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Table 2.7. Cell culture conditions 

Cell line Medium Fetal Calf 

Serum 

Antibiotics Selective 

antibiotic 

COS DMEM 

Low Glucose 
10% 

MDCK 

— 

MDCKAnxXIIIbDsRed 

MDCKp75-GFP 

MDCKSI 

MDCKSI-YFP 

MDCKLPH 

G418 

(0.5 mg/ml) 

MDCKLPHmyc 

MEM 

 

5% 

 

Penicillin 

(100 U/ml), 

Streptomycin 

(100 μg/ml) 

Zeocin 

 

The cells were passaged every second day, or the medium was changed. All cell culture 

manipulations were done in laminal flow hood. DMEM Low Glucose, MEM, FCS, penicillin 

and streptomycin were from PAA (Pasching, Austria). G418 Geneticin was from Biochrom 

AG (Berlin, Germany). Zeocin was from Invitrogen (Darmstadt, Germany). 

 

 Immunofluorescence 

The cells were washed with PBS and fixed with 4% paraformaldehyde (PFA) for 20 min at 

room temperature. After three times washing with PBS, the cells were permeabilized either 

with 0.025% Saponin for 20 min, or with 0.01% Triton X-100 for 4 min at room temperature. 

Alternatively, the cells were fixed and permeabilized simultaneously by cold methanol for 

20 min at -20 ºC. All further procedures were performed in wet chambers at room 

temperature. The cells were washed 3 times with PBS and incubated with 5% goat serum as 

blocking solution for 1 h. After 3 times washing with PBS the primary antibodies diluted in 5% 

goat serum were added. After 2 h the cells were washed 4 times with PBS and the 

secondary antibodies diluted in 5% goat serum were added for 1 h. Finally, the cells were 

washed again 4 times and mounted on glass slides with embedding medium. 

 

2.2.6. Software 

For the quantification of Western blots and phosphoimager screens the Gel-Pro Analyzer 

was used (Media Cybernetics, Marlow, UK). SiRNA duplexes were designed in siRNA Target 

Finder (http://www.ambion.com/techlib/misc/siRNA_finder.html). Microscopic data evaluation, 

in vitro assays analysis and colocolization analysis was performed with Leica software (Leica 

Confocal Software, Leica Application Suite Advanced Fluorescence, Leica Microsystems, 

Wetzlar, Germany) in combination with the Volocity (Improvision, Coventry, UK). MALDI 
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Figure 3.16. Co-staining of p75, SI and LPH with annexin XIIIb in COS cells 

(A) COS cells were co-transfected with AnxXIIIb-DsRed and SI-YFP/LPH-CFP (upper panel) or LPH-
CFP/p75-YFP (lower panel). 48 h after transfection the cells were blocked in TGN and released for 
10 min. After fixation the cells were analyzed by confocal microscopy. Arrowheads depict AnxXIIIb-
positive structures stained by LPH and SI or LPH and p75, which are also indicated by arrows in the 
single fluorescence images. Scale bars, 10 µm. (B) Quantification of the colocalization of annexin XIIIb 
with apical markers SI, p75 and LPH. The percentage of annexin XIIIb positive vesicles, colocalized 
with either SI, LPH, p75 (double staining) or with SI and LPH or p75 and LPH (triple staining) is 
depicted. 
 

LPH-CFP. After 48 hours the accumulation of newly synthesized material in the TGN was 

stimulated. The TGN block was then released by incubation at 37 ºC for 10 minutes followed 

by fixation of the cells with paraformaldehyde. Confocal microscopy analysis of the 

intracellular distribution of annexin XIIIb revealed that it concentrates in small vesicular 
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structures, mostly located in the perinuclear region. Fig. 3.16 indicates that about 50% of the 

annexin XIIIb-positive vesicles colocalized with the raft-independent markers p75 and LPH, 

as well as with the raft-dependent SI. Moreover, these triple-stained vesicles containing 

annexin XIIIb, LPH and SI or p75 were found in the perinuclear region of transfected COS 

cells and constitute about 30% of all annexin XIIIb-positive vesicles. Altogether, these data 

suggest that in COS cells annexin XIIIb as well as LPH, p75 and SI accumulate to a notable 

extent in identical compartments 10 minutes after TGN-exit. 

 

3.2.4. Annexin XIIIb colocalizes with apical marker proteins in polarized cells 

Next, together with C.I.Delebinski the subcellular localization of annexin XIIIb was examined 

in polarized epithelial MDCK cells. Stable MDCK cell lines expressing SI-YFP or p75-GFP 

were transiently transfected with annexin XIIIb-DsRed. The TGN block and release was 

performed as described above. The cells were immediately fixed and their apical regions 

were analyzed by confocal microscopy. As expected, in accordance with a previously 

described role of annexin XIIIb in the raft-dependent apical pathway (Lafont et al., 1998), 

annexin XIIIb colocalized with SI-YFP-containing structures (Fig. 3.17A). Furthermore, 

significant quantities of raft-independent p75-GFP positive vesicles were co-stained with 

annexin XIIIb. To confirm the role of annexin XIIIb in apical protein transport, co-staining of 

annexin XIIIb with endogenous apical markers of both pathways was examined. Gp135 was 

immunolabeled for raft-dependent (Ojakian and Schwimmer, 1988) and gp114 for raft-

independent apical pathways (Le Bivic et al., 1990; Verkade et al., 2000) (Fig. 3.17B). Again, 

annexin XIIIb colocalized with markers for both apical pathways, which corroborates our 

findings in COS cells and indicates that annexin XIIIb is involved in raft-dependent as well as 

in raft-independent apical trafficking in polarized MDCK cells. 
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Figure 3.17. Co-staining of p75 and SI with annexin XIIIb in MDCK cells 

MDCKSI-YFP and MDCKp75-GFP cells were grown on coverslips and transfected 2h after seeding with 
AnxXIIIb-DsRed. After five days the cells were fixed and stained for gp114 and gp135 with specific 
antibodies. The cells were analyzed by confocal microscopy. In the merged image AnxXIIIb-DsRed is 
shown in red, and SI-YFP, p75-GFP (A), gp114 or gp135 (B) in green. Some colabelled structures are 
indicated by arrows. Pearson’s correlations were quantified for 10 cells and are indicated on the right 
panel. Scale bars, 10 µm. 
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3.2.5. Characterization of annexin XIIIb positive structures in MDCK cells 

The following study was done in collaboration with C. I. Delebinski (Astanina et al., in press). 

To further characterize subcellular compartments of polarized MDCK cell monolayers 

enriched in annexin XIIIb, an MDCK cell line, stably expressing annexin XIIIb-DsRed was 

generated (MDCKAnxXIIIb-DsRed). The cells were grown for five days on coverslips and the 

distribution of annexin XIIIb-DsRed, in comparison to subcellular marker proteins, was 

analyzed by immunocytochemistry and confocal microscopy. Annexin XIIIb-DsRed forms 

vesicular structures, which distributed evenly in the cytosol (data not shown). As a marker for 

early endosomes Early Endosome Antigen 1 (EEA1) was used – a membrane bound protein 

component, which is specific to early endosomes and essential for fusion between early 

endocytic vesicles (Mu et al., 1995). Rab7 has been used as a marker for late endosomes, 

as it is known to be localized to this organelle and to play an important role in the late 

endocytic pathway. Both antibodies, as expected, (anti-EEA1 and anti-Rab7) labelled 

vesicular structures in the cytosol of polarized MDCK cells. The TGN region was labelled 

with anti-p230 antibody because it was shown that p230 is associated with vesicles budding 

from the trans-Golgi network (Gleeson et al., 1996). This antibody stained characteristic 

membrane accumulation in the perinuclear region, which corresponds to the TGN. As a 

marker for the Golgi apparatus anti-GM130 antibody was used. GM130 is a member of the 

Golgin protein family and is localized to the Golgi. Annexin XIIIb-positive vesicles did not co-

stain with the early endosomal marker EEA1 or the late endosomal marker Rab7 (Pearson’s 

correlation 0.08 and 0.07). Furthermore no colocalization could be observed either with the 

TGN marker p230 or Golgi GM130 (Pearson’s correlation 0.09 and 0.07) (Fig. 3.18). 

However, significant quantities of vesicular structures were positive for both annexin XIIIb 

and Rab8 or Rab10 (Pearson’s correlation 0.77 and 0.44) (Fig. 3.18), which suggests that 

annexin XIIIb is localized to Rab-positive endosomal organelles. 
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Figure 3.18. Characterization of annexin XIIIb-DsRed in MDCK cells 

Continued on the next page 
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Figure 3.18. Characterization of annexin XIIIb-DsRed in MDCK cells 

(A) MDCKAnxXIIIb-DsRed cells were grown on coverslips for five days. The cells were fixed and stained for 
immunofluorescence with antibodies directed against the TGN (p230), the Golgi region (GM130) or 
against endosomal EEA1, Rab7, Rab8, Rab10. Alexa-fluor 488 (green) was used as secondary 
antibody. No co-staining between AnxXIIIb-DsRed and the TGN, Golgi, early or late endosomes could 
be detected. AnxXIIIb-DsRed and Rab8 or Rab10 colabelled structures are indicated by arrows. Scale 
bars, 10 µm. (B) Pearson’s correlations quantified from 10 cells are indicated. 
 

3.2.6. Endogenous annexin XIIIb colocalizes with apical markers and 
endosomal Rab8 

To prove that annexin XIIIb colocalization with apical and endosomal markers is not caused 

by overexpression, the intracellular distribution of endogenous annexin XIIIb was studied. 

MDCK cells, or cells stably expressing p75-GFP or SI-YFP, were fixed and stained with 

polyclonal anti-annexin XIIIb antibody. Similar to overexpressed annexin XIIIb-DsRed, 

endogenous annexin XIIIb localized to vesicular structures, distributed evenly in cytosol with 

a weak bias to the apical region (Fig. 3.19A, B). Annexin XIIIb colocalized with both apical 

markers: raft-associated SI and raft-independent p75, with a Pearson’s correlation 0.49 and 

0.73, respectively (Fig. 3.19A). This corroborates with our findings for overexpressed annexin 

XIIIb-DsRed (Fig. 3.17). The endogenous annexin XIIIb colocalized also with Rab8, although 

to a lesser extent than by overexpressed annexin XIIIb: The Pearson’s correlation for 

overexpressed annexin XIIIb was 0.77, in comparison with only 0.4 for endogenous protein 

(Fig. 3.17, 3.19). Nevertheless, analysis of the intracellular distribution of the endogenous 

annexin XIIIb confirms that it is present on apical vesicles of both – raft-dependent and -

independent – pathways, as well as on the Rab8-positive endosomal compartment. 
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Figure 3.19. Endogenous annexin XIIIb colocalizes with apical markers and Rab8. 

(A) MDCKSI-YFP (upper panel) and MDCKp75-GFP (lower panel) cells were grown on coverslips and fixed 
on the fifth day. The cells were stained with polyclonal anti-annexin XIIIb antibodies (with Alexa Fluor 
546 as secondary antibody). (B) MDCK cells were grown on coverslips, fixed and stained with 
polyclonal anti-annexin XIIIb (secondary antibody Alexa Fluor 546) and monoclonal anti-Rab8 
antibodies (secondary antibody Alexa Fluor 488). Confocal sections were recorded from regions just 
beneath the apical membrane. Colocalized structures are indicated by arrows. Pearson’s correlations 
quantified from 10 cells are indicated on the right panel. Scale bars, 10 µm. 

 

3.2.7. Annexin XIIIb is present on immunoisolated apical post-Golgi vesicles 

Previous studies have shown that annexin XIIIb is enriched in TGN-derived apical carriers of 

the raft-associated hemagglutinin glycoprotein in MDCK cells (Lafont et al., 1998). To assess 

the presence of annexin XIIIb on immunoisolated apical post-Golgi carriers for raft-

associated and non-raft-associated transport, purified vesicles from MDCKSI-YFP and 

MDCKp75-GFP cells were examined (Delacour et al., 2006). The cells were blocked at 20 ºC for 

4 hours followed by a TGN release at 37 °C for various time intervals. The cells were lysed 

and post-Golgi vesicles were fractionated by sucrose density centrifugation and 

immunoisolated with monoclonal anti-GFP antibody. Following gel electrophoresis the 

samples were analyzed by immunoblotting with polyclonal anti-annexin XIIIb antibody. As 
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shown in Fig. 3.20, annexin XIIIb could not be detected on immunoisolated vesicles carrying 

SI-YFP or p75-GFP 5 min after TGN-release. However, 10 min after TGN-release 

annexin XIIIb was present on both SI-YFP- and p75-GFP-carrying vesicular structures. 

Thereafter, at 20 min after TGN release, annexin XIIIb almost disappeared from both vesicle 

populations. Immunobloting with anti-Rab8 antibodies revealed that annexin XIIIb association 

with post-Golgi vesicles occurs simultaneously with the Rab8 association on immunoisolated 

vesicles (Fig. 3.20). This observation is corroborated by the endosomal accumulation of 

annexin XIIIb in MDCK cells (Fig. 3.18, 3.19). By using anti-PDI (protein disulfide isomerase 

– marker protein for endoplasmic reticulum) antibody as a negative control, we could exclude 

the presence of ER-derived membranes in these vesicle preparations (Fig. 3.20). 

 

Figure 3.20. Annexin XIIIb is present on immunoisolated post-Golgi. 

Newly synthesized material was accumulated in the TGN of MDCKp75-GFP and MDCKSI-YFP cells at 
20 °C followed by a release at 37 °C for 0, 5, 10 and 20 minutes. Cell homogenates were loaded onto 
a step sucrose gradient and post-TGN vesicles were immunoisolated with monoclonal anti-GFP 
antibodies. The immunoprecipitates were separated by SDS-PAGE and immunoblotted with anti-
annexin XIIIb, anti-Rab 8 and anti-PDI antibodies. Immunoblots of cellular lysates are depicted as lys. 

 

3.2.8. Depletion of annexin XIIIb decreases the apical surface delivery of SI, 
p75 and LPH 

Having identified annexin XIIIb in an endosomal compartment that resembles a crossroad 

between raft-dependent and raft-independent apical trafficking, now the function of this 

annexin was examined in both pathways. Therefore, annexin XIIIb was depleted by RNA 

interference. Three siRNA duplexes were designed to specifically target the annexin XIIIb 

mRNA. The efficiency of knockdown in MDCK cells was over 95% (Fig. 3.21A). This was 

determined by Western blot analysis of cell lysates from annexin XIIIb depleted and control 

cells transfected with luciferase siRNA. Remarkably, annexin XIIIb depletion had no influence 

on the polarization of the cells: E-cadherin localizes to basolateral membrane, p75 – to the 

apical membrane (Fig. 3.21B). To evaluate the efficiency of surface delivery of SI, p75 and 



Results 
 

77  

LPH in annexin XIIIb depleted MDCK cells, the cells were grown on trans-well filters and 

biosynthetically labeled with [35S]methionine. The marker proteins were immunoprecipitated 

separately from the apical or basolateral surfaces and their levels were compared to the 

quantities isolated from control cells (Fig. 3.21C). This experiment revealed a reduction in 

apical surface delivery, after annexin XIIIb knockdown, of all three transmembrane proteins 

studied. 

Figure 3.21. Figure legend on the next page 
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Figure 3.21. Annexin XIIIb is involved in surface delivery of apical markers. 

(A) MDCK cells were transfected with annexin XIIIb-specific siRNA-duplexes (KD) or luciferase siRNA 
as control (Cntr). 48h after transfection, the knockdown was analyzed by Western blotting using anti-
GAPDH antibodies (as a loading control) or anti-annexin XIIIb (A, left panel). Quantification of the 
knockdown efficiency is shown (A, right panel). (B) MDCK p75-GFP cells were transfected with 
annexin XIIIb-specific siRNA-duplexes. 48 hours after transfection the cells were fixed and stained 
with anti-E-cadherin antibody. The xz view is shown; the apical region is depicted as api, the 
basolateral – as baso. Scale bar, 10 µm. (C) MDCKLPH, MDCKp75-GFP and MDCKSI cells were grown on 
trans-well filters, transfected with annexin XIIIb or control siRNA and biosynthetically labelled for 2h 
with [35S]methionine, followed by incubation for 4 h at 37 °C. Cell surface immunoprecipitation of LPH, 
p75 or SI from the apical (“a”) or basolateral (“b”) membranes (depicted as “surface”) was performed 
with the corresponding antibodies. Cytosolic LPH, p75 or SI were precipitated from the remaining cell 
lysates for comparison (depicted as “lysate”). The immunoprecipitates were subjected to SDS-PAGE 
followed by phosphoimager analysis. High-mannose (LPHh, SIh, p75h) or complex glycosylated forms 
(LPHc, SIc, p75c) are indicated. LPHm, mature form of LPH. The proportions of p75, SI and LPH from 
four independent experiments were quantified (C, right panel). Asterisks denote statistically significant 
differences using paired Student´s t tests; * = p<0.001, ** = p<0.01, *** = p<0.05. 

 

To prove that the trafficking delay in the absence of annexin XIIIb is related to events 

following TGN-exit, the transport kinetics of apical cargo molecules was studied as described 

before (Astanina and Jacob, 2010; Cramm-Behrens et al., 2008). Here, after siRNA-

depletion of annexin XIIIb radioactively labeled p75, SI and LPH were isolated from the 

apical cell surface in a pulse-chase experiment after different time intervals of chase 

(Fig. 3.22). The quantification revealed a significant delay in apical surface delivery of both 

raft-dependent SI and raft-independent p75 in the absence of annexin XIIIb. The difference 

between p75 and SI proportion at the apical surface in annexin XIIIb-depleted and control 

cells was in both cases about 15%. 
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Figure 3.22. Transport kinetics of p75 and SI after depletion of annexin XIIIb 

Control or annexin XIIIb-depleted MDCKp75-GFP (A) and MDCKSI (B) cells were grown on trans-well 
filters and biosynthetically labelled with [35S]methionine for 15 min. The cells were incubated at 20 °C 
for 4 h to block newly synthesized proteins in the TGN. Temperature was shifted to 37 °C for various 
time intervals (0, 15, 30 and 60 minutes), followed by cell surface immunoprecipitation of p75 and SI 
from the apical surface. Cytosolic p75 and SI were immunoprecipitated from the remaining cell lysates 
for comparison. The immunoprecipitates were subjected to SDS-PAGE, followed by phosphoimager 
analysis. Mannose-rich (p75h and SIh) or complex glycosylated (p75c and SIc) forms are indicated. The 
proportions of surface p75 and SI were quantified from three independent experiments (A, B, bottom 
panel). Asterisks denote statistically significant differences using paired Student´s t tests; ** = p<0.01, 
*** = p<0.05. 
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4. Discussion 

4.1. Characterization of motor proteins involved in apical 
protein trafficking 

4.1.1. Purified vesicles bind and move along microtubules in vitro. 

Microtubule-based in vitro motility and binding assays allow to study interaction of motor 

proteins with cytoskeletal filaments and to characterize movement of purified organelles 

along microtubules. In the current study, in vitro assays have been used to adjust the vesicle 

immunoprecipitation procedure and to confirm the presence of molecular motors on purified 

vesicles, which were examined thereafter biochemically. In vitro binding assays have 

revealed first evidence that purified post-TGN vesicles carry proteins that form a link between 

a vesicle itself and a microtubule. Most probably, this interaction is carried out by motor 

proteins. In fact, the motility assay showed that the purified vesicles do not only bind to 

microtubules, but also move along them (Fig. 3.1). Remarkably is, that the vesicles were 

moving in both directions on microtubular tracks and this fact can have several explanations. 

First of all, bidirectional movement can be carried out by at least two types of motor proteins 

(plus and minus end-directed) present on the motile organelle. For example, this could be the 

plus end-directed kinesin and minus end-directed dynein, as in the case of in vitro 

reconstitution of ATP-dependent movement of endocytic vesicles (Murray et al., 2000). On 

the other hand, the normal diameter of a single microtubule is 25 nm, whereas the measured 

diameter of microtubules in the current assay was 100-200 nm (data not shown), which 

means that several microtubules could have formed a bundle, probably with even 

orientations of plus and minus ends. Thus, the vesicles were moving always in one direction 

(plus or minus), but they were changing the microtubular filament within the bundle. Another 

possibility for bidirectional movement is so called “diffusive” movement of motor proteins. 

This type of motion has been shown, for example, for kinesin-13, which uses a one-

dimensional diffusive search to rapidly target microtubule ends where it binds and 

depolymerises microtubules (Helenius et al., 2006). Recently, diffusive in vitro movement has 

been demonstrated also for processive kinesin-1 (Lu et al., 2009). 

In general, the velocities of organelle movement in vitro may vary depending on the motor 

protein itself and the study approach. For example, for gliding assays the pace of KIF1B was 

about 0.66 μm/sec (Nangaku et al., 1994), whereas KIF1B-coated beads were transported in 

the motility assay with a velocity up to 0.82 μm/s (Wozniak et al., 2005). In cells, the 

organelle speed can be significantly higher, for example, KIF5B-dependent movement of 

apical cargo in living cells is about 1.4 μm/s (Jaulin et al., 2007). In the present study the 

mean velocity of vesicles was quite low (0.08 μm/s, see Fig. 3.1), although, when only 

unidirectional processive movements was quantified, the mean value was 0.28 μm/s. A 
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plausible reason for this variability can be the presence of cofactors that substantially 

influence the kinesin velocity and thus vesicle movement. Also the purification procedure 

itself can lead to the detachment of molecular motors from some vesicles or to their inactive 

state. In agreement with this idea is the fact that a lot of vesicles do not bind to microtubules 

in perfusion chambers in vitro: these vesicles either stick non-specifically to the DEAE-

Dextran-covered glass surface, or do not carry any motor protein to bind specifically to 

microtubules. Although, 100% binding of vesicles to microtubules can be also interfered by 

the motility buffer itself. For example, it is known that kinesin undergoes a salt-dependent 

transition from an extended active to a folded inactive molecule (Hackney et al., 1992). 

Another interesting point is that in motility assays the vesicles have often changed the 

microtubular tracks and continued their movement on another microtubular filament 

(Fig. 3.1). Most probably it can be realized if the motor protein remains bound to the 

organelle during detachment from microtubule. In fact, similar mechanism was shown for 

mitochondria, where the kinesin heavy chain remains associated with cargo regardless of 

whether they are moving to plus or minus end, or even when the mitochondria is not 

motile (Wang and Schwarz, 2009). In the living cell, the strong association of the motor 

protein with specific cargo is important for processive directed transport of organelles to their 

destination, in spite of possible microtubular interruption or trafficking jams on trafficking 

pathways. 

 

4.1.2. KIF5C is present on purified p75-carrying vesicles. 

To check the hypothesis about presence of two types of motor proteins on vesicles, 

biochemical studies have been performed. Immunoprecipitated post-TGN vesicles were 

tested whether they carry kinesin heavy chain or dynein (Fig. 3.2). KHC has been chosen 

because, first of all, it is one of the most important motor protein in intracellular organelle 

trafficking, and, second, one member of KHC group – KIF5B – has been already identified to 

be essential for post-Golgi transport of p75 in polarized epithelial cells (Jaulin et al., 2007; 

Hirokawa et al., 2009). Dynein was another candidate because it is a member of minus end-

directed class of motor proteins and, thus, could provide bidirectional vesicle movement in 

vitro. For dynein detection specific antibody against intermediate chain have been chosen 

because of the size of detected protein (72 kDa) and because the dynein intermediate chain 

is relatively conserved between different dynein types (Ogawa et al., 1995). Although, the 

possibility, that the antibody does not recognize one or another type of IC, should not be 

excluded. Immunoblotting of p75 vesicle samples revealed no signal for dynein, at the same 

time kinesin heavy chain has been detected (Fig. 3.2). This data proved that p75 vesicles 

carry no dynein, but kinesin heavy chain. Nevertheless, it remained unclear, which member 

of KHC group is present on p75-carrying vesicles, because KHC antibody reacts with all 
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three members of this group: KIF5A, KIF5B and KIF5C (see Table 2.3). For proteomic 

analysis KHC was immunoprecipitated from post-TGN vesicle-enriched fractions and 

subjected to MALDI-TOF. The immunoprecipitated protein was identified as KIF5C. The 

probability based MOWSE (MOlecular Weight SEarch) score in all experimental sets was 

about 80-120, while protein scores greater than 68 are significant.  

KIF5C is a motor protein of KHC group and it was thought to be expressed exclusively in 

neurons, preferentially in motor neurons. In the absence of this motor, KIF5C knockdown 

mice exhibit smaller brain size, but were viable with a relative loss of motor neurons to 

sensory neurons (Kanai et al., 2000). Moreover, KIF5C plays a role in morphogenetic 

processes, as shown in chicken embryos (Dathe et al., 2004). Here, the KIF5C expression 

during embryo development is not restricted to neuroectoderm-derived structures, but was 

additionally found in epithelial somites. Furthermore, Jaulin et al. detected KIF5C in epithelial 

A549 and MCF-7 cells (Jaulin et al., 2007). Recently, KIF5C was detected in the acrosome of 

spermatozoa (Mannowetz et al., 2010). The concrete function of KIF5C in non-neuronal 

tissues, however, has not been described so far. In neurons this motor plays a role in 

anterograde traffic of mitochondria and vesicles. KIF5C can bind its cargo at the C-terminus 

of kinesin heavy chain or by association with two kinesin light chains. This interaction is 

mediated by the adaptor protein GRIP1, which forms a ternary complex with the two KIF5C 

heavy and light chains (Smith et al., 2006). GRIP1 also forms a complex with GluR2, a 

subunit of the AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionate) receptor (Setou et 

al., 2002), and thus KIF5C is linked to synaptic vesicle components in neuronal cells. 

Figure 4.1. Homology among the three KIF5s and coiled-coil probability of KIF5C 

(Modified from (Kanai et al., 2000)) 
 

KIF5C consists of 956 amino acids and shows a high degree of similarity to KIF5A or KIF5B 

(60% identical), especially in its motor domain (KIF5C: 9–321, 80%) and in the C-terminal 

coiled coil region (KIF5C: 829–908, 90%). There are also two short regions with very few 
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similarities and low coiled-coil probabilities (see Fig. 4.1). These regions were used for 

generation of KHC isoforms-specific antibodies (Kanai et al., 2000). Nevertheless, the 

specificity of each antibody used in the current study has been checked additionally for 

verification (see Table 2.3). 

 

4.1.3. KIF5C transports both raft-associated and non-raft-associated vesicles. 

The presence of KIF5C on post-TGN p75-carrying vesicles was proved also by 

immunoblotting of p75-GFP carrying vesicles with specific anti-KIF5C antibody (Fig. 3.3A). 

The maximum of KIF5C association with post-TGN p75-carrying vesicles was observed at 

5 – 10 minutes after TGN exit. According to previous studies, this point of time corresponds 

to the moment when both pathways (raft-associated and non-raft-associated) are transported 

in common vesicles from TGN. It was shown, that distinct endosomal compartments, positive 

for Rab4, Rab8 and Rab11, are traversed en route to the apical plasma membrane (Cramm-

Behrens et al., 2008). In fact, analysis of raft-associated SI-carrying post-TGN vesicles 

revealed that KIF5C is a motor protein also for this pathway. The highest association of 

KIF5C with SI carrying vesicles was observed 5 minutes after TGN exit (Fig. 3.3B). 

Remarkably, the amount of KIF5C on SI vesicles decreased dramatically after 5 minutes 

TGN release, whereas for p75 vesicles this parameter declined moderately until 20 minutes. 

Similar kinetics of KIF5C association with apical cargo was observed by immunostaining of 

endogenous KIF5C in polarized MDCK cells (Fig. 3.7). Though, here already at 0 minutes 

after TGN exit quite high overlap coefficient was reached. Possibly, it is partly due to the 

condensed residence of apical proteins in the perinuclear area directly after TGN block. 

Immunofluorescence studies of the intracellular distribution of KIF5C in polarized MDCK cells 

revealed also that this motor protein colocalizes with TGN, Rab4- and Rab8-positive 

endosomes, but not with the Golgi (Fig. 3.10). Moderate levels of colocalization with TGN, 

Rab4 or Rab8 suggest that KIF5C is not strictly associated with certain membrane 

compartments, but is rather shuttling between them, providing apical protein trafficking to its 

final destination. 

Thus, according to biochemical and immunofluorescence studies, KIF5C transports apical 

proteins of both pathways (raft-associated and non-raft-associated), possibly in the same 

vesicular carriers, from TGN to some endosomal compartments (Jacob and Naim, 2001; 

Cramm-Behrens et al., 2008). At this point of time the apical cargo is finally sorted, the two 

pathways are divided and transported thereafter separately. Presumably, KIF5C stays then 

longer associated with raft-independent vesicles (maybe even until the cargo reaches 

plasma membrane), whereas its role for raft-dependent trafficking finishes at 10 minutes after 

TGN exit. This hypothesis corroborates with previous studies, which showed that at the cell 

periphery raft-associated vesicles are transported by myosin I along actin filaments (Jacob et 
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al., 2003; Heine et al., 2005). Additionally; to prove the general role of KIF5C in post-Golgi 

apical trafficking, another model protein – LPH – has been studied. As shown in Fig. 3.9, 

non-raft-associated LPH colocalizes with KIF5C, as well as another model protein of this 

pathway – p75 (Fig. 3.7). 

 

4.1.4. KIF5C interaction with post-TGN vesicles and possible regulation 
mechanisms. 

To understand the mechanism of KIF5C interaction with vesicles, co-immunoprecipitation 

analysis was performed (Fig. 3.3D). As expected, no direct interaction of kinesin with either 

SI or p75 was detected. Both apical markers are heterologously expressed in MDCK cells, 

therefore it was unlikely that a general motor for both pathways will bind directly to the 

transported proteins. Probably, this interaction occurs either through some adaptor proteins 

or there are other interaction partners that direct cargo molecules into a vesicle and also 

recruit specific motor proteins to this vesicle.  

Several adaptor proteins have been reported to interact with KIF5C. Thus, it binds to Ran-

binding protein 2 (RanBP2) during mitochondria transport (Cho et al., 2007). In neurons, 

KIF5C, as well as KIF5A and KIF5B, are steered to dendrites via their association with alpha-

amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptor subunit-GluR2-interacting 

protein (GRIP1) (Setou et al., 2002). Another possibility of cargo binding is the interaction 

through kinesin light chains, as shown for amyloid precursor protein transport (Kamal et al., 

2000). Interestingly, link proteins between kinesin and cargo provide not only binding itself, 

but also a hot point for regulatory mechanisms. Thus, for example, mitochondrial movement 

is regulated by local Ca2+ concentration through conformational changes in kinesin-1 adaptor 

proteins: Milton-Miro complex (Wang and Schwarz, 2009). Here, Ca2+ binding to the Rho-like 

GTPase Miro permits its interaction directly with the motor domain of kinesin-1, preventing 

motor-microtubule interaction and, hence, mitochondrial transport. 

Figure 4.2. Schematic model of the means by which Ca2+ interacts with Miro to regulate the 

anterograde motility of mitochondria 

(Modified from (Wang and Schwarz, 2009)) 
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Another way of regulation of kinesin-cargo interaction is phosphorylation. Thus, it was shown 

that kinesin-1 is a phosphoprotein and that phosphorylation can modulate intracellular 

transport (Stagi et al., 2006). It has also been demonstrated that KIF5C is a binding partner 

of protein kinase CK2, although the physiological role of this interaction is still 

unclear (Schäfer et al., 2009). Many motor protein complexes include also compartment-

specific Rab GTPases, which frequently associate with the motor protein through a 

specialized adaptor protein (Akhmanova and Hammer III, 2010). Recently it has been shown 

that Rab3A is an essential protein component of amyloid precursor protein vesicles for their 

interaction and trafficking by KIF5C (Szodorai et al., 2009). 

Recently it has been demonstrated that also kinesin light chains (KLC) can regulate the 

activity of KHC (Wong and Rice, 2010). Here, the authors presented that the kinesin light 

chains reduce head-tail interaction of the heavy chain, preventing its self-inactivation. 

Moreover, the light chains inh  ibit tainl-microtubule binding as well. Thus, it is proposed that 

KLCs promote recruitment of kinesin-1 complex to a cargo by simultaneously suppressing 

tail-head and tail-microtubule interactions (Fig. 4.3). 

Figure 4.3. A model for KLC-mediated regulation of the kinesin-1 tail. 

Without KLCs (Left), kinesin-1 would be either regulated in solution or bound to MTs with the tail 
tethered. Due to the high affinity of tails for heads/MTs, the motor cannot access its cargo transport-
competent state. In the presence of KLCs (Right), tail-head and tail-MT interactions are inhibited. 
Strong inhibition of tail-MT binding means that the regulated conformation of kinesin-1 becomes the 
predominant form, but tail-head affinity is also reduced such that the motor is in a poised state that can 
be easily activated for cargo transport. The identification of adaptor proteins for KIF5C and the 
regulation mechanisms in apical trafficking in polarized epithelium are a subject of future studies. 
(Modified from (Wong and Rice, 2010)) 
 

The identification of adaptor proteins for KIF5C and the regulation mechanisms in apical 

trafficking in polarized epithelia are a subject of future studies. 
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4.1.5. KIF5C is a motor protein only for apical and not for basolateral cargo. 

To prove that KIF5C is specific for apical protein transport and not a general motor protein for 

post-Golgi trafficking, the interaction of KIF5C with basolateral E-cadherin has been checked 

(Fig. 3.8). Although most of E-cadherin was located to the basolateral membrane, after 

accumulation of newly synthesized proteins in the TGN, E-cadherin-positive vesicles were 

observed in the cytoplasm. Nevertheless, no colocalization was seen between basolateral 

transport vesicles and KIF5C. Also the overlap coefficient was quite low at all time points. 

Although 0 minutes after TGN exit a small increase in the overlap coefficient value, which 

can be explained by the high accumulation of both proteins in the perinuclear area at this 

point of time. Remarkably, 20 minutes after TGN exit a certain amount of KIF5C localizes to 

the basolateral membrane. Previously, it has been shown that kinesin-1 is enriched in apical 

junctional complexes of polarized epithelial cells (Ivanov et al., 2006). Probably, kinesin-1 

takes a part in cytoskeletal reorganization and trafficking of apical junctional complexes 

proteins. Although which isoforms of kinesin-1 play a role in junctional complexes formations, 

have not been identified. 

Nevertheless, form the data presented in the current study, it can be concluded that the role 

of KIF5C in post-TGN trafficking is restricted to apical, and not basolateral cargo. Similar 

result has been reported for KIF5B inhibition, which did not affected post-Golgi transport of 

E-cadherin in polarized MDCK cells (Jaulin et al., 2007). 

 

4.1.6. KIF5C knockdown decreases the efficiency of apical protein surface 
delivery. 

The presence of KIF5C on purified post-Golgi vesicles, as well as colocalization of KIF5C 

with apical proteins in immunofluorescence studies does not prove the physiological role of 

this kinesin in apical trafficking. It is known that some motor proteins can be recruited to the 

organelle even if they are not functional at this moment. Thus, dynein is always present on 

mitochondria, also when it is moved by kinesin in the plus end direction of microtubules or 

when the microtubule is inmotile (Wang and Schwarz, 2009). To study the physiological 

importance of KIF5C in post-TGN trafficking, siRNA-mediated knockdown experiments were 

performed. Although siRNA duplexes were designed against regions of KIF5C with low 

similarity to KIF5B, the homology between the two proteins is quite high (Fig. 4.1). Moreover, 

KIF5B has been demonstrated to transport p75 in polarized MDCK cells (Jaulin et al., 2007). 

KIF5 antibodies have been shown to block the apical transport of HA (Lafont et al., 1994). To 

avoid non-specific side effects in the current study KIF5B knockdown experiments were 

performed for comparison. 

KIF5C depletion in MDCK cells resulted in a significant decrease of the delivery to the apical 

membrane of both marker proteins: raft-associated SI and non-raft-associated p75 (Fig. 3.5). 
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This effect can be enhanced by double knockdown of both kinesins, KIF5B and KIF5C. It is 

possible that KIF5B and KIF5C act in concert and have equivalent functions in apical 

trafficking. This kind of redundant kinesin association with cargo has ben demonatrated for 

mitochondrial transport (Cho et al., 2007). Thus, although the presence of KIF5A on post-

TGN vesicles could be excluded (Fig. 3.3), KIF5C is not the only KIF5-isotype involved in 

apical trafficking. Also knockdown experiments in MDCK cells never resulted in a total block 

of apical transport (Fig. 3.3). This view is supported by the description of relatively mild 

phenotypes in KIF5C-knockout mice (Kanai et al., 2000). Perhaps, a lack of KIF5C in 

intracellular trafficking could be compensated by some other alternative motor proteins. In 

fact, a lot of organelles such as mitochondria, synaptic and exocytic vesicles are probably 

transported by several redundant kinesins whose cooperation makes trafficking more 

robust (Akhmanova and Hammer III, 2010). 

Remarkably, the amount of apical proteins in the basolateral membrane has not increased, 

thus, KIF5 depletion influences only transport, but not the sorting process. As the role of 

kinesin-1 in in ER-to-Golgi transport was known before (Gupta et al., 2008), it was 

additionally shown that a trafficking delay after KIF5C depletion is related to events following 

TGN exit (Fig. 3.6A). For both proteins, raft-associated SI and non-raft-associated p75, a 

deceleration of the rate of their delivery to the apical membrane was demonstrated. 

Remarkably, KIF5C knockdown had no influence on the p75 and SI processing from high-

mannose to complex glycosylated forms (Fig. 3.6B). It proves that the effect of KIF5C 

depletion on apical surface delivery is based on a delay after TGN exit and not on a 

decelerated passage from ER to Golgi. 

Additionally, the physiological role of KIF5C in apical transport has been studied in vivo in 

MDCK cells. Here, depletion of KIF5C resulted in a strong intracellular accumulation of the 

apical markers SI and p75 (Fig. 3.7C). These data prove that KIF5C knockdown blocks 

specifically the apical protein trafficking in polarized epithelial cells. Most likely, this 

accumulation occurs in some endosomal compartments that are traversed on the way to the 

apical membrane. Whether the transport of apical cargo is blocked in TGN already, or late, 

for example, in Rab8-positive endosomal compartments, still has to be clarified. 

4.1.7. KIF5C binds to tyrosinated microtubules. 

It is known that motor proteins can bind preferentially to some types of post-translationally 

modified microtubules (Fukushima et al., 2009). Moreover, tubulin modifications are essential 

for normal tissue development and organization of polarized trafficking in neurons. It is 

suggested that post-translational modifications of tubulin are important in directing trafficking 

to specific regions of the cell and in regulating efficiency of this transport (Lakämper and 

Meyhöfer, 2006). Thus, for example, tubulin tyrosination navigates the kinesin-1 motor 

domain to axons (Konishi and Setou, 2009). The pattern of post-translational modifications of 
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microtubules in polarized epithelia and its possible role in polarization and intracellular 

trafficking remains unknown. 

Immunofluorescence study of tyrosinated tubulin in MDCK cells revealed that apical marker 

protein p75 tends to localize to tyrosinated microtubules (Fig. 3.11). Tyrosinated tubulin 

usually forms dynamic microtubules, in contrast to stable detyrosinated 

microtubules (Fukushima et al., 2009). Remarkably, the role of dynamic microtubules in 

polarized apical trafficking has been already reported (Jaulin et al., 2007). Thus, probably 

this type of microtubules forms the tracks for apical surface cargo delivery by KIF5C. 

Nevertheless, to prove KIF5C preference to tyrosinated microtubules in MDCK cells and to 

clarify the possible role of other post-translational tubulin modifications in apical trafficking, 

further studies have to be done. 

On the other hand, it was demonstrated that KIF5C-GFP preferentially moves along 

detyrosinated microtubules in COS cells (Dunn et al., 2008). This opposite result could be 

caused by side effects of overexpression of tagged KIF5C or by difference in motor-

microtubule interaction in polarized and non-polarized cells. 

 

4.1.8. Intracellular localization of KIF5C-GFP in non-polarized cells. 

Cell polarization influences not only the plasma membrane organization, but also the 

intracellular trafficking machinery. Thus, it has been demonstrated that apical protein p75 is 

transported by KIF5B, but only in fully polarized cells (Jaulin et al., 2007). Before, when the 

cells are non-polarized, the same protein is transported by KIF1 family (Xue et al., 2010). To 

examine whether KIF5C plays the same role in protein trafficking in non-polarized COS cells 

as in polarized MDCK cells, the tagged version of KIF5C, KIF5C-GFP has been used. This 

construct has been already characterized in COS cells (Dunn et al., 2008). 

First of all, the intracellular localization of overexpressed KIF5C in COS cells has been 

studied (Fig. 3.12). Thus, KIF5C-GFP localizes not only to vesicles, but also to filamentous 

structures, presumably, microtubules, and forms peripheral accumulations. Several different 

phenotypes can be caused by the side effects of the overexpression and made further 

analysis more complicated. Although, these phenotypes are in agreement with previously 

published data (Dunn et al., 2008). 

Nevertheless, KIF5C-GFP demonstrated normal function in COS cells, while almost all 

KIF5C-GFP was colocalized with mitochondrial marker (Fig. 3.13), as expected from the 

reported role of KIF5C in mitochondria transport (Cho et al., 2007). Though, if the majority of 

KIF5C-GFP is present on mitochondria, the question rises, whether other functions of KIF5C 

in the cell are feasible. It is possible that overexpression of mitochondrial marker itself 

recruits KIF5C to the higher range that in normal, non-transfected cells, where KIF5C 

transports not only mitochondria, but other cargo as well. 
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The difference of the KIF5C role in intracellular transport between polarized and non-

polarized cells came also from colocalization analysis of KIF5C-GFP and Golgi marker GT 

(Fig. 3.13). As described before, KIF5C showed no co-staining with Golgi in polarized MDCK 

cells (Fig. 3.10). At the same time, in COS cells KIF5C colocalizes with Golgi. This data 

suggest that in non-polarized cells KIF5C plays a role in Golgi membrane dynamics, whereas 

in polarized cells its role was restricted to post-Golgi trafficking (Fig. 3.10, 3.6). 

Furthermore, colocalization analysis of KIF5C-GFP with apical marker proteins revealed no 

association with either raft-dependent SI or raft-independent LPH (Fig. 3.14) in COS cells. 

Only a few LPH-carrying vesicles were located at KIF5C-GFP-decorated microtubule. Thus, 

KIF5C-GFP showed different intracellular localization in non-polarized COS cells in 

comparison to endogenous KIF5C in polarized MDCK cells. Moreover, no colocalization with 

apical marker proteins in COS cells could be observed. Probably, previously described role 

of KIF5C in post-TGN trafficking is either restricted to polarized cells, or to endogenous 

kinesin. The study of the role of endogenous KIF5C in non-polarized COS cells could not be 

performed, because no KIF5C antibody detected any protein in COS cells. KIF5C function in 

non-polarized MDCK cells is a subject of future studies. 

 

4.1.9. Dynein plays a role in post-Golgi apical protein trafficking. 

As described before, dynein was not present on raft-independent p75-carrying post-Golgi 

vesicles (Fig. 3.2). Nevertheless, it has been demonstrated that dynein plays an essential 

role in apical delivery of raft-associated hemagglutinin (Lafont et al., 1994). To examine, 

whether this motor protein is also involved in post-Golgi trafficking of SI, the biochemical 

analysis of raft-associated vesicles was performed (Fig. 3.15A). In fact, dynein was present 

on purified SI-carrying vesicles at all point of times after TGN exit, with maximum intensity at 

0 and 5 minutes. These data do not corroborate with the hypothesis that both vesicle 

populations – raft-associated and non-raft-associated are transported in the same vesicular 

carriers the first 10 minutes after TGN exit (Jacob and Naim, 2001). One possible 

explanation can be that dynein interacts directly with SI, thus, MDCKp75 cells, which do not 

express SI, do not carry dynein on post-TGN vesicles. To prove this hypothesis, co-

immunoprecipitation of SI with dynein should be performed. On the other hand, targeting of 

motors to membranes often depends on the formation of large multiprotein assemblies and 

can be influenced by membrane lipid composition. Thus, for example, in late endosomes 

cholesterol can regulate the architecture of the dynein-dynactin binding complex through the 

cholesterol sensor ORP1L (Rocha et al., 2009). Probably, dynein interacts through large 

protein complexes specifically with lipid rafts. By overexpression of raft-associated SI, the 

amount of typical raft lipids in transport vesicles increases, thus, resulting in higher rates of 
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dynein recruitment. In contrast, in p75-expressing cells the initial amount of vesicle-bound 

dynein is less and it is lost from the vesicles during purification procedures. 

To study the physiological role of dynein in apical protein trafficking in polarized epithelial 

cells, the overexpression of p50-dynamitin has been used. It was published before, that 

overexpression in mammalian cells of one dynactin subunit, dynamitin, results in dissociation 

of cytoplasmic dynein from prometaphase kinetochores and dynein-dependent maintenance 

of membrane organelle organization (Burkhardt et al., 1997). After transfection of p50-

dynamitin-GFP in MDCK cells, a moderate decrease in apical surface delivery of both p75 

and SI was observed (Fig. 3.15C). Surprisingly, the effect on p75 trafficking was even 

stronger, than on SI. Although dynein was found only on SI-carrying vesicles, as discussed 

before, it is possible that it plays a role in the trafficking of both post-TGN pathways. 

Moreover, it has been demonstrated, that dynamitin-overexpressing cells, early endosomes, 

as well as late endosomes and lysosomes, were redistributed to the cell periphery. Also the 

Golgi stack, was dramatically disrupted into scattered structures, although Golgi-to-ER traffic 

was not inhibited (Burkhardt et al., 1997). Thus, the p50-dynamitin overexpression effect on 

the apical protein surface delivery is due to the side effects of interference of dynein 

functions in the cells, for example, on the level of ER-to-Golgi trafficking. 

Nevertheless, it is quite possible that some additional minus end-directed motor proteins will 

be found on post-Golgi apical vesicles. It was shown that opposite polarity motors might help 

each other to avoid roadblocks or activate each other through the generation of mechanical 

strain (Ally et al., 2009). Additionally, minus end-directed motor proteins (dynein, for 

example) could provide the retrograde transport of some essential components of the 

trafficking machinery from the apical membrane back to the TGN. Moreover, by linking to 

apical post-TGN vesicles, dynein might be able to be transported to distal cell areas where it 

cannot be synthesized but need to function (for example, the tip of the cilium). 

 

Thus, in the current study KIF5C has been identified as a novel kinesin motor involved in the 

apical trafficking of polarized MDCK cells. This motor protein is required for raft-associated, 

as well as for non-raft-associated pathways. Most likely, KIF5C transports post-Golgi cargo 

directly after TGN exit through Rab4- and Rab8-positive compartments. KIF5C acts together 

with another kinesin-1 group member, KIF5B, and, probably, with some other, still non-

identified motors. 
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4.2. The role of annexin XIIIb in apical protein transport 

Annexin XIIIb has been reported to play a role in apical trafficking of the raft-associated 

hemagglutinin glycoprotein (Lafont et al., 1998). In the present study it was demonstrated 

that annexin XIIIb is essential not only for raft-dependent, but also for raft-independent 

trafficking. Additionally, it was shown that in polarized MDCK cells annexin XIIIb localizes 

preferentially to the Rab8-positive endosomal compartment. 

 

4.2.1. Annexin XIIIb associates with post-Golgi vesicles. 

The first evidence of the possible role of annexin XIIIb in raft-independent apical trafficking 

came from proteomic analysis of post-Golgi LPH-carrying vesicles (D. Delacour, Astanina et 

al., submitted). Thereafter, the studies of overexpressed annexin XIIIb in non-polarized COS 

cells revealed that it colocalizes with apical markers of both raft-associated (SI), as well as 

non-raft-associated (p75 and LPH) pathways (Fig. 3.16). Moreover, these marker proteins (of 

both pathways) were localized together to the annexin XIIIb-positive vesicles 10 minutes 

after TGN exit. Although COS cells allow detailed microscopic analysis of intracellular 

localization of protein of interest, they do not possess polarized organization of membrane 

compartments and protein trafficking machinery. And it is known, that the transport 

mechanisms in polarized and non-polarized cells can differ significantly (Jaulin et al., 

2007;Xue et al., 2010). Therefore, the colocalization of annexin XIIIb-DsRed with apical 

markers was examined in polarized MDCK cells. In fact, both p75 and SI showed a relatively 

high Pearson’s correlation value with annexin XIIIb (Fig. 3.17A). The same result was 

observed also for endogenous proteins of both post-TGN trafficking pathways: gp135 as raft-

associated and gp114 as non-raft-associated markers (Fig. 3.17B). Thus, overexpressed 

annexin XIIIb localizes to apical post-TGN vesicles in polarized MDCK cells. The co-staining 

could not be a side effect of annexin overexpression, because endogenous protein showed 

colocalization with apical markers as well (Fig. 3.19A). Moreover, the presence of 

annexin XIIIb on purified post-Golgi carriers of both pathways was proved by vesicle 

immunoprecipitation (Fig. 3.20). Here, the maximum intensity of annexin XIIIb-apical cargo 

association was observed at 10 minutes after TGN exit. This result corroborates with the 

observation for COS cells (Fig. 3.16). Moreover, it has been demonstrated before, that apical 

cargo of both pathways is transported in the same vesicular compartments after TGN exit. 

Thereafter, the cargo is sorted into two distinct vesicular populations (Jacob and Naim, 

2001). 

 



Discussion 
 

92  

4.2.2. Annexin XIIIb accumulates in Rab8- and Rab10-positive endosomal 
compartments. 

To understand, which intracellular membrane compartment is enriched in annexin XIIIb and 

where the colocalization of annexin XIIIb with SI and LPH takes place, colocalization studies 

with various markers has been performed (Fig. 3.18). First of all, no co-staining was seen 

with either early endosomes, late endosomes, TGN or Golgi. In contrast, annexin XIIIb 

accumulated in Rab8- and Rab10-positive compartments. The same result showed 

colocalization studies with endogenous annexin XIIIb (Fig. 3.19B). Association of 

annexin XIIIb with apical cargo in Rab8-positive endosomal compartments was confirmed 

additionally by vesicle isolation and immunoblotting (Fig. 3.20). 

Rab8, Rab10 and also Rab13 belong to a subfamily of Rab proteins that represents the 

closest mammalian relatives of yeast Sec4p (Chen et al., 1993; Pereira-Leal and Seabra, 

2001). In yeast, Sec4p mediates polarized transport from the TGN to the site of bud 

formation (Salminen and Novick, 1987; Walworth et al., 1989). In MDCK cells, Rab8 as well 

as Rab10 are concentrated in common endosomes that mediate polarized trafficking to the 

basolateral cell surface (Babbey et al., 2006; Schuck et al., 2007). However, based on recent 

data, Rab8 is also required for apical protein trafficking and accumulates in compartments 

that are traversed in biosynthetic apical trafficking pathways (Cramm-Behrens et al., 2008; 

Sato et al., 2007). 

Nevertheless, the exact role of annexin XIIIb in these endosomal compartments remains 

unclear. For other annexins, various functions in membrane reorganizations have been 

demonstrated. Thus, for example, annexin 6 plays a role in clathrin-coated vesicle formation, 

whereas annexin A2 has been implicated in internal vesicle formation within multi-vesicular 

bodies (Turpin et al., 1998; Mayran et al., 2003). Another interesting mechanism of annexin 

function is raft clustering. This was shown for annexin A2, which is first targeted to the 

membranes by a binding to phospholipids and then is recruited to rafts by the specific 

interaction with PtdIns(4,5)P2 (Hayes et al., 2004; Rescher et al., 2004). Most likely, by 

engaging in homophilic lateral interactions, annexin A2 could induce and/or stabilize raft 

clustering (Rescher and Gerke, 2004). Thus, it can be speculated, that the annexin XIIIb acts 

in a similar way. Moreover, it was shown that annexin XIIIb accumulates in raft clusters of the 

membrane (Lafont et al., 1998). Probably, annexin XIIIb provides the primary segregation of 

raft-associated and non-raft-associated cargoes within the endosomal compartments. 
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4.2.3. Depletion of annexin XIIIb decreases protein delivery to the apical 
membrane. 

The physiological role of annexin XIIIb in polarized MDCK cells was studied by siRNA-

mediated knockdown and surface protein immunoprecipitation. Depletions itself had no 

influence on polarized organization of membrane compartments in MDCK cells (Fig. 3.21B). 

Nevertheless, surface immunoprecipitation revealed a significant reduction in apical delivery 

of all three marker proteins (Fig. 3.21C). Importantly, no shift towards the basolateral 

membrane was observed for any of our model proteins. This data suggests that the loss of 

annexin XIIIb affected their intracellular transport rather than their sorting to the apical 

plasma membrane. Remarkably, an influence on apical trafficking was not only demonstrated 

for the raft-associated marker protein SI, which is congruent with previously published 

data (Fiedler et al., 1995), but also for the two raft-independent proteins, p75 and LPH. 

Kinetic studies have proven that the trafficking delay occurs after TGN exit and not at the ER-

to-Golgi transport step (Fig. 3.22). 

 

In conclusion, the above discussed results suggest, first, that annexin XIIIb is involved in 

apical transport of epithelial cells in general, independent of the sorting platform, and, 

second, that the role of this annexin in trafficking is dedicated to a compartment that is 

traversed before segregation into lipid-raft dependent and independent apical carriers 

occurs. Whether annexin XIIIb interacts directly with one of the marker proteins is still unclear 

and remains to be elucidated. 
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4.3. Conclusion 

Addressing the roles of KIF5C and annexin XIIIb in post-Golgi transport, this work shed a 

new light on the model of apical protein trafficking (Fig. 4.4). Thus, according to the results, 

apical cargo like SI or p75 exits the TGN and gets associated with KIF5C. It was 

demonstrated that directly after TGN exit KI5C is associated with the model proteins of both 

trafficking routes – raft-dependent and raft-independent. As it has been shown already, the 

proteins of the two different pathways leave the TGN in the same vesicular carriers (Jacob 

and Naim, 2001).Therefore, it is likely, that KIF5C transports these vesicles, carrying both 

raft-associated, as well as non-raft-associated cargo. At this point of time KIF5C is not the 

only motor protein, which is associated with the vesicles, as KIF5C depletion does not result 

in a complete block of apical transport. KIF5B, another member of kinesin-1 family, was also 

shown to play a role in post-Golgi trafficking of the raft-independent pathway (Jaulin et al., 

2007) and additionally KIF5B depletion resulted in a decreased apical surface delivery of 

both p75 and SI. Nevertheless, the exact step of trafficking where KIF5B functions is still 

unclear. Possibly, it forms heterodimers with KIF5C (Kanai et al., 2000; Cai et al., 2001) or it 

acts independently. 

After TGN exit apical vesicular carriers traverse several endosomal compartments. The first 

one is a Rab4-positive endosome, then the cargo is transported to a Rab8-, thereafter – to a 

Rab11-containing compartments (Cramm-Behrens et al., 2008). According to the 

biochemical and microscopical studies, KIF5C transports apical proteins througha Rab4- to a 

Rab8-positive endosomal compartment, which is reached approximately 10 minutes after 

TGN exit. At this time point of time the final sorting of apical cargo into two distinct vesicle 

population occurs (Jacob and Naim, 2001). At the same time, the Rab8-positive 

compartment is enriched in annexin XIIIb, which also plays a role in the trafficking of apical 

proteins of both routes. It is known, that annexin XIIIb interacts with lipid rafts. Moreover, it 

can oligomerize, forming di-, tri- and hexamers (Lafont et al., 1998). Thus, knowing that 

membrane dynamics and organization is one of the main functions of the annexin protein 

family, it is likely that annexin XIIIb acts as an organizer of the Rab8-positive compartment. 

Moreover, it can be speculated that this last sorting step, when the two vesicle population are 

formed, takes place exactly in the Rab8-positive compartment and requires annexin XIIIb. 

The possible role of protein clustering in apical sorting has been proposed already for 

galectins (Delacour et al., 2009). Similarly, annexin XIIIb can provide lipid raft domain 

segregation in a distinct part of the Rab8-compartment. At the same time, it looks like this 

hypothetic step is crucial for both apical trafficking pathways. Thus, probably, the role of 

annexin XIIIb is rather in maintaining the membrane organization of a functional Rab8-

compartment, than in sorting of apical cargo. 
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Thereafter, when these two distinct vesicle populations – raft-dependent and raft-

independent – are formed, KIF5C (probably, together with KIF5B) transports only non-raft-

associated cargo, whereas raft-associated vesicles are moved, presumably, by KIFC3 and 

dynein (Lafont et al., 1994; Noda et al., 2001). Remarkably, KIF5 is a plus end-directed 

motor, whereas KIFC3 and dynein possess minus end-directed activity. It can, allow fission 

of vesicular carriers from a common endosomal compartment (Nath et al., 2007). 

Additionally, opposite polarity of motor proteins of two distinct vesicle populations may result 

in distinct cytoskeleton tracks used by these pathways. It was demonstrated, that polarized 

MDCK cells have two types of microtubules in the apical region: stable ones, with their minus 

ends facing apical membrane, and dynamic ones, growing from the centrosome toward the 

apical membrane (Musch, 2004; Jaulin et al., 2007). Thus, it can be speculated, that after a 

final sorting step raft-associaed vesicles are transported by KIFC3 and dynein along stable 

microtubules, to their minus ends, whereas KIF5C/KIF5B move non-raft-associated vesicle 

populations along dynamic microtubules, to their plus ends. Therefore, both studied proteins 

– KIF5C and annexin XIIIb – play a role in the organization of raft-dependent and raft-

independent apical trafficking pathways. 

Figure 4.4. Model of the possible role of KIF5C and annexin XIIIb in post-TGN apical transport 

KIF5C transports raft-dependent and raft-independent cargo from TGN to the Rab8-positive 
endosomal compartment. Annexin XIIIb accumulates in this compartment and plays a role in 
membrane reorganization of this organelle. After final sorting of apical cargo two distinct vesicle 
populations are formed. KIF5C transports raft-independent proteins further to the apical membrane. 
(Modified from (Delacour and Jacob, 2006)) 
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5. Summary 
Epithelial cells are characterized by a polarized organization of their plasma membrane 

which is divided into apical and basolateral domains. This architecture is maintained by 

highly specific cargo sorting machinery that efficiently delivers newly synthesized 

polypeptides to their correct target membrane. After TGN exit apical cargo is segregated by 

at least two distinct sorting mechanisms into lipid-raft-dependent or lipid-raft-independent 

apical pathways in MDCK cells. The aim of this study was the identification of proteins which 

are essential for the transport of apically sorted proteins. 

In the first part of the current study, a member of kinesin-1 group, KIF5C, was identified as a 

kinesin motor for apical trafficking of sucrase-isomaltase, the marker for the raft-associated 

pathway, and of non-raft-associated p75. KIF5C was found by mass spectrometry in vesicle 

enriched fractions and on immunoisolated post-Golgi vesicles carrying apical cargo. KIF5C 

associates with vesicles of both raft-dependent and raft-independent pathways directly after 

TGN exit. The specific knockdown of KIF5C interfered the apical trafficking of both raft-

associated and non-raft associated marker proteins significantly (Astanina and Jacob, 2010). 

In the second part, annexin XIIIb was identified in raft-independent apical trafficking by mass 

spectrometry, immunoblotting and confocal microscopy. Annexin XIIIb accumulated in 

endosomal compartments that are traversed by raft-dependent and raft-independent apical 

cargo after TGN release. Finally, a specific reduction of annexin XIIIb expression by RNA 

interference resulted in a significant decrease in the apical delivery of the raft- as well as 

non-raft apical markers (Astanina et al., 2010). 

Taken together, both proteins – KIF5C and annexin XIIIb – act as endosomal organizers of 

apical protein trafficking in polarized epithelial cells. Based on the confocal microscopy 

studies and TGN release experiments we came to the conclusion that both proteins function 

on the first transport steps after TGN exit and accomplish trafficking of raft-associated, as 

well as non-raft-associated apical cargo. 
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8.3. List of abbreviations 

AAA ATPase associated with diverse cellular activities 
ADH antidiuretic hormone 
ADP adenosine diphosphate 
AF AlexaFluor 
ALPK1 alpha-kinase I 
AMPA α-amino-3-hydroxy-5-methylisoxazole-4-propionate 
AnxXIIIb annexin XIIIb 
AP adaptor protein 
aPKC atypical protein kinase C 
APP β-Amyloid precursor protein 
Arg arginine 
ATP adenosine triphosphate 
Br basolateral recycling route 
BSA bovine serum albumine 
C creatine 
Caco-2 colon carcinoma cell line 
CAR coxsackie-adenovirus receptor 
CBD cargo-binding domains 
CDK4 cell division kinase 4 
cDNA complementary DANN 
CEA carcinoembryonic antigen 
CFP cyan fluorescent protein 
CFTR cystic fibrosis transmembrane conductance regulator 
Ci curie 
COS CV-1 (simian) in Origin, and carrying the SV40 genetic material 
CPK creatine phosphokinase 
CRB3 Crumbs 3 
CRE common recycling endosome 
CRMP collapsin response mediator protein family 
Da Dalton 
DEAE diethylaminoethyl cellulose 
DMEM Dulbecco/Vogt modified Eagle's minimal essential medium 
DNA deoxyribonucleic acid 
DsRed red fluorescent protein from Discosoma sp. 
E endocytic route 
E-Cad E-cadherin 
EEA1 early endosome antigen 1 
ER endoplasmic reticulum 
FAPP phosphatidylinositol 4-phosphate adaptor protein 
FCS fetal calf serum 
FMRP fragile X mental retardation protein 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
GAT γ-aminobutyric acid transporter 
GFP green fluorescent protein 
GM130 Golgi matrix protein 130 
gp glycoprotein 
GPI glycosyl phosphatidyl inositol 
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GRIP1 glutamate receptor-interacting protein 1 
GSK3β glycogen synthase kinase 3β 
GTB general Tubulin Buffer 
GTP guanosine triphosphate 
HA Influenza virus hemagglutinin 
HRP horseradish peroxidase 
IC intermediate chain 
Ile isoleucine 
IP immunoprecipitation 
JAMs junctional adhesion molecules 
JIP JNK-interacting protein 
JNK JUN N-terminal kinase 
KHC kinesin heavy chain 
KIF kinesin family member 
KLC kinesin light chain 
Leu leucine 
LPH lactase-phlorizin hydrolase 

LPHc complex glycosylated form of LPH 

LPHh mannose-rich glycosylated form of LPH 

LPHm mature form of LPH 
MAGI membrane-associated guanylate kinase with inverted domain structure 
MAL myelin and lymphocyte protein 

MALDI-TOF 
matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry 

MCF Michigan Cancer Foundation 
MCT monocarboxylate transporter 
MDCK Madine Darby Canine Kidney cell line 
MEM minimal essential medium 
mRNA messenger RNA 
mRNP messenger ribonucleoprotein 
MT microtubule(s) 
MTOC microtubule-organizing center 
MUPP1 multi-PDZ domain protein 1 
NGF nerve growth factor 
NGF nerve growth factor 
NTR neurotrophin receptor 
ORP1L oxysterol-binding protein-related protein 
OSS oxygen scavenging system/ 

p75c complex glycosylated form of p75 

p75h mannose-rich glycosylated form of p75 
PAGE polyacrylamide gel electrophoresis 
PALS1 protein associated with Lin seven 1 
Par partitioning defective 
PAS protein-A sepharose 
PATJ PALS1-associated tight junction protein 
PC phosphocreatine 
PCT proximal convoluted tubule 
PDI protein disulfide isomerase 
PDZ domain postsynaptic density protein-95/discs large/zonula occludens domain 
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pIgR polymeric immunoglobulin receptor 
pIgR polymeric immunoglobulin receptor 
PIPES piperazine-N,N′-bis(2-ethanesulfonic acid) 
PKC protein kinase C 
pN piconewton 

PtdIns(4,5)P2 phosphatidylinositol 4,5-bisphosphate 
PTH parathyroid hormone 
Rab Ras-related proteins in brain 
RalA Ras-like GTPase 
Ran Ras-related nuclear protein 
RanBP2 Ran-binding protein 2 
Ras rat sarcoma 
rGH rat growth hormone 
RNA ribonucleic acid 
RS ATP-Regenerating System 
SDS sodium dodecyl sulfate 
Ser serine 
SHP2 SH2-domain containing phosphatise-2 
SI sucrase-isomaltase 

SIc complex glycosylated form of SI 

SIh mannose-rich glycosylated form of SI 
siRNA short interfering RNA 
SNAP25 synaptosomal-associated protein 25 
TASK1 potassium channel subfamily K member 3 
TGN Trans-Golgi network 
Thr threonine 
Tiam1 T-lymphoma invasion and metastasis 
TIRF total internal reflection microscopy 
TJ tight junction 
TM transmembrane 
TPR tetratricopeptide repeat 
Trk tyrosine kinase 
TRPV5 transient receptor potential cation channel subfamily V member 5 
Tyr tyrosine 
TyrTub tyrosinated tubulin 
UNC uncoordinated phenotype 
VSVG vesicular stomatitis virus glycoprotein 
WB Western blot 
YFP yellow fluorescent protein 
ZA zonula adherens 
ZO zonula occludens 
ZONAB ZO-1-associated nucleic acid–binding protein 
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