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ABSTRACT 
 
 

Cell polarity is a fundamental feature of eukaryotic cells.  The intracellular 

trafficking of proteins between cellular compartments and the cytoskeleton regulates the 

establishment and maintenance of cell polarity.  These events are largely regulated by the 

Ras superfamily of small GTPases.  Rabs (Ras-related in brain) and Arfs (ADP-

ribosylation factor), subfamilies of the Ras superfamily, play a major role in coordinating 

vesicle formation and in mediating vesicle association with cytoskeletal components for 

transport of vesicles to their correct cellular compartment or membrane domain.  

Although these GTPases mediate membrane trafficking, how they interact with each 

other and effector proteins to participate in vesicle formation and transport at the trans-

Golgi network (TGN) remains poorly understood. The TGN is a major sorting station for 

biosynthetic cargo molecules (i.e. apical and basolateral) into distinct carriers for delivery 

to their correct acceptor compartment.  We have analyzed the role of Rab14 at the Trans-

Golgi Network (TGN), apical endosomes, and in vesicle formation at the TGN by 

overexpressing wild type and mutant forms of Rab14 in polarized and non-polarized 

cells. We localized Rab14 to a domain of the TGN distinct from that of the 

TGN/basolateral protein, TGN38.  Overexpression of inactive Rab14 causes the TGN to 

expand and mislocalizes the apical membrane protein VIP/MAL to the lateral membrane.  

Furthermore, inactive Rab14 colocalizes with Arf1-GDP at the TGN and increases the 

amount of COPI at the TGN.  These results suggest that Rab14 is involved in the 

trafficking of proteins from the TGN to apical endosomes and modulates vesicle 

formation at the TGN by regulating Arf1 activation and COPI localization to distinct 
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domains of the TGN.  Thus, Rab14 defines a new role for COPI-mediated vesicle 

formation at the TGN. 
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CHAPTER ONE: INTRODUCTION 
 

 
A. Epithelial Polarity 

Epithelial cells of the body serve as the first lines of defense against outside 

pathogens and allow the selective passage of amino acids, sugars and small molecules.  

For epithelial cells to be selective, they have developed defined surface membrane 

domains (apical and basolateral) containing different ion channels, enzymes, lipids and 

transporters (Fish and Molitoris, 1994).  To maintain these distinct domains, the cell has 

developed efficient ways of targeting specific proteins to different regions of the cell. The 

ability of cells to sort and traffic molecules is crucial in establishing and maintaining 

these domains, also called “cell polarity”; even “non-polarized” cells such as fibroblasts 

can exhibit characteristics of cell polarity.  Loss of cell polarity can lead to 

transformation and the development of epithelial carcinomas.  Understanding the 

mechanisms of how cells maintain their integrity in response to their environment is an 

ongoing question in cell biology. For my dissertation project, I have focused on the role 

of the small GTPase Rab14 in apical transport and its involvement in binding effector 

molecules involved in vesicle formation and maturation.  

 

B. Establishment and Maintenance of Cell Polarity 

During development, an organism may contain many different cell types 

(polarized and non-polarized), and an important question addressed by many researchers 

over the years is: “What are the key processes and machinery involved in forming and 

maintaining membrane domains in a polarized cell versus a non-polarized cell?”  Because 
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polarized epithelial cells develop defined apical and basolateral membrane domains, 

these cells have been used as a model to understand the molecular mechanisms involved 

in establishing and maintaining cell polarity and the molecules responsible for sorting of 

proteins (Simmons, 1992).  Genetic studies using Drosophila and C.elegans have 

identified classes of proteins in epithelial cells that establish cell polarity.  These include 

cadherin/catenin, Bazooka (Baz/Par3)/Par6/atypical protein kinase C, Crumbs/Stardust 

and Lethal Giant Larvae/Scribble/Discs large (Shin et al., 2006).  These proteins work to 

separate apical and basolateral membrane domains (Bilder et al., 2003; Shin et al., 2006).  

More recently, it has been demonstrated that the lipid phosphatase PTEN (phosphatase 

and tensin homolog on chromosome 10) mediates apical lumen formation by recruiting 

the phosphoinositide PtdIns(4,5)P2 to the apical domain.  The enrichment of 

PtdIns(4,5)P2 at the apical plasma membrane recruits annexin2, which then recruits cdc42 

and aPKC to control apical lumen formation during epithelial morphogenesis (Martin-

Belmonte et al., 2007).   

Interestingly, non-polarized cells (fibroblasts) also segregate apical and 

basolateral proteins despite the fact that they have no distinct membrane domains. Similar 

to polarized epithelial cells, fibroblasts sort apical and basolateral proteins at the Golgi 

and endosome level to maintain proper function (Musch et al., 1996; Yoshimori et al., 

1996).  In addition, fibroblasts have distinct endosomal compartments to which apical or 

basolateral proteins are trafficked during constitutive secretion (Brown et al., 2000; 

Mellman et al., 1993; Wilson and Colton, 1997; Wilson et al., 2000).  
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 One of the first processes involved in establishing membrane domains in 

epithelial cells is cell-cell adhesion (Nelson, 2003b).  This process creates two distinct 

domains.  This initial contact causes E-cadherin to be recruited to sites of initial cell-cell 

contact, leading to the beginning of what will be become the basolateral membrane 

(Gumbiner, 2000; Jamora and Fuchs, 2002).  After this E-cadherin mediated adhesion, 

the Sec6/8 complex is specifically recruited to sites of cell-cell adhesion (polarized 

epithelial cells) or the tip of the daughter cell (budding yeast) to act as a scaffold for post-

Golgi basolateral vesicles to bind to and expand the lateral membrane (Grindstaff et al., 

1998; Yeaman et al., 2004b).  Antibodies against Sec6/8 in permeabilized epithelial cells 

inhibit delivery of basolateral vesicles to the lateral membrane, but not apical proteins, 

showing that the Sec6/8 complex is important to the early establishment of basolateral 

domains (Yeaman et al., 2001).   

In addition to E-cadherin and Sec6/8, the actin cytoskeleton becomes reorganized 

in the region of cell-cell contact to recruit the actin-associated proteins fodrin (i.e. 

spectrin) and ankyrin (Bennett and Baines, 2001; Yeaman et al., 1999).  These two actin-

binding proteins serve as sites of contact for other basolateral integral membrane 

proteins, as well as adhesion proteins (tight junctions, desmosomes), and allow the 

basolateral membrane domain to expand.  The establishment of the basolateral domain 

allows the plasma membrane not in direct contact with the surrounding cells to become 

the apical domain.  It is only after extracellular matrix protein accumulates on one side of 

the cell (i.e. basolateral domain) that full polarity is established, resulting in defined 

apical and basolateral domains (Nelson, 2003b).  



 

 

16 

Over the past five years, some studies have challenged whether adhesion precedes 

polarity or vice versa.  In 2004, it was demonstrated that activation of the polarity protein 

LKB1 by the adaptor protein STRAD was sufficient to induce complete polarity of 

intestinal epithelial cells in the absence of junctional cell-cell adhesion (Baas et al., 

2004).  Furthermore, it was found that knockdown of the polarity protein, PALS1, 

disrupted the formation of adherens junctions, by slowing the exocytosis of E-cadherin 

and caused defects in tight junction formation (Wang et al., 2007).  From these studies, it 

appears that polarity and adhesion proteins work together to establish cell polarity, 

possibly by adhesion molecules activating polarity proteins, which could then have a 

positive feedback on adhesion to promote further polarization (Wang and Margolis, 

2007).   

Although establishment of cell polarity is crucial to the proper function of the 

organ, maintenance of polarity is also very important.  A second process that is critical to 

epithelial cell homoestasis is sorting and recycling of proteins to membrane domains 

(Ellis et al., 2006; Nelson, 2003b).  Proteins in the exocytic and endocytic pathways are 

delivered to the apical, basolateral, or junctional domains of a polarized cell using various 

sorting motifs in the cytoplasmic domain of the targeted protein (Mostov et al., 2003; 

Nelson, 2003a; Oztan et al., 2007).  Basolateral sorting signals commonly contain 

tyrosine residues in the amino-terminal region of the protein, dihydrophobic motifs and 

dileucine motifs (Folsch, 2005; Hunziker and Fumey, 1994; Hunziker et al., 1991; Matter 

et al., 1992).  In addition, acidic acid sequences and unrelated amino acid motifs in 

various proteins have also been shown to be trafficked basolaterally (Matter et al., 1994; 
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Simmen et al., 1999).  Apical sorting signals have been found in cytoplasmic and 

transmembrane domains as well as in proteins that have a higher affinity for lipid rafts 

enriched in sphingomyelin and cholesterol (e.g. glycosyl phosphatidylinositol (GPI)-

anchored proteins) (Gokay et al., 2001; Lisanti et al., 1988; Paladino et al., 2004; 

Scheiffele et al., 1995; Yeaman et al., 1997).  

 

C. Sorting Signals Involved in the Generation and Maintenance of Cell  

Polarity 

The various types of sorting signals used by basolateral and apical proteins are not 

only critical in defining the location of a protein (i.e. apical vs. basolateral), but are also 

important in binding to machinery involved in packaging and transporting vesicles.  Once 

newly synthesized apical and basolateral proteins have been modified in Golgi cisternae, 

the proteins are sent to the trans-Golgi network (TGN), which acts as a sorting station to 

transport these proteins to the correct compartment and/or membrane surface (Figure 

1.1).   

  I.  Basolateral Sorting Signals 

Four adaptor protein complexes (AP 1-4) have been identified that bind the coat 

protein clathrin, mediating basolateral targeting by associating with particular basolateral 

sorting signals (Boehm and Bonifacino, 2001; Keen, 1987; Kirchhausen, 1999).   The µ 

subunit of adaptor proteins recognize some cargo molecules and has been shown to 

interact directly with tyrosine-based sorting signals (Bonifacino and Traub, 2003).  For 

example, the epithelial specific adaptor, AP-1B, has been shown to regulate basolateral 
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sorting of low-density lipoprotein receptor (LDL-R) and transferrin.  Epithelial cells 

lacking the µ1B subunit of AP-1B missort LDL-R and transferrin to the apical 

membrane, which can be reversed upon transfection of µ1B into these cells (Folsch et al., 

1999; Roush et al., 1998); this adaptor may work at the TGN or endosomes.   The 

molecule with the best-characterized sorting signal at the TGN is the mannose 6-

phosphate receptor (M6PR).  M6PR contains several sequences in the cytoplasmic 

domain that bind to AP-1/clathrin and Golgi-localized, gamma-ear-containing, ADP-

ribosylation factor-binding proteins (GGAs) to allow for the trafficking of these receptors 

between the TGN and lysosomes and to the basolateral membrane (Doray et al., 2002; 

Wick et al., 2002).  The M6PR sorting motif is distinct from the tyrosine- or dileucine-

based basolateral sorting signals described above, but has in common the presence of a 

cytoplasmic signal and the requirement for clathrin-coat-based vesicle formation and 

trafficking.  

 

II. Apical Sorting Signals 

Because the sorting signals for apical proteins are diverse, characterizing adaptor 

proteins and coat proteins involved in mediating apical targeting from the TGN and 

endosomes remains a challenge.  Most of the apical signals recognized to date appear to 

have a high affinity for membrane microdomains enriched in cholesterol-sphingolipids 

(i.e. lipid rafts).  For example, the viral protein Hemagglutinin (HA) contains its apical 

sorting signal in the transmembrane domain of the protein (Lin et al., 1998).  Studies 

have shown that HA becomes incorporated into lipid rafts, and targeting to the apical 
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domain is directed by the tetraspan membrane protein, VIP/MAL (Scheiffele et al., 

1997).  Mutation or depletion of VIP/MAL from the cell inhibits delivery of HA to the 

apical surface and partially missorts HA to the basolateral membrane (Puertollano et al., 

1999).  As mentioned earlier, a subset of apical proteins also contain apical sorting 

signals in the cytoplasmic domain.  It has been demonstrated that the light sensitive 

protein, rhodopsin, binds to the light chain of the microtubule motor protein cytoplasmic 

dynein in order to target to the apical domain of photoreceptors (Tai et al., 1999).  

Another apical protein of interest is the apical early endosomal glycoprotein endotubin, 

which also contains its apical sorting signal in the cytoplasmic domain (Gokay and 

Wilson, 2000; Gokay et al., 2001).  Until recently, the cytoplasmic machinery and/or 

receptors involved in binding to endotubin and targeting the protein to the apical 

endosomal have not been known.  However, my work has shown that the small GTPase, 

Rab14, binds to endotubin and VIP/MAL to mediate apical trafficking to endosomes and 

the plasma membrane from the TGN.  The next sections will be dedicated to how vesicle 

carriers are formed and the cytoplasmic machinery involved in targeting vesicles from the 

Golgi and endosome.   

 

D.  Vesicle Transport: Four essential steps 

Transfer of proteins between cellular organelles is a tightly regulated process to 

ensure that proteins are delivered to their correct acceptor membrane compartment.  For 

efficient delivery of vesicle carriers, vesicle transport occurs via four steps: budding, 

transport, tethering and fusion.  
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Vesicle budding is mediated by coat proteins (Bonifacino and Lippincott-Schwartz, 

2003; Kirchhausen, 2000).  Coat proteins are recruited from the cytosol to cellular 

compartments (including the plasma membrane), interact with cytoplasmic tails of cargo 

proteins (Kirchhausen et al., 1997; Nickel et al., 2002) and deform the membrane into a 

round bud.  Upon formation of the bud, other cytoplasmic machinery (i.e. dynamins) are 

recruited to the budded membrane to participate in membrane fission.  Once the budded 

vesicle has undergone fission from the donor compartment, the vesicle must interact with 

cytoskeletal tracts via motor proteins.  Motors, in conjunction with Rabs, that have been 

shown to be involved in vesicle transport are the microtubule motors, dynein and kinesin, 

and the actin filament motor, myosin (Matanis et al., 2002; Short et al., 2002).  Dynein 

and kinesin are mainly involved in long-range delivery of vesicles, whereas myosin 

mediates short-range movement (Allan et al., 2002).  

The third step in vesicle transport is tethering of the vesicle to the acceptor 

compartment.  Tethering is the initial interaction of the vesicle with the target membrane.  

Examples of tethers include GTC-90 in mammalian cells and Sec34/35 complex in yeast 

cells (Lupashin and Sztul, 2005; Sztul and Lupashin, 2006; Whyte and Munro, 2001).  In 

several compartments, tethers work with Rab proteins to mediate the specificity of 

vesicle targeting (Waters and Pfeffer, 1999).   

The final step in vesicle transport is fusion of the vesicle with the acceptor 

compartment.  Fusion is postulated to occur via a family of membrane proteins called 

soluble NSF attachment receptors (SNAREs) (Sollner et al., 1993) that assemble at the 

membrane and drive the fusion of the two lipid bilayers (Hanson et al., 1997; Jahn and 
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Scheller, 2006).  However, other studies have proposed that other proteins may work 

upstream of SNAREs to facilitate fusion, and that SNAREs play a minor role in 

membrane fusion, because disrupting SNARE complexes does not completely block 

vesicle tethering and fusion (Broadie et al., 1995; Muller et al., 2002).  It remains to be 

determined the specific role of SNAREs in vesicle fusion.   

From these studies, it is clear that vesicle transport must be tightly regulated  

in polarized and non-polarized cells to maintain normal cellular function.  In order for 

proteins to be sorted and the vesicles containing these proteins to be budded, transported 

and undergo fusion with their respective acceptor compartment, a network of complex 

machinery is required.   

 

E. Small GTPases: Role in Membrane Trafficking 

I.  Rab GTPases 

A class of molecules involved in high fidelity delivery of proteins to apical or 

basolateral domains and between compartments is the small GTP-binding proteins called 

Rabs (Armstrong, 2000; Simons and Zerial, 1993).  Rabs are a subfamily of the Ras 

superfamily (Chardin, 1988).  Over 60 Rabs have been identified to date and only a 

subset has been well characterized.  Rabs regulate membrane trafficking by alternating 

between GDP (inactive) and GTP (active) conformations.  In addition, Rabs are post-

translationally modified with isoprenoid geranylgeranyl groups to allow for binding to 

membranes; different Rabs have been shown to associate with different cellular 
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compartments (Armstrong, 2000). Importantly, different Rab proteins have been 

implicated in each of the vesicle trafficking steps described in section D above. 

A key advantage in the study of all small GTPases is the ability to mutate key 

amino acids in the 25-kDa protein to make the protein constitutively active or inactive.  

Initial studies on the molecular structure of the Ras gene family identified four regions of 

extensive sequence homology among small GTPase proteins that constitute the 

GTP/GDP binding domain.  These regions are made of four peptide loops containing beta 

sheets and alpha helices that come together to form the GDP binding pocket.  The crystal 

structure of Ras transforming mutants also demonstrated that GTP binding is important 

for Ras cellular function (de Vos et al., 1988; Shih et al., 1986) and provided the 

framework for the generation of active and inactive mutants. From these studies, the 

conserved GTP binding regions of small GTPases have been used to identify the function 

of a number of Ras-related proteins (Hoffenberg et al., 1996).  Changing the amino acid 

glutamine (Q) to leucine (L) in the PM3 conserved motif of Ras proteins stabilizes the 

GTP-bound (active) form of the protein, thus causing an increase in Ras transforming 

activity (Adari et al., 1988; Der et al., 1986).  An example of a Rab protein exhibiting a 

“constitutively active” phenotype is the Rab5 mutation Q79L, which results in an 

increase in endosomal membrane fusion (i.e. enlarged endosomes) (Stenmark et al., 

1994).  Conversely, mutating serine (S) to asparagine (N) in the PM1 conserved motif of 

Ras proteins causes a higher affinity for GDP, resulting in a dominant-negative effect on 

Ras activity (Burstein et al., 1992; Feig and Cooper, 1988; Medema et al., 1993).  Rab5 

S34N exhibits the opposite phenotype of Rab5 Q79L by inhibiting endosomal membrane 
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fusion resulting in small endocytic structures and inhibition of transferrin endocytosis 

(Stenmark et al., 1994).  In general, mutations like these have been used to decipher the 

function of the 70 Rab proteins identified thus far. 

One of the first Rabs to be implicated in membrane trafficking was Sec4p in 

yeast.  It has been shown that Sec4p functions in the latter stages of the secretory 

pathway in yeast by delivering vesicles to the yeast bud membrane (Guo et al., 1999).  It 

was demonstrated that Sec4p controls the assembly of the exocyst complex by interacting 

with the exocyst subunit Sec15p as well as Sec3p to establish defined areas of exocytosis 

for targeted secretion.  Functions of various other Rabs include binding to classic motor 

proteins in the cell for efficient transport of organelles and vesicles between 

compartments (Jordens et al., 2005; Jordens et al., 2006), promoting coat assembly on 

vesicles to allow for budding (Alvarez et al., 2003; Monetta et al., 2007), interacting with 

cargo proteins (Hanna et al., 2002; van et al., 2002), and promoting tethering of vesicles 

with the target domain (Christoforidis et al., 1999).    

Rabs have been shown to regulate virtually every step in membrane trafficking, 

from ER exit to fusion at the plasma membrane.  Previous work with Rab14 localized the 

GTPase to phagosomal membranes in macrophages (Garin et al., 2001), the trans-Golgi 

Network (TGN) and endosomal compartments in fibroblasts (Junutula et al., 2004). In 

addition, Rab14 was found to be part of the early endosomal AP-1 microdomain and 

involved in EGF degradation (Proikas-Cezanne et al., 2006) as well as proposed to 

mediate GLUT4 translocation in muscle cells (Ishikura et al., 2007).  Recently, Rab14 

has been shown to be involved in maintaining mycobacterial phagosome maturation 
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block in the pathogens Salmonella typhimurium and Mycobacterium tuberculosis (Kuijl 

et al., 2007; Kyei et al., 2006), subsequently inhibiting the formation of phagolysosomes 

in breast cancer cell lines and macrophages, respectively.  In the case of the late secretory 

and endocytic pathway, several Rabs have been shown to modulate trafficking of proteins 

to various domains of the cell.   Rabs 8 and 13 have been implicated in membrane 

trafficking to the basolateral membrane and epithelial junction, respectively, in polarized 

cell systems (Ang et al., 2003; Marzesco et al., 2002). In addition, Rab10 has been shown 

to be involved in the exocytosis of basolateral proteins and in regulating membrane 

transport through early endosomes in polarized epithelial cells (Babbey et al., 2006; 

Schuck et al., 2007).   Rab4 localizes to common endosomal compartments in polarized 

epithelial cells and regulates transport to the apical domain.  Although we demonstrate 

that Rab14 is not involved in transferrin recycling (chapter 2), overexpression of the 

active mutant of Rab4 was shown to increase the amount of internalized transferrin and 

targeting to the apical domain (Mohrmann et al., 2002).   

Rabs have also been implicated in apical trafficking from endosomes.  Unlike 

Rab14, Rab11a and Rab25 were demonstrated to localize to apical recycling endosomes 

and regulate apical recycling of polymeric IgA receptor, but not basolateral recycling of 

transferrin in MDCK cells (Casanova et al., 1999; Wang et al., 2000b).  However, Rab11 

was also shown to regulate the recycling of E-cadherin from recycling endosomes (Lock 

and Stow, 2005), suggesting that Rab11 performs dual roles at different endocytic 

compartments in the recycling of apical versus basolateral proteins.  Unlike Rab11, our 

studies with Rab14 demonstrate a differential effect of Rab14 on apical proteins, 
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suggesting that not only do apical proteins traverse different endocytic compartments on 

their way to the apical or subapical domain (Cresawn et al., 2007), but the interaction of 

Rab14 with distinct apical proteins is also regulated differentially. Recent results in Rab8 

knockout mice have implicated Rab8 in the trafficking of peptidases and transporters to 

the apical membrane of gut epithelial cells (Sato et al., 2007).  The ability of Rab8 to 

affect both apical and basolateral targeting may reflect the different polarized trafficking 

pathways found in MDCK and intestinal epithelial cells (Matter et al., 1990; Rindler and 

Traber, 1988; Traber et al., 1987).  Although Rab8 was shown to be involved in the 

biosynthetic trafficking of basolateral cargo from the TGN in MDCK cells, Rab8 may 

fulfill another role in intestinal cells by regulating endocytosis and/or recycling of 

transporters and peptidases at the apical domain.  Rab8 knockout mice have shortened 

apical microvilli, develop microvillus inclusion bodies in the subapical domain and 

mislocalize apical transporters and peptidases to lysosomes, suggesting that depletion of 

Rab8 from intestinal epithelial cells causes an increase in endocytic uptake from the 

apical domain and mistargets apical proteins for degradation.   

Although the role of Rab proteins has been demonstrated among endosomal 

compartments and membrane domains, the regulatory role of Rab proteins in the apical 

secretory pathway from the TGN remains unclear.  Using the apical early endosomal 

glycoprotein endotubin to identify the machinery for apical targeting, we identified 

Rab14. We have shown that overexpression of the mutant (inactive) form of Rab14 

causes mistargeting of specific apically-associated proteins in polarized cells (Kitt, et al; 

in submitted) and that Rab14 is selective for specific types of apical proteins.  Because 
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Rab proteins have been shown to participate in sorting, budding, transport and fusion of 

vesicle carriers (Figure 1.2) and my data implicate Rab14 in the apical targeting pathway, 

it is now of interest to determine what other types of proteins Rab14 may interact with to 

regulate apical trafficking.   

 

II.  Arf GTPases  

 A second class of molecules involved in membrane trafficking and modulating 

the cytoskeleton is another member of the Ras superfamily of small GTP-binding 

proteins, ADP-Ribosylation Factors (Arfs).   To date, three classes of Arf proteins have 

been identified based on amino-acid sequence identity.  Class I includes Arfs1-3, Class II 

includes Arfs 4-5, and Class III contains a single Arf, Arf6 (Donaldson et al., 2005).  The 

best characterized are Arf1 and Arf6 (Donaldson and Honda, 2005).  Unlike Rabs, Arfs 

are myristolated at their N-terminus by the removal of methionine from the N-terminal 

region and addition of a 14-carbon myristic acid.  This modification allows Arfs to bind 

to membranes and regulate membrane transport.  In addition, Arf members do not have 

GDP displacement inhibitor (GDI) to extract them from the membrane; rather GDP-

bound Arf stays loosely associated with the membrane until it is re-activated (Collins, 

2003).  Finally, Arf association with the membrane via the N-terminal amphipathic helix 

is short (1-2 nm) compared to Rabs (7-8 nm) to allow different types of effector 

molecules to bind closely to the membrane surface to cause a change in the bilayer 

structure (Gillingham and Munro, 2007).   
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Like Rabs, Arfs cycle between an active (GTP-bound) and inactive (GDP-bound) 

state to spatially and temporally control membrane trafficking.  Arfs have seven 

subfamilies of guanine-nucleotide exchange factors (GEFs); all of these families share 

the Sec7 domain (location of guanine-nucleotide-exchange activity) (Gillingham and 

Munro, 2007; Jackson and Casanova, 2000).   Examples of Arf GEFs include: 

Gea/Gnom/GBF, Sec7/BIG, ARNO/cytohesin/GRP and EFA6 families.  The best studied 

Arf GEF in the early secretory pathway is GBF1.  GBF1, an activator of Arf1 at the ER-

Golgi interface, is sensitive to brefeldin-A (BFA) treatment and works with Arf1 and 

Rab1b to modulate the coat protein, COPI, and COPI recruitment to the cis-Golgi (see 

below) (Garcia-Mata et al., 2003; Kawamoto et al., 2002).  In addition, the Arf GEF 

BIGs 1/2 are also BFA sensitive and have been shown to act at the TGN to modulate AP-

1 and clathrin recruitment during vesicle formation (Shinotsuka et al., 2002).  To 

inactivate Arfs, there are 10 families of Arf-GAP proteins (GTPase-activating proteins) 

that bind to the Arf1 switch regions and promote effector binding or release.  Examples 

of Arf GAPs include: ArfGAP1, ArfGAP3, SMAPs, and Centaurins (Gillingham and 

Munro, 2007).  ArfGAP1 is the best studied of the Arf GAPs and regulates Arf1 at the 

Golgi apparatus and in vesicle maturation by interacting with cargo receptors and the coat 

protein, COPI (Nie and Randazzo, 2006; Reinhard et al., 2003; Yang et al., 2002).   

 Arf1 is the most studied of the Class I Arfs and serves to recruit effector 

molecules to the Golgi apparatus for vesicle budding.  Some of the effector molecules 

Arf1 recruits are: COPI, clathrin adaptor proteins 1, 3, and 4, and GGAs (Golgi-localized 

gamma-ear containing Arf-binding proteins) (Donaldson and Honda, 2005).  The current 
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model for the role of Arf1 in COPI assembly and vesicle formation at the Golgi consists 

of Arf1-GDP being recruited to membranes via its myristoyl group and the p23/p24 

transmembrane Golgi-cargo receptors.  The Sec-7 domain containing protein, GBF1, 

associates with an unidentified receptor at the membrane to stimulate nucleotide 

exchange on Arf1.  Exchange of GTP for GDP by GBF1 loads GTP on Arf1 and 

increases the affinity of Arf-GTP for Golgi membranes.  Arf1-GTP then recruits the coat 

protein complex, COPI, to the membrane to mechanically drive the formation of a 

membrane bud (Figure 1.3).  In my dissertation project, I studied the regulation of events 

that modulate Arf1 activation and COPI binding and how Rab14 affects these processes.  

The next section will be dedicated to what is known about coat proteins and how Arf1 

and COPI dynamics at the Golgi membrane direct vesicle budding and release. 

 

F. Coat proteins 
 

I.  Coat protein overview 
 
In the 1960s and 1970s, studies using electron microscopy identified small 

vesicles (60-100 nm in diameter) surrounded by a dense protein coat (Friend and 

Farquhar, 1967) in rat vas deferens.  From these initial observations, George Palade 

proposed a “vesicle-transport hypothesis” (Palade, 1975).  This hypothesis proposed that 

regions of membrane are pinched off into smaller structures containing cargo molecules 

and are surrounded by a dense protein coat.  Subsequently, these small vesicle-like 

structures fuse with an acceptor membrane compartment. From this groundbreaking 

hypothesis, it has been shown that these small structures (i.e. vesicles) are of a specific 
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size (60-100 nm) and are surrounded by a dense protein coat that associates with specific 

membrane compartments in the cell. Biochemical analysis on some of these dense coats 

revealed the protein called clathrin. In addition to clathrin, studies have also identified the 

non-clathrin coats, COPI (coatomer) (Waters et al., 1991a) and COPII (Barlowe et al., 

1994).  Clathrin is found at the trans-Golgi network (TGN), endosomes, and plasma 

membrane.  COPI is found at the Golgi cisternae (cis, medial, and trans) and on 

endosomes and COPII is found on the ER and early Golgi.  Clathrin (via adaptor 

proteins) has been shown to be involved in basolateral trafficking (Folsch, 2005; Folsch 

et al., 1999; Folsch et al., 2001; Nishimura et al., 2002).  However, the identities of the 

membrane coats that mediate apical budding from the TGN remain unknown.  Coat 

proteins are key components in forming a budded vesicle.  Understanding what type(s) of 

coat proteins are involved in the trafficking of apical vesicles will further our 

understanding of the key components involved in controlling carrier vesicle formation, 

budding, and possibly fission from a donor compartment.  For my dissertation, I focused 

on how coatomer (i.e. COPI) is regulated at membrane domains containing Rab14 and its 

possible involvement in the formation of vesicles carrying apical proteins.   

 

II.  Coatomer (COPI) 
 

Coatomer (i.e. COPI) plays a central role in secretory transport by creating an 

area on the membrane for cargo proteins to accumulate and be packaged for delivery.  

One of the main roles of COPI in the cell is to regulate transport of proteins from cis-

Golgi to endoplasmic reticulum (ER) as well as intra-Golgi transport (Bednarek and 
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Raikhel, 1992; Bethune et al., 2006).  Studies have demonstrated that the formation of 

vesicles from the cis-Golgi requires the activation of Arf1 by its guanine nucleotide 

exchange factor (GEF) GBF1 (Kawamoto et al., 2002).  Upon Arf1 binding its GEF, Arf1 

is converted to the active, GTP-bound state.  Activated Arf1 recruits a preformed seven-

subunit COPI complex (α−ζ) (Waters et al., 1991b) from the cytoplasm to assemble on 

the membrane (Presley et al., 2002; Teal et al., 1994).  In addition, ArfGAP1 is also 

recruited by Arf1-GTP into the complex at the membrane for vesicle formation to occur.  

The Arf1-COPI-ArfGAP1 complex polymerizes to form a lattice and helps to deform the 

membrane to form a coated bud containing cargo proteins for transport (Frigerio et al., 

2007; Liu et al., 2005; Yang et al., 2002).  Once the coated vesicle has pinched off the 

membrane, ArfGAP hydrolyzes the GTP on Arf1 to cause Arf1 dissociation, followed by 

COPI and ArfGAP dissociation (Randazzo and Hirsch, 2004).   In addition to COPI being 

involved in retrograde transport to the ER, COPI has been shown to be mediate 

anterograde and retrograde transport within the Golgi stacks (Schekman and Orci, 1996).   

Surprisingly, COPI was found to be associated with vesicles carrying both the 

anterograde cargo, VSV-G, and the retrograde cargo, KDEL receptor, in both whole cells 

and a cell-free system (Orci et al., 1997).  How the same COPI complex is able to 

distinguish between distinct classes of cargo remains unknown and future studies will 

need to determine the exact role of COPI in secretory transport among the Golgi 

cisternae.  Although a role for COPI in the early secretory pathway and trafficking within 

the Golgi has been demonstrated, the role of COPI at the TGN has not been fully 

elucidated.  Several studies have shown that COPI localizes to the TGN and is involved 
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in forming VSV-G positive vesicle from Golgi membranes in vitro (Griffiths et al., 1995; 

Simon et al., 1998), but the protein complexes that interact with COPI, besides Arf1, to 

modulate vesicle formation at the TGN have yet to be identified. 

 

G. Rab14 regulation on Apical Trafficking and Arf1/COPI at the TGN  

 Previous work with Rab14 in mammalian cells localized Rab14 to the Golgi and 

endosomes (Junutula et al., 2004; Proikas-Cezanne et al., 2006).  In addition, Rab14 has 

been implicated in stimulating fusion between phagosomes and early endosomes in 

mycobacteria and in inhibiting phagosomal maturation (Kuijl et al., 2007; Kyei et al., 

2006).  Although the importance of Arf1 and COPI during vesicle formation in the early 

secretory pathway has been demonstrated, a role for Rab proteins in regulating Arf1 and 

COPI recruitment during vesicle formation in the late secretory pathway remains 

unknown.  

The following chapters of my dissertation focus on how 1) Rab14 effects the 

trafficking of proteins to the apical domain of polarized cells and 2) Rab14 regulates Arf1 

and COPI dynamics at the TGN during vesicle formation.  Taken together, these studies 

provide a functional role for Rab14 at the TGN and apical endosomes and identify a 

proteinaceous coat at the TGN involved in apical targeting.  In addition, my work on 

Rab14 has provided further evidence that small GTPases (i.e. Rabs and Arfs) work 

together to modulate vesicle trafficking in the late secretory pathway and that Rab14 

defines another pathway for efficient apical targeting. 
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Figure 1.1.  Polarized Epithelial Cell and Cellular Compartments 
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Figure 1.2.  Potential roles for Rab14 in the cell 
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              Figure 1.3.  Model for Arf1 activation at the Golgi membrane 
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CHAPTER TWO: RAB14 REGULATES APICAL TARGETING IN POLARIZED 

EPITHELIAL CELLS 

 

Abstract 

Epithelial cells display distinct apical and basolateral membrane domains, and 

maintenance of this asymmetry is essential to the function of epithelial tissues.  Polarized 

delivery of apical and basolateral membrane proteins from the trans-Golgi network 

(TGN) and/or endosomes to the correct domain requires specific cytoplasmic machinery 

to control the sorting, budding and fission of vesicles.  However, the molecular 

machinery that regulates polarized delivery of apical proteins remains poorly understood.  

Here, we show that the small GTPase Rab14 is involved in the apical targeting pathway.  

Using yeast two-hybrid analysis and GST pull-down, we show that Rab14 interacts with 

apical membrane proteins and localizes to the TGN and apical endosomes.  

Overexpression of the GDP-bound mutant of Rab14 (S25N) induces an enlargement of 

the TGN and vesicle accumulation around Golgi membranes.  Moreover, expression of 

Rab14-S25N results in mislocalization of the apical raft-associated protein VIP/MAL to 

the basolateral domain, but does not disrupt basolateral targeting or recycling.  These data 

suggest that Rab14 specifically regulates delivery of cargo from the TGN to the apical 

domain.   
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Introduction 

Polarized membrane domains are a fundamental property of epithelial cells, 

imparting a functional surface asymmetry that is essential for vectorial transport of water, 

ions, and solutes, as well as for establishment of a barrier to pathogens.  Establishment of 

cell polarity is triggered by cell-cell adhesion and proper sorting and recycling of proteins 

to membrane domains.  To maintain these distinct apical and basolateral domains, newly 

synthesized and recycling membrane proteins must be delivered to the correct membrane 

domains and this polarized delivery is critical for preserving the functional polarized state 

throughout the life of the cell (Mostov et al., 2003; Rodriguez-Boulan et al., 2005).   

Segregation of apical or basolateral proteins for delivery to the plasma membrane 

occurs in the trans-Golgi network (TGN) or in endosomes (Rodriguez-Boulan et al., 

2005).  Basolateral targeting is mediated by cytoplasmic signals through AP-1B adaptor 

dependent (Folsch et al., 1999; Folsch et al., 2001; Gan et al., 2002) or independent 

pathways (Folsch et al., 1999; Roush et al., 1998).  However, the signals involved in 

apical targeting comprise many different forms.  Apical signals have been linked to N- 

and O-glycosyl chains (Benting et al., 1999; Yeaman et al., 1997), 

glycosylphosphatidylinositol (GPI) moieties (Brown and Rose, 1992), and cytoplasmic 

domains (Chuang and Sung, 1998; Gokay et al., 2001; Karim-Jimenez et al., 2000).  In 

addition, partitioning into glycolipid rafts, association with the MAL proteolipid (VIP17) 

and association with the phosphatidylinositol-4-phosphate binding protein FAPP2 have 

also been implicated in sorting of proteins and lipids destined for apical membranes 
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(Cheong et al., 1999; Lafont et al., 1999; Puertollano et al., 1999; Sarnataro et al., 2004; 

Schuck et al., 2004; Vieira et al., 2005). 

When newly synthesized proteins or lipids arrive at the TGN or endosomes, they 

must partition into distinct membrane domains, assemble into proper carriers and be 

delivered to the correct surface.  Recent work has made use of live cell imaging 

techniques to provide images of basolateral and apical vesicles segregating from the TGN 

and fusing with distinct domains (Keller et al., 2001; Kreitzer et al., 2003).  Genetic and 

biochemical analyses have shown that protein complexes act in series to regulate 

budding, docking and fusion to complete basolateral targeting (Folsch et al., 1999; Folsch 

et al., 2003; Gan et al., 2002; Grindstaff et al., 1998; Lafont et al., 1999; Low et al., 1996; 

Low et al., 1998; Musch et al., 2001).  Despite intensive work, the machinery that 

regulates budding and transport of apically directed vesicles is not well understood.  

Using yeast two-hybrid and GST pull-down approaches, we have found that the small 

GTPase Rab14 is part of the regulatory machinery for apical targeting.  Expression of the 

GDP-mutant form of Rab14 in Madin-Darby Canine Kidney (MDCK) cells causes a 

change in the morphology of the TGN, an increase in vesicles surrounding the Golgi 

membrane and mistargeting of the apical membrane protein VIP/mal.  Moreover, live-

cell imaging shows that Rab14 vesicles are very dynamic and fuse with early endosomes 

and the plasma membrane.  Our results indicate that Rab14 regulates apical trafficking 

from the TGN to apical endosomes in polarized cells. 
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Materials and Methods 

Reagents and Antibodies 

Cell culture reagents were obtained from Gibco-BRL, Gaithersburg, MD.  The 

following antibodies were used: mouse anti-E-cadherin, rabbit anti-GFP and mouse anti-

EEA1 (BD Biosciences, San Diego, CA), mouse anti-Golgi-58K protein, rabbit anti-

FLAG and mouse γ-adaptin (Sigma-Aldrich, Inc., St. Louis, Missouri), mouse anti-gp135 

(gift from Dr. K. Matlin, University of Cincinnati), mouse anti-endotubin (Wilson et al., 

1987), sheep anti-pIgA receptor (gift from Dr. C. Okamoto, University of Southern 

California), goat anti-dog transferrin (Bethyl Laboratories, Montgomery, TX), mouse 

anti-clathrin heavy chain (Affinity Bioreagents Inc, Golden, CO), Lysotracker 

(Invitrogen/Molecular Probes, Camarillo, CA) .  Secondary antibodies were from Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA.  TRITC-Ricin was from EY 

Laboratories, Inc., San Mateo, CA and Rhodamine, Wheat Germ Agglutinin-rhodamine 

(WGA-Rh) was from VECTOR Laboratories, Inc., Burlingame, CA.  All other chemicals 

and reagents were from Sigma-Aldrich Chemical Company, St. Louis, MO.   

 

Two-hybrid library screening and plasmid construction  

Endotubin cytoplasmic domain (tail) bait was constructed by amplifying 

nucleotides 3620 to 3928 (amino acids 1160 to 1195) by PCR and subcloning into the 

GAL4 binding domain vector (pGBKT7, MATCHMAKER Library Construction kit, 

Clontech, Palo Alto, CA).  This bait was used to screen a postnatal day 13-rat ileum 

cDNA library in GAL4 activating domain vector (pGADT7-Rec, Clontech).  A total of 2 
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x 106 clones were screened following the manufacture’s protocol.  Positive colonies were 

sequenced and interactions confirmed by mating with the endotubin-tail construct. 

Full-length Rab14 was obtained by RT-PCR of mRNA obtained from neonatal rat 

ileum and subcloned into pEGFP-C2 vector (Clontech).  The Q70L and S25N mutations 

were generated by site-directed mutagenesis using the Quik Change XL Mutagenesis Kit 

(Stratagene, La Jolla, CA).  For Rab14-Q70L, the primers were: 5’-

3’GGATACGGCAGGACTCGAGCGATTTAGGG and 5’-3’ 

CCCTAAATCGCTCGAGTCCTGCCGTATCC.  For Rab14-S25N the primers were: 5’-

3’ GACATGGGAGTAAAAAATTGCTTGCTTCATC and 5’-3’ 

GATGAAGCAAGCAATTTTTTACTCCCATGTC.   

Endotubin cytoplasmic domain mutants for yeast-two-hybrid studies were 

generated by site-directed mutagenesis of individual amino acids using the Quick Change 

XL Mutagenesis Kit (Stratagene, La Jolla, CA) as previously described (Gokay and 

Wilson, 2000).  All mutations were verified by sequencing. 

For GST-pulldown experiments, full-length Rab14 was cloned into pET-41a 

(Novagen), and the CXC prenylation motif was deleted by PCR using the following 

primers: 5’-3’ GTGAACCCCAACCCCAGTGAGAAGGCTGTGGCTGC and 3’-5’ 

GCAGCCACAGCCTTCTCACTGGGGTTGGGGTTCAC. 
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Gluthathione S-transferase pulldowns 

 Rab14-GST proteins were purified by sonication of bacterial cultures expressing 

the constructs followed by incubation of bacterial supernatants with Amersham 

Glutathione 4-Fast Flow beads for 1 hour.  Beads containing 100 µg of GST-Rab14 

protein were incubated with either 100 µM GTPγS or GDP and 2 mg of MDCK lysates 

expressing either VIP/MAL-FLAG or full-length endotubin.  MDCK lysates were 

prepared in 1% TX-100, 150 mM NaCl, 5 mM EDTA, and 50 mM Tris, pH 7.5.  After 

incubation, beads were washed and eluted in SDS-PAGE sample buffer.   

 

Cell culture, immunofluorescent labeling, and fluorescence microscopy 

 MDCK and NRK cells were transfected with Rab14-GFP constructs as previously 

described (Gokay and Wilson, 2000; Wilson and Colton, 1997). MDCK cells expressing 

the Rab14 constructs were selected by growth in medium containing 400 µg/ml G418 for 

10 days followed by colony selection.  For experiments, cells were seeded onto Costar 

(Cambridge, MA) filters as previously described (Gokay and Wilson, 2000).  

Prior to all experiments, MDCK cells were treated overnight with 4 mM butyric 

acid to induce expression of the transgenes and, for immunoflourescent labeling, cells 

were processed as previously described (Hernandez-Deviez et al., 2003).  For labeling 

with Wheat germ agglutinin-Rhodamine (WGA-Rh), cells were fixed in 4% PFA, 

permeabilized with 0.05% NP-40/PBS, and incubated with 100 µg/ml WGA-Rh in PBS 

for 30 minutes at room temperature, washed with PBS and mounted with Aqua 

Poly/Mount (Polysciences, Inc., Warrington, PA). 



 

 

41 

Images of cells on coverslips were acquired using the DeltaVision RT restoration 

microscopy system (Applied Precision, Inc, Issaquah WA) using an Olympus IX70 

inverted microscope (Olympus America, Inc, Melville, NY) and Photometrics cooled 

CCD camera (Roper Scientific Instruments, Tucson, AZ); 60X (1.4) or 100X (NA 1.35) 

oil immersion objectives (refractive index: 1.516) were used to obtain the images.  Pixel 

size for 60X was 0.11276 and 0.0678 for 100X.  The emission wavelength for the FITC 

filter was 528 nm and 617 nm for the Cy3 filter.  The Z steps between image planes were 

.2 µm (recommended step size for the NA of the objectives) and approximately 26 

sections were taken per sample for each fluorescent probe.  The z-series of x,y-sections 

were deconvolved using Applied Precision, LLC SoftWoRX with measured point-spread 

functions to reduce extraneous light captured by the camera.  All data sets were subjected 

to 10 deconvolution iterations.  Deconvolved images were projected using SoftWoRX 

software and images were processed and merged using Adobe Photoshop software CS2 

(Adobe Systems, Mountain View, CA). To facilitate comparison, identical imaging and 

processing parameters were used within figures. 

Cells on filters were imaged using a Zeiss LSM 510 Laser Scanning System using 

a 100X oil immersion objective, NA 1.4. Simultaneous two or three-channel recording 

was performed using excitation wavelengths of 488 nm, 533 nm and/or 633 nm through a 

z-stack 10-50 µm in thickness. Images were processed and merged using Adobe 

Photoshop software CS2 (Adobe Systems, Mountain View, CA). To facilitate 

comparison, identical imaging and processing parameters were used within figures. 
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To measure intracellular fluorescence of VIP/MAL and E-cadherin, ImageJ 1.38x 

(NIH) line and histogram tools were used to determine the intracellular pixel intensity of 

each protein in the x,z sections.  Brightness intensity values were exported to GraphPad 

Prism version 5.0 and graphs prepared.   

 

Transmission electron microscopy and Golgi vesicle quantification 

MDCK cells stably expressing Rab14-wt or -S25N were grown as described 

above.  For electron microscopy, cells were fixed in 3% glutaraldehyde in 0.1 M 

cacodylate buffer, pH 7.2, and embedded in Spurrs resin (Electron Microscopy Sciences, 

Hatfield, PA).  Sections were examined using a Philips CM12TEM at 80kV and images 

were acquired using a AMT-XR40 (Advanced Microscopy Techniques) digital camera.   

To quantify the attached and unattached vesicles surrounding Golgi apparatus, 80 

Golgi stacks were analyzed using ImageJ 1.38x (NIH).  The criteria used to define the 

vesicles around the Golgi were: 1) vesicles must be less than 300 nm in diameter, 2) 

vesicles must be within 0.5 µm of the Golgi stacks 3), vesicles where cytoplasm was 

present between the vesicle and the Golgi membrane were considered unattached, and 4) 

vesicles that appeared to rest upon the membrane or to have a neck are considered 

attached.  Statistical analysis was performed using student t-test (two-tailed) in the 

statistical software, GraphPad Prism Version 5.0.  

 

Live cell imaging 
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Twenty four hours after transfection, NRK cells expressing the Rab14-GFP 

constructs (wt, Q70L and S25N) were placed in live cell imaging media (DMEM-phenol 

red free, 10% FBS, 25 mM Hepes, and PSK buffer) and transferred to a closed viewing 

chamber equipped with an objective heat collar and a temperature controlled air blower. 

Samples were maintained at 37°C and imaged using a 100x oil objective and an 

Intelligent Innovations imaging system (Intelligent Imaging Innovations, Denver, CO) 

with a Zeiss Axiovert 200M including a 175 Watt Xenon light source with a dual 

galvanometric filter changer, a Coolsnap HQ interline CCD camera, and an x,y motorized 

stage with harmonic drive z-focusing.  Using an EGFP filter set, 70 frames were taken at 

2 seconds per frame for a 2-minute movie.  Each movie series was projected onto a single 

x, y –plane.   Movies were made using Slidebook 4.2 software (Intelligent Imaging 

Innovations).    

For live-cell imaging of MDCK cells, cells were grown on coverslips (Bioptechs, 

Butler, PA) designed to fit onto the Focht live-cell chamber apparatus (Bioptechs, Butler, 

PA).  Time-lapse series were acquired at 37°C on the Olympus IX70 microscope system 

described above (DeltaVision RT). Exposure times were 400-500 ms for each channel, 

and time-lapse sequences of 6 seconds.  Series were exported as QuickTime movies or as 

single TIFF files and processed in Adobe Photoshop 8.0.  

 

Uptake studies  

For transferrin uptake studies, canine apo-transferrin was saturated with iron 

using iron-nitrilotracetate chelate as described in (Bates and Wernicke, 1971), run twice 
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through a G-25 Sephadex column (Pharmacia Biotech, Sweeden) and dialyzed against 20 

mM Hepes (pH 7.0) buffer to a final concentration of 1.5-3 mg/ml.  This iron-saturated 

transferrin was iodinated to a specific activity of 5.0-9.0 x 106 cpm/µg using Iodogen 

tubes (Pierce, IL).  Unincorporated Na125I was removed with a G-25 Sephadex column 

(Pharmacia Biotech, Sweeden). 

The transferrin-recycling assay on filter-grown cells expressing Rab14-wt, 

Rab14-Q70L, and Rab14-S25N were performed as previously described (Leung et al., 

1999). 
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Results 

The small GTPase Rab14 interacts with an apical endosomal membrane protein 

To identify machinery for delivery of apical proteins, we utilized an integral 

membrane glycoprotein, endotubin.  Endotubin is a type I transmembrane protein that 

localizes to apical early endosomes (Gokay and Wilson, 2000).  Two motifs on the short 

cytoplasmic domain are necessary and sufficient for delivery to the apical endosomal 

compartment (Gokay and Wilson, 2000; Gokay et al., 2001) (Figure 2.1A); mutagenesis 

of the cytoplasmic domain results in mistargeting to the basolateral membrane (Gokay et 

al., 2001) and addition of the cytoplasmic domain onto a basolaterally directed protein 

results in re-targeting to the apical plasma membrane (Gokay et al., 2001).  Using the 

endotubin cytoplasmic domain as the bait (Figure 2.1A), we screened a yeast two-hybrid 

library constructed from mRNA derived from neonatal rat intestinal epithelial cells.  This 

screening resulted in the isolation of the amino-terminal fragment of the small GTPase 

Rab14.  This interaction in the yeast two-hybrid system was confirmed by transformation 

of the bait and activating domain plasmids into yeast followed by mating (our 

unpublished results).  

To determine if the nucleotide state of Rab14 affects the ability to bind endotubin, 

we used a directed yeast-two-hybrid approach.  Full-length Rab14-wild type (wt) was 

isolated by PCR and inserted into the prey plasmid to confirm the interaction with the 

entire molecule.  Mating of cells expressing full-length Rab14-wt with cells expressing 

the endotubin cytoplasmic domain resulted in robust growth on quadruple dropout plates 

lacking leucine, tryptophan, histidine, and adenine, indicating a strong interaction.  
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Growth was seen with both the Rab14-GTP (Rab14-Q70L) and Rab14-GDP (Rab14-

S25N) mutants (our unpublished data), suggesting that the interaction is not nucleotide 

dependent.   

To biochemically characterize the Rab14:endotubin interaction, we performed a 

GST pull-down using full-length Rab14-wt, Rab14-Q70L, or Rab14-S25N fused to GST.  

Rab14-GST fusion proteins were incubated with MDCK homogenates stably expressing 

full-length endotubin followed by immunoblotting against endotubin (Figure 2.1B).  As 

in the yeast two-hybrid analysis, the interaction of endotubin with Rab14 was observed 

with all Rab14-nucleotide states.  There appeared to be a slight increase in endotubin 

binding to Rab14-wt-GST compared to the other forms, but this difference was not 

significant between experiments. As expected, we observed no interaction of Rab14-wt-

GST with the basolateral protein, E-cadherin (Figure 2.1B).     

To determine if Rab14 binds to other apical proteins, we examined the apical raft-

associated protein, VIP/MAL. As shown in Figure 2.1C, Rab14-wt-GST pulled down 

VIP/MAL.  Interestingly, in contrast with endotubin, no interaction was observed with 

Rab14-S25N-GST, suggesting that the interaction of Rab14 with VIP/MAL depends on 

the nucleotide state of Rab14 (Figure 2.1B).  Again, we observed no interaction with the 

basolateral protein, E-cadherin (Figure 2.1C).  These results further support the finding 

that Rab14 interacts specifically with apical proteins.   

Previously, we showed that mutations in either the hydrophobic motif (F1180A) 

or CKII site (T1186A) in the cytoplasmic domain of endotubin resulted in a small amount 

of basolateral missorting of this apical endosomal protein, although 90% was targeted 



 

 

47 

apically (Gokay and Wilson, 2000).  In contrast, mutation of both motifs resulted in 90% 

of endotubin being missorted to the basolateral domain (Gokay et al., 2001).  To 

determine if these two motifs are necessary for interaction with Rab14, we introduced the 

endotubin cytoplasmic domain mutants F1180A, T1186A into the yeast two-hybrid bait 

plasmid to test their ability to interact with Rab14.  We found that yeast containing Rab14 

and either of the endotubin cytoplasmic domain mutations (F1180A or T1186A) grew on 

selection medium, demonstrating a positive interaction (Table 1).  However, the double 

mutant F1180A/T1186A does not show any interaction with Rab14 in the yeast two-

hybrid system (Table 2.1).  These results indicate that Rab14 does not interact with the 

basolaterally missorted endotubin mutant, suggesting that Rab14 plays a role in apical 

sorting and targeting of proteins in epithelial cells. 

Because Rab14 was isolated as a result of its interaction with endotubin in cells, 

we reasoned that these molecules would colocalize in the same compartment.  First, we 

tested whether GFP-tagged Rab14 could be properly geranyl-geranylated using TX-114 

phase partitioning.  Our results show that all of the expressed forms of Rab14-GFP 

partitioned into the detergent pellet, indicating lipid modification (Figure 2.10).  Next, we 

characterized the subcellular localization of Rab14 and endotubin in polarized MDCK 

cells.  Coexpression of endotubin with Rab14-wt (Figure 2.1D-a), Rab14-Q70L (Figure 

2.1D-b) resulted in significant colocalization.  We observe a decrease in colocalization 

between Rab14-S25N and endotubin (Figure 2.1D-c).  Additionally, Rab14-wt and Q70L 

together with endotubin localize to the apical cytoplasm.  Since endotubin has been 

shown to be present in apical early endosomes, these results indicate that Rab14 localizes 
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to an apical early endosome compartment (Brown et al., 2000; Gokay and Wilson, 2000; 

Wang et al., 2000a).  This contrasts with the distribution of Rab14-S25N, which appears 

to be non-polarized (Figure 2.1D-c).   

 

Subcellular localization of Rab14 in polarized epithelial cells 

To identify the subcellular compartment in which Rab14 functions, we examined 

the intracellular distribution of Rab14-wt-GFP in polarized and non-polarized MDCK 

cells.  Recent work in fibroblasts showed Rab14 localized to the biosynthetic pathway 

(i.e. Golgi) and in both early and recycling endosomes (Junutula et al., 2004) and to the 

phagosome in macrophages (Kyei et al., 2006).  As shown in Figure 2.2a, in polarized 

epithelial cells, Rab14-wt-GFP partially co-localizes with furin, an endogenous protein 

that recycles between the TGN and endosomes as AP-1A-dependent cargo (Teuchert et 

al., 1999).  There was also partial colocalization of Rab14-wt-GFP with the common 

endosome marker, transferrin (Figure 2.2c).  We observe no significant colocalization 

between Rab14-wt-GFP and the apical recycling endosome marker, Rab11a (Figure 

2.2b), suggesting that Rab14 localizes to a distinct apical endosomal compartment.       

Similarly, in non-polarized MDCK cells grown on coverslips, we observe Rab14-

wt-GFP and furin localizing to a perinuclear compartment (Figure 2.3A), but labeling is 

present in distinct, adjacent, membrane domains (Figure 2.3A-a’).  There was no 

significant colocalization between Rab14-wt-GFP and the AP-1 adaptor subunit γ-adaptin 

(Figure 2.3A-b’), suggesting that Rab14 predominantly traffics via a non-clathrin 

dependent pathway.  We also observe no colocalization between Rab14-wt-GFP and 
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clathrin heavy chain, EEA1, or Golgi 58K (Figure 2.11).  We observe limited areas of 

colocalization of Rab14-wt-GFP with the recycling endosomal marker transferrin in non-

polarized MDCK cells (Figure 2.3A-c’), but not with the lysosomal marker, Lysotracker 

(Figure 2.11).  These results indicate that Rab14 is trafficking between the TGN, apical 

endosome (endotubin), and common endosome (transferrin) (Wang et al., 2000a) and 

suggests Rab14 may regulate trafficking between the Golgi and apical plasma membrane 

via different compartments depending on the polarized state of the cell (Brown et al., 

2000).  

 As in non-polarized cells (Junutula et al., 2004), the nucleotide binding state of 

Rab14 also determines its subcellular localization in MDCK cells.  Previous work has 

shown that the inactive form of Rab14 (Rab14-S25N) is localized in a predominantly 

perinuclear distribution.  Labeling of the TGN with wheat germ agglutinin (WGA) 

(Gonatas et al., 1977), resulted in extensive colocalization with Rab14-S25N-GFP 

(Figure 2.3B-c).  In addition, in cells expressing Rab14-S25N-GFP, the TGN was 

massively expanded and distorted, a morphology not seen with overexpression of the 

Rab14-wt-GFP (Figure 2.3B-a) or Rab14-Q70L-GFP (Figure 2.3B-b). This effect on the 

morphology of the TGN has also been reported by others in fibroblasts (Junutula et al., 

2004), and indicates that Rab14 may modulate fusion or exit of vesicles at the TGN.  To 

determine if the distension of the TGN observed in Rab14-S25N-GFP caused an 

upregulation of synthesis of Golgi matrix and tether proteins, MDCK cell homogenates 

stably expressing Rab14-wt-GFP or Rab14-S25N-GFP were immunoblotted for Golgi 
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proteins.  However, there was no change in the steady-state amounts of these proteins 

(Figure 2.12). 

 The expansion of the TGN observed in Rab14-S25N-GFP expressing cells 

suggests that there may be a block to budding from the TGN or an accumulation of 

vesicles in the peri-Golgi region.  To determine this, we performed ultrastructural 

analysis on stably transfected MDCK cells expressing Rab14-wt-GFP or Rab14-S25N-

GFP.  The electron microscope images show dramatic phenotypic differences.  Cells 

expressing Rab14-wt-GFP have normal Golgi morphology, with Golgi cisternae 

surrounded by budded vesicles (Figure 2.4A-left panel), as previously observed in NRK 

cells (Junutula et al., 2004).  In contrast, Rab14-S25N-GFP expressing cells display 

larger and more distended Golgi cisternae (similar to Figure 2.3B-c) and an increase in 

vesicles accumulating in the vicinity of the Golgi stacks (Figure 2.4A-right panel).  

Because we observe vesicles lining up at the Golgi membrane in Rab14-S25N-

GFP expressing cells (Figure 2.4B), we next determined if there was a block to vesicle 

fission by quantifying the number of unattached and attached vesicles in the peri-Golgi 

region.  Approximately 80 Golgi stacks were analyzed and quantified for each construct 

using specific criteria for vesicle size and attached versus unattached vesicles (see 

Materials and Methods).  The results show an increase in the number of unattached 

vesicles in the Rab14-S25N-GFP cells compared to cells expressing Rab14-wt-GFP and a 

similar number of attached vesicles with both constructs (Figure 2.4C).  These results 

suggest that vesicles in Rab14-S25N-GFP expressing cells are able to undergo both 

budding and fission from the Golgi/TGN membrane, but are accumulating in the peri-
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Golgi region.  Thus, Rab14 appears to be involved in the transport of vesicles between 

the Golgi and endosomes/plasma membrane. 

 

Rab14 vesicles traffic to early endosomes and the plasma membrane  

Because our EM data demonstrated an accumulation of vesicles in the vicinities 

of the Golgi apparatus, we next examined whether Rab14 is involved in the trafficking of 

these vesicles.  Because their flat morphology facilitates live cell imaging, we employed 

NRK cells expressing GFP-tagged Rab14 (Figure 2.5).  We found that Rab14-wt-GFP 

(Figure 2.5A) and Rab14-Q70L-GFP (Figure 2.5B) positive vesicles move dynamically 

in the cell.  In Rab14-wt-GFP cells, we observed vesicles exiting and entering the 

perinuclear region (Figure 2.5A).  In Rab14-Q70L cells, we observed vesicles undergoing 

fusion in the perinuclear region (Figure 2.5B).  Rab14-S25N-GFP localized to an 

amorphous perinuclear compartment (Figure 2.5C) and, unlike Rab14-wt-GFP and 

Rab14-Q70L-GFP, we observed no vesicular movement of Rab14-S25N-GFP into or out 

of the Golgi region (Figure 2.5C), suggesting that vesicles containing GFP-Rab14-S25N 

are held up at the Golgi/TGN level.  

Our results suggest that Rab14 may regulate delivery of apically directed proteins 

between the TGN and apical endosomes or the plasma membrane.  We next performed 

live cell imaging using MDCK cells expressing Rab14-wt-GFP and TRITC-labeled ricin 

to mark the endocytic pathway.  As shown in Figure 2.6A, vesicles containing Rab14 

fused with ricin containing endosomes within 5 minutes of warming to 37°C.  In 

addition, because not all of the ricin was internalized within 5 minutes and continued to 
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label the plasma membrane, Rab14-containing vesicles could be visualized fusing with 

the plasma membrane and then rebudding (Figure 2.6B).  These images indicate that 

Rab14 shuttles between early endosomes and the plasma membrane.  Thus, Rab14 may 

regulate the trafficking of apically directed proteins by cycling between the TGN and 

early endosomes or the plasma membrane. 

 

Rab14 is required for proper localization of the apical-raft protein VIP/MAL  

Because we saw a nucleotide-dependent interaction with VIP/MAL (Figure 2.1B), 

we next determined whether Rab14 was involved in the targeting of this raft-associated 

molecule.  As shown in Figure 2.7, in cells co-expressing Rab14-wt-GFP and VIP/MAL, 

VIP/MAL was targeted to the apical membrane and more importantly, was not found 

intracellularly (section of VIP/MAL is in the middle of the cell) (Figure 2.7A-B).  

However, in cells expressing Rab14-S25N-GFP, VIP/MAL was retained intracellularly 

(section of VIP/MAL is in the middle of the cell) and mistargeting to the lateral 

membrane, as indicated by colocalizing with the basolateral marker, E-cadherin (Figure 

2.7C-D).  

 

Localization of Rab14 with the apical plasma membrane protein, gp135 or pIgA 

receptor 

Recent results indicate that there are multiple pathways to the apical domain 

(Cresawn et al., 2007).  To determine if Rab14 affects the trafficking of other apically-

associated membrane proteins, we looked at the well-established apical marker, gp135.  
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When MDCK cells expressing Rab14-wt (Figure 2.8A-a), Rab14-Q70L (Figure 2.8A-b), 

or Rab14-S25N (Figure 2.8A-c) were labeled with antibodies against gp135, the 

distribution of gp135 was indistinguishable from untransfected cells (our unpublished 

data).  In addition, we also observed no alteration in the distribution of the polymeric IgA 

receptor (Figure 2.8B) or the basolateral protein E-cadherin (Figure 2.8C) in cells 

expressing all Rab14 constructs.  In addition, the transepithelial resistance of the cells 

was unaffected by the expression of any forms of Rab14 (our unpublished data).  Overall, 

these results suggest that Rab14 is selective for specific types of apical membrane 

proteins.  

Rab14 localizes to recycling endosomes (Junutula et al., 2004), and localization 

studies of transferrin and Rab14 suggest that these molecules exist in nearby domains 

(Figure 2.3c-c’). To further examine the specificity of the effects of Rab14 upon apical 

targeting and endosomal trafficking, we examined the effect of expressing GFP-tagged 

Rab14-wt, Rab14-Q70L, and Rab14-S25N upon the recycling of basolaterally 

internalized transferrin.  As shown in Figure 2.9, transferrin recycling and transcytosis 

were unaffected by expression of any of these forms of Rab14, suggesting Rab14 is not 

involved in the basolateral trafficking pathway.  

Taken together, our results demonstrate a role for Rab14 in directing the 

trafficking of a subset of apical proteins in polarized epithelial cells. 
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Discussion 

Loss of epithelial cell polarity has been associated with transformation and 

uncontrolled growth (Bilder et al., 2000), and accurate delivery of newly synthesized 

proteins to both the apical and basolateral membranes is necessary for normal epithelial 

cell function.  Despite the wealth of information about sorting and delivery of newly 

synthesized proteins to the basolateral membrane (Folsch et al., 1999; Folsch et al., 2003; 

Gan et al., 2002; Grindstaff et al., 1998; Lafont et al., 1999; Low et al., 1996; Low et al., 

1998; Musch et al., 2001; Simmen et al., 2002; Yeaman et al., 2004a), the molecular 

hardware responsible for delivery of proteins and lipids to the apical domain remains 

largely uncharacterized.  Here, we report that the small GTPase Rab14 is involved in the 

polarized delivery of specific apical proteins from the TGN to the apical plasma 

membrane and appears to not be involved in either basolateral targeting or cell-cell 

junction maintenance.  We demonstrate that expression of the inactive form of Rab14 

disrupts the TGN and causes missorting of an apical raft-associated protein, evidence that 

Rab14 regulates the trafficking of apical proteins.  In addition, expression of GDP-bound 

Rab14 causes an increase in vesicles accumulating in the peri-Golgi region, suggesting 

that it is involved in transport of these vesicles.  

How does Rab14 work?  In MDCK cells, apically targeted molecules are sorted 

within the TGN by partitioning into domains via interactions with N-linked 

carbohydrates (Benting et al., 1999), glycosylphosphatidylinositol moieties (Brown and 

Rose, 1992), or the proteolipid MAL (Cheong et al., 1999; Puertollano et al., 1999).  

These molecules presumably function to promote the formation of membrane domains, 
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while other cytoplasmic machinery is required for the budding and delivery of these 

molecules and their cargo (but see (Schuck and Simons, 2004)).  Although Rab proteins 

have been implicated in many steps of membrane trafficking (Zerial and McBride, 2001), 

there are relatively few reports of Rab proteins binding to cargo molecules in the 

membrane.  A notable example of a Rab protein binding to cargo is seen with the 

trafficking of polymeric IgA receptor in the transcytotic pathway (van et al., 2002) where 

GTP-bound Rab3b inhibits transcytosis of the pIgA receptor.  Rab21 also associates with 

the cytoplasmic domains of α-integrins and nucleotide mutants of Rab21 effect 

association with and trafficking of β1-integrins (Pellinen et al., 2006).  We have found 

that Rab14 interacts with the apical endosomal protein endotubin and VIP/MAL. 

Endotubin has been found to oligomerize and is highly N-glycosylated (Wilson et al., 

1987) and may serve as a scaffold for apical membrane proteins.  Similar to Rab3b and 

Rab5a where the GTPase activity of the proteins control their association with pIgR or 

AT1AR (Seachrist et al., 2002; van et al., 2002), respectively, the differential trafficking 

pathways for Rab14 could reflect the type of cargo Rab14 is transporting.  Differential 

trafficking of apical proteins has been observed in the targeting of the raft-associated 

hemagglutinin (HA) and the non-raft associated protein endolyn to apical compartments, 

suggesting that apical proteins traverse different endocytic intermediates on their way to 

the apical membrane in polarized cells (Cresawn et al., 2007). It may be that endotubin 

functions predominantly at the endosomal compartment whereas VIP/MAL functions at 

the TGN.  It is also possible that the difference in nucleotide-dependent binding of Rab14 
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with VIP/MAL reflects indirect binding and/or the presence of co-factors that modulate 

VIP/MAL binding to Rab14. 

Subsets of Rab GTPases are expressed in the apical domain of epithelial cells and 

have been shown to regulate trafficking from endosomal compartments.  Our 

colocalization and live cell imaging of Rab14 suggests that it cycles between the TGN, 

common, and apical early endosomal compartments.  In MDCK cells, in contrast with 

Rab14, Rab11a and Rab25 associate with the ARE and mutants of Rab11a and Rab25 

selectively disrupt the apical recycling and transcytosis of IgA (Casanova et al., 1999; 

Wang et al., 2000b). Studies with Rab8 initially indicated that Rab8 regulates basolateral 

targeting via AP-1B adaptors in the recycling endosome (Ang et al., 2003). However, 

recent results in Rab8 knockout mice have implicated Rab8 in the trafficking of 

peptidases and transporters to the apical membrane of gut epithelial cells (Sato et al., 

2007).  This difference may reflect the different polarized trafficking pathways found in 

MDCK and intestinal epithelial cells (Matter et al., 1990; Rindler and Traber, 1988; 

Traber et al., 1987).  Finally, mutation of Rab4 caused trafficking of the transferrin 

receptor to the apical surface from the recycling endosome (Mohrmann et al., 2002).  

However, transferrin recycling is unaffected by the overexpression of the Rab14 

genotypes, suggesting that Rab14 is not involved in the targeting of basolateral proteins.  

Rabs and their effectors work together to coordinate cargo sorting, budding, 

transport and fusion.  To temporally and spatially control these cellular events between 

organelle compartments, Rabs must be highly organized to lend organelle specificity and 

function.  This study demonstrates that Rab14 directs the trafficking of specific apical 



 

 

57 

proteins in polarized epithelial cells.  Future studies will determine other binding partners 

for Rab14 to characterize the regulation of these targeting events.  
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Figure 2.1.  Endotubin and VIP/MAL interact with the small GTPase Rab14.   
(A) Endotubin cytoplasmic domain used for bait construction.  Motifs critical for apical 
endosomal targeting are bolded.  (B) Rab14-GST (wt, Q70L, and S25N) tagged proteins 
were used to pull-down endotubin from MDCK cells followed by immunoblotting. 
Results show binding of full-length endotubin to Rab14 is not nucleotide-dependent.  (C) 
However, binding of VIP/MAL is nucleotide-dependent.    None of the Rab14-GST 
constructs interact with the basolateral marker, E-cadherin.  Input is 5% of total.  (D) 
MDCK cells expressing Rab14-wt-, Q70L-, or S25N-GFP (green) and endotubin (red) 
were visualized by confocal microscopy.  Co-expression of wild type Rab14 and 
endotubin resulted in areas of overlap in the apical domain (arrowheads).  Rab14-Q70L 
and endotubin also show extensive colocalization (arrowheads).  Co-expression of 
Rab14-S25N and endotubin resulted in some areas of colocalization as well as a non-
polarized distribution of Rab14-S25N.  Dotted line in the z-stack represents the bottom of 
the filter (see cartoon).  Scale bar, 5 µm. 
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Figure 2.2  Subcellular localization of Rab14 in polarized epithelial cells. 
MDCK cells stably expressing Rab14-wt-GFP were labeled with anti-furin (a-red), anti-
Rab11a (b-red) or anti-transferrin receptor (c-red) and visualized by confocal 
microscopy.  There is some colocalization of Rab14-wt-GFP with furin (TGN) and 
transferrin receptor (common endosome) (arrowheads).  No colocalization was observed 
with the ARE marker, Rab11a. Dotted line in the z-stack represents the bottom of the 
filter.  Scale bar, 5 µm. 
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Figure 2.3.  Subcellular localization of Rab14 in non-polarized epithelial cells.  
(A) MDCK cells transfected with endotubin and Rab14-wt-GFP (green) and labeled with 
anti-furin (a-red), anti-γ-adaptin (b-red), or anti-transferrin receptor (c-red), and 
visualized by deconvolution microscopy. Rab14 and furin (arrows, a’) are present in 
adjacent membrane domains.  There is also some colocalization with the transferrin 
receptor (arrow and arrowheads, c’), but no colocalization with (b’) γ-adaptin. (B) 
Expression of Rab14-wt (2B-a) or Rab14-Q70L-GFP (2B-b) did not affect the structure 
of the TGN, labeled here with rhodamine-WGA.  In contrast, expression of Rab14-S25N 
caused a dramatic expansion and reorganization of the TGN with extensive overlay of the 
labels (2B-c; arrows).  Scale bars, 10 µm. 
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Figure 2.4. Rab14 is not involved in budding/fission of vesicles from the TGN. 
Low magnification images of cells expressing Rab14-wt and Rab14-S25N.  Cells 
expressing Rab14-wt display normal Golgi morphology (arrows, A-left) compared to 
Rab14-S25N expressing cells (arrowheads, A-right) where Golgi membranes are 
expanded.  (B) High magnification of a Golgi region in cells expressing Rab14-S25N 
demonstrates an increase in vesicles lined up at the Golgi membrane (arrows). (C) 
Rab14-S25N expressing cells have a significant increase in unattached vesicles in the 
peri-Golgi compared to Rab14-wt (** p< 0.005). (A) Scale bar, 0.5 µm, (B) Scale bar, 
0.1 µm. 
 

 

 

A

B C

 



 

 

62 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 2.5. Nucleotide states determine motility of Rab14 vesicles. 
NRK cells expressing Rab14-wt, -Q70L, and –S25N-GFP were imaged by live cell 
fluorescence microscopy.  Selected frames from time-lapse images were enlarged and 
vesicles tracked.  Individual frames were taken for 2 minutes and 20 seconds for each 
Rab14 construct.  Rab14-wt vesicles traffic in and out of the perinuclear region; time 
lapse shows a vesicle undergoing anterograde transport from the perinuclear region 
(arrow) and then undergoing retrograde movement (arrowheads).  Rab14-Q70L vesicles 
undergo fusion into the perinuclear region; time-lapse shows a vesicle undergoing fusion 
(arrow) with another vesicle (arrowhead) in the perinuclear region.  In contrast, cells 
expressing Rab14-S25N display no vesicle movement and membrane structures 
containing Rab14 remain constant (arrows). The time is shown in m:sec.  Scale bar, 10 
µm 
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Figure 2.6.  Rab14-wt vesicles traffic to early endosomes and plasma membrane 
Rab14-wt-GFP (green) expressing cells were incubated with ricin-TRITC (red) at 4°C 
and warmed to 37°C.  Image acquisition was initiated within 5 min of warming.  
Individual frames were taken over a 10 min period (see also supplementary material).  
(A) Rab14-wt-GFP containing vesicle (arrowhead) docks and fuses with an ricin-TRITC 
labeled early endosome (arrow), subsequently a Rab14 tubular structure emerges from 
the vesicle (asterisk in 01:06:00).  (B) Rab14 vesicle (arrow) is docked at the ricin-
TRITC labeled plasma membrane; additional frames indicate the vesicle fusing with the 
plasma membrane.  The Rab14-wt-GFP domain then buds off from the plasma membrane 
(arrowhead in 00:30:00 and 00:36:00).  The time is shown in m:s:ms. Scale bars, A-B, 
2.5 µm. 
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Figure 2.7. Inactive Rab14 selectively disrupts targeting of the raft-associated 
protein VIP/MAL.  
Cell expressing Rab14-wt or Rab14-S25N and VIP/MAL were labeled and examined by 
confocal microscopy.  The plane of section in the x-y images is indicated by the yellow 
bar in the cartoon.  (A) Cells expressing Rab14-wt demonstrate an apical distribution of 
VIP/mal (x,z), with no labeling in the subapical cytoplasm (x,y).  No colocalization is 
observed with E-cadherin.  (B) Measurement of intracellular VIP/MAL and E-cadherin 
demonstrates no overlay with E-cadherin.  (C) In cells expressing Rab14-S25N, VIP/mal 
is retained intracellularly and localizes to the basolateral membrane shown by the 
colocalization with E-cadherin (arrows and arrowheads). (D) Measurement of 
intracellular VIP/MAL and E-cadherin demonstrates extensive overlay between the two 
signals. Note: Rab14 is not shown in these images. Scale bar, 5 µm.  
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Figure 2.8. Rab14 does not affect the targeting of the apical proteins, gp135 and 
pIgA-receptor. 
(A) Cells expressing Rab14-wt, Rab14-Q70L, and Rab14-S25N have an apical 
distribution of gp135 (red-a,b,c). (B) The distribution of the pIgA receptor and (C) E-
cadherin were also unaffected by all forms of Rab14.  Scale bars, 5 µm. 
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Figure 2.9.  Rab14 has no effect on basolateral recycling of transferrin. 
Polarized epithelial cells expressing wild-type- (filled circles), Q70L- (filled squares), or 
S25N-Rab14 (open triangles) were loaded with 125I-labeled transferrin from the 
basolateral side of the monolayer.  Apical (A) and basolateral (B) media were harvested 
at different time points to assess basolateral recycling and basolateral to apical 
transcytosis, respectively.  Data is presented as mean (± S.D.) of total internalized cpm 
for each condition. 
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Table 2.1:  Rab14 does not interact with endotubin mutants that are mistargeted   
       basolaterally 

 
Cytoplasmic domain sequence     Targeting Interaction  

  with Rab14 
 
Wild Type KQHLPCQSTDAAASGFDNILFNADQVTLPESITSNP             A    + 
 
F1180A KQHLPCQSTDAAASGFDNILANADQVTLPESITSNP       A    + 
 
T1186A KQHLPCQSTDAAASGFDNILFNADQVALPESITSNP       A    + 
 
F1180A/ KQHLPCQSTDAAASGFDNILANADQVALPESITSNP       B     - 
T1186A 
 
The cytoplasmic domain of endotubin and mutations of F1180A (hydrophobic motif) and 

T1186A (CKII site) are targeted to the apical domain (Gokay and Wilson, 2000) and 

interact with Rab14 in the yeast two-hybrid system.  However, the double mutant 

T1186A/F1180A is mistargeted to the basolateral membrane (Gokay and Wilson, 2000) 

and showed no interaction with Rab14 in the yeast two-hybrid system.  A = apical; B = 

basolateral. 
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Figure 2.10. Rab14 lipid modification 
MDCK cells expressing Rab14-wt, -Q70L, -S25N-GFP were solubilized and phase-
separated using TX-114.  TX-114 phase partitioning showed that all forms of Rab14 are 
associated with the detergent pellet, indicating normal geranyl-geranylation.   
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Figure 2.11. Localization of Rab14 in non-polarized MDCK cells 
MDCK cells transfected with Rab14-wt-GFP (green) were seeded onto coverslips and 
labeled with anti-clathrin heavy chain (a-red), anti-Golgi 58K (b-red), anti-EEA1 (c-red), 
or Lysotracker (d-red) and visualized by deconvolution microscopy.  No colocalization 
was observed between Rab14 any of these biosynthetic or endocytic markers. Scale bars, 
10 µm. 
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Figure 2.12. Quantification of Golgi matrix and tether proteins 
Homogenates from MDCK cells stably expressing Rab14-wt or Rab14-S25N were 
separated by SDS-PAGE gel.  Immunoblotting for GM130 (matrix protein), GS27 (tether 
protein), Golgi 58K (cis-cisternae peripheral membrane protein) and β-actin showed that 
steady state levels of Golgi matrix and tether proteins are similar in both phenotypes.   
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CHAPTER THREE: RAB14 MODULATES ARF1 LOCALIZATION AND COPI 

RECRUITMENT AT THE TGN 

 

Abstract 

The trans-Golgi Network (TGN) functions in the sorting and targeting of secreted 

and recycled proteins to their respective domains.  Formation of vesicles that carry 

proteins from the TGN requires Arf1 and coat proteins.  Although much is known about 

the role of Arf1 and COPI at the cis-Golgi, and Arf1 and clathrin at the TGN, the 

functional role of Arf1 and COPI at the TGN remains unknown.  Because Rab14 has 

been shown to localize to TGN and endosomal compartments, we examined the 

interaction of Rab14 with Arf1 and COPI at the TGN.  Here we show that the small 

GTPase Rab14 is involved in Arf1 localization and COPI recruitment to the TGN.  By 

immunofluorescence, we demonstrate that Rab14 localizes to domains of the TGN that 

are distinct from those for the basolateral/TGN resident protein, TGN38.  Overexpression 

of the GDP-locked mutant of Rab14 (S25N) increases the amount of COPI and GBF1 at 

the TGN without effecting clathrin heavy chain localization.  Furthermore, Rab14-S25N 

colocalizes with the Arf1-GDP-bound mutant at the membrane, but functions 

downstream of Arf1.  These data suggest that Rab14 defines a membrane domain of the 

TGN that may regulate Arf1 activation and COPI localization at the TGN.   
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Introduction: 

The small GTP-binding proteins, Rabs, are a class of molecules involved in the 

high fidelity delivery of cargo and effector proteins between organelle compartments.  

Rabs are a subfamily of the Ras superfamily of GTPases and have been shown to mediate 

various cellular processes including sorting, budding, transport, and fusion between 

membrane-bound compartments (Armstrong, 2000; Chardin, 1988; Zerial and McBride, 

2001). An essential feature of Rab proteins is their ability to mediate membrane 

trafficking by changing their nucleotide state between active (GTP-bound) and inactive 

(GDP-bound).  Changing between active and inactive states requires guanine nucleotide 

exchange factors (GEFs) and GTPase activating proteins (GAPs), respectively.  Although 

over 60 Rabs have been identified, only a subset are well characterized and their 

functions delineated. The aim of this study was to characterize the role of Rab14 in 

vesicle formation and transport at the TGN.  Rab14 has been previously localized to 

phagosomal membranes (Garin et al., 2001), the trans-Golgi Network (TGN) and 

endosomal compartments (Junutula et al., 2004; Kitt et al., 2008).  In addition, Rab14 

was found to be part of the early endosomal AP-1 microdomain and involved in EGF 

degradation (Proikas-Cezanne et al., 2006) as well as postulated in being a target for the 

Rab-GAP, AS160, leading to GLUT4 translocation in muscle cells (Ishikura et al., 2007). 

In a proteomics study of secretory pathway organelles, Rab14 was also found to be 

associated with Golgi and endosome compartments as well as highly enriched in COPI 

vesicle fractions (Gilchrist et al., 2006). Recently, Rab14 has been shown to be involved 

in maintaining the mycobacterial phagosome maturation block in the pathogens 
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Salmonella typhimurium and Mycobacterium tuberculosis (Kuijl et al., 2007; Kyei et al., 

2006).  Furthermore, we have demonstrated a role for Rab14 in the trafficking of apical 

proteins in polarized epithelial cells (Kitt et al., 2008). 

Similar to Rabs, Arf GTPases cycle between GTP-bound and GDP-bound states.  

Arf1 has been shown to control both anterograde and retrograde traffic through the 

secretory pathway (Donaldson et al., 2005). In addition, Arf1 regulates vesicle formation 

at the Golgi by recruiting the cytosolic vesicle coat proteins, clathrin and COPI, to allow 

for vesicle maturation and fission (Donaldson et al., 1992).  COPI consists of seven 

subunits (α−ζ) and is associated with ER exit sites, cis-Golgi cisternae and the TGN 

(Griffiths et al., 1995; Oprins et al., 1993; Stephens et al., 2000).   

Vesicle formation at the TGN involves the regulated recruitment of cargo, small 

GTPases and coat proteins.  Previous work has shown that Rab1b effects the activation of 

Arf1 and COPI recruitment at the ER and cis-Golgi by binding to the Arf GEF, GBF1 

(Alvarez et al., 2003; Monetta et al., 2007).  From these studies, it is clear that Rabs and 

Arfs can work together to control protein recruitment and vesicle formation at these sites.  

However, how Arf1 and COPI recruitment are regulated at the TGN remains unknown.  

Arf1 has been shown to regulate trafficking from many regions of the Golgi complex, but 

its role in COPI recruitment and binding other effector molecules at the TGN remains 

elusive.  

While COPI has been localized to the TGN (Griffiths et al., 1995; Orci et al., 

1997), the potential role of this coat complex in the regulation of budding of specialized 

vesicles from the TGN remains poorly understood.  In this study, we demonstrate that 
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Rab14 is localized to distinct domains of the TGN compared to the basolateral protein 

TGN38 and that Rab14 regulates anterograde trafficking by effecting GBF1 localization, 

Arf1 activation and COPI recruitment to the TGN.  
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Materials and Methods 

Reagents and Antibodies 

Cell culture reagents were obtained from Gibco-BRL, Gaithersburg, MD.  The 

following antibodies were used: mouse anti-TGN38, rabbit anti-β-COP, mouse anti-

Protein Disulphide Isomerase and mouse anti-clathrin heavy chain (Affinity Bioreagents 

Inc, Golden, CO), mouse anti-HA (Sigma-Aldrich, Inc., St. Louis, Missouri), and mouse 

anti-GM130 (BD Biosciences, San Jose, CA).  Polycloncal rabbit GBF1 (H154) and 

BIG1 (9D3) antibodies were a gift from Paul Melancon (University of Alberta, 

Edmonton, AB (Canada)).  Secondary antibodies were from Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA.  Alexa Fluor-594-coupled Cholera Toxin B Subunit 

(CTxB) was purchased from Invitrogen (Carlsbad, CA).  Brefeldin-A (BFA) was 

obtained from Epicentre Technologies (Madison, WI).  All other chemicals and reagents 

were from Sigma-Aldrich Chemical Company, St. Louis, MO.   

 

DNA Constructs 

Construction of Rab14-GFP constructs was previously described (Kitt et al., 

2008). 

 HA-tagged Arf1 constructs (wild type, Q71L and T31N) were a gift from J.E. 

Casanova (University of Virginia, Charlottesville, VA).  Rab11-wild type-dsRed 

construct was purchased from the plasmid repository, Addgene (Cambridge, MA).   

 

Cell culture and immunofluorescent labeling 
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 NRK and Hela cells were transfected with Rab14-GFP, Arf1-HA or Rab11-dsRed 

constructs as previously described (Gokay and Wilson, 2000; Wilson and Colton, 1997). 

MDCK cells expressing Rab14-S25N constructs were selected by growth in medium 

containing 400 µg/ml G418 for 10 days followed by colony selection.  For experiments, 

cells were seeded onto 6.5-mm-diameter Costar (Cambridge, MA) filters, treated 

overnight with 4mM butyric acid to induce expression of the transgene and, for 

immunoflourescent labeling, cells were processed as previously described (Hernandez-

Deviez et al., 2003). 

 For all BFA experiments, cells were incubated with 5 mg/ml of BFA for 15 

minutes at 37 C.  

 

Toxin-uptake assay 

 Hela cells were transfected with Rab14-GFP constructs as described above.  Cells 

were incubated with 10 µg/ml Alexa594CTxB for 45 min at 4°C, washed three times with 

PBS to remove unbound toxin, shifted to 37°C (in complete media) for indicated times, 

washed again with PBS and placed directly into 4% paraformaldehyde (PFA) at room 

temperature for 15 minutes.   

 

Fluorescence Microscopy 

Images of cells on coverslips were acquired using the DeltaVision RT restoration 

microscopy system (Applied Precision, Inc, Issaquah WA) using an Olympus IX70 

inverted microscope (Olympus America, Inc, Melville, NY) and Photometrics cooled 
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CCD camera (Roper Scientific Instruments, Tucson, AZ); 40X (1.35) or 60X (1.4) or 

100X (NA 1.35) oil immersion objectives (refractive index: 1.516) were used to obtain 

the images.  Pixel size was 0.1680 for 40X, was 0.11276 for 60X and 0.0678 for 100X 

objectives.  The emission wavelength was 528 nm for the FITC filter and 617 nm for the 

Cy3 filter.  The Z steps between image planes were 0.2 µm (recommended step size for 

the NA of the objectives) and approximately 26 sections were taken per sample for each 

fluorescent probe.  The z-series of x,y-sections were deconvolved using Applied 

Precision, LLC SoftWoRX with measured point-spread functions to reduce extraneous 

light captured by the camera.  All data sets were subjected to 10 deconvolution iterations.  

Deconvolved images were projected using SoftWoRX software and images were 

processed and merged using Adobe Photoshop software CS2 (Adobe Systems, Mountain 

View, CA). To facilitate comparison, identical imaging and processing parameters were 

used within figures. 

 

Colocalization Analysis 

To quantify colocalization between Rab14-GFP and Arf1-HA constructs, GBF1, 

BIG1, β-COP, and clathrin heavy chain, the colocalization JACoP plug-in (Just Another 

Colocalization Plugin-first version) in ImageJ 1.38x (NIH) was used to obtain the overlap 

coefficient.  For the image analysis on each experiment, the colocalization set ratio was 

set at 50, threshold channels 1 and 2 were set at 150 and the display value was set at 250.  

Ten individual cells per experiment were analyzed and the mean overlap coefficient was 

calculated from the values obtained from the colocalization plugin. Statistical analysis 



 

 

78 

was performed using student t-test (two-tailed) in the statistical software, GraphPad 

Prism Version 5.0.    

 

Transmission electron microscopy  

MDCK cells stably expressing Rab14-S25N were grown as described above.  For 

electron microscopy, cells were fixed in 3% glutaraldehyde in 0.1M cacodylate buffer, 

pH 7.2, and embedded in Spurrs resin (Electron Microscopy Sciences, Hatfield, PA).  

Sections were examined using a Philips CM12 at 80kV and images were acquired using a 

AMT-XR40 (Advanced Microscopy Techniques) digital camera.   
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Results: 

Rab14 localizes to distinct domains of the Trans-Golgi Network (TGN) 

We have previously demonstrated a role for Rab14 in regulating the trafficking of 

a subset of apical membrane proteins from the TGN (Kitt et al., 2008).  To further 

characterize the function of Rab14 at the TGN, we compared the distribution of GFP-

tagged Rab14 genotypes in NRK cells in relation to the TGN/basolateral protein, TGN38 

(Rajasekaran et al., 1994; Reaves et al., 1998).  Rab14-wild type-GFP localizes to the 

perinuclear region and colocalizes partially with the TGN marker TGN38.  However, 

Rab14 also localized to the periphery of the cell (Figure 3.1A-a), likely representing 

endosomal compartments (Junutula et al., 2004).  In contrast, Rab14-Q70L-GFP 

(constitutively active mutant) localized predominantly to the cell periphery/endosomal 

compartment with little to no colocalization with TGN38 (Figure 3.1A-b).  Finally, 

Rab14-S25N-GFP (dominant-negative mutant) colocalized almost completely with 

TGN38 (Figure 3.1A-c), showing that this mutant is predominantly held up at the TGN, 

as observed by us and others (Junutula et al., 2004; Kitt et al., 2008).  In addition to 

TGN38, we also observed complete colocalization of Rab14-S25N with the trans-Golgi 

cisternae/TGN enzyme, galactosyltransferase-CFP (GalT-CFP) (Figure 3.1B-c), further 

demonstrating that Rab14-S25N localizes to the TGN.  To determine whether Rab14 

localizes to Golgi cisternae in the early secretory pathway, we examined the localization 

of Rab14 with the cis-Golgi matrix protein, GM130.  Our results show no colocalization 

of Rab14-wt and Rab14-S25N with GM130 and no morphological changes to the cis-

Golgi compartment (Figure 3.1C).   
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To investigate the trafficking of Rab14 containing membrane domains and the 

retention of Rab14-S25N-GFP at the TGN, we used Brefeldin-A (BFA).  BFA treatment 

causes inactivation of Arf1 through inhibition of its GEF, resulting in Golgi cisternae 

disassembly and Golgi translocation to the endoplasmic reticulum (ER) and TGN and 

endosomal compartments to form anastomosing tubulo-membrane structures (Cherfils 

and Melancon, 2005; Klausner et al., 1992).   Addition of BFA to cells expressing 

Rab14-GFP caused extensive tubulation of membranes containing GFP-Rab14-wt 

(Figure 3.1D-a) and GFP-Rab14-Q70L (Figure 3.1D-b) (Proikas-Cezanne et al., 2006).  

In addition, we observed tubulation of the basolateral protein, TGN38 (Lippincott-

Schwartz et al., 1991; Lippincott-Schwartz et al., 1989) (Figure 3.1D-a-b).  Interestingly, 

there was no co-tubulation of Rab14-wt-GFP (Figure 3.1D-a’) and Rab14-Q70L-GFP 

(Figure 3.1D-b’) with TGN38, demonstrating the distinct compositions of these 

membranes. In contrast, addition of BFA to cells expressing Rab14-S25N-GFP caused 

fragmentation of Golgi membranes containing Rab14-S25N-GFP and no tubulation of 

Rab14-S25N-GFP containing membranes (Figure 3.1D-c).  However, tubulation of 

TGN38 was still observed with no overlap with membranes containing Rab14-S25N-GFP 

(Figure 3.1D-c’).  These results are quantified in Table 3.1 and indicate that Rab14 and 

TGN38 localize to distinct domains of the TGN and that Rab14 membrane domains are 

regulated by an Arf1-dependent mechanism.  

 To determine if the tubulation of membranes containing Rab14-wt or Rab14-

Q70L-GFP was specific to Rab14, we co-transfected cells with Rab14-wt-GFP and 

Rab11-dsRed.  In BFA untreated cells, we observed limited colocalization of the two 
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proteins (Figure 3.2-top panel).  Interestingly, the addition of BFA to cells co-expressing 

Rab14-wt-GFP and Rab11-wt-dsRed showed tubulation of membranes containing 

Rab14-wt-GFP (Figure 3.2-bottom panel), in contrast with studies in live cell imaging 

(Sonnichsen et al., 2000), no tubulation of Rab11-wt-dsRed containing membranes was 

observed.  Instead, membranes containing Rab11-wt-dsRed remained unaffected by BFA 

treatment.  This differs from the Golgi-associated Rab6p, in which Rab6p redistributes to 

the cytosol instead of tubulating or remaining membrane-associated (Roa et al., 1993).  

This indicates that Rab14-containing membranes are biochemically distinct from these 

other membrane domains.  

 

Rab14-GDP enhances COPI recruitment at the TGN 

 The tubulation of Rab14-wt and Rab14-Q70L in the presence of BFA indicates a 

loss of coat proteins from these membranes (Lippincott-Schwartz et al., 1991; Robinson 

and Kreis, 1992; Wood et al., 1991).  To further examine the role of Rab14 at the TGN 

and its possible involvement in vesicle transport, we performed ultrastructural analysis on 

stably transfected MDCK cells expressing Rab14-S25N-GFP.  The electron microscope 

images showed an increase in the amount of unattached vesicles in the vicinity of the 

Golgi stacks (Kitt et al., 2008) and many of these vesicles contained an electron dense 

coat (Figure 3.3A-B).  These vesicles did not appear to be clathrin-coated, but resembled 

COPI-coated vesicles (Gilchrist et al., 2006; Orci et al., 1993; Waters et al., 1991b).    

Because Arf1 regulates COPI recruitment to the cis-Golgi, we next determined 

whether Rab14 effects COPI or clathrin recruitment to the TGN.  We compared clathrin 
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and COPI localization in cells expressing the different Rab14–GFP constructs.  We 

observed partial colocalization of Rab14-wt-GFP (Figure 3.4A-a) and Rab14-Q70L-GFP 

(Figure 3.4A-b) with the COPI subunit, β-COP.  Interestingly, cells expressing Rab14-

S25N showed a significant increase of β-COP labeling on membranes containing Rab14-

S25N-GFP (Figure 3.4A-c).  Quantification of colocalization between COPI and Rab14 

constructs showed a significant increase in the amount of colocalization between Rab14-

S25N-GFP and β-COP compared to Rab14-wt-GFP and Rab14-Q70L-GFP (Figure 

3.4B).   

We also observed partial colocalization of Rab14-wt-GFP (Figure 3.4C-a), 

Rab14-Q70L-GFP (Figure 3.4C-b) and Rab14-S25N-GFP (Figure 3.4C-c) with clathrin 

heavy chain, but unlike COPI (Figure 3.4A), we found no change in clathrin heavy chain 

localization (Figure 3.4C-c).  Furthermore, quantification of colocalization between 

clathrin heavy chain and Rab14-GFP constructs showed a significant decrease in the 

amount of colocalization between Rab14-S25N-GFP and clathrin heavy chain compared 

to Rab14-wt-GFP and Rab14-Q70L-GFP (Figure 3.4D).   This suggests that clathrin is 

not recruited to TGN membrane domains containing Rab14-S25N and that the 

colocalization observed with Rab14-wt and Rab14-Q70L was endosomal.  Taken 

together, these results indicate that Rab14 could modulate COPI recruitment to the TGN.   

 Because we observe a recruitment of COPI to membranes containing Rab14-

S25N-GFP, we next determined if Rab14 affects the localization of COPI in the presence 

of BFA. BFA treatment exerts its effects by inhibiting guanine nucleotide exchange 

factors (GEFs) for Arf1, causing a loss of COPI recruitment to membranes for vesicle 
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transport (Bednarek et al., 1996; Donaldson et al., 1992; Garcia-Mata et al., 2003).  In a 

study with Rab1b, it was found that activated Rab1b (Q67L) inhibits β-COP dissociation 

from membranes during BFA treatment, suggesting that Rab1b acts upstream of COPI 

recruitment and acts as an effector of Arf1, through GBF1 at the cis-Golgi (Monetta et 

al., 2007).  Therefore, we tested whether overexpression of Rab14 could also inhibit 

dissociation of COPI from membranes.  As seen before, BFA treatment caused tubulation 

of Rab14-wt-GFP (Figure 3.5a) and Rab14-Q70L-GFP (Figure 3.5b), but no tubulation of 

Rab14-S25N-GFP (Figure 3.5c).  However, β-COP was completely dispersed into the 

cytosol in all three genotypes, suggesting that Rab14 functions in a distinct fashion from 

Rab1b at the cis-Golgi.  These results indicate that Rab14 is not directly involved in the 

recruitment of COPI, but rather may affect COPI recruitment by modulating Arf1 at the 

TGN.  

 

Rab14 modulates Arf1 recruitment at the TGN 

 Since there is an increase in COPI-coated vesicles at the Golgi in Rab14-S25N 

expressing cells (Kitt et al., 2008), we reasoned that Rab14 may effect Arf1 activation at 

the trans-Golgi and/or the ability of vesicles to uncoat. Arf1 has been shown to be an 

important regulator of vesicle transport at the ER-Golgi interface, intra-Golgi, and at the 

TGN (Barr and Huttner, 1996; Gillingham and Munro, 2007; Kahn et al., 2005).  To 

determine the relationship between Rab14 and Arf1 at the TGN, we expressed Rab14-

GFP and Arf1-HA constructs in NRK cells.  Figure 3.6A shows that Rab14-wt-GFP 

colocalized with Arf1-wt-HA.  Importantly, we observed a significant increase in 
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colocalization of Rab14-S25N-GFP with Arf1-wt-HA (Figure 3.6A and D).  Rab14-wt-

GFP also colocalized with the Arf1 active mutant (Q71L) (Figure 3.6C) and there was a 

significant increase in colocalization of Rab14-S25N-GFP with Arf1-Q71L-HA (Figure 

3.6B and E).  In cells expressing Rab14-wt-GFP and the inactive mutant of Arf1 (T31N), 

Arf1-T31N is diffuse and there is no colocalization of the proteins (Figure 3.6C-top 

panel).  Significantly, in Rab14-S25N-GFP expressing cells we observed a recruitment of 

Arf1-T31N to the TGN (Figure 3.6C-bottom panel) and a significant increase in 

colocalization of Rab14-S25N-GFP of these molecules (Figure 3.6F).  These data suggest 

that inactive Rab14 is recruiting either Arf1 directly or is recruiting Arf1 by binding to an 

Arf1 GEF.   

 

Rab14-GDP enhances GBF1 membrane association at the TGN 

 Since we observe an increase in COPI and Arf1-GDP at membranes containing 

Rab14-S25N, we next examined the localization of the Arf1 GEFs, GBF1 and BIG1.  

Previous studies have localized GBF1 to ERGICs, VTCs and early Golgi compartments 

(cis-Golgi) (Claude et al., 1999; Garcia-Mata et al., 2003; Kawamoto et al., 2002; Zhao et 

al., 2002) and BIGs 1 and 2 to late Golgi compartments (TGN) (Ishizaki et al., 2008; 

Manolea et al., 2008; Mansour et al., 1999; Yamaji et al., 2000).  Because COPI 

localization at the TGN has been observed (Griffiths et al., 1995), we examined the 

localization of endogenous GBF1 and BIG1 in cells expressing Rab14-wt and Rab14-

S25N-GFP constructs.  We observe partial colocalization of Rab14-wt-GFP with GBF1 

(Figure 3.7A-top panel), and cells expressing Rab14-S25N-GFP show an increase in 
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perinuclear GBF1 colocalizing with Rab14-S25N-GFP (Figure 3.7A-bottom panel).  In 

contrast, cells expressing Rab14-wt-GFP and Rab14-S25N-GFP show some 

colocalization with BIG1 (Figure 3.7B).  However, we observe a significant increase in 

colocalization of GBF1 with Rab14-wt and Rab14-S25N compared to BIG1 (Figure 

3.7C-D).  We also observe a significant increase in colocalization of GBF1 with Rab14-

S25N compared to Rab14-wt (Figure 3.7E).  This indicates that GBF1 could regulate 

Arf1 activation at the TGN through interaction with Rab14. These results further suggest 

that GBF1, Arf1, and Rab14 work together to modulate vesicle coat formation at the 

TGN.   

 

Rab14 does not regulate retrograde transport 

 The inactive form of Rab14 (S25N) appeared to only to be localized to the TGN, 

but also sometimes appeared localized to the nuclear envelope (Figure 3.1A-c), and this 

phenotype was more pronounced after the addition of BFA (Figure 3.1D-c’).  Also, when 

Rab14-S25N-GFP expressing cells were treated with BFA and labeled for the ER protein, 

protein disulphide isomerase, there were areas of limited colocalization of Rab14-S25N 

and protein disulphide isomerase in fenestrated membrane regions (Figure 3.10).   

Since Rab14 appeared to be effecting Arf1 localization and COPI recruitment and 

because of the known role for COPI in retrograde transport, we next tested the role of 

Rab14 in retrograde trafficking from endosomes and TGN to the ER. To determine this, 

we examined the trafficking of the cholera toxin B subunit coupled to Alexa Flour-594 

(Alexa594-CTxB).  Alexa594-CTxB binds with high affinity to cell-surface ganglioside 
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GM1 receptors and is subsequently internalized into endosomes.  After passing through 

endosomes, the toxin undergoes retrograde traffic to the Golgi and then to the ER before 

being translocated to the cytosol.  Alexa594-CTxB was added to Hela cells transfected 

with either Rab14-wt-GFP or Rab14-S25N-GFP.  At time zero, surface-bound Alexa594-

CTxB labeled the plasma membrane to the same extent in Rab14-wt-GFP and Rab14-

S25N-GFP expressing cells (Figure 3.8A-a and 3.8B-a).  After internalization for 45 

minutes we observed accumulation of Alexa594-CTxB in the Golgi region, as determined 

by colocalization with the cis-Golgi matrix protein, GM130, in both the Rab14 genotypes 

(Figure 3.8A-c and 3.8B-c).  After 180 minutes of internalization the Alexa594-CTxB was 

dispersed in the cytoplasm, characteristic of retrograde transport to the ER (Frigerio et al., 

2007) in both Rab14-wt and S25N expressing cells (Figure 3.8A-e and 3.8B-e).  In 

addition, ricin uptake and retrograde transport in the presence of Rab14-wt or S25N was 

unaffected by the nucleotide-state of Rab14 (unpublished data).   These data indicate that 

retrograde transport is not mediated by Rab14 and suggest that Rab14 regulates COPI-

mediated trafficking between the TGN and endosomes.  
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Discussion 
 
 Rab14 has been localized to phagosomal membranes and shown to be involved in 

maintaining mycobacterial phagosome maturation block (Kuijl et al., 2007; Kyei et al., 

2006).  We have implicated Rab14 in the regulation of apical trafficking from the TGN to 

apical endosomes in polarized MDCK cells (Kitt et al., 2008).  However, the coat 

proteins and other machinery that interact with Rab14 have remained uncharacterized.  

Here we demonstrate that Rab14 localizes to distinct domains of the TGN and modulates 

COPI recruitment through effects on GBF1 and Arf1 localization.  

Secretory traffic from the TGN requires cargo sorting and vesicle formation for 

efficient protein targeting.  To accomplish these events, the TGN is composed of 

membrane domains that are regulated by different classes of Rabs, Arfs and coat proteins.  

In this study, we examined the localization of Rab14 and the basolateral/TGN resident 

protein, TGN38 (Rajasekaran et al., 1994; Reaves et al., 1998).  Previous work in NRK 

cells has demonstrated the colocalization of TGN38 with the Arf GEF BIG1, which in 

turn partially colocalized with adaptor protein 1 (AP-1) and clathrin, suggesting that 

TGN38 trafficking is regulated by a clathrin-mediated mechanism (Manolea et al., 2008; 

Zhao et al., 2002).  In addition, TGN38/41 cycling to the plasma membrane was found to 

be dependent on Rab6 and the peripheral protein, p62 (Jones et al., 1993).  COPI has also 

been localized to the TGN, but its role in binding Rabs and trafficking specific proteins 

from this compartment remains elusive (Griffiths et al., 1995). Our results indicate that 

BFA has different effects on membranes containing basolateral (TGN38) and apical 

proteins at the TGN and imply that Rab14 is involved in the Arf1/COPI pathway at the 
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TGN compared to TGN38.  Although clathrin and COPI coats contain subunits with 

homologous protein sequences, are both found at the TGN, and are both recruited by 

Arfs, the two coat proteins regulate vesicle transport differently (Wong and Brodsky, 

1992).  Clathrin has been shown to be involved in basolateral targeting of low-density 

lipoprotein receptor (LDL-R) via adaptor protein 1B (AP-1B) at the Golgi (Folsch et al., 

1999; Folsch et al., 2001) compared to COPI, which was observed in vitro to traffic the 

basolateral viral protein VSV-G from the TGN (Simon et al., 1998).  In addition, 

knockdown of COPI led to the accumulation of VSVG in peripheral vesiculotubular 

clusters (Manolea et al., 2008).  Although COPI has been implicated in basolateral 

targeting, our results with Rab14 and COPI indicate that Rab14 is recruited to distinct 

TGN membrane domains containing Arf1/COPI and specific apical cargo, suggesting 

that Rabs regulate COPI trafficking and that COPI in basolateral targeting is regulated by 

another Rab protein at the Golgi.  Taken together, these results provide further evidence 

that non-polarized cells segregate apical and basolateral proteins at the TGN level for 

proper sorting (Musch et al., 1996; Ponnambalam and Baldwin, 2003) and more 

importantly, suggest a role for COPI in the generation of apical vesicles from the TGN. 

Arf1 is a key regulator of vesicle formation at the Golgi complex and effects 

vesicle formation by recruiting the coat proteins, clathrin and COPI (Palmer et al., 1993; 

Traub et al., 1993).  It has been shown that overexpression of the Arf1 active mutant 

(Q71L) results in an increase and stabilization of COPI at the membrane, indicating that 

the activation/inactivation of Arf1 regulates the binding of COPI to Golgi membranes 

(Teal et al., 1994).  In corresponding studies with Rab1b, it was demonstrated that 
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Rab1b-GTP effects Arf1 activation by binding to GBF1 (Arf1 GEF) to cause its 

activation and stabilization at the Golgi membrane. The active-GTP mutant (Rab1b-GTP) 

increases the amount of β-COP (i.e. COPI) at ER exit sites and effects Arf1 

activation/inactivation at the Golgi whereas the inactive mutant (Rab1b-GDP) effects 

COPI recruitment and stabilization at the membrane (Alvarez et al., 2003; Monetta et al., 

2007). Rab14 could perform a similar role at the TGN by controlling Arf1 activation by 

acting as a receptor for an Arf1 GEF (Figure 3.9).  Future studies are needed to define the 

GEF protein(s) that could interact with Rab14 to modulate Arf1 activation and vesicle 

formation.    

Rabs, Arfs, and COPI have been shown to be involved in retrograde transport 

(Antony et al., 1992; Letourneur et al., 1994; Lippincott-Schwartz et al., 1998; Pepperkok 

et al., 2000; Utskarpen et al., 2006).  However, our findings demonstrate that Rab14 is 

not involved in the retrograde transport, indicating that Rab14 is involved in anterograde 

transport.  Similar findings were observed with TGN-localized Rab22B, which does not 

disrupt endosomal to TGN transport of Shiga Toxin B subunit, but appears to be involved 

in anterograde transport of vesicles from TGN to endocytic compartments (Ng et al., 

2007; Rodriguez-Gabin et al., 2001).  Additional studies are needed to determine if the 

increase in peri-Golgi COPI-coated vesicles inhibits Rab14 and these population of 

vesicles from associating with a motor protein to aid in vesicular transport from the Golgi 

region to endosomes.  

This study is the first to identify a Rab protein involved in regulating COPI 

recruitment in the late secretory pathway.  Our data support a role for Rab14 in 
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modulating vesicle trafficking by effecting two well-known regulators of vesicle 

formation, Arf1 and COPI.  In addition, these studies implicate COPI in the formation of 

apical vesicle carriers at the TGN.  Further analysis is needed to determine the protein(s) 

Rab14 may interact with to not only effect vesicle formation and maturation, but also 

transportation to apical endosomes.    
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Figure 3.1. Rab14 localizes to a distinct domain of the TGN compared to the 
TGN/basolateral protein, TGN38. 
(A) NRK cells expressing Rab14-wt-GFP (1A-a), Rab14-Q70L-GFP (1A-b), and Rab14-
S25N-GFP (1A-c) were fixed and labeled with antibodies against TGN38 (red).  Some 
colocalization is seen with Rab14-wt (arrows), but not with Rab14-Q70L.  Extensive 
colocalization is observed between Rab14-S25N and TGN38 (arrowheads).  (B) NRK 
expressing Rab14-GFP (green) constructs and the Golgi TGN marker, 
galactosyltransferase (GalT), GalT-CFP (red). Some colocalization is seen with Rab14-
wt (arrows) (a), but very little is observed with Rab14-Q70L (b).  Extensive 
colocalization is observed between Rab14-S25N and GalT (arrowheads) (c).  (C) NRK 
cells expressing Rab14-GFP (green) were labeled for the cis-Golgi protein, GM130 (red).  
No colocalization is observed with Rab14-wt and Rab14-S25N with GM130 labeled 
membranes (box indicates high magnification panel).  (D) NRK cells expressing Rab14 
constructs were treated with BFA and labeled for TGN38 (red).  BFA causes extensive 
tubulation of Rab14-wt (1B-a) and Rab14-Q70L (1B-b) with distinct tubulation of 
TGN38 (arrowheads).  However, no tubulation of Rab14-S25N (1B-c) occurs, but 
TGN38 does tubulate (arrowheads).  In all treated cells, no co-tubulation was observed 
with Rab14 constructs and TGN (box indicates high magnification 1B-a’-c’.  A, B, D 
scale bar 10 µm.; C scale bar 15 µm.   
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Figure 3.2. Rab11 does not tubulate in the presence of BFA. 
NRK cells expressing Rab14-wt-GFP (green) and Rab11-wt-dsRed (red) were treated 
with or without BFA.  In untreated cells, Rab14 and Rab11 partially colocalize (arrows).  
Addition of BFA does not result in tubulation of membranes containing Rab11.  
However, Rab14-containing membranes still tubulate extensively (arrowheads).  Scale 
bar, 15 µm.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

93 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Vesicles accumulated in the presence of Rab14-S25N display a 
cytoplasmic coat. 
(A) MDCK cells expressing Rab14-S25N accumulate small (< 100 nm) peri-Golgi 
vesicles (arrows).  These vesicles are distinct from clathrin-coated vesicles (arrowheads).  
Scale bar, 0.5 µm.  (B) High magnification of box in (A) showing that these small 
vesicles contain an electron-dense coat (arrows).  Scale bar, 0.1 µm. 
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Figure 3.4. Rab14 effects COPI recruitment to the Golgi. 
NRK cells expressing Rab14-GFP (green) constructs were labeled for endogenous β-
COP (red) (A) or clathrin heavy chain (red) (B).  Rab14-wt shows limited colocalization 
with COPI in the perinuclear region, whereas there is no colocalization between Rab14-
Q70L and COPI (A- a-b). Rab14-S25N expressing cells exhibit increased labeling of 
COPI that colocalizes with Rab14-S25N (A-c, arrows). (B) Rab14-wt and Q70L partially 
colocalize with clathrin heavy chain (B- a-b, arrows).  However, there is little 
colocalization of clathrin heavy chain and Rab14-S25N (B-c).  (C-D) Quantification of 
colocalization of Rab14 constructs with COPI and clathrin.  (C) Rab14-S25N expressing 
cells display a significant increase in colocalization with β-COP compared to Rab14-wt 
or Rab14-Q70L (* p< 0.05).  (D) Rab14-S25N expressing cells display a significant 
decrease in colocalization with clathrin heavy chain compared to Rab14-wt or Rab14-
Q70L (* p< 0.05). A scale bar, 10 µm; B scale bar, 20 µm. 
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Figure 3.5. Rab14 functions downstream of COPI recruitment. 
NRK cells expressing Rab14-GFP constructs were treated with BFA for 15 minutes and 
labeled for endogenous β-COP (red).  BFA treatment results in dissociation of β-COP 
from Golgi membranes in all Rab14 constructs (a, b, c) (compare with Figure 4A). Scale 
bar, 10 µm. 
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Figure 3.6.  Rab14 modulates Arf1 localization at Golgi membranes. 
NRK cells transfected with Rab14-wt-GFP or Rab14-S25N-GFP and Arf1-wt-HA (red) 
(A), active mutant Arf1-Q71L-HA (red) (B) and inactive mutant Arf1-T31N-HA (red) 
(C).  Rab14-wt shows partial colocalization with Arf1-wt (arrows) whereas Rab14-S25N 
expressing cells show increased colocalization with Arf1-wt in the perinuclear region 
(arrowheads) (A).  Rab14-wt also shows limited colocalization with Arf1-Q71L (arrows) 
whereas Rab14-S25N colocalizes extensively with Arf1-Q71L in the perinuclear region 
(arrowheads) (B).  Rab14-wt does not colocalize with Arf1-T31N, which is diffuse in the 
cytoplasm.  In contrast, Arf1-T31N co-expression results in colocalization with Rab14-
S25N and concentration in the perinuclear region (arrowheads).  Quantification of 
colocalization of Rab14-wt and Rab14-S25N with Arf1 genotypes.  (D) Rab14-S25N 
expressing cells display a significant increase in colocalization with Arf1-wt; *** p< 
0.0005), Arf1-Q71L (E; * p< 0.05) and Arf1-T31N (F; *** p< 0.0005) compared to 
Rab14-wt.  Scale bar, 15 µm. 

D

E

F

A

B

C

 



 

 

97 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7.  Rab14-GDP enhances GBF1 membrane association at the TGN. 
NRK cells expressing Rab14-wt-GFP or Rab14-S25N-GFP were labeled for endogenous 
GBF1 (red) (A) or BIG1 (red) (B).   (A) Rab14-wt-GFP shows partial colocalization with 
GBF1 in the perinuclear region (arrows), whereas in Rab14-S25N expressing cells there 
is increased perinuclear GBF1 that colocalizes with Rab14-S25N-GFP (arrows).  (B) 
Rab14-wt-GFP shows limited colocalization with BIG1 (arrows) and Rab14-S25N shows 
partial colocalization with BIG1 (arrows). Quantification of colocalization of Rab14-wt 
and Rab14-S25N with GBF1 or BIG1.  (C) Rab14-wt expressing cells display more 
colocalization with GBF1 compared to BIG1 (*** p< 0.0002).  (D) Rab14-S25N 
expressing cells display more colocalization with GBF1 compared to BIG1 (** p< 
0.001).  (E) Rab14-S25N expressing cells display more colocalization with GBF1 
compared to Rab14-wt expressing cells (*** p, 0.0001).  Scale bar, 15 µm. 
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Figure 3.8.  Rab14 does not regulate retrograde transport of cholera toxin. 
Hela cells expressing Rab14-wt-GFP (A) or Rab14-S25N-GFP (B) were incubated with  
Alexa594-CTxB (red) for 45 minutes at 4°C and then either fixed directly (0 time, 7A-a 
and 7B-a) or allowed to internalize at 37°C for the indicated times. Alexa594-CTxB 
uptake from the plasma membrane and transport to the cis-Golgi (45 and 90 minutes), as 
marked by GM130 (arrows), was similar in Rab14-wt and S25N expressing cells. After 
180 minutes, Alexa594-CTxB is dispersed into the ER in both Rab14-wt (7A-e) and 
Rab14-S25N (7B-e) expressing cells.  Asterisks denote transfected cells.  Scale bar, 20 
µm. 
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Figure 3.9. Model for Rab14 regulation of Arf1 activation and COPI recruitment at 
the TGN. 
Rab14-GDP at the TGN acts as a receptor for cargo and an Arf1-GEF to initiate Arf1  
activation.  This interaction stimulates GDP-GTP exchange on Arf1 leading to COPI 
recruitment to the TGN.  As a result, Rab14-GDP becomes incorporated into the 
vesicle during vesicle formation and gets activated during vesicle maturation.  Upon  
vesicle fission, active Rab14 promotes the association of the vesicle with motor protein(s) 
for transport to the apical endosome or plasma domain.   
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Rab14 Tubulation 

 
TGN38 tubulation in a cell 

expressing Rab14-GFP  

 
Rab14-wt 

 
79% 

 
71% 

  

 
Rab14-Q70L 

 
70% 

 
60% 

 

 
Rab14-S25N 

 
3% 

 
75% 

 
Table 1. Quantification of Rab14 and TGN38 tubulation in the presence of BFA 
treatment 
BFA (5 µg/ml) was added to NRK cells expressing Rab14 constructs and labeled for  
TGN38.  Tubulated membranes containing Rab14-GFP or TGN38 were counted and  
expressed as a percentage [n = 100].  The majority of membranes containing Rab14-wt  
and Q70L, and TGN38 tubulate in the presence of BFA. Little tubulation of membranes  
containing Rab14-S25N is observed, but tubulation of TGN38 occurs in Rab14-S25N  
expressing cells. 
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Figure 3.10. Localization of Rab14-GDP and protein disulphide isomerase 
NRK cells expressing Rab14-S25N-GFP were treated with or without BFA and labeled 
with antibodies against the ER marker, protein disulphide isomerase (red).  Rab14-S25N 
containing structures do not colocalize with protein disulphide isomerase in the absence 
of BFA (- BFA).  BFA treatment (+ BFA) results in limited colocalization of Rab14-
S25N with protein disulphide isomerase in fenestrated membrane regions (arrowheads). 
Scale bar, 15 µm. 
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CHAPTER FOUR: RAB14 REGULATES VESICULAR TRAFFICKING VIA 

CYTOPLASMIC DYNEIN 

 

Introduction 

The microtubule motor proteins, cytoplasmic dynein and kinesin, play an integral 

part in cellular and organelle trafficking.  The minus-end directed cytoplasmic dynein 1 

performs a range of functions that include, but are not limited to, organelle maintenance, 

vesicular trafficking, mitosis, and neuronal transport (Reilein et al., 2001).  Cytoplasmic 

dynein 1 is a complex and massive (~ 1.2 MD) motor protein containing several different 

components that allow for tight regulation of its activity.  One component involved in 

regulating cytoplasmic dynein 1 and giving the motor processive movement is the 

multisubunit complex called dynactin (King and Schroer, 2000).  One of the subunits of 

dynactin, p150Glued, binds to microtubules and mediates the interaction of cargo with 

dynein.  In addition to dynactin, phosphorylation of dynein intermediate chain (Vaughan 

et al., 2001), light chains (Yeh et al., 2006), and the heavy chain complex (Dillman and 

Pfister, 1994) have been shown to be important in regulating dynein function.  Disruption 

of any of these dynein components results in an inhibition of vesicular trafficking, 

changes in organelle distribution and maturation, and loss of cell division (Courtheoux et 

al., 2007; Goode et al., 2000; Harada et al., 1998). 

 The finding that Rab proteins interact with motor proteins has provided insight 

into how Rabs might regulate the targeting and fusion of vesicles with their designated 

cellular membranes.  Rabs utilize microtubule (Nielsen et al., 1999) and actin (Gibbs et 
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al., 2004) networks and approximately seven Rabs have been identified that bind to one 

or more motor proteins on these cytoskeletal networks (Jordens et al., 2005).  For 

example, the Golgi-localized GTPase, Rab6, interacts directly with the kinesin-like 

protein Rabkinesin-6 (Echard et al., 1998) as well as the minus-directed microtubule 

motor protein dynein via the main accessory protein dynactin, which is an indirect 

interaction (Fuchs et al., 2005; Short et al., 2002).  

Previous work with Rab14 in our lab has demonstrated a role for Rab14 in apical 

targeting and in modulating vesicle formation at the TGN by effecting Arf1 activation 

and COPI recruitment (see chapters 2 and 3).  The purpose of the current study was to 

determine the type of motor protein Rab14 could interact with to effect anterograde 

and/or retrograde traffic of vesicles between Golgi and apical endosomes.  We 

demonstrate that Rab14 associates with the dynactin subunit, p150Glued and the 

intermediate chain of cytoplasmic dynein complex. From this study, we propose that 

Rab14 may be involved in the transport of proteins between TGN and endosomal 

compartment(s) via dynein.   
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Materials and Methods 

Reagents and Antibodies 

Cell culture reagents were obtained from Gibco-BRL, Gaithersburg, MD.  The 

following antibodies were used: mouse cytoplasmic dynein intermediate chain (Covance, 

Richmond, CA), mouse anti-p150Glued (BD Transduction Laboratories, San Jose, CA) 

mouse anti-TGN38 (Affinity Bioreagents Inc, Golden, CO), rabbit anti-GFP (Abcam, 

Cambridge, MA), mouse anti-kinesin heavy chain (Chemicon, Temecula, CA).  

Secondary antibodies were from Jackson ImmunoResearch Laboratories, Inc., West 

Grove, PA. Brefeldin-A (BFA) was obtained from Epicentre Technologies (Madison, 

WI).  All other chemicals and reagents were from Sigma-Aldrich Chemical Company, St. 

Louis, MO.   

 

DNA Constructs 

Construction of Rab14-GFP constructs was previously described (Kitt et al., 

2008). For Rab14-dsRed constructs, wild type Rab14 was subcloned into pDsRed-

Monomer-C1 vector (Clontech) using BamHI and EcoRI restriction sites.  The Q70L and 

S25N mutations were generated by site-directed mutagenesis (Kitt et al., 2008). 

 GFP- tagged dynein intermediate chain constructs (IC2C-wild type, S84D and 

S84A) were a gift from KT Vaughan (University of Notre Dame, Notre Dame, IN).  

For GST-pulldown experiments, full-length Rab14-GST constructs were prepared 

as previously described (Kitt et al., 2008). 
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Gluthathione S-transferase pulldowns 

 Rab14-GST proteins were purified by sonication of bacterial cultures expressing 

the constructs followed by incubation of bacterial supernatants with Amersham 

Glutathione 4-Fast Flow beads for 1 hour.  Beads containing 100 µg of GST-Rab14 

protein were incubated with either 100 µM GTPγS or GDP and 2 mg of bovine brain 

cytosol.  Bovine brain cytosol was prepared in 20 mM Hepes, 100 mM NaCl, 5 mM 

MgCl2, and 1 mM DTT (pH buffer to 7.5).  After incubation, beads were washed and 

eluted in SDS-PAGE sample buffer.   

 

Cell culture, immunofluorescent labeling, and fluorescence microscopy 

 NRK cells were transfected with Rab14-GFP, Rab14-dsRed, and IC2C mutant 

constructs as previously described (Gokay and Wilson, 2000; Wilson and Colton, 1997).  

For the cytoskeletal disruption studies, NRK cells were treated with 5 µg/ml of BFA and 

10 µM cytochalasin D for 15 minutes or 20 µg/ml nocodazole for 1.5 hr followed by 5 

µg/ml of BFA for 15 minutes at 37°C.  After treatment, cells were immediately fixed and 

processed for imaging. 

Images of cells on coverslips were acquired using the DeltaVision RT restoration 

microscopy system (Applied Precision, Inc, Issaquah WA) using an Olympus IX70 

inverted microscope (Olympus America, Inc, Melville, NY) and Photometrics cooled 

CCD camera (Roper Scientific Instruments, Tucson, AZ); 60X (1.4) or 100X (NA 1.35) 

oil immersion objectives (refractive index: 1.516) were used to obtain the images.  Pixel 

size was 0.11276 for 60X and 0.0678 for 100X objectives.  The emission wavelength was 
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528 nm for the FITC filter and 617 nm for the Cy3 filter.  The Z steps between image 

planes were 0.2 µm (recommended step size for the NA of the objectives) and 

approximately 26 sections were taken per sample for each fluorescent probe.  The z-

series of x,y-sections were deconvolved using Applied Precision, LLC SoftWoRX with 

measured point-spread functions to reduce extraneous light captured by the camera.  All 

data sets were subjected to 10 deconvolution iterations.  Deconvolved images were 

projected using SoftWoRX software and images were processed and merged using 

Adobe Photoshop software CS2 (Adobe Systems, Mountain View, CA). To facilitate 

comparison, identical imaging and processing parameters were used within figures. 
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Results 

Membrane tubulation of Rab14 is microtubule-dependent 

The tubulation of GFP-Rab14-wt and GFP-Rab14-Q70L, lack of tubulation of 

GFP-Rab14-S25N (see chapter 3) and retention of budded vesicles in the peri-Golgi 

region (see chapter 2) suggest that Rab14 may interact with a motor protein.  Previous 

studies have shown that tubulation of the TGN and endosomes by BFA requires an intact 

microtubule network (Wood et al., 1991).  To determine if Rab14 tubulation was also 

dependent upon microtubule integrity, we used cytoskeletal-depolymerizing agents 

together with BFA.  NRK cells were transfected with the Rab14-GFP genotypes and were 

treated with BFA only, BFA and nocodazole, or BFA and cytochalasin D (Figure 4.1), 

and were fixed and analyzed by fluorescence microscopy.  These studies showed that the 

membrane tubules observed in the presence of BFA in Rab14-wt-GFP expressing cells 

(Figure 4.1A) are microtubule-dependent since the Rab14-wt-GFP tubules persisted in 

the presence of cytochalasin D (Figure 4.1B), but nocodazole abolished the Rab14-wt 

tubules and caused fragmentation of the Golgi (Figure 4.1C) (Cole et al., 1996; Storrie et 

al., 1998).  In contrast, Rab14-S25N-GFP distribution was unchanged in the presence of 

BFA and cytochalasin D (Figure 4.1E) as compared to BFA treatment alone (Figure 

4.1D).  Although Rab14-S25N does not tubulate in the presence of BFA, treatment of 

Rab14-S25N-GFP with BFA and nocodazole caused fragmentation of the Golgi  (Figure 

4.1F) (Cole et al., 1996), indicating that these membranes do require intact microtubules 

for their perinuclear distribution.  These results suggest that Rab14 depends on a 

microtubule-associated motor protein for transport.  



 

 

108 

Rab14 interacts with the microtubule motor protein, cytoplasmic dynein and 

the dynactin subunit p150Glued 

 To determine if Rab14 interacts with microtubule motors, GST pulldown 

experiments were performed.  Rab14-GST fusion proteins were bound to glutathione 

beads and loaded with either GDP or a non-hydrolyzable form of GTP (GTPγS).  As 

shown in Figure 4.2, all forms of Rab14 pulled down cytoplasmic dynein (i.e. dynein 

intermediate chain) (Figure 4.2A).  However, we observed no interaction of the Rab14-

GST genotypes with kinesin heavy chain (Figure 4.2C), myosin Va and Myosin II (data 

not shown).  In addition, a second band of approximately 60 kDa was identified in the 

Rab14-wt-GST and Rab14-S25N-GST eluate lanes, but not in the constitutively active 

form (Rab14Q70L-GST) (Figure 4.2A).  This presumably is another isoform of 

cytoplasmic dynein intermediate chain that is found in bovine brain (Brill and Pfister, 

2000; Vaughan and Vallee, 1995).  These data demonstrate an interaction with 

cytoplasmic dynein intermediate chain and suggest that Rab14 uses this motor protein to 

transport proteins between TGN and endosomal compartments. 

 Because the p150Glued dynactin complex subunit has been shown to link Rab6 to 

cytoplasmic dynein (Fuchs et al., 2005; Short et al., 2002), we next determined if a 

similar function could be involved with Rab14.  Rab14-GST pulldowns were probed with 

an antibody to p150Glued and as shown in Figure 4.2B, we observed an interaction of 

p150Glued with all Rab14 constructs.  
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Localization of Rab14 and the dynein/dynactin complex in living cells 

Since we observed an interaction of the Rab14 constructs with dynein 

intermediate chain and p150Glued, we next determined whether Rab14 had any effect on 

these dynein motor components in the cell.  As shown in Figure 4.3A, in cells expressing 

Rab14-wt, -Q70L, or –S25N-GFP we observed no colocalization with dynein 

intermediate chain.  Similar results were observed with the Rab14 constructs and 

p150Glued (data not shown).  Because we observed a biochemical interaction of Rab14 

with p150Glued and the protein normally localizes to microtubule plus ends, we 

depolymerized microtubules using cold treatment to determine if overexpression of 

Rab14-wt-GFP or Rab14-S25N-GFP had an effect on p150Glued recruitment to Rab14 

positive membranes.  Figure 4.3B demonstrates a lack of p150Glued recruitment to Rab14, 

suggesting that Rab14 does not significantly effect the localization of p150Glued or dynein 

intermediate chain (Figure 4.3A).   

 

Overexpression of dynein intermediate chain phosphorylation mutants does not 

alter the localization of Rab14  

Although we did not observe a significant change in the normal localization of the 

dynein/dynactin complex with the Rab14 constructs (Figure 4.3), we did observe a 

biochemical interaction.  We next examined if dynein phosphorylation effected Rab14 

localization.  We expressed GFP-tagged dynein intermediate chain phosphorylation 

mutants (GFP-IC2C) and Rab14-dsRed constructs in NRK cells.  Phosphorylation of 

dynein at serine 84 has been shown to regulate dynein intermediate chain (DIC) affinity 
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for p150Glued. Phosphorylation decreases the affinity of DIC for p150Glued, resulting in 

partial or no relocalization of Golgi and endosomal/lysosomal membranes, and 

phosphorylation increases DIC affinity for p150Glued, causing Golgi and late 

endosome/lysosomal membrane organelles to be redistributed to the cell periphery 

(Vaughan et al., 2001).  As shown in Figure 4.4A, we did not observe a change in Rab14-

wt-dsRed localization with ICSC-wt, -S84D, or –S84A-GFP.  In addition, TGN38 

localization was unaffected.  Similar results were found with Rab14-S25N-dsRed, 

TGN38 and the IC2C mutants (Figure 4.4B).  These results demonstrate that 

phosphorylation of dynein does not effect Rab14 in non-polarized cells.   
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Discussion 

In both polarized (e.g. epithelia) and non-polarized (e.g. yeast, fibroblasts) cell 

systems the cytoskeleton plays a critical role in the maintenance of cell structure and 

vesicle targeting.  Our data demonstrate that the membrane tubulation observed in 

Rab14-wt and Rab14-Q70L expressing cells is microtubule-dependent (Figure 4.1) and 

our live cell movies further suggest a motor to be responsible for the dynamic activity of 

the Rab14-GFP positive vesicular structures (chapter 2).  Therefore, what type of 

microtubule motor protein could regulate Rab14 function?  Our finding that the 

intermediate chain of dynein and the p150Glued dynactin subunit interact with Rab14, 

possibly through a complex, suggests that they work together to regulate Rab14 

trafficking in the cell. The notion that dynein may regulate apical trafficking has been 

shown in polarized cell systems.  A part of the dynein complex has been implicated in the 

transport of the apical protein rhodopsin via dynein light chain Tctex-1 in MDCK cells, 

and competitive inhibition of Tctex-1 with dynein light chain Rp3 results in mistargeting 

of rhodopsin to the basolateral domain of polarized MDCK cells (Tai et al., 2001).  

Furthermore, phosphorylation of Tctex-1 at the S82 residue was shown to be required for 

efficient delivery of rhodopsin to the apical domain of polarized MDCK cells (Yeh et al., 

2006).  Even though our results focus on a non-polarized fibroblast cell line, it could be 

postulated that dynein in addition to its prevalent role in retrograde trafficking of vesicles 

and organelles might also have some role in the anterograde targeting of vesicles to the 

endosomal compartment.  
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 Microtubules are organized differently in polarized and non-polarized cells.  

Polarized cells have their microtubules oriented so that the minus ends point apically and 

the plus ends point basolaterally.  Therefore, kinesins would move proteins basolaterally 

and dyneins apically in this type of cell.  Conversely, non-polarized cells have a radial 

distribution of their microtubules with the minus end anchored at the centrosome near the 

nucleus and the plus ends radiating out to the cell periphery.  Kinesin and dynein 

movement would take on a reverse role in this system as compared to polarized cells 

(Goldstein and Yang, 2000).  Our live cell data (chapter 2) demonstrate Rab14 positive 

vesicles moving into and out of the perinuclear region with random as well as processive 

movement, suggesting that Rab14 positive vesicle structures could associate with a motor 

protein(s) for transport.  Recently, it was shown that dynein along with dynactin is 

capable of having bidirectional processivity along microtubules (Ross et al., 2006).  

Tracking of individual complexes showed that a single complex could switch from being 

processive in the minus direction to being processive in the plus direction on the same 

microtubule, providing further evidence that dynein is capable of moving in the 

anterograde direction.  Although we did not receive a positive interaction with Rab14 and 

kinesin heavy chain in our GST pulldowns, we cannot rule out the possibility that kinesin 

may be on Rab14 positive vesicles for anterograde transport.   

Over the past five years, the idea that individual vesicles can contain both dynein 

and kinesin at the same time has emerged (Ligon et al., 2004).  This type of association 

could allow for many forms of regulation, and presents the hypothesis that motors are not 

required to dissociate from the vesicle for it to move in one direction along a microtubule, 
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even when it is not the motor protein’s preferred direction of travel.  Thus, movement is 

not cargo-motor regulated, but rather is regulated by the activity of the motor (Ma and 

Chisholm, 2002).  The inhibition of movement we observe with Rab14-S25N suggests 

that some component of the dynein/dynactin complex was non-functional in these cells.  

Dynein is a very complex motor module with different chains that allow for multiple 

forms of regulation (King, 2000; Mallik and Gross, 2004).  Dynein intermediate chain 

has been shown to have six isoforms in rat brain tissue generated from two genes (Brill 

and Pfister, 2000; Vaughan and Vallee, 1995).  It remains to be determined whether the 

60 kDa isoform of dynein intermediate chain that we identify with Rab14-wt and Rab14-

S25N regulates the function of Rab14 and if it has an inhibitory role on the function of 

the dynein motor in transporting vesicles from the Golgi region when bound to the Rab14 

inactive (GDP-bound) state (chapter 2). 

 Although we observe a positive biochemical interaction of cytoplasmic dynein 

and p150Glued with all three forms of Rab14, our colocalization and dynein 

phosphorylation studies do not provide information for how dynein and Rab14 could be 

functioning in the cell.  The lack of mislocalization of Rab14 with dynein 

phosphorylation mutants and the lack of recruitment of cytoplasmic dynein and p150Glued 

to Rab14 membranes suggest that other effectors or members of the dynein and/or 

dynactin complex may also bind and regulate Rab14 function(s). It will be important now 

to identify other dynein components that could potentially interact and localize with 

Rab14 and determine how they may help in bridging the interaction of dynein and 
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dynactin with Rab14 to better understand the role of Rab14 in polarized and non-

polarized cells.  
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Figure 4.1. Rab14 interacts with microtubule networks. 
NRK cells expressing Rab14-wt-GFP or Rab14-S25N-GFP were treated with 5 µg/ml 
BFA for 15 minutes (A and D), 5 µg/ml BFA and 10 µM cytochalasin D for 15 minutes 
(B and E), and 5 µg /ml BFA and 20 µg/ml nocodazole for 1.5 hr (C and F).  
Depolymerization of actin with cytochalasin D does not inhibit tubulation of membranes 
containing Rab14-wt induced by BFA (B).  However, depolymerization of microtubules 
with nocodazole disrupts the tubulation of Rab14 caused by BFA (C). As previously 
observed, Rab14-S25N does not tubulate in the presence of BFA (D) and cytochalasin D 
does not change the localization of Rab14-S25N (E).  Treatment of Rab14-S25N 
expressing cells with nocodazole causes fragmentation of Rab14-S25N containing 
membranes (F).  Scale bar 10 µm.  
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Figure 4.2.  Rab14 interacts with dynein intermediate chain and the dynactin 
subunit, p150Glued. 
Rab14-GST (wt, Q70L, and S25N) beads were incubated with 2 mg/ml of bovine brain 
cytosol followed by immunoblotting for dynein intermediate chain (A), p150Glued (B) or 
kinesin heavy chain (C).  Results show binding of Rab14 constructs to both dynein 
intermediate chain and p150Glued (A and B).  Interestingly, a 60 kDa band is observed in 
Rab14-wt and S25N pulldown lanes (B).  No binding is observed with any of the Rab14 
constructs and kinesin heavy chain (C). 
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Figure 4.3.  Rab14 does not change the localization of dynein intermediate chain or 
p150Glued. 
NRK cells transfected with Rab14-wt-, -Q70L, or-S25N-GFP were labeled for 
endogenous cytoplasmic dynein intermediate chain (red) (A) or p150Glued after 
microtubule depolymerization (red) (B) and visualized by deconvolution microscopy.  
Overexpression of Rab14-GFP constructs does not alter the localization of dynein 
intermediate chain and p150Glued or result in significant colocalization.  Scale bars, 10 µm 
(A) and 15 µm (B). 
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Figure 4.4.  Phosphorylation of dynein intermediate chain does not effect Rab14 
localization 
NRK cells transfected with Rab14-dsRed (wt and S25N) (red) and IC2C-GFP (wt, S84D 
and S84A) (green) constructs were fixed and labeled for TGN38.  Overexpression of 
IC2C phosphorylation mutants (wt, S84D, and S84A) has no effect on Rab14-wt or 
TGN38 localization (A).  Similar results were observed with Rab14-S25N and TGN38 
(B).  Scale bar, 15 µm.   
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CHAPTER FIVE: FUTURE DIRECTIONS 

 
Summary of Findings 
 

The preceding chapters have demonstrated a role for Rab14 in regulating apical 

targeting in polarized cells and in vesicle formation at the TGN in non-polarized cells.  In 

addition, Rab14 may be involved in trafficking to Golgi and endosomal compartments 

via cytoplasmic dynein.  The BFA studies not only demonstrate that Rab14 defines a 

specific domain of the TGN, but also show that membranes regulated by Rab14 are 

controlled by BFA-sensitive Sec7-type GTP-exchange factors.  Overexpression of 

Rab14-S25N resulted in an increase of Arf1 at the Golgi membrane, suggesting that 

Rab14 regulates the activity of Arf1 and consequently COPI recruitment to Golgi 

membranes.  Taken together, these results demonstrate a role for Rab14 in organizing the 

assembly of apical vesicular carriers from the TGN and in facilitating vesicle transport 

between cellular compartments.  Although we have implicated Rab14 in these events, 

many questions remain unanswered regarding how Rab14 regulates apical trafficking and 

the other protein(s) or complexes Rab14 may interact with to modulate these cellular 

processes.   Some of these questions are addressed below. 

 

What protein(s) interact with Rab14 to mediate apical trafficking? 

 We have shown that Rab14 regulates delivery of cargo from the TGN to the 

apical domain of polarized epithelial cells.  The ability of Rab proteins to regulate the 

different steps during membrane transport relies on the interaction of the activated form 

of the Rab with effector proteins (Grosshans et al., 2006; Zerial and McBride, 2001).  
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Rab effectors include GEFs, GAPs, tether proteins, SNAREs and any other type of 

protein that is able to relay Rab-specific downstream effects.   For example, the recycling 

of mannose phosphate receptors (MPRs) between TGN and late endosomes is mediated 

by Rab9 and the interaction of Rab9-GTP with the effector protein, TIP47 (Diaz and 

Pfeffer, 1998).  Because Rab9-GTP increases the association of TIP47 with late 

endosomes, and TIP47 binds the cytoplasmic tail of MPRs, Rab9 is able to stimulate the 

capture of MPRs, leading to an enrichment of receptors in vesicles for transport to the 

TGN (Carroll et al., 2001).  Previous studies examining the role of Rab14 in insulin-

regulated GLUT4 trafficking identified the Rab-GAP AS160 (Akt substrate of 160 kDa) 

as a potential GAP protein for Rab14 (Ishikura et al., 2007; Larance et al., 2005).  We 

performed immunoflourescence studies in our laboratory to determine if Rab14 and 

AS160 colocalize in polarized and non-polarized cells and our results showed no 

significant colocalization of the proteins.  However, we have not determined if AS160 

exhibits GAP activity on Rab14.  To address whether AS160 acts as a GAP for Rab14, 

we would use a GTPase colorimetric assay to measure the release of inorganic phosphate 

in solution.  If AS160 is a GAP for Rab14, we would expect to see a colorimetric change, 

suggesting that AS160 is able to stimulate hydrolysis of GTP on Rab14.  Because Rabs 

interact with a multitude of effectors, we would also perform affinity chromatography 

experiments using Rab14 mutants (S25N or Q70L) fused to GST to determine novel 

binding partners for Rab14 (Christoforidis and Zerial, 2001).  After the release of 

potential Rab14 effector proteins from GST-Rab14 beads, the eluate samples would be 

subjected to mass spectrometry to identify proteins of interest. After sequence analysis, 
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candidate proteins would be analyzed to determine their regulatory effect on Rab14 

function in apical trafficking and/or vesicle formation.  In addition to finding novel 

binding partners for Rab14, we would also use a candidate approach to look at proteins 

also known to act as effector proteins for other Rab proteins during vesicle formation 

and/or trafficking.  

 

Is Rab14 involved in endosomal and vesicular fusion?   

Rab proteins have been shown to be involved in the fusion of vesicles with lipid 

bilayers.  Recent work on Rab14 has shown a role for the protein in preventing 

phagosomes from becoming phagolysosomes in Salmonella typhimurium and 

Mycobacterium tuberculosis (Kyei et al., 2006).  It was proposed that the mycobacterial 

phagosome maturation block is maintained by the kinase AKT1 phosphorylating AS160 

and subsequently preventing AS160 (proposed Rab14-GAP protein) from binding to 

phagosomal membranes (Kuijl et al., 2007).  In addition to these studies, we have shown 

that overexpression of Rab14-Q70L results in large endocytic structures that appear to be 

endosomal in nature.  Thus, does Rab14 have a role in endosome and/or vesicle fusion?  

A role for Rabs being involved in endosome fusion has been extensively shown with 

Rab5.  In the early endocytic pathway, Rab5 has been shown to mediate homotypic early 

endosome fusion via the Rab5 effector protein, EEA1 (Christoforidis et al., 1999; Gorvel 

et al., 1991).  Furthermore, Rab5 is required on both donor and acceptor membranes for 

fusion to occur (Barbieri et al., 1998). To determine if Rab14 is involved in membrane 

fusion, a cell-free assay would be performed.  Separate early endosomal fractions would 
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be prepared from cells either allowed to internalize biotinylated HRP from media or from 

cells in which avidin is bound to the surface via biotinylated proteins.  These fractions 

would be incubated with untransfected cytosol (control) or cytosol containing 

overexpressed Rab14 mutants.  Enzymatic activity of biotinylated HRP would be 

measured to determine the occurrence of endosome fusion.  If Rab14 is involved in 

endosomal fusion, we would expect to see an increase in enzymatic activity in cells 

expressing the active Rab14 mutant compared to Rab14 wild type and dominant negative 

reactions.  From this experiment we would conclude that Rab14 is involved in not only 

the delivery of vesicles and/or cargo from Golgi compartments, but is also involved in the 

fusion of cellular compartments.  Because Rabs are not the only proteins known to be 

involved in membrane tethering and fusion, it would be of interest to determine the 

SNARE and/or tether Rab14 could interact with to mediate these events.  A proteomics 

approach would potentially answer this question by taking the cell-free endosome fusion 

assay described above and sending the reaction for mass spectrometry to identify 

potential known and/or novel proteins involved in Rab14-mediated fusion.    

 

Does overexpression of dynactin subunits effect Rab14 localization? 

Our fixed cell and live cell imaging of the Rab14 mutants demonstrate different 

localizations of the Rab14 constructs.  Unlike Rab14 wild type and Q70L, Rab14-S25N 

predominantly localizes to the TGN and no vesicular movement is observed.  The lack of 

movement suggests that Rab14 is involved in binding to motor proteins, and our data 

show an interaction of Rab14 with cytoplasmic dynein and the dynactin subunit, 
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p150Glued.  However, unlike Rab6, which shows a nucleotide-dependent interaction with 

p150Glued (Short et al., 2002), we do not observe the same effect with Rab14.  In addition, 

overexpression of cytoplasmic dynein intermediate chain phosphorylation mutants does 

not cause a change in the localization of the Rab14 constructs.  These results suggest that 

Rab14 vesicular movement is possibly regulated by another component of the 

cytoplasmic dynein complex.  GST pulldown and mass spectrometry using the Rab14-

S25N revealed the dynactin subunit, dynamitin (i.e. p50).  Overexpression of p50 has 

been shown to cause early endosomes, lysosomes and the Golgi to relocate to the cell 

periphery and Golgi membrane fragmentation, suggesting that p50 is involved in 

regulating the ability of dynactin to interact with dynein (Burkhardt et al., 1997).  

Because dynactin is made up over nine polypeptide subunits that regulate the function of 

the protein complex, it could be postulated that overexpression of p50 sterically inhibits 

p150Glued from interacting with microtubules for protein transport.  To determine if p50 is 

involved in regulating vesicles containing Rab14, we would overexpress the full length or 

a small N-terminal fragment known to inhibit dynein-based organelle movement.  Upon 

transfection, cells would be imaged and the localization of Rab14 constructs would be 

assessed in fixed and live cells.  We would expect that if p50 is involved in regulating 

Rab14 localization by inhibiting the ability of p150Glued to interact with dynein 

intermediate chain, Rab14 wild type and active mutant cells would show relocalization to 

the cell periphery and no vesicular movement.  From these experiments, we would 

conclude that the vesicular movement observed in Rab14 expressing cells is determined 

by the ability of the dynactin complex to interact with dynein.  If we observed a change in 
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vesicular movement or Rab14 localization in the presence of these p50, it would suggest 

that Rab14 is involved in anterograde transport by modulating vesicle attachment to 

dynein for microtubule transport.  

The data presented in this dissertation expand on what is known about Rab14 thus 

far and further establishes a role for Rab proteins in compartment identity and in spatially 

and temporally controlling vesicular and organelle movement.  The ability of Rabs to 

control membrane trafficking is critical to normal cell function, and abnormalities in 

Rabs and Rab-associated proteins are known to cause human diseases.  The localization 

of Rab14 to distinct domains of the TGN and its role in modulating vesicle formation via 

its effects on Arf1 effectors not only links Rab14 in vesicular trafficking but also in 

regulating cytoskeletal dynamics.  Thus, Rab14 provides a functional role for Arf1 and 

COPI at the TGN and demonstrates the importance of Arf and Rab proteins in regulating 

exocytic events in the late secretory pathway. 
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