect to cells treated with non-targeting shRNA (Fig. 27A) 

(Becher et al., 2017). 

https://doi.org/10.1242/jcs.200170
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Fig. 27. P0071 stabilizes KIF3B binding to cargo vesicles. (A) BON cells featuring p0071 

knockdown (shp0071 #1) as well as control cells were transiently transfected to express alpha-

tubulin-mCherry visualizing microtubule structures.  Endogenous KIF3B and CgA were marked 

using specific primary and secondary fluorescent antibodies. (A) Left-hand side: Quantitative 

analysis of fluorescent signal intensities in sub-ROIs defined around single CgA cargo granules in 

the cytoplasmic area of cells from confocal image sections. Images were acquired with equal 

settings for the KIF3B-Alexa-Fluor-488 channel to allow for valid comparison. Shown are mean 

and SEM of 15 cells with 5 sub-ROIs (single CgA-vesicles) per cell.****P<0.0001 (two-tailed 

unpaired Student's t-test). Right-hand side: Representative images of sub-ROIs as used for 

quantitative analysis in a control cell and a cell featuring shRNA mediated p0071 knockdown, 

respectively. (B) Representative images of BON cells used for quantification experiments showing 

antibody staining for KIF3B and CgA as well as alpha-tubulin-mCherry expression in control cells 

and p0071 deficient cells, respectively. This figure was first published in Becher et al., 2017, DOI: 

https://doi.org/10.1242/jcs.200170, Journal of cell science by Company of Biologists Reproduced 

with permission of COMPANY OF BIOLOGISTS LTD. in the format Republish in a 

thesis/dissertation via Copyright Clearance Center. 
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IV Discussion 
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IV.1 Defining a novel role of p0071 in kinesin-2 driven transport

In this study, a striking secretory defect upon depletion of the p120-catenin 

armadillo repeat protein family member p0071 could be described, implying a 

novel role for the protein in vesicle transport. Release of chromogranin A (CgA) 

from neuroendocrine tumor cells of the gastroenteropancreatic system and of 

matrix metalloprotease 9 (MMP-9) in Panc-1 cells was severely affected by 

abrogation of p0071 (Figs. 8-9, 18) (Becher et al., 2017). These findings were 

novel and unexpected, since p0071 has not been implicated in vesicle trafficking in 

the literature so far.  

The armadillo protein p0071 has previously been described to be present at 

several cellular compartments, adherens junctions and in the cytoplasmatic area, 

which was also confirmed in this study (Figs. 6-7) (Calkins et al., 2003; Hatzfeld et 

al., 2003), However, our experimental data demonstrated that it also co-localizes 

with chromogranin secretory granules on microtubule structures in the cytoplasm 

(Figs. 6-7) (Becher et al., 2017). This co-localization pointed to an interaction of 

p0071 with some part of the microtubule based protein transport machinery on the 

way to the plasma membrane, where vesicles are due to fuse and enable cargo 

export.  

Time-lapse microscopy and transmission electron microscopy (TEM) analysis 

elucidated that upon p0071 knockdown, chromogranin-GFP and chromaffin vesicle 

structures, respectively, were retained intracellularly already in the perinuclear 

area and throughout the cytoplasm, rather than close to the plasma membrane 

(Fig. 8, Fig. 10) (Becher et al., 2017). This suggested that a mechanism related to 

membrane fusion and cargo extrusion was likely not the cause of the secretory 

deficiency. One of the fundamental components of the Golgi-to-plasma membrane 

transport machinery is the microtubule network itself. Microtubule organization 

includes multiple aspects and is known to have direct effects on protein transport 

efficiency (Hammond et al., 2008; Hammond et al., 2010; Janke and Bulinski, 

2011; Yogev et al., 2016). In line with this, microtubule-targeting agents, such as 

taxol, which leads to a massive stabilization of microtubules (Thuret-Carnahan et 

al., 1985), and vinblastine, which is causing depolymerization of the network 

(Erickson, 1980), severely impaired CgA secretion from BON cells, causing 

phenotypes at moderate doses. The effects mediated by these substances also 
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included changes in post-translational modification of microtubules, namely 

increased acetylation of alpha-tubulin, as described in the literature (Fig. 13) 

(Becher et al., 2017; Erickson, 1980; Thuret-Carnahan et al., 1985; Xie et al., 

2010). Furthermore, taxol treatment inhibited microtubule re-polymerization after 

catastrophe, as shown by video tracking of fluorescently marked end-binding 

protein 3 (mEos-EB-3) (Fig. 14) (Akhmanova and Steinmetz, 2008; Becher et al., 

2017). However, though the phenotype caused by microtubule disorganization 

after treatment with specific chemical compounds resembled the p0071 

knockdown phenotype (Figs. 11-12), the mechanism by which p0071 regulates 

vesicle transport is different and appeared to be largely independent of 

microtubule network organization. This became evident after demonstrating that 

p0071 depletion, in contrast to taxol, did not affect microtubule stability in terms of 

increased acetylation, or polymerization by EB-3 tracking (Figs. 13-14).  

Since the Golgi complex constitutes the major cargo sorting hub of the cell, its 

maintenance also influences vesicle transport (Guo et al., 2014). Nocodazole is a 

cytostatic agent that reversibly disrupts components of the cytoskeleton including 

microtubules and Golgi membranes (Rogalski and Singer, 1984). In nocodazole 

washout experiments performed to examine putative related functions of p0071, 

both Golgi membranes and the tubulin network exhibited striking disintegration 

upon nocodazole treatment, but p0071 depletion had no effect on Golgi as well as 

microtubule re-organization in cells after nocodazole washout (Fig 15) (Becher et 

al., 2017). 

In summary, these results implied a more sophisticated mode of action for p0071 

within the cellular transport machinery. Among the several forms of cargo 

trafficking that could potentially be regulated by p0071, transport pathways can be 

distinguished by the involved motor proteins. Dense core granules, such as CgA 

vesicles are transported to the periphery at least partially by the kinesin-2/KIF3 

motor complex (Scholey, 2013). Another cargo molecule that has been reported to 

be shuttled towards the plasma membrane in a KIF3- (kinesin-2) mediated 

manner, is matrix metalloprotease 9 (MMP-9) (Hanania et al., 2012; Hirokawa et 

al., 2009). Like CgA in BON cells, the amount of MMP-9 released into cell culture 

supernatant by Panc-1 pancreatic cancer cells upon p0071 depletion was 

significantly lower than in untreated cells (Fig. 18) (Becher et al., 2017). To verify 

the specific nature of transport defects suggested by these results, the vesicular 
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stomatitis virus Glycoprotein G (VSV-G) was chosen as cargo for time-lapse video 

analysis. VSV-G is a cargo of the kinesin-1 motor complex (Kreitzer et al., 2000). 

Indeed, it was verified that the transport of VSV-G to the plasma membrane was 

unaffected by p0071 expression (Fig. 19) (Becher et al., 2017).  

Taken together, these data on differentially regulated transport processes suggest 

that p0071 selectively controls trafficking of kinesin-2 cargo, namely of the 

heterotrimeric KIF3 complex. KIF3B also co-localized with CgA-containing vesicles 

in BON cells and the regulation of CgA transport by KIF3B in ELISA assays could 

be verified (Fig. 17) (Becher et al., 2017). The transport phenotype of both, p0071 

and KIF3B depletion, was characterized by tracking CgA vesicles in live cell video 

imaging and image analysis indicated that CgA granules generally displayed 

bidirectional movement along microtubules. This is in line with the competitive 

transport of cargo vesicles by counterdirectional microtubule motors described in 

the literature (Gross et al., 2002; Soppina et al., 2009). Manual tracking of single 

vesicles demonstrated that in cells lacking either p0071 or KIF3B directional 

persistence of movement was largely impaired, while the velocity of tracked 

particles was unaffected (Fig. 20) (Becher et al., 2017). Thus, these data were 

strengthening the hypothesis that the mechanism by which p0071 and KIF3B 

control protein transport may be interconnected. P0071 is known to interact with 

the KIF3B motor subunit of the kinesin-2 complex (Keil et al., 2009; Keil et al., 

2013), which was verified by co-immunoprecipitation experiments (Fig. 16) 

(Becher et al., 2017). The other known components of the complex are the motor 

subunit KIF3A and KAP3, which interacts with the carboxy-terminus of KIF3B and 

has been suggested to serve as an adaptor protein for cargo vesicles (Scholey, 

2013). P0071 and KIF3B were previously shown to interact directly, independent of 

other proteins i.e. KAP3; p0071 binds to the non-motor C-terminal region of KIF3B 

through its central armadillo repeat domain (Keil et al., 2009). This suggests that 

the role of p0071 within the kinesin-2 complex is more than being merely a cargo. 

However, acceptor photobleach FRET experiments indicated that the relative 

proximity of KIF3B to tubulin was unaffected by p0071 expression, meaning that 

the binding of the motor part to the microtubule tracks was not altered (Fig. 21) 

(Becher et al., 2017). Interestingly, in co-immunoprecipitation experiments the 

cargo binding entity KAP3 of the KIF3 motor complex was detected in p0071 

immunoprecipitates (Fig. 23A) and proximity /binding was even validated by 
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acceptor photobleach FRET at CgA-positive structures (Fig.23 B-E). Here, 

chromogranin itself, a classical membrane enclosed cargo served as negative 

control for FRET experiments indicating a specific direct interaction of p0071 with 

KAP3 (Becher et al., 2017). This interaction was further mapped down to the 

structural domain of p0071 that interacts with KAP3 in GST-pulldown experiments 

with bacterially purified individual p0071 domain proteins. Here, KAP3 specifically 

associated with the large p0071 head domain, which is notably distinct from the 

armadillo repeat region that has been reported to bind KIF3B (Fig. 24) (Becher et 

al., 2017). This means p0071 binds to at least two components of heterotrimeric 

kinesin-2. P120-catenin as a structurally related protein to p0071 has been 

described to act as a scaffolding protein (McCrea and Gu, 2010). In line with this, 

co-immunoprecipitation experiments in two different cell lines showed that binding 

of KIF3B to KAP3 and vice versa was impaired upon loss of p0071, suggesting 

p0071 could have a function in stabilizing motor complex interactions (Fig. 26) 

(Becher et al., 2017). In summary, given that p0071 interacts with both KIF3B and 

KAP3, stabilizing the interaction of the two latter proteins as well as the strong 

secretion phenotypes measured for two kinesin-2 cargos upon p0071 depletion, a 

crucial role of p0071 as a mediator for effective cargo binding via KAP3 might be 

reasonable. 

IV.2 The importance of p0071 in determining kinesin-2 cargo transport
directionality

The heterotrimeric kinesin-2/KIF3 motor complex belongs to the plus-end directed 

anterograde kinesin motors, which transport cargo between the Golgi apparatus 

and the plasma membrane. The opposing mechanism, namely transport in the 

reverse, minus-end direction, is achieved by cytoplasmic dynein. The bidirectional 

movement of cargo vesicles, as observed for CgA vesicles in BON cells, is 

generally understood to be the result of competitive activity of opposed polarity 

transport machineries (De Rossi et al., 2015; Deacon et al., 2003; Fu and 

Holzbaur, 2013; Gross et al., 2002; Scholey, 2013). Three models are currently 

being discussed to explain this phenomenon. The simplest of them, the ‘selective 

recruitment’ model, suggests that only one type of motor is binding to a vesicle at a 

given time, allowing for unidirectional movement, appears to be counterdicted by 

the fact that vesicles move bidirectionally and sometimes seem to stand still. 

Therefore, the remaining two models give a more satisfying explanation of the 
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events recorded in cells. The so-called ‘coordination model’ implies that motors 

can be switched ‘on’ or ‘off’ by regulating scaffold proteins. While some proteins 

that regulate microtubule motor activity have been described, many are certainly 

still elusive (Fu and Holzbaur, 2013; Gross et al., 2002). In the ‘tug-of-war model’, 

on the other hand, the stochiometric difference of several, eventually opposing, 

motor complexes simultaneously binding to a cargo vesicle, offset against their 

respective processivity, determine the directionality in which the cargo is moving at 

any given time (Blehm and Selvin, 2014; Hendricks et al., 2010; Soppina et al., 

2009). In essence, the “stronger team” wins and determines direction, while the 

scenario changes constantly, leading to seemingly erratic, bidirectional vesicle 

movement. The increased binding affinity of a specific motor then ultimately results 

in cargo transfer towards the desired direction. A fair amount of evidence have 

been shown for both the ‘coordination’ and the ‘tug-of-war’ model, respectively (Fu 

and Holzbaur, 2013; Gross et al., 2002). The two latter models, although based on 

different approaches to explain the system, do not necessarily have to be 

contradictive. The interplay between stochiometric competion of cargo-bound 

motors and larger regulatory events that affect kinesin and dynein activity, 

respectively, mediate the outcome of the tug-of-war in a complex fashion (De 

Rossi et al., 2015). The data obtained in this study implies an important role of the 

armadillo protein p0071 in determining microtubule motor based transport 

directionality. P0071 interacts with two proteins of the heterotrimeric kinesin 2- 

complex, KIF3B (a motor subunit) and KAP3 (a cargo binding adaptor) through its 

armadillo repeat (Keil et al., 2009) and head domain, respectively, stabilizing the 

KIF3 motor complex (Becher et al., 2017). Vice versa, this implies that a lack of 

p0071 may prevent the heteromeric kinesin-2 complex from efficiently binding to 

its cargos due to the impaired interaction of the motor subunit and the KAP3 

adaptor. 

The resulting reduced affinity of cargo binding could then lead to a local superiority 

of cytoplasmic dynein mediated, microtubule minus-end directed vesicle 

movement (Hill et al., 2004; Luby-Phelps et al., 1987). According to the 

‘coordination’ model, another mode of action for p0071 in the context of kinesin-2 

transport could be to maintain KIF3 complex integrity, allowing for efficient 

activation of the complex. This might be mediated by additional factors that remain 

so far elusive. 
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It has been demonstrated in the literature that the processivity of the KIF3A/B 

heterodimeric subunit is modulated by intramolecular communication of the 

interacting head subunits (Albracht et al., 2016). Since it has been implied that the 

amount of dynein complex molecules bound to a cargo vesicle is often much 

higher than the amount of associated kinesin (De Rossi et al., 2015), regulating 

kinesin activity seems even more important than the sheer number of bound motor 

proteins. However, during their processive run, microtubule motors behave 

differently; while dynein often stays attached to cargo and microtubules regardless 

of current directionality and can even move backwards, kinesin molecules bound 

to vesicles temporarily detach from microtubule tracks during minus-end directed 

runs, while the kinesin-vesicle interaction stays intact (De Rossi et al., 2015). 

Since we found that the interaction of KIF3B with microtubules appeared to be 

unaffected by p0071 expression, the most likely mechanism of action for p0071 in 

this context is by promoting the association of the kinesin-2 complex to 

membranous cargo due to the more effective binding of KAP3 (Becher et al., 

2017). Though, as there is no data on motor processivity in dependence of p0071, 

more experimental details on kinesin activation by non-motor proteins are needed 

in order to draw final conclusions.  
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IV.3 Summary and outlook

In this study, a novel and unexpected role of p0071, a member of the p120-catenin 

family of intercellular junction proteins, has been discovered. P0071 depletion 

strongly impairs secretion of various secretory proteins into the supernatant from 

cultured cells. This effect is selective for cargo substrates of the heterotrimeric 

kinesin-2 complex, comprising of KIF3A, KIF3B and KAP3. Both, p0071 and 

KIF3B depletion caused aberrant movement of chromogranin A granules in 

neuroendocrine tumor cells due to impaired directional transport. This occurs likely 

since p0071 is required to stabilize the interaction between kinesin-2 motor subunit 

KIF3B and the cargo-adaptor subunit, KAP3. 

Taken together, the data obtained in this study postulate the following model (Fig. 

28): P0071 interacts with the C-terminus of the kinesin-2 microtubule motor 

subunit KIF3B through its armadillo repeat domain (Keil et al., 2009), while at the 

same time binding to the cargo adaptor protein KAP3 through its head domain. 

The result is a stabilization of the interaction between KIF3B and KAP3. P0071 

depletion therefore leads to an impaired anterograde transport of KIF3-motor 

cargo substrates, indicated by a compromised directionality of CgA vesicles on 

microtubules between the Golgi apparatus and the plasma membrane. Release of 

the kinesin-2/KIF3 cargos such as CgA or MMP9 from BON and Panc1 cells, 

respectively, is then severely inhibited.  

The data shown here are in line with currently accepted models of bidirectional 

vesicle transport mediated by anterograde kinesin and retrograde dynein motors. 

Loss of plus-end directed movement can both be the consequence of kinesin 

motors detaching from cargo, or of regulatory events mediated by intramolecular 

complex stability controlling motor processivity. Future experiments that might 

provide further valuable insight in such a regulation include the analysis of purified 

vesicles in presence and in absence of p0071, respectively, to identify additional 

proteins that might be involved in the regulatory process. This could achieved e.g. 

by mass spectrometry. Also, in vitro experiments exposing microtubules in a cell 

free system to individual subunits of the kinesin-2 complex to assess the role of 

p0071 in regulating kinesin motor processivity by measuring ATP hydrolysis would 

help to elucidate the molecular functions of p0071 further. Apart from this, the 

significance of heterotrimeric kinesin-2 and especially the role of p0071 expression 
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in  diseases has not been subject to intense study so far and details will still 

emerge in the future. 

Fig. 28. Schematic illustration of p0071 as a stabilizer in the microtubule based 
heterotrimeric KIF3 complex. KIF3A and KIF3B are shown in orange and blue, respectively, and 

indirectly interact with the cargo vesicle (dark green) via KAP3 (red). The p0071 armadillo domain 

(bright green) binds KIF3B and it’s head domain (grey) binds to KAP3, providing additional stability 

to the the kinesin complex and thereby enhancing efficiency of cargo binding and thus transport. 

This figure was first published in Becher et al., 2017, DOI: https://doi.org/10.1242/jcs.200170, 

Journal of cell science by Company of Biologists Reproduced with permission of COMPANY OF 

BIOLOGISTS LTD. in the format Republish in a thesis/dissertation via Copyright Clearance 

Center. 

https://doi.org/10.1242/jcs.200170
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