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 The polarity of epithelial cells is critical for proper function. Maintenance of polarity requires 

sustained proper sorting of proteins and lipids to either apical or basolateral membranes using 

distinct sorting signals. Compared to basolateral sorting signals, apical signals are not well 

characterized and can be present within the lumenal, transmembrane, or cytosolic regions of the 

protein. N-glycosylation has been identified as one of the apical sorting signals. The sialomucin 

endolyn (CD164) is a transmembrane protein that contains an apical sorting signal (N-glycans) 

in the lumenal domain and a lysosomal/basolateral targeting signal (YXXØ motif) in its 

cytoplasmic tail. It cycles between the apical surface and lysosomes of renal epithelial cells and 

is expressed in embryonic and adult kidney.  The first objective of this research was to dissect 

the specific determinant on N-glycosylation for endolyn apical sorting using a lipofectamine-

mediated RNAi approach.  The results demonstrated that sialylation but not branching of N-

glycans is required for endolyn proper delivery. Futher, knockdown of galectin-9 (but not 

galectins 3, 4 or 8) selectively disrupted endolyn polarity suggesting that interaction between 

endolyn and galectin-9 is critical for endolyn apical delivery. Next, the function of endolyn in 

pronephric kidney was investigated during development using zebrafish as a model system. 

Knockdown of zebrafish endolyn using a translational inhibiting morpholino resulted in 

pericardial edema, hydrocephaly, and body curvature, suggesting a possible osmoregulation 

defect. Although the pronephric kidney appeared normal morphologically, clearance of 

fluorescent dextran was delayed, indicating an imbalance in water regulation in morphant 

embryos. Rescue experiments using rat endolyn mRNA revealed that both apical sorting and 

endocytic/lysosomal targeting are required for endolyn function during development of the 

zebrafish pronephric kidney. This work broadens our understanding of apical sorting 

mechanisms in polarized cells as well as its significance on kidney function and development. 
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1.0  INTRODUCTION 

1.1 PHYSIOLOGICAL STRUCTURE AND FUNCTION OF KIDNEY 

1.1.1 

1.1.2

The anatomy of kidney 

The kidneys in humans are bean-shaped organs located just below the rib cage with one on each 

side of the body [1]. The size of each kidney is similar to that of a fist. The kidneys are complex 

organs that filter approximately 200 liters of blood daily [2]. The waste and excess water 

processed by kidneys are delivered to the urinary bladder to become urine. The kidney contains 

two distinctive regions: the medulla, a discontinous layer shaped like a pyramid, and the cortex, a 

continous layer surrouding the medulla and extending to the outer portion of the kidney [3] 

(Fig.1D). 

 The nephron 

The nephron is the basic structural and functional unit of the kidney.  Each nephron is composed 

of a glomerulus and a renal tubule. In humans, the glomerulus is surrounded by Bowman’s 

capsule and consists of endothelial cells, glomerular basement membrane and podocytes. The 

renal tubule comprises  the proximal tubule,  the loop of Henle and the distal tubule [1]. The 

glomerulus receives its blood supply from an afferent arteriole through the fenestrated 
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endothelium. The filtration takes place at the glomerular basement membrane and slit-diaphragm 

[4]. The blood pressure within the glomerulus serves as the driving force for filtration of water 

and solutes from the blood and into Bowman’s capsule [5].  This filtration is based on molecular 

weight, size, shape and electrical charge of the molecule such that large and negatively charged 

macromolecules are retained and those small and positively charged pass through into the filtrate 

[5]. The filtrate then enters the renal tubule, where most of the water and some electrolytes are 

reabsorbed. Following refinement, the filtrate continues to the collecting duct system, where 

most wastes are concentrated for excretion in the urine [3]. The number of nephrons in a fully 

functional kidney varies between vertebrates based on their requriments for kidney function [2]. 

For example, an adult human kidney consists of approximately 800,000-1.2 million nephrons, as 

compared to the mouse kidney, which contains ~11,000 nephrons [3,6] . The kidneys of some 

amphibians and fish contain only a few nephrons [7].   

1.2 VERTEBRATE KIDNEY DEVELOPMENT 

Three stages are involved in vertebrate kidney development: the pronephros, the mesonephros 

and the metanephros as shown in Fig.1 [6,8]. In the following sections, the processes of kidney 

development are discussed in details.  
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Figure 1. Stages of kidney development 

Three stages of kidney development arising from the intermediate mesoderm which are the 

pronephros (A and B), the mesonephros (C) and the metonephros (D) are shown. An active 

pronephros is shown in A while an inactive pronephros is shown in B. Adapted from [6,8]. 

1.2.1 The pronephros 

The pronephros is derived from the intermediate mesoderm, a layer between the paraxial and 

lateral-plate mesoderm within the embryonic trunk [9]. The function and composition of the 

pronephros varies depending on the requirements for this early kidney during development and 

the surrounding environment [9]. For example, the pronephros is a fully functional kidney for 
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some vertebrate larvae living in fresh water. These require a complex renal system to constantly 

remove excess water and reabsorb ions [2]. Remarkably, these active and simple pronephros 

contains typical cell types and tubule segmentations in Xenopus or zebrafish larvae, which make 

them an ideal model system to study kidney function and developmental events [9,10]. The 

program of morphogenesis and epithelialization of pronephros is highly conserved in all 

vertebrates and occurs in four common steps [11]. In the case of zebrafish, (i) the intermediate 

mesoderm differentiates mesenchymal cells to enter the nephric fate around 12 hours post 

fertilization (hpf); (ii) a mesenchymal-to-epithelial transition is mediated by further signals to 

form the pronephric duct by 24 hpf; (iii) additional differentiation and patterning of the nephron 

primordia takes place to form the glomerulus and renal tubules between 30 hpf and 40 phf; (iv) a 

functional glomerulus is formed when the capillary loop finishes its fusion with the glomerular 

capsule by 48 hpf. In vertebrates like mammals and birds, the pronephros is rudimentary. Cells in 

the pronephros undergo apoptosis soon after forming; and, this process sets the stage for the 

formation of the mesonephros and metanephros as confirmed by a detailed study which 

documented the involvement of apopltosis in the regression of rat pronephric kidneys [12].  

1.2.2 The mesonephros  

Mesonephros, the second stage of kidney development, functions as an active temporary kidney 

for vertebrates such as birds and mammals. However, little is known about its function and 

significance because of its transient existence [6]. The development of the mesonephros initiates 

with the formation of renal vesicles from the condensations of nephrogenic cord cells which 

come from the mesenchymal tissue surrounding the nephric duct or tubule. The nephrogenic cord 

cells undergo a mesenchymal-to-epithelial transition followed by the elongation of the renal 
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vesicles into the S-shaped body, before transitioning into the mesonephros [13,14]. The timing of 

mesonephros development varies among species.  For example, in mice, the degeneration of the 

mesonephroes begins at E14.5 and most tubules disappear secondary to apoptosis within 24 

hours [15]. In humans, the degeneration of tubules starts at about the fifth week and completes 

by the fourth month [3]. Interestingly, the degree of degeneration is sex-dependent. Most tubules 

regress in female mice while some posterior tubules remain in male mice, ultimately contributing 

to the epididymal ducts of the testis in male mice [6]. The similar sex-dependent differentiation 

is also observed in humans [3].  

Conversely, the mesonephros functions as the terminal adult kidney in vertebrates like 

fish and amphibians. The formation of this mesonephros is similar to that of mammals and birds. 

However, the number of nephrons is much greater because a terminal adult kidney requires more 

complex composition for proper function. For example, the adult zebrafish mesonephros 

contains approximately 200 nephrons. The number of nephrons is dependent on age and body 

mass [16]. Typically, pronephros degeneration of the pronephros is followed by the formation of 

mesonephros. However, in some fish, the pronephros becomes integrated into the mesonephros, 

forming the head kidney, also known as the lymphoid organ [17].  

1.2.3 The metanephros 

The third stage of kidney development, formation of the metanephros, is the most complex.  This 

stage is the terminal form of the kidney for mammals, birds, and reptiles.  Experimental results 

have clarified how kidney development progresses [18]. The process begins with a blastoma of 

metanephric mesenchyme cells, usually a few thousand, established in the caudal region of each 

intermediate mesoderm. The ureteric bud is subsequently induced to branch off from the 
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posterior nephric duct and invades to the metanephric mesenchyme through reciprocal 

interactions [19]. Constant signal transduction triggers the bud to divide to form the collecting 

ducts of the metanephros. In the meantime, small condensations of the metanephric mesenchyme 

are formed by the duct tips and these condensations rapidly epithelialize to form renal vesicles 

[19]. The primitive nephrons proceed through the comma- and S-shaped body stages. The 

existing nephrons start to spread to the medulla to develop the loop of Henle, while 

neonephrogenesis continues at the duct tips [20]. In mice, the population of nephrons becomes 

stable approximately two weeks after their birth [6]. In humans, stable and functional kidney 

formation is completed approximately six weeks before birth [3]. Several key factors have been 

revealed to mediate kidney morphogenesis. For example, Wnt (Wilms’ tumor suppressor) gene 

family is involved in tubule formation [21]. Paired-box transcription factor (Pax)-2 and Lhx-1 

are involved in initiation of kidney morphogesis and early patterning of the kidney [22,23].  

As the metanephros becomes functional, the mesonephros begins to degenerate through 

an apoptotic mechanism [12]. Most portions of the mesonephros degenerate while some portions 

are incorporated into the reproductive tract [6]. The formation of the adrenal glands and gonads 

is partially from the migration of mesonephric cells to the neighboring primordium [6].  At this 

point, a fully developed metanephros functions and neonephrogenesis ceases. The number of 

nephrons remains unchanged as the metonephros matures and the nephrons change in cell 

density and size to respond to any future damage [24].  
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1.3 POLARIZED EPITHELIAL CELLS 

Polarized epithelial cells line the surface of several internal organs including kidney as shown in 

Fig.2. The asymmetrical distribution of cellular components defines their polarity [25,26,27]. 

The plasma membrane of the poliarized cells is delineated by tight junctions into two asymmetric 

compartments: an apical domain and a basolateral domain [25]. The apical domain of kidney 

tubules faces towards the lumen of organs and is enriched in a layer of glycocalyx which 

provides protection from the environment [25]. Microvilli, small membrane protrusion that 

expands the cell surface, are commonly observed on the apical domain of absorptive polarized 

epithelial cells [28]. In addition, the presence of a primary cilium is a distinguishing feature of 

the apical domain [29]. Conversely, the basolateral domain composed of basal and lateral 

membranes, connects with  neighboring cells and provides contact with the blood supply [25]. 

This apical-basolateral polarity is conserved in both simple epithelia, such as cells in the kidney 

and intestine, and stratified epithelia, including the epidermis [28]. This polarity ensures that 

epithelial cells serve as a barrier against pathogens.  Additionally, they regulate ions and 

metabolites, allowing fluid to flow within or between the external and internal surroundings [28]. 
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Figure 2. Polarized epithelial cells 

The plasma membrane of polarized cells is devided into two domains: the apical domain 

and the basolateral domain. The major organelles are indicated in the diagram. ARE: apical 

recycling endosome; AEE: apical early endosome; CRE; common recycling endosome; BEE: 

basolateral early endosome; LY: lysosome; ER: endoplasmic reticulum; TGN: trans-Golgi network. 

Adapted from [30]. 

 

Cell epithelization is regulated during development by cell adhesion complexes and 

epithelial cell polarity complexes [31]. The formation and maintenance of the apical-basolateral 

polarity depends on two major cell adhesion complexes, termed adherens junctions and tight 
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junctions [32,33]. The major components of the adherens junctions are complexes of the 

cadherin-catenin and the nectin-afadin [34]. The interaction between cadherins and catenins 

connects cells to each other and also binds to the actin cytoskeleton [34]. The tight junctions are 

multiprotein complexes that form a contiguous structure around the cell, and distribute apically 

to adherens juctions in polarized cells [35].  Further, tight junctions present a physical barrier to 

restrict the diffusion of apical and basolateral proteins and lipids. The junctions also function as a 

dynamic gate for the space between neighboring cells to regulate ions and water transport [36].  

The core of tight junctions consists of transmembrane proteins, such as occludin, claudin, 

tricellulin and junctional adhesion molecule, and cytosolic scaffolding proteins, such as ZO1-3, 

multi-PDZ domain protein 1 and cingulin [36].  

Studies from yeast, worms, and flies have revealed three major protein complexes that 

regulate the establishment of polarity [33].  These complexes include the PAR complex, 

(PAR3/aPKC/PAR6/CDC42), the CRUMBS complex (Crumbs3/PALS1/PATJ), and the SCRIB 

complex (Scrib/mDIg/mLgl) [33]. The PAR complex mediates the formation of the apical-

basolateral border. The CRUMBS complex regulates the development of the apical membrane, 

and the SCRIB complex defines the basolateral domain [37]. The establishment of polarity 

initiates from the cell-cell contact through the basal surface [38]. The interaction between PAR3 

and afadin recruits E-cadherin and junctional adhesion molecule A to the primordial adhesions 

where adherens junction and tight junction associated proteins are both localized [39,40]. This is 

followed by the separation of the adherens junction and tight junction proteins along the 

basolateral domain [41]. The maturation of the belt-like adhesion junctions and tight junctions is 

mediated by the exclusion of PAR3 from the PAR and CRUMBS complexes [42]. This defines 

the apical-lateral boundary, thus marking the establishment of the apical domain. Meanwhile, the 
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SCRIB complex antagonizes the PAR and CRUMBS complexes to promote the basolateral 

domain identity by inhibiting the expansion of the apical membrane [43,44].  

 The maintenance of cell polarity requires the continuous expression and efficient activity 

of junction-associated proteins. Evidence suggests that the loss of junctions disrupts the polarity, 

interferes with coordinated signaling events, and up-regulates proliferation [45,46]. 

Depolarization is believed to be associated with numerous pathophysiological conditions, 

including tumor development and progression [46]. Therefore, the integrity of cell polarity is 

critical for normal physiological function.  

1.4 PROTEIN SORTING IN POLARIZED EPITHELIAL CELLS 

Once cell polarity is developed, sustained proper sorting of proteins and lipids to the designated 

membranes along the biosynthetic and postendocytic pathways is critical. The mechanisms that 

recognize different sorting signals and transport proteins to either apical or basolateral domains 

are highly regulated within cells. Disruption of such regulation may cause disease due to the 

mislocalization and malfunction of proteins [47].  For example, the mis-sorting of sucrose-

isomaltase (SI) from the apical to basolateral domain in intestinal epithelial cells results in 

sucrose intolerance type IV, an autosomal recessive intestinal disorder that causes sugar 

malabsorption [48].  

Madin-Darby canine kidney (MDCK) cells have been used as a model system to study 

the underlying mechanisms of protein sorting in polarized epithelial cells [49,50,51,52,53]. 

MDCK cells grown on polycarbonate filter support establish a tight polarized monolayer. An 

advantage of this system is that the apical and basolateral surface of the cells can be selectively 
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accessed [54]. In this dissertation, MDCK cells are used to study how newly-synthesized 

proteins are delivered to the apical surface. In the following sections, I will discuss in detail 

regarding the distinct sorting signals and underlying mechanisms.  

1.4.1 Basolateral Sorting Signals 

Numerous sorting signals have been identified to mediate proper sorting of proteins and lipids to 

either apical or basolateral domains in polarized epithelial cells. In the following section, I will 

discuss different classes of sorting signals in detail.  

Basolateral sorting signals are identified as amino acid motifs in the cytoplasmic portion 

of various proteins [55]. For example, the basolateral signal of the polymeric immunoglobulin 

receptor (pIgR) resides in its cyplamic tail [56].  Evidence suggested that the addition of the 

pIgR cytoplasmic region to a normally apical targeted protein re-routed it to the basolateral 

membrane [57]. Certain features can be found within the basolateral signals despite the diversity 

and heterogeneity. Specifically, a tyrosine-based motif YXXØ, where X can be any amino acid 

and Ø is required to be a bulky hydrophobic residue, is shared by several basolateral proteins for 

example low-density lipoprotein (LDL) receptor and vesicular stomatitis virus G (VSV-G) 

protein [58,59]. Evidence demonstrated that the tyrosine-based motif on LDL receptor re-routed 

an apical targeted protein to the basolateral membrane  [60]. Alternatively, Hunziker et al., 

revealed that dileucine/hydrophobic residues rather than a critical tyrosine residue is crucial for 

Fc receptors possessive basolateral sorting behavior [61]. Similar studies have shown that such a 

motif is critical for other basolateral sorting proteins including E-cadherin and melanoma cell 

adhesion molecule-1 [62,63].  
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The frequent finding that these sorting motifs are similar to those endocytic and 

lysosomal determinants has led to the suggestion that some common essentials are shared 

between these machineries [63]. Precisely, the recognition of both signals relies on adaptor 

protein (AP) complexes, called adaptins. AP-1, AP-2, AP-3, AP-4, and AP-5 are the five 

adaptins identified so far [64,65]. Among them, AP-5 is not associated with clatherin and 

considered to be an evolutionarily ancient complex [65]. AP-2 is the key module of clathrin-

coated vesicles budding exclusively from the plasma membrane [66]. The remaining adaptins are 

involved in clathrin-coated pits originating from the TGN and endosomal compartments [66].  

All the adaptins consist of one large subunit (γ, α, δ, ε), one lange β subunit, one medium subunit 

(µ1and µ2) and one small subunit (σ1 and σ2) [66]. Two subtypes of AP-1 have been identified. 

AP-1A contains a µ1 subunit whereas AP-1B contains a µ2 subunit [67]. Early studies using 

epithelial cell lines lacking µ1B subunit of the AP-1 demonstrated that basolateral proteins were 

re-routed to the apical membrane, suggesting that the interaction between basolateral signals and 

adaptins is essential [68]. Additional observations propose a role for AP-2 and AP-4 in 

basolateral sorting pathways by linking the cargo proteins to a clathrin coat [66,69]. 

Interestingly, some unusual basolateral signals have been described including bipartite 

basolateral sorting motifs and PDZ-binding motifs which are not believed to be AP complex-

dependent [70,71].  

1.4.2 Apical sorting signals 

Apical sorting signals are more diverse and heterogeneous compared to basolateral sorting 

signals. Apical sorting sequences have been identified in the cytoplasmic tails, transmembrane 

regions, or lumenal domains of apically sorted proteins. In addition to signals in the primary 
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amino acid sequence, post-translational modifications such as N- and O-linked glycosylation and 

lipidation can also be required for the apical sorting of proteins.  Outlined below is a general 

overview describing the structure/function of these apical sorting signals and the adaptor 

machinery that decode them.  

1.4.2.1 Associations with Lipid Rafts 

The first apical sorting signal identified was the glycosylphophatidylinositol, GPI-lipid anchor. 

Two groups showed that the addition of a GPI anchor attachment sequence to certain proteins led 

to apical delivery of these chimeric proteins [72,73]. This is supported by the fact that the apical 

membrane is enriched with glycosphingolipids. These lipids can form small transient aggregates 

in the trans-Golgi Network (TGN) often called “lipid rafts”. They are thought to assist protein 

apical delivery. GPI-anchored apical proteins are demonstrated to be insoluble in cold non-ionic 

detergent Triton X-100, which is one of the hallmark for lipid-raft association [74]. Lipid rafts 

are microdomains enriched in glycosphingolipid and cholesterol and are found in plasma and 

Golgi complex membranes leading to the model that lipid rafts act as sorting platforms to ferry 

GPI-anchored proteins from the TGN to the cell surface [75]. Such lipid rafts are formed in the 

Golgi apparatus and may integrate GPI-associated proteins through a long saturated acyl chain 

and subsequently move past the plasma membrane bilayer [76]. Further studies have indicated 

that influenza hemagglutinin (HA) is also associated with lipid rafts and depletion of 

glycosphingolipids or cholesterol leads to the mis-sorting of HA [77]. Additional studies 

revealed that a sequence of ten residues within the transmembrane region is critical for its 

incorporation to the lipid rafts and apical trafficking, as the detergent insolubility of HA is 

reduced in mutants lacking the ten amino acids [78,79,80]. Recently, it has been shown that an 

HA mutant which lacks its raft targeting signal is retained in the Golgi complex [81]. Other 
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evidence suggests that cysteine-palmitoylation at cytoplasmic and transmembrane regions may 

also be required for association between HA and lipid rafts [82,83]. However, HA trafficking is 

not retarded within the Golgi complex when the acylation is perturbed [81].  

 It has been proposed that lipid rafts sort apical proteins by promoting their incorporation 

into vesicles that are destined for the apical membrane [84]. Previous studies have suggested that 

oligomerization and “clustering” is critical in the sorting of GPI-anchored proteins, and lipid 

rafts function as an apical sorting platforms [85]. This provides a plausible explanation for the 

general sorting of GPI-anchored proteins. Paladino et al. demonstrated that the addition of a GPI 

anchor to green fluorescent protein (GFP) results in the apical delivery of this protein. However, 

this is disrupted by mutations that disturb the oligomerization of GPI-tagged GFP [86]. 

Additionally, a high molecular weight cluster was observed only when GPI-associated proteins 

which are designated to the apical surface, were incorporated into the lipid rafts. Subsequently, 

disruption of clustering leads to mis-sorting to the basolateral membrane [86]. One explanation is 

that clustering stabilizes the apical sorting platforms formed by the lipid rafts. The conjunction of 

smaller rafts into larger rafts through oligomerization could increase the curvature of a budding 

vesicle at the TGN, thereby aiding its delivery towards the apical surface [86].  However, 

discrepant results exist. For example, association into lipid rafts does not correlate exclusively 

with apical sorting of GPI-anchored proteins, as some basolateral proteins are associated with 

raft-like domains in Fischer rat thyroid (FRT) cells [87]. A possible explanation was provided by 

work from Meiss and coworkers using a mutant MDCK cell line resistant to concanavalin A 

(conA) lectin which results in defects in N-glycan core structure [88]. GPI-linked proteins are 

missorted to the basolateral membrane in ConA-resistant MDCK cells due to their inability to 

oligomerize into immobile aggregates, suggesting that clustering of GPI-anchored proteins 
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before their arrival to the membrane is essential [89]. An alternative explanation came from work 

by Kinoshita and coworkers, demonstrating that an event of remodeling of fatty-acid chains on 

GPI anchors occurs upon their addtion to proteins [90]. The GPI-anchored proteins that are 

usually found in lipid rafts contain two saturated fatty chains wherease GPI-anchored proteins 

that are usually excluded from rafts contain unsaturated fatty chains. A remodeling event likely 

occurs in the Golgi complex to generate saturated fatty chains [90]. Such a remodeling event is 

required for association of GPI-anchored proteins with lipid rafts, thus suggesting that specific 

lipid structure is important for proper apical targeting of GPI-anchored proteins [91]. To 

summarize, lipid raft association by itself is a necessary but not sufficient apical sorting signal.  

Several molecules have been identified as candidates for mediating lipid raft clustering, 

for example VIP17/MAL (myelin and lymphocyte protein). A putative role of MAL has been 

implied whereby VIP17/MAL escorts proteins to the apical surface through interaction with lipid 

rafts, maintaining the stability of the apical surface [92]. MAL1 cycles between the Golgi and the 

apical membrane where it regulates apical transport of multiple proteins including influenza HA, 

secreted gp80 and GPI-anchored proteins [93,94,95]. MAL2 traffics between the apical recycling 

endosome and the apical surface in liver hepatocytes where it mediates transytosis of several 

proteins including GPI-anchored proteins and single-pass transmembrane apical proteins [96,97]. 

Interestingly, vectorial delivery instead of transytosis of these proteins is promoted when MAL1 

is overexpressed in WIF-B cells, liver hepatocytes which normally lack MAL1, suggesting that 

both MAL1 and 2 are involved in regulation of direct and indirect routes to the apical surface 

[98]. Another candidate of raft clustering mediator is the phosphatidylinositol 4-phosphate 

adaptor protein 2 (FAPP2). Depletion of FAPP2 results in disrupted apical delivery of YFP-GPI 
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and Forsmann antigen, an apical glycolipid [99,100]. A third potential clustering agent is 

galectin-4, which will be discussed in detail in section 1.4.2.4. 

1.4.2.2 Transmembrane and Cytoplasmic Tail Apical Determinants 

Another group of apical sorting signal relies on the cytoplasmic domain or transmembrane 

region of certain proteins. The first sequence that has been identified is in the cytosolic tail of 

rhodopsin [101]. Deletion of the cytosolic tail leads to the mis-sorting of the protein [102].  The 

introduction of rhodopsin’s cytosolic tail to another non-apical protein results in the apical 

delivery of this chimeric protein. Megalin is another protein that relies on its cytosolic tail for 

apical trafficking [103,104].  Additionally, the receptor guanylate cyclases M2 muscarinic 

receptors are also delivered to the apical surface due to sequences on the cytoplasmic domains 

[105]. Although no consensus sequence has been identified that is responsible for their apical 

delivery, research suggests that conformational changes are critical for these signals. For 

example, the fourth transmembrane spanning domain is responsible for delivery of the gastric 

H,K-ATPase to the apical surface by inducing a conformational sorting motif [106]. 

Additionally, Carmosino et al., identified two motifs within the cytoplasmic tail of the renal Na-

K-Cl cotransporter type 2 that mediate the apical delivery by a conformational cross-talk event 

between the sorting sequences and their surrounding environment [107].  

1.4.2.3 Glycosylation 

A third group of apical sorting signals involves in glycosylation, a ubiquitous post-translational 

modification of numerous proteins. This process is believed to aid protein folding, stabilization, 

and protein-protein interactions. The earliest evidence that indicates an involvement of 

glycosylation in apical sorting arose from studies using specific glycosylation inhibitors in 
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MDCK cells. In the next few sections, the synthesis and modification of glycosylation, especially 

N-glycans, will be reviewed. Additionally, the involvement of N-glycosylation in apical sorting 

and proposed mechanisms will be addressed.  

 

 
(a) O-glycosylation 

The biosynthesis of serine/threonine (O)-linked glycans is initiated by the addition of an N-

acetylgalactosamine (GalNAc) residue to serine or threonine residues [108].  This process is 

catalyzed by a polypeptide GalNAc transferase (GalNAcT). Next, galactose or N-

acetylglucosamine (GlcNAc) is added to form one of the four subtypes of the core structure that 

are based on various monosaccharide linkage reactions. The glycan structure can be further 

elongated by addition of N-acetyllactosamine, sialic acid, fucose, galactose, GlcNAc, GalNAc, 

and sulfate [108]. The different combinations of sugar structures are regulated by specific 

expression levels of various glycosyltransferases that participate in O-glycan biosynthesis [108].    

O-linked glycans are proposed to play a role in apical delivery. The neurotrophin receptor 

p75 (p75NTR) contains an O-glycan-rich stalk proximal to the transmembrane domain [109]. 

Deletion of this region leads to nonpolarized distribution of this protein. Similar studies were 

performed on sucrose isomaltase (SI), an intestinal brush-border membrane protein, and MUC1 

[110,111]. Evidence suggests that introduction of the heavily O-glycosylated stalk domains of SI 

to rat growth hormone, a secreted protein which usually secretes in a non-polarized manner, 

cause it to be delivered to the apical domain [112]. Recent work from Kinlough and coworker 

demonstrated that the apical sorting signal of MUC1 is the heavily O-glycosylated mucin-like 

domain. Transfer of this domain to the interleukin-2 receptor α subunit (Tac) enhanced its apical 

expression [111].  
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Other indications for an involvement of O-glycosylation in apical sorting came from 

studies using glycosylation inhibitors. For example, a compound commonly used is GalNAcα-O-

benzyl (BGN), an efficient acceptor for galactosyltransferases and sialyltransferases. BGN 

treatment results in truncated O-glycans. It has been shown that treatment with this compound 

disrupts O-glycosylation and thus perturbs the apical delivery of proteins including 

dipeptidylpeptidase IV (DPPIV) and MUC1 in HT-29, Caco-2, and MDCK cells [113,114,115]. 

However, the effect of this compound on N-glycans complicates the results. It has been reported 

that BGN blocks terminal processing of N-glycans in some cell lines, which leads to misorting of 

glycoproteins [116,117]. Data from our lab suggest that the apical delivery of endolyn, an N-

glycan dependent protein, is also disrupted in BGN-treated cells. 

 

 
(b) N-glycosylation 

A lipid-linked oligosaccharide precursor is transferred to asparagine residues on newly 

synthesized protein in the endoplasmic reticulum (ER) membrane of eukaryotes (Fig.3) [118].  

The minimal consensus sequence for N glycosylation is Asn-X-Thr/Ser (where X is any residue 

except proline) [119]. Asn-X-Cys is used as a recognizable sequence in some rare cases [108].  

This oligosaccharide precursor consists of a core glycan structure of Glc3Man9GlcNAc2, where 

Glc represents glucose, Man represents mannose, and GlcNAc represents N-acetylglucosamine. 

The following steps are conserved among all eukaryotic cells and are thought to play critical 

roles in regulating glycoprotein folding. First, the sequential removal of all three glucoses is 

mediated by Glucosidases I and II in the lumen of the ER.  One mannose is further trimmed by 

α-mannosidase I. Other α-mannosidase enzymes located in the Golgi complex further process the 

N-glycans thereby comprising the high content of mannose. The core structure before leaving the 
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ER is Man3GlcNAc2-Asn. The contents of mature N-glycans are diverse on vertebrate 

glycoproteins and are classified into high-mannose, hybrid, and complex subtypes [108].  

Structures that contain between five to nine mannose units are defined as high mannose. 

Structures with high mannose content and substitution with GlcNAc on a single nonreducing 

mannose are termed hybrid. Complex N-glycans are formed when both mannose residues (α3- 

and α6-linked) are elongated with GlcNAc moieties. Two or more GlcNAc-bearing branches 

may exist on vertebrate glycoprotein hybrid and complex subtypes. Up to five of these branches, 

referred to as antennae, have been observed on certain vertebrate glycoproteins. Furthermore, the 

addition of fucose or sialic acid complicates the heterogeneity of N-glycosylation in eukaryotic 

cells [119]. Indeed, the production of antennae and extension by fucose and sialic acid are 

considered terminal processing of N-glycans (Fig. 4). 

 

Figure 3. N-glycosylation in ER 
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The synthesis of the core structure Glc3Man9GlcNAc2 on dolichol pyrophosphate initiates 

the generation of N-glycans within the ER.  This core structure is subsequently transferred by the 

OST complex to an asparagine residue within the NXS/T motif. Glucose and mannose residues are 

trimmed sequentially by Glucosidases I, II and α-mannosidase I before the glycoprotein exits the 

ER. Adapted from [118]. 

 

Terminal processing of N-glycans in the Golgi initiates with the action of GlcNAcT-I on 

high mannose structures in the medial-Golgi [108]. Subsequently, α-Mannosidase II removes 

two external mannose residues to generate the substrate for GlcNAcT-II. Sequentially, 

GlcNAcT-III transfers GlcNAc to the β-linked mannose at the core position and thus making a 

bisecting branch which prevents further branching and elongation. Conversely, GlcNAcT-IV and 

-V transfer a GlcNAc to β4 or β6-linked mannose thereby generating more branches [108].  The 

addition of galactose, poly-N-acetyllactosamine, sialic acid and fucose to each branch greatly 

increases the diversity of N-glycan structures. Poly-N-acetyllactosamine (polylactosamine or PL) 

chains are linear polymers comprising repearting units of GlcNAc and galactose. PLs have been 

reported to be preferentially added onto ß1,6 branch of multiantennary N-glycans, whose 

synthesis is regulated by GlcNAcT-V [108].   Sialic acids (a.k.a neuraminic acid) are 9-carbon 

monosaccharides which are commonly found on glycoproteins and gangliosides as terminal 

components [120]. The C2 can be conjugated to several positions of the penultimate sugar 

residue. Of these, the most common are to the C3 or C6 of galactose and the 6-position of 

GalNAc. Sialic acid is found in α2-3 linkages on many, and perhaps all, cells and tissues in 

vertebrates [108,121]. Members of a family of at least five different α2-3 sialyltransferases 

(ST3Gal-I-V) are responsible for synthesis of these structures. Studies of the expression patterns 

of these genes indicate that ST3Gal-III and ST3Gal-IV are expressed in most tissues and cells in 
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adult mammals. They are also responsible for the addition of sialic acids onto the two most 

common N-glycan terminal chains. In contrast, ST6Gal-I is solely responsible for the addition of 

α2-6 sialic acid on N-glycans [108].  

 

Figure 4. Terminal processing of N-glycans 

Upon entering the Golgi apparatus, more mannose residues can be trimmed by α-

Mannosidase II to generate the substrate for GlcNAcT-II. Sequentially, GlcNAcT-III transfers 

GlcNAc to the β-linked mannose and thus inhibits further branching. Conversely, GlcNAcT-IV and 

V can add GlcNAc to β4 or β6-linked mannose to thereby generate additional branches. Addition of 

galactose, poly-N-acetyllactosamine repeatedly generates long polylactosamine chains in the hybrid 

or complex structures. Furthermore, addition of sialic acid mediated by ST3Gal-III and ST3Gal-IV 

for α2,3 linkages and ST6Gal-I for α2,6 linkages  to each branch, greatly increases the diversity of 

the N-glycan structures. Adapted from [108]. 
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 The early evidence for involvement of N-glycans in apical sorting mostly came from 

specific drug inhibitors and mutant cell lines that are inefficient in N-glycosylation processing. 

The first indication for an N-glycan being an apical sorting signal came from work of Scheiffele 

and coworkers. They demonstrated that an addition of two N-glycans to rat growth hormone 

converted its nonpolarized secretion to apical delivery suggesting that N-glycans are indeed a 

kind of apical sorting signal [122] . Further, apical delivery of gp80 (clusterin) in MDCK cells 

treated with tunicamycin (a GlcNAc analogue) abolishes the initial step of N-glycosylation, and 

thus causes the seretion of gp80 to be non-polarized [123]. Additionally, removal of N-glycans 

from gastric H+/K+-ATPase β subunit prohibits its apical delivery resulting in a defect of delivery 

to the surface by accumulating intracellularly [124]. Addition of N-glycans onto proteins that are 

normally not glycosylated mediates their apical targeting and transport [125]. The reporter 

proteins accumulate in the Golgi apparatus in the absence of N-glycans [125]. Interestingly, 

evidence indicates that the specific structure and number of N-lycans are necessary for proper 

apical delivery. For instance, two out of eight N-glycans are important for apical delivery of the 

sialomucin endolyn [126]. One out of three N-glycans is critical for erythropoietin apical 

delivery [127]. Another case in point is that three out of four N-glycans are essential for the 

apical delivery of the neuronal glycine transporter GLYT2 [128].   

Recent work has shown that the terminal processing, rather than the core structure, is 

critical for apical sorting of some proteins. For example, Potter et al., demonstrated that 

sialomucin endolyn apical delivery was disrupted by kifunensine (KIF) and 

deoxymannojirimycin (DMJ), compounds that inhibit terminal processing of N-glycosylation 

[126]. The fact that apical delivery of endolyn was not affected by deoxynojirimycin (DNJ), an 

inhibitor for ER glucosidase I that affects the formation of the N-glycan core structure, indicates 
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the terminal processing is important for proper trafficking of endolyn. Other evidence also 

suggests a role of terminal process on glycoprotein surface delivery: studies by Dennis and 

colleagues have demonstrated that addition of polylactosamine can selectively modulate surface 

expression levels of a variety of cellular receptors [129]. Additionally, sialic acids have 

previously been implicated in glycosylation dependent apical sorting. When MDCK cells were 

treated with GalNac-alpha-O-benzyl (BGN), a competitive inhibitor of sialylation, the apical 

secretion of mouse soluble dipeptidyl peptidase IV was decreased [117].  In chapter 3, we 

investigated whether terminal processing is critical for endolyn apical sorting by testing whether 

polylactosmamine chains or addition of sialic acids has an effect on endolyn trafficking.  

However, the heterogeneity of glycans presents a significant challenge to dissect glycan terminal 

processing at a molecular level. Glycans are extremely diverse in nature, including various 

composition of monosaccaride, diverse positions where sugar chains are linked, and the different 

stereocheminal nature of the linkages (α is equatorial whereas ß is axial) [130]. This 

heterogeneity is highly regulated by differential expression of specific glycosyltransferases and 

glycosidases, as well as their availability to substrates in a cell-type- and developmental stage-

specific manner [131,132]. To overcome this problem, I used an RNAi knocksown approach that 

I optimized in Chapter 2 to specifically knock down glycosyltrasferases that are responsible for 

addition of polylactosamine and sialic acids on N-glycans. Further, I utilized lectin-binding assay 

as a sensitive approach to measure the change in glycan profiles after knockdown [133,134].  

1.4.2.4 Proposed Mechanism for Glycan-mediated Protein Sorting 

Abundant evidence indicates a role for both N- and O-glycans in the apical sorting of 

glycoproteins. However, unlike the lipid raft dependent model, where the unifying hypothesis is 

that proteins develop interactions with lipid rafts at TGN, the glycan-dependent model lacks a 
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universal theory. Notably, no obvious difference in glycan structures has been identified in apical 

and basolateral sorted glycoproteins, indicating that no consensus sugar structure accounts for 

the apical sorting signal.  Two prevalent mechanisms have been proposed for glycan-dependent 

apical sorting [135]. 

 One hypothesis postulates that a group of receptors or binding partners exists to interact 

with glycans for apical sorting. A group of proteins that naturally recognize glycans are termed 

lectins, which are proteins containing carbohydrate recognition domain(s) that recognize distinct 

glycans in order to mediate particular physiological or pathological processes. Early indications 

for an involvement of lectins in apical sorting came from studies on vesicular integral protein 36 

(VIP36).  VIP36 was initially isolated from lipid rafts and is localized to the Golgi complex, 

apical membrane and endosomal compartments [136,137]. However, recent evidence suggests a 

contradictary role of VIP36 in apical sorting [137]. High resolution confocal microscopy 

revealed that VIP36 is localized in ER-Golgi intermediate compartment rather than the TGN, 

indicating a role of VIP36 in the early glycoprotein transport but not apical sorting [137]. 

Interestingly, recent work implicates a role of the galectin family in apical sorting. 

Galectins are lectins that have high affinity for β-galactose glycoconjugates and are conserved in 

their carbohydrate recognition domains [108]. They are widely expressed in all organisms [138].  

Using RNAi approaches, galectin-4 has been shown to play a role in lipid rafts mediated apical 

targeting. Depletion of galectin-4 in enterocyte-like HT-29 cells disrupts the lipid raft formation 

and therefore impairs apical delivery [139,140]. Work from Huet and coworkers suggests a 

model in which the interaction between galectin-4 and raft-associated proteins within the 

endosomal compartment is required for apical sortini8g [141]. Galectin-4 has high affinity for 

both glycosphingolipids, a component of lipid rafts, and complex N-glycans with 
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polylactosamine chains [138,140]. Galectin-3, another galectin that is widely expressed, has been 

identified to be involved in raft-independent apical sorting in MDCK cells. A direct interaction 

between galectin-3 and lactase-phlorizin hydrolase (LPH), p75NTR, and the gp114 has been 

observed. Depletion of galectin-3 by RNAi results in mis-localization of these proteins [142]. 

More recently, the intracellular trafficking defects of LPH and dipeptidylpeptidase IV (DPPIV) 

on intestinal brush border in galectin-3 null mice have been reported [143]. Schneider et al., 

reported in 2010 that galectin-3 localizes in Rab11-positive apical recycling endosomes [144].  

This provides a possibility that galectin-3 mediates apical sorting through interaction with 

glycoproteins within early endocytic compartments. Recent work suggests that some galectins 

like galectin-3 and galectin-9 are involved in general establishment of apical-basolateral polarity 

in polarized epithelial cells [145,146]. Knockdown of galectin-3 in MDCK cells leads to 

abnormal epithelial cyst formation in 3D and perturbs ciliogenesis [145,147]. Knockdown of 

galectin-9 in MDCK cells results in severe loss of epithelial polarity [146].  

 Another feasible model for raft-independent apical sorting is that a transport-competent 

conformation is required for further progress along the apical sorting pathway. It is conceivable 

that oligomerization is involved in this process. In support of this model, it has been reported that 

inhibition of glycosylation of some apical sorted glycoproteins causes retention of these proteins 

in the TGN in both MDCK and CHO cells [125]. However, the diversity in requirements utilized 

by numerous proteins, argues against a uniform protein conformation required for all glycan-

dependent sorting events. 

Clustering of cargo proteins is a model that is possibly shared by both raft dependent and 

independent proteins. As mentioned in Section 1.4.2.1, clustering is required by several GPI-

anchored proteins for their apical delivery [85]. For correct apical delivery of glycan-dependent 
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proteins, galectin-3, as a candidate, is capable of oligomerizing through its N-terminal domain to 

pentamers and thus clusters glycoproteins into multimeric lattices in raft-independent specific 

carriers [142]. It has been reported that a high molecular weight cluster is formed during p75 

NTR apical sorting, indicating that clustering events are important for the apical sorting in both 

raft-dependent and raft-independent ways [148].  

1.5 SIALOMUCIN ENDOLYN 

1.5.1 The structure and sorting of endolyn 

Sialomucin endolyn has been studied extensively in our laboratory as an N-glycan dependent 

apical targeted protein. The focus of this dissertatioin is to determine the requirement(s) on 

glycan structure which is essential for its apical delivery. Further, the possible mechanism of N-

glycan apical sorting is studied using endolyn as a model protein. Finally, the function of 

endolyn during kidney development is also studied in this dissertation. 

Rat endolyn is a type I transmembrane protein comprising 173 amino acids with a 

molecular weight of 78 KDa [149]. It is defined as a mucin due to the two mucin-like motifs in 

the ectodomain (Fig.5). A putitve globular domain hinged by disulfide bonds is flanked by the 

two mucin domains. There are many putative sites for O-glycosylation (40 of Ser-Thr) and N-

glcosylation (8 of Asn-x-Ser/Thr) within the lumenal domain. The transmembrane domain and 

short cytoplasmic tail are highly conserved among species. A FIGGI sequence of unknown 

function in the transmembrane region is conserved among species. A tyrosine motif YXXØ 
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motif in the short carboxy terminal cytosolic tail is responsible for its delivery to lysosomes and 

also serves as a potential basolateral targeting signal [149].  

 Endolyn has been identified in many species, including zebrafish (Fig.5). Zebrafish 

endolyn contains only one mucin domain. However, it retains many potential O-glycosylation 

(twenty-eight) and N-glycosylation (nine) sites in the lumenal domain with a few conserved with 

rat endolyn. The lumenal domain also contains a proposed globular domain with disulfide bond 

linkage. Moreover, the transmembrane domain and cytoplasmic region are identical with that of 

rat endolyn. This 43% consensus sequence with critical conserved regions makes it possible to 

use rat endolyn in the zebrafish model system. The advantage of this approach is that reagents 

and techniques available for rat endolyn may be used. More significantly, a conserved protein 

function can be revealed.  

 

 

Figure 5. Structure of rat vs. zebrafish endolyn 
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A schematic diagram of rat and zebrafish endolyn. The transmembrane and cytosolic 

domains of zebrafish and rat endolyn are identical. Unlike rat endolyn, zfEndolyn has only one 

mucin region and a proposed globular region linked by disulfide bonds. ZfEndolyn contains nine 

potential N-glycosylation sites, two within the globular region and seven between this domain and 

the transmembrane domain. Of the serines and threonines, 28 of 40 residues in the luminal domain 

are potential O-glycosylation sites as determined using the NetOglyc3.1 program. Figure provided 

by Dr. G. Ihrke.  

 

Endolyn is primarily localized in lysosomes at steady state, with a small fraction 

localized on the plasma membrane. Unlike typical lysosomally targeted proteins which take a 

route directly from the trans-Golgi network (TGN) to lysosomes via early/late endosomes, 

endolyn exploits an unconventional pathway from the TGN to the plasma membrane, where it is 

endocytosed, and delivered to lysosomes [150,151,152,153].  One explanation for the indirect 

lysosomal pathway of endolyn (via the cell surface) is that its YXXØ motif is not proceded by a 

glycine residue. This residue has been demonstrated to be essential for efficient direct lysosomal 

transport of typical lysosomal membrane proteins (e.g. Lamp-1 and Lamp-2) [154,155].  

The indirect pathway for lysosomal proteins includes via either the apical surface or the 

basolateral membrane before delivery to lysosomes in polarized cells [60,152]. Evidence 

suggests that endolyn likely takes the route via the apical surface. Endolyn was found in a 

subapical compartment before moving to the lysosomes in polarized hepatocyte cells [149]. 

Consistent with this, antibodies against endolyn were internalized from the apical surface in 

MDCK cells [152]. AP-3 has been shown to be involved in the sorting of endolyn from both the 

TGN and early endosomes in both 3T3 and NRK cells [155]. Interestingly, a small portion of 
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endolyn recycled back to the apical surface while the bulk remained in lysosomes after 

endocytosed from the apical membrane [155].  

Data from our laboratory demonstrated that the apical delivery of endolyn is N-

glycosylation dependent in MDCK cells: (1) Its solubility in Triton X-100 at 4°C indicates that 

its apical sorting is independent of lipid rafts [152]. (2) Regardless of the large quantity of O-

glycosylation sites within the lumenal domain of endolyn, its apical sorting is disrupted upon 

tunicamycin treatment [152]. (3) Potter et al., have shown that two out of eight N-glycans within 

the globular region are critical for endolyn apical delivery since mutations on these two N-

glycosylation sites attenuated its apical trafficking [100]. (4) Moreover, apical delivery of 

endolyn was restored when these two glycans were reintroduced into mutated endolyn which 

lacks all N-glycosylation consensus sequences [100]. (5) The apical sorting of endolyn along the 

postendocytic pathway is also N-glycan dependent and simlar to that on newly synthesized 

endolyn [156]. As discussed in Section 1.4.2.3(b), evience suggests that terminal glycosylation 

processing is important for endolyn trafficking such that its apical delivery is disupted in MDCK 

cells treated with compounds that perturb N-glycan terminal processing [100]. Notably, endolyn 

contains both an apical targeting motif (N-glycans) and a basolateral/lysosomal signal (YXXØ 

motif). Futhre studies should investigate how its apical sorting signal is dominant over its 

basolateral/lysosomal signal. 

1.5.2 The function of endolyn 

Work from Watt and colleagues suggests a novel role for the human ortholog of endolyn, 

CD164, in adhesion and proliferation of hematopoietic progenitor cells as an adhesion receptor 

[157]. Endolyn has been identified on primitive hematopoietic CD34+ cells and has been 
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reported to regulate adherence of hematopoietic cells to stromal cells, by negatively regulating 

their differentiation [158]. Further evidence suggests that the role of endolyn in adhesion and 

survival is through its interaction with CXCR4, a key chemokine receptor that regulates 

migration and proliferation of hematopoietic and neuronal progenitor cells [159]. Additionally, 

Lee et al, have shown that endolyn may promote myogenesis, the process of muscular tissue 

formation during development, through binding to CXCR4 [160]. Endolyn functions as a 

regulator of myoblast motility and fusion of myoblast into myotubes [161]. Other literature 

indicates the role of endolyn on migration in other cell lines including prostate cancer cells 

through a similar pathway of CXCR4 and its ligand CXCL12 [162].  

The differeciated subcellular localization of endolyn in adult and embryonic kidney 

suggests that endolyn has a funciontal purpose at distinct sites. Endolyn is present intracellularly 

and at the apical surface in adult rat kidney (Youssef Rbaibi personal communication). 

Surprisingly, endolyn is localized on the basolateral surface in embryonic rat kidney. Endolyn 

has been shown to be present in mesenchyme and at the basolateral membrane of the ureteric bud 

at E13.  It is also found on the basolateral membrane of the S-shaped body at E16 [163]. This 

shift from a basolateral to apical distribution during kidney development suggests a potential role 

for endolyn at these subcellular locations. To support this hypothesis, an antibody that inhibits 

nephrogenesis was later found to be directed towards endolyn (Qais Al-Awqati personal 

communication) [163]. In chapter 4, the role of endolyn in kidney development is investigated 

using zebrafish as a model system.  
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1.6 SUMMARY 

The major gaps in our understanding of endolyn apical soring include the following: (1) Which 

step in glycan terminal processing is important for endolyn apical delivery? (2) Is there a 

receptor mediating endolyn apical sorting? (3) Is the proper sorting of endolyn important for its 

function? Therefore, a systematic evaluation of the determinant(s) for endolyn apical sorting and 

a study of endolyn function will further our knowledge in the underlying machinery of 

carbohydrate apical sorting and its significance on protein function. 

To address these questions, it was first necessary to develop an efficient method to knock 

down specific proteins in polarized epithelial cells without compromising cellular apical-

basolateral polarity, as described in Chapter 2. This was essential because introduction of 

DNA/RNA to polarized cells is always a challenge. Chapter 3 detailed a systematic dissection of 

the apical sorting signal of endolyn. The goal of this study was to elucidate the mechanism of 

glycan-dependent apical sorting by evaluating whether terminal processing by polylactosamine 

and/or sialic acids are critical for endolyn apical delivery. Futher, we investigated whether a 

receptor is involved in endolyn apical sorting by studying the role of galectin-3,4 and 9 in 

endolyn apical delivery in Chapter 3. Next, we predicted that the proper sorting and localization 

of endolyn is important for its function. An animal study with zebrafish was therefore used to 

examine the role of endolyn during pronephric duct development, as described in Chapter 4. 

Finally, the conclusions of this body of work, as well as recommended future research directions, 

are discussed in Chapter 5. 
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2.0  DEPLETION OF SPECIFIC PROTEIN EXPRESSION IN MDCK CELLS 

2.1 ABSTRACT 

This work was published at Am J Physiol Renal Physiol. 2010 Nov;299(5):F1178-84. 

Here, we compared the effects of nucleofection and lipid-based approaches to introduce siRNA 

duplexes on the subsequent development of membrane polarity in kidney cells. Nucleofection of 

Madin-Darby canine kidney (MDCK) cells, even with control siRNA duplexes, disrupted the 

initial surface polarity as well as the steady-state distribution of membrane proteins. Transfection 

using lipofectamine yielded slightly less efficient knockdown but did not disrupt membrane 

polarity. We also demonstrated that galectin-3 is not involved in endolyn apical sorting. 

Polarized secretion was unaffected by nucleofection, suggesting a selective defect in the 

development of membrane polarity. Cilia frequency and length were not altered by 

nucleofection. However, the basolateral appearance of a fluorescent lipid tracer added to the 

apical surface of nucleofected cells was dramatically enhanced relative to untransfected controls 

or lipofectamine-treated cells. In contrast, [3H]inulin diffusion and transepithelial electrical 

resistance were not altered in nucleofected cells compared with untransfected ones. We conclude 

that lipofectamine mediated transfection is more suitable for polarized MDCK cells. 
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2.2 INTRODUCTION 

The development of methods to introduce heterologous DNA and RNA into cultured cells by 

transient transfection has revolutionized the study of protein function. Moreover, the recent 

introduction of RNA silencing technologies has provided a powerful tool to manipulate the 

spectrum of cellular functions and a potential therapeutic strategy for various diseases. Calcium-

phosphate-, cationic lipid-, viral-, and electroporation-based approaches are among the most 

common methods for this purpose. Inherent in these approaches is the requirement that cell 

function or morphology is not significantly affected by the experimental manipulation itself. 

However, the mechanisms by which these approaches enable DNA/RNA passage into cells 

remain largely obscure. 

Polarized cells represent a unique challenge to transfection. The plasma membrane of 

these cells is delineated by tight junctions (TJs) into two asymmetric compartments: an apical 

domain and a basolateral domain. The polarized delivery of receptors and ion transporters to 

these domains is critical for proper function of these cells. Traditionally, polarized epithelial cells 

have been recalcitrant to transient transfection. Transfection of these cells before polarization 

generally enhances efficiency; however, expression of the heterologous DNA/RNA may be 

significantly reduced by the time the cells attain a fully differentiated phenotype. A relatively 

new approach that has proven useful is nucleofection of DNA and RNA into cells in suspension. 

Delivery of foreign nucleic acid substrates directly into the nucleus apparently enhances the 

efficiency of transfection without compromising cellular viability [68,164,165]. This method has 

been successfully adapted to transfect polarized renal cells and is becoming increasingly popular 

[166]. 
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In optimizing approaches to transfect cells with siRNA duplexes, I observed that 

nucleofection of cells, even with control siRNAs, resulted in an unexpected but reproducible 

decrease in cell polarity of apical membrane proteins in MDCK and other renal eptihelial cells, 

even when cultured for up to five days on permeable supports after the procedure. Nevertheless, 

polarized secretion of heterologously expressed and endogenous proteins was unaffected by this 

maneuver. The decrease in membrane polarity was not due to the absence of TJs as ZO-1 

staining patterns were similar in control vs. nucleofected cells. Moreover, cilia length and 

frequency were indistinguishable in nucleofected vs. control cells. The gate function of TJs was 

also intact as measured by transepithelial resistance (TER) and paracellular transport of inulin. 

However, diffusion of an apically added fluorescent lipid probe to the basolateral surface was 

dramatically enhanced in cells that had been nucleofected before plating. We conclude that 

nucleofection disrupts the development and function of TJs in MDCK cells that precludes use of 

this approach to examine polarized trafficking. Conversely, lipofectamine mediated transfection 

is more suitable for polarized epithelial cells. 

2.3 RESULTS 

2.3.1 Nucleofection, but not lipofectamine-mediated transfection, disrupts the 

polarity of membrane proteins in renal epithelial cells 

As a prelude to studies on the mechanism of glycan-dependent apical sorting, we tested 

approaches to efficiently knock down proteins in polarized MDCK cells using siRNA duplexes. 

Specifically, we were interested in whether knockdown of galectin-3, a protein reported to be 
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involved in polarized sorting of apical proteins [142], had any effect on the biosynthetic delivery 

of the sialomucin endolyn. An siRNA duplex targeting canine galectin-3 was designed based on 

a previously published sequence [142]. As a control, we used a commercially available siRNA 

duplex targeted against luciferase. SiRNA duplexes were introduced into cells by nucleofection 

or using lipofectamine. After nucleofection, cells were allowed to recover on plastic overnight, 

trypsinized and counted, and plated onto permeable supports for 4 days. Lipofectamine-treated 

cells were plated directly onto filters and analyzed 4 days later. As an additional control for both 

methods, we plated untransfected MDCK cells on filters in parallel with the siRNA-treated 

samples. 

Nucleofection resulted in very high knockdown efficiency of galectin-3 as assessed by 

Western blotting (Fig. 6A). Quantitation of galectin-3 expression using a VersaDoc Imager 

revealed ~85% reduction in samples nucleofected with galectin-3 siRNA vs. luciferase controls. 

The efficiency of galectin-3 knockdown mediated by lipofectamine assessed by Western blotting 

was not as high, but approached 80% (Fig. 6B).  
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Figure 6. Introduction of siRNA duplexes by nucleofection and lipofectamine-based 

transfection results in efficient knockdown of galectin-3 in filter-grown MDCK cells [167] 

(A) Cells were nucleofected with the indicated siRNAs and plated onto filters the following 

day. Five days after nucleofection, cells were solubilized and lysates analyzed by Western blotting 

to detect galectin-3 or ß-actin (as a loading control). Untransfected cells plated under identical 

conditions were included as an additional control. (B) MDCK cells suspended in MEM were 

incubated with siRNA duplexes and lipofectamine in the apical chamber of Transwell filter cups. 

Cells were cultured for 4 days prior to solubilization and Western blotting. Knockdown efficiency 

was typically >85% in samples nucleofected with galectin-3 siRNA, and slightly lower (~ 80%) in 

lipofectamine treated cells. 

 

We then assessed the effect of each treatment on polarized delivery of endolyn using a 

domain-selective biotinylation approach. Three days after being plated, cells were infected with 

replication-defective recombinant adenovirus-encoding endolyn. In some experiments, stable cell 

lines expressing endolyn were used, obviating the need for infection. Surprisingly, we routinely 

observed that endolyn polarity was compromised even in nucleofected cells receiving only 
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control siRNA. In untransfected controls, the polarity of endolyn surface delivery was 73.9% 

(Fig. 7A), consistent with our previous observations [100, 171]. In contrast, the apical 

distribution of endolyn in nucleofected cells was significantly lower (57.6% apical). There was 

no apparent difference in polarity between cells nucleofected with control vs. galectin-3 siRNA. 

In contrast, endolyn polarity in lipofectamine-transfected cells was similar to that of 

untransfected cells (Fig. 7B). Moreover, no effect of galectin-3 knockdown on endolyn polarity 

was observed, suggesting that this lectin is not required for efficient apical delivery of endolyn. 

Nucleofection also altered the polarized delivery of two other apical markers: the neurotrophin 

receptor p75 and influenza HA (data not shown). Whereas endolyn and p75 have glycan-

dependent apical targeting information, apical sorting of influenza HA is specified by its 

transmembrane domain, and this protein takes a distinct route to the apical surface of polarized 

MDCK cells [109,152,168,169]. 
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Figure 7. Nucleofection, but not lipofectamine compromises the apical delivery of the 

transmembrane sialomucin endolyn [167] 

(Panel A) Nucleofected or control untransfected endolyn-expressing MDCK cells were 

starved in cys-free medium for 30 min, radiolabeled with [35S]-cys for 2 h, and chased for 2 h. The 

apical or basolateral surface of duplicate filters was biotinylated and the polarity of endolyn 

delivery quantitated as described in Materials and Methods.  A representative gel showing total and 

surface endolyn recovered from apically (A) and basolaterally (B) biotinylated samples is shown. 

Endolyn polarity in three independent experiments (mean ±SE) each performed in duplicate or 

triplicate is plotted. *p<0.05 versus untransfected cells by ANOVA. (Panel B) The polarity of 

endolyn cell surface delivery was assessed as described above in filter-grown untransfected or 

lipofectamine-treated MDCK cells. A representative gel is shown and the results of three 

experiments, each performed in duplicate or triplicate, is plotted (mean ±SE). 
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We considered the possibility that altered endolyn polarity was due to our specific 

nucleofection, recovery, or plating conditions. However, varying the number of cells 

nucleofected or subsequently plated, the cuvette manufacturer, the Amaxa program used 

(including the T-20 and L-005 programs recommended for epithelial cells including MDCK), 

and the postnucleofection recovery conditions did not improve the polarity of endolyn delivery. 

Substitution of the control (luciferase) siRNA by several other irrelevant siRNA duplexes also 

disrupted endolyn polarity (data not shown). 

Our biochemical experiments suggested that polarized delivery of membrane proteins 

might be compromised in nucleofected cells. To test whether steady-state distribution of 

membrane proteins was altered, we used indirect immunofluorescence to examine surface 

endolyn distribution in nucleofected vs. untransfected MDCK cells. As shown in Fig. 8A, 

surface endolyn was localized primarily to the apical membrane of untransfected controls. In 

contrast, endolyn was also clearly visible at the basolateral surface of cells nucleofected with 

either control or galectin-3 siRNA. Similar results were also observed in MDCK cells expressing 

p75 and HA. However, the distributions of the endogenous apical protein gp135 and the laterally 

localized proteins E-cadherin and Na+-K+-ATPase were not affected by nucleofection. To 

confirm that the relocalization is not cell-type specific, endolyn polarity was also examined in 

nucleofected, lipofectamine-treated, and control (untransfected) mouse CCD cells. As in MDCK 

cells, endolyn was less apically polarized in nucleofected cells compared with lipofectamine-

treated or untransfected cells (Fig. 8B). 
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Figure 8. Nucleofection alters the steady-state distribution of transmembrane proteins [167] 

A: control (untransfected) or nucleofected MDCK cells plated on 12-well filters for 4 days 

were incubated on ice with primary antibodies against endolyn, p75, hemagglutinin (HA), or gp135 
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and Alexa 488-conjugated secondary antibodies before fixation. E-cadherin and Na+-K+-ATPase 

were detected in cells permeabilized after fixation. Cells were visualized by confocal microscopy 

and representative XZ sections are shown. Arrowheads mark the position of the filter in each row. 

B: similar experiments were performed to visualize endolyn distribution in control, nucleofected, 

and lipofectamine-transfected mouse cortical collecting duct (CCD) cells. Bar = 10 μm. 

 

I next tested whether nucleofection alters the targeting of secreted proteins in polarized 

cells. To address this, we examined the release of a truncated form of endolyn called ensol. We 

previously showed that apical secretion of ensol was very efficient (~85%) [100]. Interestingly, 

nucleofection had no effect on the fidelity of ensol secretion (Fig.9). The polarity of secretion of 

the endogenous protein complex gp80 was also not affected by nucleofection (data not shown). 

This suggests that nucleofection selectively alters the polarized distribution of transmembrane 

but not secreted proteins, and therefore might reflect a postdelivery event rather than a change in 

biosynthetic sorting efficiency. 

 

Figure 9. Polarized secretion of a soluble protein is not affected by nucleofection [167] 

Filter-grown MDCK cells were subjected to Amaxa nucleofection with the indicated siRNA 

duplexes. The following day, nucleofected and control (untransfected) cells were plated on filters 
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and protein secretion of a truncated mutant of endolyn (ensol) tagged with GFP was analyzed four 

days later. Cells were radiolabeled with [35S]-cys for 30 min, and chased for 1.5 h. The apical and 

basolateral media were collected separately, and the cells were solubilized. Samples were 

immunoprecipitated using anti-endolyn antibody and analyzed by SDS-PAGE. Representative 

samples from one experiment are shown and the quantitation of apically secreted ensol in 3 

independent experiments performed in triplicate is noted below each condition. A, apical; B, 

basolateral; C, cell. 

 

2.3.2 Cilia morphology is unaffected by nucleofection 

Primary cilia play an increasingly appreciated role in the development of cell polarity, and 

defects in ciliary length or formation have been implicated in renal disease [145,147,170,171]. 

We therefore tested whether nucleofection alters ciliary length in polarized MDCK cells. Cilia in 

untransfected, nucleofected, or lipofectamine-treated cells were visualized using anti-tubulin 

antibodies, and their length was assessed using ImageJ software. There was no qualitative 

difference in the number of cilia observed per field under these different conditions (Fig. 10A). 

Moreover, we found no variation in ciliary length in nucleofected cells compared with 

untransfected or lipofectamine-treated cells (Fig.10B). 
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Figure 10. Nucleofection does not alter cilia length [167] 

MDCK cells treated as indicated were plated on filters for four days, then fixed and 

processed for indirect immunofluorescence using monoclonal anti-acetylated β-tubulin antibody. 

Panel A shows a representative confocal image and inset for each condition. Bar, 10 µm. (Panel B) 

ImageJ software was used to measure the distribution of cilia lengths from 50 randomly acquired 

images for each condition. 
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2.3.3 Fence functions of TJs are disrupted in nucleofected cells 

Another possibility to explain the alteration in membrane polarity of nucleofected cells is 

a defect in TJ formation or function. Nucleofected cells had similar ZO-1 and occludin-staining 

patterns compared with untransfected controls (Fig. 11), suggesting that the morphology of TJs 

is not grossly aberrant. We next examined TJ function using several approaches. To assess the 

gate function of TJs, we monitored the diffusion of the small molecule tracer [3H]inulin. As 

shown in Fig. 12A, inulin permeability across untransfected, lipofectamine-treated, and 

nucleofected monolayers was comparable, suggesting that the integrity of the gate function was 

intact under all conditions. Additionally, we found no significant difference in the TER across 

filter-grown monolayers (untransfected cells: 101.4 ± 17.4 Ω·cm2; nucleofected cells: 94.4 ± 6.0 

Ω·cm2; lipofectamine-treated cells: 112.8 ± 9.5 Ω·cm2). 
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Figure 11. Localization of tight junction markers is not affected in nucleofected cells [167] 

Untransfected, nucleofected, and lipofectamine-transfected cells were fixed and processed 

for indirect immunofluorescence to detect the tight junction markers ZO-1 and occludin. Scale bar 

= 10 μm. 
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Figure 12. Tight junction fence, but not gate function, is disrupted in nucleofected cells 

[167] 

A: kinetics of transepithelial [3H]inulin diffusion across filter-grown MDCK cells. B: FM4–

64FX (100 μM) was added to the apical chamber of filter-grown MDCK cells that had been 

previously treated as indicated. Cells were imaged every 5 s for 5 min and optical slices collected 2.5 

μm above the level of the filters at 0, 2.5, and 5 min after addition of the dye are shown. All images 

were acquired and processed using identical conditions. The bright spots represent out-of-focus 

fluorescence from apoptotic cells above the cell monolayer and were especially prominent in 

lipofectamine-treated samples. Bar = 10 μm. C: change in intensity of FM4–64FX staining at the 

lateral surface over time was quantified in 2 independent experiments and is plotted relative to the 

initial intensity measured at time 0 in untransfected cells. 

 

I next examined the diffusion barrier or “fence” function of TJs by testing whether 

compartmentalization of the lipophilic styryl dye FM4–64FX was compromised in nucleofected 

cells. Previous studies used this approach to test for defects in TJ fence function [172,173]. 

FM4–64FX was added to the apical chamber of untransfected, nucleofected, or lipofectamine-

treated MDCK cells grown on filters for 4 days, and image stacks were acquired every 5 s for 5 

min after addition of the dye. Fig.12 shows the time-dependent accumulation of FM4–64FX 

fluorescence at the lateral membrane of cells in an optical slice centered at 2.5 μm above the 

filter for each condition. Strikingly, whereas little to no diffusion of apically added FM4–64FX 

to the lateral surface was observed in untransfected and lipofectamine-transfected cells, we 

observed rapid diffusion of the dye in nucleofected cells (Fig. 12B). Quantitation of two 

independent experiments confirmed an approximately twofold increase in the rate of FM4–64FX 

diffusion in nucleofected cells vs. untransfected or lipofectamine-treated cells (Fig. 12C). This 

result indicates that the diffusion barrier between apical and basolateral membranes is disrupted 
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in nucleofected cells and is consistent with the selective disruption in membrane but not secreted 

protein polarity that we observed in these cells. 

2.4 DISCUSSION 

Here, we compared the effects of nucleofection vs. lipofectamine-based transfection 

methods on the development of polarity in MDCK cells. We found that the distribution of 

several transmembrane cell surface proteins was disrupted in MDCK and CCD cells that had 

been nucleofected with control (irrelevant) siRNA duplexes. However, apical sorting of secreted 

proteins was unaffected by this treatment. Varying numerous facets of the experimental protocol 

did not rescue the defects in polarity. In contrast, cells transfected using lipofectamine exhibited 

normal membrane protein polarity, comparable to untransfected cells. Studies to independently 

test the fence and gate functions of TJs revealed a selective defect in the membrane diffusion 

barrier in nucleofected cells, whereas transepithelial passage of ions and small molecule tracers 

was unaffected. These studies have important implications for the design and interpretation of 

siRNA knockdown experiments in polarized cell lines. 

Our studies suggest that biosynthetic sorting of newly synthesized proteins may be 

unaffected in nucleofected cells and that polarity is lost after surface delivery as a result of 

compromised TJ fence function. Interestingly, I did not detect any striking changes in the steady-

state distribution of three endogenous proteins (gp135, E-cadherin, and Na+-K+-ATPase) after 

nucleofection. The differences we observed between endogenous vs. heterologously expressed 

proteins might reflect differential assay sensitivity due to the lower abundance of endogenous 

proteins. Alternatively, endogenous proteins may be better retained at the appropriate plasma 
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membrane domain as a result of their normal interactions with cytoskeletal or other surface-

resident proteins. 

TJs are a complex assembly of transmembrane and cytoplasmic proteins that play a role 

in both the establishment and the maintenance of epithelial cell polarity (reviewed in Refs. 

[35,174]. The gate function prevents paracellular diffusion of water, ions, and metabolites by 

regulating movement between adjacent epithelial cells. The fence function prevents the diffusion 

of transmembrane proteins and outer leaflet lipids. Our results suggest that nucleofection 

selectively compromises TJ fence but not gate function. 

While numerous TJ components have been identified, how gate and fence function are 

modulated is largely unknown. Inhibiting the function of TJ transmembrane proteins such as 

occludin, claudins, and junctional adhesion molecules, using antibodies or by overexpression 

expression or knockdown, generally disrupts the permeability barrier (gate) of polarized 

epithelial cells without apparently affecting membrane or lipid diffusion across the TJ boundary 

[175,176,177,178,179,180]. 

A few studies described maneuvers that disrupt both TJ gate and fence functions. For 

example, expression of a mutant of occludin lacking its COOH terminus increased paracellular 

flux as well as lipid diffusion across the TJ of MDCK cells, although the polarity of membrane 

proteins was unaffected [181]. Similarly, siRNA-mediated knockdown of ZO-2 disrupted both 

gate and fence functions of TJs [182]. However, only one other report that we are aware of 

observed a selective defect in TJ fence function with no change in TER. In that study, addition of 

an antibody directed against the second extracellular loop of occludin resulted in both altered 

membrane polarity and lipid diffusion in T84 cells [178]. 

 49 



Our results do not address why nucleofection disrupts the establishment of a polarized 

phenotype. Nucleofection physically creates transient pores in the plasma membrane and nucleus 

using high-intensity electrical pulses to facilitate the entry of foreign molecules [183]. The pores 

begin to reseal after the removal of the external field. It is possible that the incubation solutions 

and/or the electrical pulse itself initiate signal transduction cascades that have long-term 

consequences on gene expression. Interestingly, whereas most aspects of cell function that we 

tested are unaffected by this procedure, there appears to be a selective defect in the maintenance 

of the membrane diffusion barrier. Several possibilities might account for this, including 

alterations in plasma membrane lipid composition or in the expression of proteins involved in 

maintaining cell polarity. Regardless of the mechanism, our results suggest that nucleofection of 

even irrelevant siRNA duplexes compromises the subsequent development of renal epithelial cell 

polarity, limiting its utility for studies using these cells. In contrast, transfection of siRNA 

duplexes using lipid-based approaches provides comparable knockdown efficiency without 

disruption of cell polarity. 
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2.5 MATERIAL AND METHOD 

Cell culture, virus production, and adenoviral infection 2.5.1 

2.5.2 

MDCK II cells were grown in DMEM (Sigma) with 10% FBS and 1% penicillin/streptomycin. 

Murine cortical collecting duct (CCD) mpkCCDc14 cells were cultured as previously described 

[184]. Replication-defective recombinant adenovirus encoding YFP-p75 was originally provided 

by E. Rodriguez-Boulan. Tetracycline-transactivator-inducible adenoviruses encoding rat 

endolyn, truncated endolyn (ensol), and influenza hemagglutinin (HA) were generated using the 

Cre-Lox system or were described previously [185,186]. MDCK cells stably expressing the 

tetracycline transactivator were infected with recombinant adenoviruses as described in and used 

for experiments the following day [187]. 

Nucleofection of siRNA duplexes 

MDCK cells in suspension (4 × 106/cuvette) were nucleofected with 10 μg siRNA duplexes 

using program T23 according to Amaxa Nucleofector instructions in 100 μl Ingenio 

electroporation solution (Mirus). SiRNA duplexes were purchased from Dharmacon. Unless 

noted otherwise, cells were then incubated overnight in tissue culture dishes in RPMI medium 

supplemented with 10% FBS, and then trypsinized, counted, and plated (0.5 × 106 cells/well) on 

12-well Transwell filters (Costar) for 4 days. Efficient knockdown of canine galectin-3 was 

achieved using the siRNA duplex sequence 5 ′ -AUACCAAGCUGGAUAAUAAUU-3 ′ /3 ′ -
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GUUAUGGUUCGACCUAUUAUA-5′. Firefly luciferase siRNA was used as a control siRNA 

(5′-GAAUAUUGUUGCACGAUUUUU-3′/3′-UUCUUAUAACAACGUGCUAAA-5′). 

2.5.3 

2.5.4 

Lipid-based transfection of siRNA duplexes 

SiRNA duplexes (1–2 μg) suspended in 500 μl Opti-MEM (GIBCO) were incubated with 5 μl 

lipofectamine 2000 (Invitrogen) for 30 min at ambient temperature. The transfection mix (125 

μl) and 0.5 × 106 MDCK cells in 333 μl of MEM were added to the top chamber of a 12-well 

Transwell and triturated gently. Experiments were performed 4 days later. 

Cell surface biotinylation 

Domain-selective biotinylation was performed as previously described [126]. Briefly, MDCK II 

cells were grown on filters for 4 days after transfection using the indicated methods. Cells were 

starved with cysteine-free medium for 30 min, radiolabeled for 2 h with [35S]-Cys, then chased in 

HEPES-buffered MEM for 2 h before apical or basolateral biotinylation. Cells were solubilized 

and lysates were immunoprecipitated with monoclonal anti-endolyn antibody. After recovery of 

antibody-antigen complexes, one-fifth of each sample was reserved to calculate the total 

recovery, and the remainder was incubated with streptavidin to recover biotinylated proteins. 

Samples were resolved on SDS-PAGE and biotinylation efficiency was quantitated using a 

phosphorimager (Bio-Rad). 
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2.5.5 

2.5.6 

Measurement of polarized secretion  

Filter-grown MDCK cells stably expressing GFP-ensol were starved in cysteine-free medium for 

30 min, radiolabeled with [35S]Cys for 30 min, and incubated in HEPES-buffered MEM for 90 

min at 37°C. The apical and basolateral media were collected separately and the cells were 

solubilized in detergent-containing solution. Ensol was immunoprecipitated from all samples 

using monoclonal anti-endolyn antibody. The polarity of ensol secretion was quantitated after 

SDS-PAGE using a phosphorimager. To assess the secretion of gp80, polarized MDCK cells 

were incubated in Cys/Met-free medium for 30 min, radiolabeled with [35S]-Cys/Met for 2 h, and 

then incubated in HEPES-buffered MEM for 2 h. Apical and basolateral media were collected 

from duplicate samples and resolved on SDS-PAGE. 

Immunofluorescence microscopy 

Mouse antibody 502 against rat endolyn was provided by Dr. G. Ihrke and used at 1:500 dilution. 

Hybridomas producing anti-p75 and anti-influenza HA antibodies were previously provided by 

Drs. E. Rodriguez-Boulan and T. Braciale, respectively, and culture supernatants were used at 

1:1 dilution. Mouse anti-gp135 was a kind gift of Dr. E. Rodriguez-Boulan and was used at 

1:100 dilution. Filter-grown MDCK cells were washed with chilled HEPES-buffered MEM for 

15 min and blocked with HEPES-buffered MEM containing BSA for 15 min. To detect surface 

proteins, cells were incubated with primary antibodies for 1 h on ice, washed extensively, and 

then incubated with Alexa 488-conjugated goat anti-mouse (Invitrogen; 1:500) for 30 min on ice. 

Cells were then fixed with 4% paraformaldehyde for 15 min at 37°C and permeabilized with 

0.1% (vol/vol) Triton X-100 in PBS-containing glycine and NH4Cl at ambient temperature for 5 
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min. Permeabilized cells were incubated sequentially with rat anti-ZO-1 hybridoma tissue culture 

supernatant (gift of Dr. G. Apodaca; 1:1 dilution) for 30 min at 37°C and Alexa 647-conjugated 

secondary antibody (Invitrogen, 1:500) for 30 min at ambient temperature. E-cadherin, occludin, 

and Na+-K+-ATPase were detected in fixed and permeabilized cells using mouse anti-E-

cadherin antibody (BD Transduction Laboratories), mouse anti-occludin antibody (Invitrogen), 

and mouse anti-Na+/K+-ATPase (abCam), each at 1:100 dilution. To detect cilia, fixed and 

permeabilized cells were incubated with monoclonal anti-acetylated α-tubulin (Sigma; 1:400) 

and Alexa 488-conjugated secondary antibody (Invitrogen; 1:500). Confocal images were 

acquired using a Leica TCS SP microscope equipped with a ×100 HCX PL-APO objective or an 

Olympus BX61 with a ×100 1.35 NA objective and processed using MetaMorph and Adobe 

Photoshop software. Cilia length was quantitated from 50 images for each condition using 

ImageJ software (http://rsb.info.nih.gov/ij/download.html). 

2.5.7 Assessment of TJ gate function 

TER was determined by applying an EVOM2 epithelial voltohmmeter (WPI). Briefly, control or 

transfected MDCK cells were cultured on Transwell polycarbonate filters for 4 days. One 

Transwell chamber was left empty as a control to determine the intrinsic resistance of the filter, 

which was subtracted from all readings. 

To measure paracellular flux, 25 μCi/ml [3H]methoxy-inulin (MP Biomedicals) in 0.5 ml 

medium were added to the apical chamber of filter-grown MDCK cells (triplicate samples) and 

the cells were incubated at 37°C. Aliquots (20 μl) of basolateral media were removed at each 

time point and radioactivity was assessed using a scintillation counter (Wallac). 
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2.5.8 Integrity of TJ fence function 

MDCK cells plated for 4 days after transfection (or not) were mounted in a holder (Bioptechs) on 

the stage of an Olympus IX81 microscope. FM4–64FX lipophilic styryl dye (100 μM; 

Invitrogen) was added to the apical chamber of the cells while the basolateral compartment was 

continuously perfused with PBS supplemented with calcium and magnesium warmed to 37°C. 

Before image acquisition, the filter membrane was identified and set as the reference plane. 

During acquisition, images were collected every 5 s at 2.5, 5.0, and 7.5 μm above the reference 

plane with a ×40 objective (LUCPlanFLN, Olympus). The IX81 was equipped with a xenon 

lamp (Sutter Instruments) and a wide green filter set (Chroma); exposure time was 300 

ms/acquisition. All parameters were controlled using Slidebook 4.2 software (I3). To quantify 

the average intensity over time under different transfection conditions, a line was drawn across 

10 random cell boundaries per field, and the change in average intensity per minute was 

determined using MetaMorph. Values were normalized to the average intensity measured in 

untransfected cells at 0 min. 
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3.0  SIALYLATION OF N-LINKED GLYCANS MEDIATES APICAL DELIVERY OF 

ENDDOLYN IN RENAL EPITHELIAL CELLS 

3.1 ABSTRACT 

The sialomucin endolyn is implicated in adhesion, migration, and differentiation of various cell 

types. Along rat kidney tubules, endolyn is variously localized to the apical surface and 

endosomal/lysosomal compartments. Apical delivery of newly synthesized rat endolyn 

predominates over direct lysosomal delivery in polarized Madin-Darby canine kidney (MDCK) 

cells. Apical sorting depends on terminal processing of a subset of lumenal N-glycans. Here, we 

dissected the requirements of N-glycan processing for apical targeting and investigated the 

underlying mechanism. Modulation of glycan branching and subsequent polylactosamine 

elongation by knockdown of N-acetylglucosaminyltransferase III or V had no effect on apical 

delivery of endolyn. In contrast, combined but not individual knockdown of sialyltransferases 

ST3Gal-III, ST3Gal-IV, and ST6Gal-I, which together are responsible for addition of α2,3- and 

α2,6-linked sialic acids on N-glycans, dramatically decreased endolyn surface polarity. Endolyn 

synthesized in the presence of kifunensine, which blocks terminal N-glycan processing, reduced 

its interaction with several recombinant canine galectins, and knockdown of galectin-9 (but not 

galectins 3, 4 or 8) selectively disrupted endolyn polarity. Our data suggest that sialylation 

enables recognition of endolyn by galectin-9 to mediate efficient apical sorting. They raise the 
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intriguing possibility that changes in glycosyltransferase expression patterns and/or galectin-9 

distribution may acutely modulate endolyn trafficking in the kidney. 

3.2 INTRODUCTION 

Proper kidney function requires continuous regulation of protein trafficking and targeting in 

response to physiological stimuli. Ion transporters and other proteins necessary for renal function 

must be selectively targeted to the apical or basolateral cell surface of kidney cells and 

internalized or redistributed on demand to enable tightly controlled recovery of ions and 

metabolites from the renal filtrate. The polarity of epithelial cells is maintained by active sorting 

of newly synthesized and recycling proteins to the apical or basolateral membrane domains, 

which are kept physically separated by tight junctions. The signals and mechanisms that mediate 

this differential sorting of cargoes are both complex and diverse. Whereas basolateral sorting 

signals are typically linear peptide motifs, apical sorting signals are less well defined and can be 

present within the lumenal, transmembrane, or cytosolic regions of the protein [reviewed in 

[188,189]]. Protein association with glycolipid-enriched lipid rafts has been proposed to mediate 

apical sorting of some glycosylphosphatidylinositol-anchored proteins as well as the influenza 

transmembrane proteins hemagglutinin (HA) and neuraminidase. For other proteins, including 

megalin and several polytopic proteins, cytoplasmic peptide sequences direct apical targeting 

[188]. Finally, both N- and O-linked glycans within the lumenal domains of some apical cargo 

have been demonstrated to function as apical targeting signals [reviewed in [118,135]]. 
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Two models have been proposed to mediate glycan-dependent sorting of apically 

destined cargoes [135]. First, glycans may somehow promote cargo clustering into sorting 

platforms by providing structural support. Alternatively, some proteins may be segregated for 

apical delivery upon binding to a sorting receptor that recognizes a carbohydrate-dependent 

epitope on the cargo. The carbohydrate binding family of galectins (Gal) has been variously 

suggested to play a role in cargo sorting via both of these mechanisms. Gal-4 binding to sulfated 

galactosylceramides was shown to cause clustering of lipid rafts [139,140], whereas Gal-3 has 

been implicated in apical sorting of glycan-dependent cargoes that do not associate with lipid 

rafts [142,143,148]. MDCK cells express Gal-3 > Gal-9 > Gal-8 > Gal-1 >>> Gal-4 > Gal-7 > 

Gal-12 [138,190]. However, we found no effect of Gal-3 knockdown on the polarity of several 

glycan-dependent proteins, including endolyn, in MDCK cells (Chapter 2) [111,167,191]. 

Endolyn is a sialomucin that modulates cell adhesion, migration and signaling in 

hematopoietic progenitor cells, myoblasts, and cancerous epithelial cells. Endolyn cycles 

constitutively from the cell surface to lysosomes and is selectively sorted to the apical surface of 

polarized kidney cells [152,155,156]. While its function in either renal progenitor or in fully 

differentiated, polarized cells is currently unknown, we recently found that knockdown of 

endolyn in zebrafish embryos disrupted pronephric kidney morphology and function (Chapter 4). 

Moreover, these defects could be fully rescued by expression of rat endolyn but not by endolyn 

lacking apical membrane or lysosomal sorting determinants.  

In polarized MDCK cells, newly synthesized and recycling endolyn is targeted apically 

via an N-glycan dependent mechanism [126,152,156]. The lumenally exposed portion of endolyn 

contains two mucin domains linked by a disulfide-bonded compact domain. Rat endolyn 

contains eight N-glycosylation consensus sequences (Asn-X-Ser/Thr) and 40 predicted O-
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glycosylation sites [NetOglyc 3.1 program, [192]]. Previous data from our lab revealed that 

disruption of two of the N-glycosylation sites within the disulfide-bonded domain (at positions 

68 and 74) decreased the initial polarity of endolyn delivery to ~60-65% apical (compared with 

75-80% apical for wild type endolyn) [126]. Mutagenesis of all eight N-glycosylation consensus 

sequences in endolyn resulted in nonpolarized delivery of the protein; however apical sorting 

was fully rescued when N-glycosylation of Asn68 and Asn74 was restored [126]. Moreover, 

treatment of MDCK cells with deoxymannojirimycin or kifunensine, drugs that interfere with 

mannose trimming and subsequent terminal processing, fully disrupted apical delivery [126]. 

However, the specific glycan structure(s) required for endolyn apical delivery are unknown.  

A common penultimate modification of both N- and O-glycans known to play important 

roles in protein sorting and cellular function is the addition of poly-N-acetyllactosamine 

(polylactosamine or PL) chains to N- or O-glycans. These chains, consisting of repeating units of 

N-acetylglucosamine and galactose (GlcNAcß1,4Gal), are added primarily to the ß1,6 branch of 

multi-antennary N-glycans. Availability of this site for PL addition is regulated by N-

acetylglucosaminyltransferases (GlcNAcT) III and V (encoded by the GAT3 and GAT5 genes). 

These enzymes add or inhibit, respectively, the addition of the 1,6-linked N-acetylglucosamine 

to which PL is typically added. Consequently, knockdown of GlcNAcT-III leads to enhanced 

branching and PL addition, whereas knockdown of GlcNAcT-V disrupts PL extension. Elegant 

studies by Dennis and colleagues have demonstrated that PL addition regulated by these 

enzymes selectively modulates surface expression levels of a variety of cellular receptors 

[129,193]. Surface retention is apparently mediated by interaction of PL chains with Gal-3 [129]. 

Additionally, knockdown of GlcNAcT-III or mutagenesis of N-glycans on the Na,K-ATPase 

beta subunit was shown to disrupt the permeability barrier in MDCKs and led to alterations in 
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cell adhesion, suggesting that epithelial cells can regulate the tightness of their cell junctions by 

modulating N-glycan branching [194]. 

Instead of PL chain addition, endolyn apical delivery could be modulated by sialylation 

of its N-glycans. Sialic acids are acidic sugars with a nine-carbon backbone, which can be 

commonly found on cell surface glycolipids and glycoproteins [195]. The variety of sialic acids 

is created by diverse α-linkages between the 2-carbon and the underlying sugars. The most 

common linkages on N-glycans are to the 3- or 6-position of galactose residues, termed α2,3- 

and α2,6-linkages. Members of a family of at least five different α2,3 sialyltransferases (ST3Gal-

I-V) are responsible for synthesis of α2,3-linked sialic acids. The ST3Gal-III and ST3Gal-IV 

sialyltransferases are responsible for addition of α2,3-linked sialic acids to N-glycans, whereas 

only one sialyltransferase, ST6Gal-I, adds α2,6-linked sialic acids to N-glycans [Chapter 13 of 

[196]].  

In this study, we have dissected the requirements for endolyn N-glycosylation terminal 

processing that lead to apical sorting. While we confirmed that endolyn N-glycans are modified 

by PL extension, modulation of PL addition by knockdown of GlcNAcT-III or -V did not affect 

the polarity of endolyn delivery. In contrast, we found that addition of both α2,3 and α2,6 linked 

sialic acids to endolyn N-glycans was essential for efficient apical delivery of endolyn. 

Knockdown of Gal-9, which bound with reduced affinity to endolyn synthesized in the presence 

of kifunensine, disrupted endolyn polarity in MDCK cells, suggesting that Gal-9 may selectively 

recognize sialylated glycans on endolyn to mediate its apical sorting.  
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3.3 RESULTS 

Apical delivery of endolyn is disrupted in ricin-resistant cells 3.3.1 

Since endolyn’s apical delivery is N-glycan-dependent, differential terminal processing could 

explain its varied distribution along the renal tubule. To confirm that terminal processing of N-

glycans is important for apical delivery of endolyn, we expressed the protein in ricin-resistant 

MDCK (MDCK-RCA) cells. These cells are deficient in UDP-galactose transport in the Golgi 

complex and thus lack the ability to add galactose to either N- and O-linked glycans, as well as 

to glycolipids. Consequently, N- and O-glycans lack terminal processing such as 

polylactosamine extension or sialylation. Despite these deficiencies, MDCK-RCA cells readily 

form polarized monolayers [197]. Previous studies demonstrated that apical delivery of gp80 and 

lipid raft associated proteins were not disrupted in MDCK-RCA cells, whereas the heavily 

glycosylated protein gp114 was partially mis-sorted to the basolateral surface in these cells 

[198]. Filter grown MDCK-RCA or control cells were infected with replication-defective 

recombinant adenovirus expressing rat endolyn, radiolabeled with [35S]-Cys, and subjected to 

domain selective biotinylation to assess the polarity of endolyn delivery. After biotinylation, 

cells were solubilized and samples were immunoprecipitated using anti-endolyn antibody. After 

elution, one fifth of the sample was reserved to quantify total endolyn and the remainder was 

incubated with streptavidin-agarose to recover the biotinylated (surface) portion. Endolyn 

recovered from MDCK-RCA cells migrated more rapidly on SDS-PAGE compared with 

endolyn from control MDCK cells, consistent with altered glycan terminal processing (Fig.13A). 

As predicted, endolyn polarity was significantly disrupted in the MDCK-RCA cells (36% apical 

compared with 75% in control cells) (Fig.13B). As a control experiment, we compared the 
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polarity of influenza HA, a lipid raft associated protein that is apically targeted via a glycan-

independent mechanism, in MDCK and MDCK-RCA cells (Fig.13C and D). Apical delivery of 

newly synthesized HA was similar in both cell lines. 

 

Figure 13. Endolyn polarity is selectively disrupted in ricin-resistant MDCK cells 

(A) MDCK or MDCK-RCA cells were starved in cys-free medium for 30 min, radiolabeled with 

[35S]-Cys for 2 h, and chased for 1 h. The apical or basolateral surface of duplicate filters was 

biotinylated and the polarity of endolyn delivery was quantitated as described in Methods. A 

representative gel showing one-fifth of the total sample and streptavidin (SA)-bound (surface) 

endolyn recovered from apically (A) and basolaterally (B) biotinylated samples is shown. (B) 

Endolyn polarity quantitated from three independent experiments (means ± SE) each performed in 
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duplicate or triplicate is plotted. *p<0.001 by Student’s t-test. (C) Polarized delivery of influenza 

HA was assessed by metabolic labeling of either MDCK or MDCK-RCA cells expressing HA for 30 

min with [35S]-Met/Cys and chased for 90min, followed by domain selective trypsinization as 

described in Methods. The migration of full-length HA (HA0) and HA trypsin fragments (HA1 and 

HA2) are noted. (D) The polarity of HA was quantitated after SDS-PAGE as described in Methods. 

Data from two experiments are plotted.  

3.3.2 Poly-N-acetyllactosamine extensions are not required for apical sorting of 

endolyn 

As described above, extension of N-linked glycans with PL chains is known to modulate 

glycoprotein surface expression and protein-protein interactions in several systems, and is thus 

an attractive candidate to consider as a potential apical sorting signal on endolyn. To examine 

whether PL is important for endolyn sorting, we knocked down N-

acetylglucosaminyltransferases GlcNAcT-III and GlcNAcT-V using siRNAs, to enhance or 

reduce PL addition, respectively (Fig.14A). Knockdown was efficient as determined by RT-PCR 

for GlcNAcT-III and GlcNAcT-V transcripts (Fig.14B). To test whether knockdown of these 

enzymes affected endolyn modification with PL, MDCK cells stably expressing endolyn and 

treated with the indicated siRNAs were radiolabeled with [35S]-Cys for 2 h and endolyn was 

immunoprecipitated. After recovery of endolyn from the immunoprecipitate, equal aliquots were 

incubated with either immobilized tomato lectin (Lycopersicon esculentum agglutinin, LEA) or 

wheat germ agglutinin (WGA, triticum vulgare) or reserved to calculate total endolyn input. 

LEA recognizes polylactosamine, whereas WGA binds to the N-glycan chitobiose core structure 

Manß1,4GlcNAcß1,4GlcNAc as well as to sialic acid. As shown in Fig.14C-E, WGA-conjugated 
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beads captured approximately 70-80% of the total endolyn added, while only ~8% of endolyn 

recovered from control cells bound to LEA beads. Whereas the fraction of endolyn recovered by 

LEA- or WGA-conjugated beads was not increased in GlcNAcT-III knockdown cells, 

knockdown of GlcNAcT-V significantly reduced recovery of endolyn on LEA beads, and also 

increased the migration of endolyn on SDS gels (Fig.14C). Because both N- and O-linked 

glycans can be modified by PL extension, we also examined lectin binding of endolyn recovered 

from MDCK cells stably overexpressing the sialyltransferase ST6GalNAc-1 (ST6 cells), where 

PL extension of O-glycans is inhibited by preventing synthesis of all core O-glycans [111]. 

Approximately 8% of endolyn synthesized in ST6 cells bound to LEA beads, confirming that N-

glycans on endolyn receive PL extension (Fig.15). Together, these data demonstrate that 

GlcNAcT-V knockdown decreases PL extension of N-glycans on endolyn.  

To evaluate the effect of GlcNAcT knockdown on endolyn surface delivery, polarized 

endolyn-expressing cells were radiolabeled and subjected to domain-selective surface 

biotinylation. As shown in Fig.16, polarized delivery of newly synthesized endolyn was not 

affected by either GlcNAcT-III or GlcNAcT-V knockdown. Additionally, the total fraction of 

endolyn biotinylated under each condition was comparable (typically ~20%), suggesting that 

knockdown did not alter the efficiency of endolyn transit through the biosynthetic pathway. 

Similarly, no effects were observed on the steady state distribution of endolyn assessed by 

indirect immunofluorescence (not shown). Thus, PL extension on branched N-glycans is not 

required for endolyn apical delivery.  
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Figure 14. Modulation of N-glycan branching alters polylactosaminylation of endolyn 

(A) Schematic showing the effects of GlcNAcT-III and GlcNAcT-V expression on N-glycan 

branching and subsequent polylactosamine extension. GlcNAcT-III activity adds a bisecting 

GlcNAc to the ß mannose at the core position that prevents further branching and addition of PL. 

The competing enzyme GlcNAcT-V adds GlcNAc to the ß1,6 branch that allows polylactosamine 

extension during later processing steps. (B) Efficient knockdown of GlcNAc transferase enzymes 
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that modulate N-glycan branching was verified by RT-PCR of MDCK cells transfected with either 

control siRNA or siRNA targeting GlcNAcT-III or GlcNAcT-V. RT-PCR to detect ß-actin is shown 

as a control for input RNA levels. (C) Extracts from metabolically labeled filter-grown MDCK cells 

expressing endolyn and transfected with either control siRNA or siRNA directed against GlcNAcT-

III or GlcNAcT-V were immunoprecipitated with anti-endolyn antibodies. Bound fractions were 

eluted and equal aliquots were incubated overnight with immobilized WGA or LEA or reserved as 

total before analysis by SDS-PAGE. Quantitation of endolyn binding to WGA- (D) or LEA- (E) 

conjugated agarose The mean +/- SE of three independent experiments performed in duplicate is 

plotted. *p<0.05 by Student’s t-test. 

 

Figure 15 Endolyn N-glycans are modified by PL extension 
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 MDCK cells stably co-expressing CMP-Neu5Ac:GalNAc-Rα2,6-sialyltransferase-1 (ST6) to 

block synthesis of all O-glycan core structures beyond NeuAcß1,3GalNAc-Ser/Thr and rat endolyn 

were transfected with either control siRNA or siRNA targeting GlcNAcT-III or GlcNAcT-V. Cells 

were cultured on permeable supports for three days, radiolabeled with [35S]-Cys, and lysates 

immunoprecipitated with anti-endolyn antibodies. Binding to lectin-conjugated beads was 

performed as described in Methods. A representative gel is shown along with quantitation of 

endolyn binding to WGA- or LEA-conjugated agarose. The mean +/- SE of three independent 

experiments performed in duplicate is plotted. *p<0.05 by Student’s t-test. 

 

Figure 16. Biosynthetic delivery of endolyn is not affected by knockdown of GlcNAcT-III 

and GlcNAcT-V 
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Domain selective biotinylation was performed on MDCK cells stably expressing rat endolyn 

and transfected with either control siRNA or GlcNAcT-III, GlcNAcT-V siRNAs as described in 

Methods. A representative gel showing 1/5 total and surface endolyn recovered from apically (A) 

and basolaterally (B) biotinylated samples is shown (top). Endolyn polarity (mean ± SE) 

quantitated from 6 independent experiments each performed in duplicate or triplicate is plotted 

below. 

 

3.3.3 Sialylation of endolyn N-glycans is required for apical delivery 

We next examined whether addition of sialic acids to the termini of endolyn N-glycans is 

important for apical sorting. To test whether endolyn contains α2,3- and/or α2,6-linked sialic 

acids, we incubated radiolabeled endolyn immunoprecipitated from polarized MDCK cells with 

the sialic-acid-binding lectins Maackia amurensis agglutinin (MAA) and Sambucus nigra 

agglutinin (SNA), which specifically bind to α2,3 and α2,6 linkages, respectively. Whereas 73% 

of endolyn bound to MAA beads, only 16% was recovered on SNA beads (Fig. 17B and C, Ctrl), 

suggesting that the sialic acids on endolyn are predominantly in the α2,3 linkage. Additional 

experiments in which endolyn biotinylated at the apical or basolateral surface was recovered and 

incubated with lectin beads revealed that the apical and basolateral pools of endolyn had 

identical SNA and MAA binding profiles (data not shown).  

Next, we knocked down ST3Gal-III, ST3Gal-IV, or ST6Gal-I (or various combinations) 

and examined the effect on sialylation of endolyn. Efficient knockdown of each enzyme was 

confirmed by RT-PCR analysis of transcript levels (Fig.17A) and the effects on glycan structures 

evaluated by lectin pull-down assays as described above. Endolyn recovery on MAA beads 
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tended to be lower when the enzymes responsible for α2,3 sialic acid addition (ST3Gal-III and 

IV) were knocked down individually, although these values were not significantly different from 

control. However, knockdown of both enzymes together (with or without concomitant ST6Gal-I 

knockdown to eliminate O-glycan synthesis) significantly reduced binding (from 73% in control 

to 35% upon double knockdown). As expected, knockdown of ST6Gal-I alone had no effect on 

endolyn binding to MAA (Fig.17B and C). Conversely, only knockdown of ST6Gal-I (alone or 

in combination with knockdown of ST3Gal-III and ST3Gal-IV) significantly reduced binding of 

endolyn to SNA lectin. This demonstrates that N-glycans on endolyn are sialylated in both α2,3- 

and α2,6-linkage. 
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Figure 17. Endolyn contains both α2,3 and α2,6-linked sialic acids 

MDCK cells were transfected with control siRNA or siRNA targeting ST3Gal-III, ST3Gal-

IV or ST6Gal-I in the indicated combinations. (A) RT-PCR of siRNA-treated MDCK cells 

demonstrates efficient knockdown of canine sialyltransferases. (B) Immunoprecipitates from 

endolyn expressing, metabolically labeled MDCK cells transfected with the indicated combinations 

of siRNAs were incubated overnight with beads conjugated to Sambucus nigra agglutinin (SNA) or 
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Maackia amurensis agglutinin (MAA), then washed and bound fractions analyzed by SDS-PAGE 

(C) Three independent experiments were quantified and plotted. *p<0.05. 

 

To examine the role of sialylation in endolyn apical sorting, we performed domain 

selective cell surface biotinylation of endolyn in cells lacking the individual sialyltransferases 

described above or combinations of all three (Fig. 18). Knockdown of ST3Gal-III or ST3Gal-IV 

individually or together had no effect on the polarity of endolyn delivery. Similarly, depletion of 

ST6Gal-I was without effect on endolyn polarity. However, polarized endolyn delivery was 

significantly disrupted in cells depleted of all three sialyltransferases compared to cells 

transfected with control siRNA (48% apical in the triple knockdown cells compared with 75% in 

control cells).  
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Figure 18. Both α2,3 and α2,6 linked sialic acids are required for efficient apical delivery of 

endolyn 

The polarity of endolyn delivery was assessed in MDCK cells transfected with either control siRNA 

or siRNA targeting ST3Gal-lII, ST3Gal-IV and ST6Gal-I as indicated Representative gels showing 

total and surface (SA) endolyn recovered from apically (A) and basolaterally (B) biotinylated 

samples are shown on the top and endolyn polarity (mean ± SE) in 3 independent experiments each 

performed in duplicate or triplicate is plotted below. *p=0.033 by Student’s t-test. 
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To examine whether sialyltransferase knockdown caused a generic disruption in apical 

protein distribution, we examined the surface distribution of endolyn and two additional apical 

markers (influenza HA and the neurotrophin receptor p75) in control and knockdown cells using 

indirect immunofluorescence (Fig. 19). Apical delivery of both HA and p75 is independent of N-

linked glycosylation [29, 84]. All three proteins were tightly localized to the apical surface in 

polarized MDCK cells treated with control siRNA. As predicted, endolyn distribution was 

shifted in cells depleted of all three sialyltransferases, with considerable basolateral staining now 

evident. Importantly, tight junctions were apparently normal in these cells as demonstrated by 

ZO-1 staining. In contrast, the apical distributions of HA and p75 were unaffected by 

sialyltransferase depletion. Overall, these results suggested that sialylation of N-glycans is 

required for the apical biosynthetic delivery and steady state distribution of endolyn. 
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Figure 19. The steady state surface distribution of endolyn is selectively disrupted in 

sialyltransferase-depleted cells 

MDCK cells expressing endolyn, HA, or the neurotrophin receptor p75 were transfected 

with control siRNA or ST3Gal-III, ST3Gal-IV and ST6Gal-I siRNA combinations as indicated and 

 74 



processed for surface labeling of the indicated protein (green) as described in Methods. Cells were 

then fixed and permeabilized and processed to detect the tight junction marker ZO-1 (red). Cells 

were imaged by confocal microscopy. Single xy sections of overlay images are shown at apical and 

lateral levels. Xz sections of stacks are shown. Bar = 10 μm. 

3.3.4 Galectin-9 plays a role in apical sorting of endolyn 

Members of the galectin family have been implicated in cell differentiation and apical protein 

sorting via several distinct mechanisms [139,148,199,200]. MDCKs express several galectins, 

including Gal-1, -3, -4, -7, -8, -9, and -12 [138,190]. To see whether galectins might play a role 

in endolyn sorting, we tested the interaction of radiolabeled endolyn synthesized in the presence 

or absence of kifunensine (KIF inhibits terminal N-glycan processing) with recombinant GST-

tagged canine galectins -1, -3, -4, -7, -8, -9N, and -9C bound to glutathione-conjugated beads as 

described in Methods. The N-terminal (9N) and C-terminal (9C) carbohydrate recognition 

domains of Gal-9 were expressed separately due to aggregation of the recombinant full-length 

canine Gal-9 in bacteria [138]. Interestingly, treatment with KIF dramatically reduced interaction 

of endolyn with galectins -3, -4, -7, and -9N (Fig. 20).  
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Figure 20. Endolyn synthesized in the presence or absence of kifunensine binds 

differentially to recombinant canine galectins 

Polarized MDCK cells infected with adenovirus encoding rat endolyn were starved for 30 

min in cysteine free medium in the presence or absence of 20 μM kifunensine and then radiolabeled 

with [35S]Cys for 30 min and chased for 90 min in the continued presence of drug. Endolyn was 

immunoprecipitated from cell extracts and eluted in SDS. The samples were divided into equal 

aliquots and incubated overnight with recombinant GST-conjugated Gal-1, 3, 4, 7, 8, 9N and 9C 

prebound to glutathione-beads. The following day beads were washed with buffer, then incubated 

with sucrose (non-specific binding), and finally with lactose (to elute specifically-bound 

components). Eluted [35S]-endolyn was analyzed with a BioRad Imager after SDS-PAGE. The 

beads were incubated with SDS sample buffer to elute GST-Gal for SDS-PAGE and subsequent 
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staining with Coomassie Blue to quantify bound galectins. Binding of [35S]-endolyn was normalized 

to the amount of GST-galectin eluted from the beads as previously described [138]. Figure provided 

by Dr. R Hughey. 

We previously showed that Gal-3 is not involved in endolyn delivery (Chapter 2), and 

Gal-7 has been localized on the primary cilium of polarized kidney epithelial cells where it 

functions in ciliogenesis and wound healing [201]. We therefore knocked down Gal-4 and -9 and 

examined their effects on endolyn polarity. Additionally, because Gal-8 selectively binds to 

sialic acid, we also tested the effect of Gal-8 knockdown on endolyn distribution. Knockdown of 

Gal-4 or Gal-8 was efficient based on RT-PCR analysis, but had no effect on endolyn polarity 

monitored by indirect immunofluorescence or by domain selective biotinylation (Fig.21).  

 

Figure 21. Knockdown of galectins-4 and -8 do not affect endolyn polarity 
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MDCK cells were transfected with control siRNA or siRNAs targeting galectin-4 and 

galectin-8. (A) RT-PCR of transfected cells indicates efficient knockdown of canine galectin-4 and 

galectin-8 after four days. (B) Filter-grown MDCK cells stably expressing endolyn were 

radiolabeled and endolyn polarity was assessed by domain selective biotinylation. Representative 

gels are shown. (C) Four independent experiments with duplicate and triplicate samples are plotted 

(mean ± SE). (D) The steady state surface distribution of endolyn was examined by confocal 

microscopy. Representative xz sections of stacks of cells treated with the indicated siRNA duplexes 

are shown. The arrowheads indicate the position of the filter.    

 

Knockdown of Gal-9 was similarly efficient (Fig.22A) but resulted in statistically significant, 

though modest, redirection of newly synthesized endolyn to the basolateral surface Fig. 22B and 

C. In contrast, biosynthetic delivery of influenza HA as measured by domain selective 

trypsinization was unaffected by Gal-9 knockdown (Fig.22D and E). Indirect 

immunofluorescence confirmed the partial redistribution of endolyn in Gal-9 depleted cells, 

whereas the steady state localization of HA and p75 were unaffected (Fig.23). Because 

knockdown of Gal-9 in MDCK cells for five days by induction of lentiviral-expressed shRNA 

was reported to dramatically affect global cell polarity, we also monitored transepithelial 

resistance, the distribution of the tight junction marker ZO-1, and the polarity of the 

endogenously expressed apical protein gp135 (Fig.24). None of these were altered in cells 

treated with siRNA targeting Gal-9 compared with control siRNA, indicating that the effects of 

Gal-9 depletion on endolyn delivery and distribution are not due to global perturbations in cell 

polarity. Thus, Gal-9 has a mechanistic role in the N-glycan dependent apical sorting of endolyn. 
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Figure 22. Knockdown of galectin-9 selectively disrupts endolyn polarity 

 MDCK cells were transfected with control or Gal-9 siRNA duplexes. (A) RT-PCR of 

siRNA-treated MDCK cells demonstrates efficient knockdown of canine Gal-9. The polarity of 

endolyn in MDCK cells transfected with either control siRNA or galectin-9 siRNA was assessed 

using domain selective biotinylation as described in Methods. Representative gels are shown in (B) 

and five independent experiments with duplicate or triplicate samples are plotted (mean ± SE; 

*p=0.037 by Student’s t-test). (C). Polarized delivery of influenza HA was assessed as described in 

Methods. The migration of full length (HA0), and HA trypsin fragments (HA1 and HA2) is shown 

in (D), and HA polarity is plotted in (E). 
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Figure 23. Knockdown of galectin-9 selectively alters the steady state surface distribution of 

endolyn 
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MDCK cells transfected with control or Gal-9 siRNA duplexes were grown on filter 

supports for three days and then infected with replication defective recombinant adenoviruses 

encoding endolyn, HA, or p75. Cells were processed to detect surface proteins as described in 

Methods and imaged using confocal microscopy. Representative xy sections through apical and 

middle (“lateral”) planes and xz sections are shown. Bar = 10 μm. 

 

Figure 24. The polarity of MDCK cells is retained in galectin-9-depleted cells 

Filter-grown MDCK cells transfected with control or Gal-9 siRNA were fixed and processed 

for indirect immunofluorescence to detect the tight junction marker ZO-1 and the endogenous 

apical protein gp135 (antibody used at 1:500 dilution; kind gift of Enrique Rodriguez-Boulan). 

Representative xy sections at the level of the tight junctions showing ZO-1 staining and xz sections 

showing gp135 distribution are depicted. Bar = 10 μm. 
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3.4 DISCUSSION 

In this study we have examined the determinants that mediate apical sorting of endolyn in 

polarized renal epithelial cells. Endolyn was delivered largely to the basolateral surface in ricin- 

resistant cells, which are unable to add terminal glycan modifications, consistent with our 

previous demonstration that terminal processing of N-glycans rather than the core N-glycan 

structures on endolyn are required for apical sorting [126]. While we found that endolyn N-

glycans exhibit PL extension, this modification is apparently not required for polarized delivery, 

as knockdown of the enzymes that modulate N-glycan branching and regulate PL addition had 

no effect on endolyn sorting. This finding is consistent with our previously reported observation 

that polarity of endolyn and other glycan-dependent apical proteins is unaffected by knockdown 

of Gal-3, which efficiently binds to PL chains [111,167,202]. Rather, the presence of both α2,3 

and α2,6-linked sialic acids on endolyn N-glycans was required for efficient apical sorting of the 

protein. Interestingly, inhibition of endolyn terminal processing disrupted its binding to several 

canine galectins in vitro, and knockdown of Gal-9 (but not other galectins examined) selectively 

disrupted endolyn polarity. We conclude that Gal-9 mediated interaction with sialylated N-

glycans on endolyn is important for apical targeting. 

3.4.1 Sialic acid as an apical sorting determinant 

Efficient apical sorting requires addition of either α2,3 and α2,6 linked sialic acids to endolyn N-

glycans, as we observed defects in the polarity of delivery of newly synthesized endolyn, as well 

as the steady state distribution, only when ST6Gal-I was knocked down in conjunction with 

ST3Gal-III and –IV. This suggests that a threshold level of sialic acid per se rather than the 
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presence of specific linkages is sufficient to ensure sorting. Our lectin binding studies measure 

binding to both N- and O-linked sialic acids, so changes in the levels of sialic acids on N-linked 

glycans cannot be directly assessed. However, knockdown of the sialyltransferases selective for 

N-linked glycans clearly affected binding to sialic acid-specific lectins and combined prevented 

polarized sorting of endolyn.  

Sialylation of N- and O-glycans has previously been implicated in the sorting of other 

apical cargoes, including a secreted version of dipeptidylpeptidase IV [117]. Additionally, Real 

and colleagues have suggested a role for sialylation in apical delivery of glycoproteins in HT-29 

and Caco-2 cells [203,204]. This conclusion was based on the observation that long-term 

treatment of cells with GalNAc-β-O-benzyl inhibits sialylation and causes intracellular retention 

of apically- but not basolaterally-destined proteins [113,203].  

How might sialic acids mediate apical sorting? It has been proposed that clustering of 

newly synthesized glycoproteins is a universal mechanism to sort apically designated cargos 

[188]. It is possible that sialic acids facilitate the clustering or crosslinking of proteins into apical 

sorting platforms, either by enabling interactions between the cargo molecules themselves or 

through binding to sorting receptors such as galectins. Sialylated N-glycans have previously been 

shown to be important for oligomerization of the serotonin transporter and its interaction with 

myosin IIA in CHO cells [205].  

3.4.2 Mechanism of galectin-mediated sorting 

Galectins may facilitate glycoprotein clustering and segregation as (i) they recognize modified 

forms of a common structure present on both N- and O-glycans (PL); (ii) form dimers or higher 
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order oligomers; and (iii) are known to segregate glycoproteins into distinct membrane domains 

[206].  

How and where might binding to Gal-9 mediate endolyn sorting? Galectins are 

synthesized in the cytosol and exported from the cell via an unconventional and poorly 

understood secretion pathway. They can then bind to surface glycoconjugates and be internalized 

into endocytic compartments. Indeed, Gal-9 was found to bind selectively to the apically 

enriched Forssman glycolipid, and internalization studies following the trafficking of apically 

added Gal-9 revealed efficient retrograde transport to the TGN as well as to Rab11 positive 

compartments [199]. As endolyn traffics through the ARE en route to the apical surface, it is 

conceivable that endolyn could bind to Gal-9 at either of these locations [168]. We previously 

showed that apical recycling of endolyn is disrupted when the apical surface pool of endolyn is 

desialylated [156]. Thus, Gal-9 might play a role in endolyn sorting in both the biosynthetic and 

the postendocytic pathway. 

In a previously published study, MDCK cells depleted of Gal-9 for 5 days using an 

inducible shRNA showed dramatic changes in cell morphology, polarity, and transepithelial 

resistance (TER) [199]. In contrast, under our Gal-9 depletion conditions, we did not observe any 

changes to cell structure, polarity, or TER other than reduced endolyn polarity. This may reflect 

a lower efficiency of Gal-9 depletion than that achieved by Mishra et al. [199]. While our RT-

PCR analysis confirmed essentially complete depletion of Gal-9 mRNA, we were unable to 

measure Gal-9 protein levels as available antibodies did not recognize canine Gal-9. 

Gal-9 contains two carbohydrate recognition domains (CRDs), and intriguingly, only the 

N-terminal domain bound to endolyn in our in vitro studies. We speculate that differential glycan 

binding specificities of these domains may allow Gal-9 to be internalized utilizing the C-terminal 
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CRD (possibly by binding to the Forssman glycolipid) and interacting with cargo to be exported 

via the N-terminal CRD. Alternatively, the binding of Gal-9 to two distinct cargo proteins that 

have the intrinsic capacity to form dimers or oligomers could enable their crosslinking into a 

network able to recruit sorting machinery with high avidity. In support of this idea, there is 

evidence that endolyn can form dimers [207].  

Our findings that endolyn showed clear preference for binding Gal-9N, and that blocking 

terminal N-glycan processing with KIF specifically reduced binding to Gal-9N, led us to 

discover a role for Gal-9 in apical targeting of endolyn through knockdown experiments. 

However, our previous characterization of canine Gal-9N on a synthetic array of glycans did not 

reveal a preference for sialylated N-glycans. Instead, Gal-9N preferentially bound N-glycans 

with terminal blood group A and 3-O-sulfated disaccharides [138].  As the array was created 

with synthetic glycans attached through various linkers to glass slides, it is possible that Gal-9N 

has additional preferences in a natural setting, such as that created by the two adjacent N-glycans 

on the disulfide-loop of endolyn that we previously identified as critical for endolyn apical 

targeting. Alternatively, canine Gal-9N could have preference for a dog-specific sialic acid-

dependent N-linked structure expressed in MDCK cells. Future studies using a natural array 

created from MDCK cells should reveal any unique N-glycan structures [208]. 
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3.5 MATERIAL AND METHOD 

Cell line 3.5.1 

3.5.2 

3.5.3 

MDCK II cells stably expressing rat endolyn was previously generated [126]. To maintain the 

expression, cells were cultured in modified Eagle’s medium (Sigma) with 10% FBS and 400 

µg/ml G418. Wild type MDCK II cells and ricin-resistant cells (MDCK-RCA were cultured in 

modified Eagle’s medium supplemented with 10% FBS). 

Antibodies 

Mouse monoclonal antibodies 501 and 502, and rabbit polyclonal antibody 6431 (for 

immunofluorescence, 1:500 dilution) against rat endolyn were described in [126]. Antibodies 

501 and 502 were used interchangeably at the same concentrations and gave similar results (for 

IP, 1:20,000; for IF, 1:500 dilution). Hybridomas expressing anti-p75 and anti-HA were gifts 

from Dr. Enrique Rodriguez-Boulan and Dr. Thomas Braciale, respectively, and used at 1:1 

dilution for IF). Hybridoma supernatant expressing rat monoclonal anti-ZO-1 was provided by 

Dr. Gerard Apodaca and used neat. 

Replication-defective recombinant adenoviruses and infection 

Generation of replication-defective recombinant adenoviruses expressing HA, p75 and 

endolyn using the Cre-Lox system has been previously described [185,186].  To express HA, 

p75 and endolyn, MDCK cells stably expressing the tetracycline transactivator were directly 
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used. Adenovirus expressing this transactivator was used for MDCK-RCA adenoviral infection. 

Cells were first incubated in calcium-free PBS with 1mM MgCl2 for 5 min at room temperature. 

Then PBS Magnesium containing adenovirus sufficient for a range of infection of 50 were added 

to the transwells. Cells were incubated for 1 hr at 37°C. Cells were washed with PBS 

Magnesium and incubated with MEM media over night at 37°C. 

3.5.4 SiRNA knockdown 

All siRNA constructs were ordered through Dharmacon. SiRNA duplex sequences for 

GlcNAcT-III and -V, ST3Gal-III and -IV, ST6Gal-I are listed in Table 1. For GlcNAcT-III and -

V knockdown, siRNA duplexes (4-5 µg) suspended in 500 µl Opti-MEM (GIBCO) were 

incubated with 15 µl lipofectamine 2000 for 30 min at ambient temperature. The transfection 

mix (125 µl) and 0.5*106 MDCK cells in 333 µl of MEM were added to the top chamber of a 12-

well transwell and triturated gently. Experiments were performed 4 days later. For ST3Gal-III, -

IV and ST6Gal-I knockdown, 3-4 µg siRNA duplexes and 10 µl lipofectamine 2000 were used. 

For double and triple knockdown, 1-2 µg of each siRNA were mixed together and 20 

µllipofectamine 2000 were used. For knockdown of galectins, 3-4 µg siRNA duplex and 15 µl 

lipofectamine 2000 was used. 
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Table 1. Sequences of siRNA duplexes 

Name siRNA duplexes 

GlcNAcT-III 
5-CGAAGUACCUGCUCAACAAUU-3 

3-UUGCUUCAUGGACGAGUUGUU-5 

GlcNAcT-V 
5-UGAAGAAGGUUGUAGGAAAUU-3 

3-UUACUUCUUCCAACAUCCUUU-3 

ST3Gal-III 
5-UUGCUUGACCUUUGAUCCUU-3 

3-UUAACAGAACUGGAAACUAGG-5 

ST3Gal-IV 
5-AGGGUGAGGCAGAGAGAAAUU-3 

3-UUUCCCACUCCGUCUCUCUUU-5 

ST6Gal-I 
5-UGAGAGGGUGGAGAAACAUU-3 

3-UUACUCUCCCGACCUCUUUGU-5 

Galectin-4 
5-GGGACAAGGUGGUGUUCAAUU-3 

3-UUCCCUGUUCCACCACAAGUU-5 

Galectin-8 
5-GGAAAUUGAUGGAGAUAUUUG-3 

3-GUCCUUUAACUACCUCUAUAA-5 

Galectin-9 
5-GUGGAUAUGUGGUCUGUAAUG-3 

3-GUCACCUAUACACCAGACAUU-5 
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3.5.5 

3.5.6 

RT-PCR 

RNA from MDCK cells treated with the indicated siRNAs was extracted using the RNAqueous 

phenol-free RNA isolation kit (Ambion) according to the manufacturer’s recommendations. 

Purified RNA (500 ng-1 μg) was incubated with Moloney Murine Leukemia Virus reverse 

transcriptase (Ambion) at 42°C for 1 h. PCR reactions were set up after inactivation of reverse 

transcriptase using the GeneAmp High Fidelity PCR system (Applied Biosystems). Primers were 

designed using PrimerQuest on IDT website and ordered from them. For β-actin, approximately 

200bp amplified sequence is expected whereas for the remainder indicated genes, ~600bp 

amplified sequences is expected. The denaturing temperature was 95°C, the annealing 

temperature was 55°C and the extension temp was 68°C, with an amplification cycle of 25. 

Domain selective biotinylation 

Domain-selective biotinylation was performed as previously described [167]. Briefly, MDCK II 

cells were grown on filters for 4 days after transfection with the indicated siRNA duplexes. Cells 

were starved with cysteine-free medium for 30 min, radiolabeled for 2 h with [35S]-cysteine (MP 

Biomedical), then chased in HEPES-buffered MEM for 1 h before apical or basolateral 

biotinylation. Cells were solubilized and lysates were immunoprecipitated with monoclonal anti-

endolyn antibody 501 or 502. After recovery of antibody-antigen complexes, one-fifth of each 

sample was reserved to calculate the total recovery, and the remainder was incubated with 

streptavidin to recover biotinylated proteins. Samples were resolved on SDS-PAGE and 

biotinylation efficiency was quantitated using a phosphorimager (Bio-Rad). Statistical 

significance was analyzed using Student’s t test. 
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3.5.7 

3.5.8 

Surface delivery of HA 

Wildtype MDCK or MDCK-RCA cells were plated on transwells for 3 days before infected with 

adenoviruses encoding HA and tetracycline transactivator. The cells were starved for 30min and 

radiolabeled for 30min with [35S]-Cys/Met, followed by chase for 2 h. The cells were rapidly 

chilled on ice and rinsed with ice-cold PBS, and then incubated with 100 μg/ml TPCK-trypsin 

(Sigma) for 30 min, followed by incubation with PBS containing 200 μg/ml soybean trypsin 

inhibitor (Sigma). Full length HA (HA0) as well as both of its cleavage products (HA1 and HA2) 

were immunoprecipitated using monoclonal antibody Fc125. Samples were resolved on SDS-

PAGE and the percentage of cleaved HA was quantitated. 

Immunofluorescence microscopy 

Filter-grown MDCK cells were washed with chilled HEPES-buffered MEM for 15 min and 

blocked with HEPES-buffered MEM containing BSA and 10%FBS for 15 min. To detect surface 

proteins, cells were incubated with primary antibodies for 1 h on ice, washed extensively, and 

then incubated with Alexa 488-conjugated goat secondary (Invitrogen; 1:500) for 30 min on ice. 

After extensive wash, cells were fixed with 4% paraformaldehyde for 15 min at room 

temperature and permeabilized with 0.1% (vol/vol) Triton X-100 in PBS-containing glycine and 

NH4Cl at ambient temperature for 5 min. Permeabilized cells were incubated sequentially with 

rat anti-ZO-1 hybridoma supernatant for 30 min at 37°C and Alexa 647-conjugated secondary 

antibody (Invitrogen, 1:500) for 30 min at ambient temperature. Confocal images were acquired 

using a Leica TCS SP microscope equipped with a100X HCX PL-APO objective and processed 

using MetaMorph and Adobe Photoshop software. 
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3.5.9 Lectin binding assays 

The protocol is adapted from [111]. Polarized MDCK cells stably expressing endolyn and 

transfected with the indicated siRNA duplexes were metabolically labeled with [35S]-Cys (MP 

Biomedical) for 2 h and chased for 1 h. After immunoprecipitation, samples were eluted into 2% 

SDS, diluted with RIPA buffer and incubated with 50μl of the indicated lectin-agarose beads 

(EY Laboratories). For LEA and WGA lectin binding, eluted samples were divided into three 

aliquots, one of which was reserved as “total”. For SNA and MAA lectin binding, one-fifth of 

the samples was reserved to calculate the total IP and the remainder was divided equally for 

incubation with immobilized lectins as indicated. Samples were incubated with lectin beads 

overnight at 4oC with end-over-end mixing, washed one time with RIPA and analyzed by SDS-

PAGE. 
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4.0  APICAL TARGETING AND ENDOCYTOSIS OF THE SIALOMUCIN ENDOLYN ARE 

ESSENTIAL FOR ESTABLISHMENT OF ZEBRAFISH PRONEPHRIC KIDNEY FUNCTION 

4.1 ABSTRACT 

Kidney function requires the appropriate distribution of membrane proteins between the apical 

and basolateral surfaces along the kidney tubule. Further, the absolute amount of a protein at the 

cell surface vs. intracellular compartments must be attuned to specific physiological needs. 

Endolyn (CD164) is a transmembrane protein that is expressed at the brush border and in apical 

endosomes of the proximal convoluted tubule and in lysosomes of more distal segments. 

Endolyn has been shown to regulate CXCR4 signaling in hematopoietic precursor cells and 

myoblasts; however, little is known about endolyn function in adult or developing kidney. Here 

we identify endolyn as a novel gene important for zebrafish pronephric kidney function. 

Zebrafish endolyn lacks the amino terminal mucin-like domain of the mammalian protein, but is 

otherwise highly conserved. Using in situ hybridization we show that endolyn is expressed early 

during development in zebrafish brain and pronephric kidney. Embryos injected with a 

translation inhibiting morpholino targeted against endolyn developed pericardial edema, 

hydrocephaly, and body curvature. The pronephric kidney appeared normal morphologically, but 

clearance of fluorescent dextran injected into the common cardinal vein was delayed, consistent 

with a defect in the regulation of water balance in morphant embryos. Heterologous expression 
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of rat endolyn rescued the morphant phenotypes. Interestingly, rescue experiments using mutant 

rat endolyn constructs revealed that both apical sorting and endocytic/lysosomal targeting motifs 

are required for normal pronephric kidney function. This suggests that both polarized targeting 

and postendocytic trafficking of endolyn are essential for the protein’s proper function in 

mammalian kidney. 

4.2 INTRODUCTION 

Zebrafish as a model system to study kidney development 4.2.1 

Zebrafish (Danio rerio) is a small tropical freshwater fish native to the streams of the 

southeastern Himalayan region [209]. It serves as a vertebrate model organism that has been 

extensively used in biomedical research [210]. Some properties of zebrafish, including rapid 

development of major organs, a sequenced genome and optical clarity of embryos, provide a 

powerful model system for developmental research [211]. In-situ observation, imaging at cellular 

resolution and gene expression manipulation all can be adapted in the zebrafish system [212]. 

For example, a common technique used to knock down endogenous gene expression, morpholino 

phosphorodiamidate oligonucleotides (morpholinos), can be employed in zebrafish to study gene 

function during embryonic development [209]. Morpholinos are typically oligomers of 25 

morpholine bases each of which contains a phosphorodiamidate backbone, a morpholine ring 

and a nucleobase complementary to RNA of interest [213]. Morpholinos physically block the 

interaction between messenger RNA and ribosomal initiation complex or splice-directing small 

nuclear ribonucleoproteins complexes to interfere with translation or correct splicing [214]. 
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Numerous studies have revealed novel genes and pathways from zebrafish using morpholino as 

the primary gene-specific knockdown approach [212,215,216].  

The zebrafish pronephros provides an ideal model to study kidney development. The 

zebrafish pronephros is visible and well developed by 48 hpf. Structurally, the zebrafish 

pronephros can be observed as a simplified stretched mammalian nephron [217]. Functionally, 

the zebrafish pronephros performs similarly to the mammalian metanephros [11]. From the 

nephrogenesis standpoint, common signalling pathways like Pax2 and Lhx1 are required for both 

zebrafish pronephros and mesanephros [218]. Ultra-structurally, the zebrafish pronephros 

contains features shared with mammalian metonephros. For instance, the zebrafish glomerulus 

contains podocytes with extensive foot processes and fenestrated endothelial cells that organize 

in a similar fashion as metonephros [11]. Furthermore, the zebrafish pronephros comprises 

tubular epithelium divided by cell junctions into a well-defined apical brush border and a 

basolateral membrane [11]. The tubules are also segmented into neck, proximal tubule 

(convoluted and straight), distal (early and late), and the pronephric duct (Fig.25). The 

segmentation is defined by segment-specific ion-transport proteins, channels, and genes 

[217,219].  
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Figure 25. A schematic model of zebrafish 

Glomerulus (Dark green), neck (light green), proximal convoluted tubule (orange), proimal straight 

tubule (yellow), distal early (light blue), corpuscule of Stannius (red), distal late (dark blue), 

pronephric duct (black), cloaca (grey). Adapted from [211].  

Additionally, zebrafish can be exploited for modeling a variety of human diseases 

including kidney diseases [220]. Genetic analysis and treatment with nephrotoxic chemicals can 

mimic human diseases of kidney dysfunction such as Joubert Syndrome, polycystic kidney 

disease, proximal renal tubular acidosis, ciliopathies, proteinuria, and acute renal failure [211]. 

Evaluation of kidney function can be completed in the laboratory by measuring glomerular 

filtration rate using fluorescent dyes with various molecular weight [221,222]. To summarize, 

the zebrafish pronephros is an ideal model to study development, gene function, drug screening, 

regeneration, and disease modeling because it provides a relevant model of both mammalian 

nephrogenesis and renal function in a short time period.  
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4.2.2 Study the function of sialomucin endolyn during kidney development 

Morphogenesis and homeostasis of epithelia require the coordination of cell differentiation, 

proliferation, survival, migration, adhesion, and polarization. Differentiated epithelial cells 

further respond to changes in their environment by adjusting the compositions of their two 

different plasma membrane domains to fulfill vectorial transport functions as needed. This is 

achieved through the appropriate integration of activated signaling pathways upon cues cells 

receive from their environment. The sialomucin endolyn (CD164) is a highly glycosylated 

membrane protein that has recently been described as a novel regulator of cell signaling in non-

renal tissues. In hematopoietic precursor cells, myoblasts, and various epithelial-derived cancer 

cells, endolyn associates with the chemokine receptor CXCR4 and regulates downstream 

signaling and cell behavior, such as collective cell migration [159,160,161,162,223]. Endolyn is 

highly expressed in mammalian kidney both in embryos and adults, and it is frequently 

upregulated in renal cell cancer [224]. We have previously shown that the protein is targeted to 

the apical cell surface in renal epithelial cells and cycles between plasma membrane and 

lysosomes [152,155,156]; however, little is known about its function in this cell type. CXCR4 is 

expressed at low or undetectable levels in fully differentiated renal cells suggesting that endolyn 

may also regulate downstream signaling of other signaling receptors, or operate via completely 

different mechanisms [225,226].  

In this study, we made use of the zebrafish model to begin to shed light on the importance 

of endolyn function in renal cells. The zebrafish Danio rerio has emerged as an attractive model 

system in which to study vertebrate renal development and function [10,217,227]. The zebrafish 

pronephric kidney contains only two nephrons with similar tubular segmentation and cell types 

found in the mammalian kidney[217]. Moreover, filtration and osmoregulation can be measured 
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in the pronephric kidney by 48 hours post fertilization (hpf), allowing early assessment of kidney 

function [221,222,228].  

Several important domains have been identified in endolyn. The luminal domain contains 

two mucin-like domains separated by a cysteine-rich domain [153]. We have previously shown 

that an N-glycan-dependent epitope in the cysteine-rich domain mediates sorting of endolyn to 

the apical surface of renal epithelial cells [126,152].  Among all vertebrate endolyn proteins the 

transmembrane and short cytosolic domains are nearly identical and contain a tyrosine-based 

trafficking motif at their carboxy-terminus that mediates endocytosis and lysosomal sorting 

[152,153,155]. The N-terminal mucin-like domain of mammalian endolyn, which is thought to 

be required for adhesion of hematopoietic precursor cells to bone marrow stroma and effect cell 

proliferation [157,229,230], is absent in lower vertebrate species such as Zebrafish. 

Using a translation-blocking morpholinos (MO) we knocked down endolyn expression in 

zebrafish embryos to interrogate whether acute loss of endolyn interfered with pronephric kidney 

development or function. We found that endolyn is expressed early during development and 

localized to the kidney, brain, and digestive tract within several hours after fertilization. Endolyn 

knockdown revealed a developmental phenotype consistent with a defect in pronephric kidney 

function. This phenotype was fully rescued by heterologous expression of rat endolyn. However, 

mutation of either the apical targeting signal or the critical tyrosine residue required for endolyn 

endocytosis and lysosomal targeting prevented rescue. Our study shows that endolyn expression 

is needed for normal pronephros function, but its absence does not inhibit pronephros formation 

per se.  It further emphasizes the efficacy of the zebrafish model in highlighting essential motifs 

and domains involved in protein function during development. 
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4.3 RESULTS 

Dual localization of endolyn in mammalian adult kidney 4.3.1 

Our previous studies in Madin Darby Canine Kidney (MDCK) type II cells demonstrated that 

endolyn has an unusual trafficking pattern in that the newly synthesized protein is targeted to the 

apical surfaces, where it is internalized and transported to lysosomes [152]. It continues to 

recycle between lysosomes and the cell surface [156,168], but relatively little endolyn is found at 

the cell surface in this model system at steady state [152]. In rat kidney, endolyn is also found 

primarily in lysosomes in proximal straight and distal tubules and the collecting system (Fig.26). 

However, in proximal convoluted tubule a significant fraction of endolyn localizes to the brush 

border, suggesting differential functions along the kidney tubule.  
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Figure 26. Endolyn is differentially localized along the rat kidney tubule 

Adult rat kidney sections were co-labeled with antibodies to endolyn (green) and the 

proximal tubule marker aminopeptidase N (red), which strongly labels the apical brush border. 

Endolyn localizes prominently to the brush border of proximal convoluted tubules (PCT, upper 

panel), but is primarily intracellular in proximal straight tubules (PST, lower panel) and 

subsequent segments. Figure provided by Dr.G Ihrke. 

 

4.3.2 Expression of Endolyn in zebrafish embryos 

Zebrafish endolyn is 43% identical to the rat protein which is shown in Fig.5 in Chpater 1. All 

domains are highly conserved except the N-terminal mucin-like domain, which is absent. Four of 

8-9 potential N-glycosylation sites lie within the cysteine-rich region that contains the N-glycan 

dependent apical targeting motif characterized in rat endolyn (Fig. 5). The eight cysteines 

defining the structure of this domain are all conserved between mammals and lower vertebrates. 

The transmembrane and cytoplasmic sequences are almost identical, with one conservative 

amino acid change in each domain, and end with the endocytosis motif YHTL.  

RT-PCR confirmed the expression of endolyn as early as the 10 somite stage (ss; Fig. 

27A) We next conducted whole mount in situ hybridization to examine the expression of 

endolyn at different developmental stages (Fig. 27B). Endolyn was expressed in the brain and the 

developing pronephric kidney by the 13ss, and strong staining persisted through 72 hpf. At 72 

hpf, endolyn was also observed in the digestive system. The localization of endolyn in embryo 

cross-sections was comparable to that of the pan kidney marker cadherin 17 (cdh17), confirming 

localization of the transcript to the pronephric kidney at 48 hpf (Fig. 27C). 
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Figure 27. Endolyn is expressed in the zebrafish kidney, brain, and digestive system 
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(A) RT-PCR analysis of RNA extracted from embryos at the indicated stages was 

performed using specific primers against endolyn. A ~600 bp band is expected. (B) In situ 

hybridization for endolyn in embryos was performed at 13 ss and 20 ss and at 24, 48, 72 hpf. 

Kidney (arrowheads) and brain staining are evident by the 13 ss stage and staining of the digestive 

system appears by 72 hpf. (C) Cross sections through the proximal tubule of zebrafish embryos at 

48 hpf. (5 µm) were stained by in-situ hybridization using probes to cadherin 17 (cdh17), a 

pronephric marker, or endolyn (End). Endolyn staining coincided with that of cadherin 17 in the 

expected region confirming endolyn localization in the pronephric kidney.  

 

To determine the subcellular distribution of endolyn in zebrafish larvae, we injected 

mRNA encoding rat endolyn into embryos and fixed at 48 hpf. We used a polyclonal antibody 

recognizing the luminal domain of rat endolyn for detection by indirect immunofluorescence, 

which did not cross react with endogenous endolyn (not shown). Some sections were double 

labeled with the monoclonal antibody 3G8, which labels the apical surface of the pronephric 

kidney proximal tubule. Rat endolyn colocalized with the 3G8 antigen in the pronephric tubule 

(Fig. 28), consistent with apical targeting of the protein in zebrafish. Additionally, apical endolyn 

staining was also detected along the lumen of the gut. 
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Figure 28. Rat endolyn is targeted to the apical surface of the zebrafish proximal tubule 

mRNA encoding wild type rat endolyn (200 ng) was injected into zebrafish embryos at the one-cell 

stage. Embryos were fixed, sectioned and incubated with polyclonal anti-rat endolyn and 

monoclonal 3G8 antibodies (to mark the apical surface of proximal tubules) as described in 

Methods. Cross sections through the proximal tubule and gut are shown. The periphery of the 

proximal tubule is outlined and the lumen is marked by an asterisk. 

 

 

 

 

 102 



4.3.3 Knockdown of zfEndolyn disrupts pronephric kidney function 

To elucidate the role of endolyn in zebrafish development, we injected a translation blocking 

MO to knock down endolyn expression. By 48 hpf, the endolyn-depleted embryos were 

developmentally impaired and exhibited pericardial edema, hydrocephaly, and abnormal body 

curvature (Fig. 29A). Embryos were classified as wild type, mild-to-moderately affected (class I) 

and severely affected or dead (class II) based on the extent of body curvature and edema (Fig. 

29B). Injection of 5 ng MO resulted in moderate to severe phenotypes in ~70% of embryos by 48 

hpf, whereas ~90% of the embryos injected with a scrambled control MO developed normally. 

The severity of the phenotype was dose dependent. Approximately 10, 30, 70, and 95% of 

embryos injected with 2.5, 5, 7.5, and 10 ng MO, respectively, were categorized as having severe 

phenotypes (Fig. 29B). For subsequent experiments, we injected embryos with 5 ng MO and 

selected mild-to-moderately affected larvae for morphological and functional analysis.  

 

Figure 29. Endolyn morphants develop pericardial edema, hydrocephaly, and body 

curvature 
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(A) Zebrafish larvae were imaged 48 hpf after endolyn MO injection and classified as wild type (no 

visible pericardial edema or body curvature), moderately affected (Class I- frank pericardial 

edema, visible body curvature, hydrocephaly) and severely affected or dead (Class II- severe 

pericardial edema, body curvature, severe hydrocephaly). Representative images from each class 

are shown. (B) The distribution of observed phenotypes at 48 hpf in embryos injected with control 

MO or the indicated doses of endolyn MOs is graphed. Endolyn knockdown elicits concentration-

dependent effects on larval edema and survival. Three independent injections were quantified with 

50 or more injected embryos per condition in each experiment.  

 

 

We next compared the organization of the pronephric kidney in embryos injected with 

control or endolyn MO. In situ hybridization was performed at 48 hpf using the pan pronephric 

marker cdh17 as well as markers selective for podocytes (wt1a), the proximal tubule (slc4a4), 

and the distal tubule (slc12a1) [219]. No gross defects in kidney structure were observed in 

endolyn morphants compared with controls, indicating that endolyn is not required for 

morphogenesis of the zebrafish pronephros (Fig. 30). We routinely observed dilated tubules and 

more intense staining in morphants with all probes, but the overall segmental pattern was never 

changed.  
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Figure 30. Kidney morphology is intact after zfEndolyn knockdown 

(A) In situ hybridization was performed at 48 hpf to detect cdh17 expression in embryos 

injected with either control or zfEndolyn MOs. (B through D) In situ hybridization was performed 

at 48 hpf in embryos at 48 hpf injected with either control or zfEndolyn MOs to detect podocyte 

(wt1a) (B), proximal tubule (slc4a4) (C), and distal tubule (slc12a1) (D) marker distributions. The 

morphology of the pronephric kidney in morphants is not grossly disrupted. Class I morphants 

were used in all experiments. 

 

 

 

 

 105 



To examine whether pronephric kidney function was compromised by endolyn depletion, 

we performed a rhodamine-dextran clearance assay. 1 ng of 10 kDa rhodamine-dextran was 

injected into the common cardinal vein of class I embryos at 48 hpf and depletion of 

fluorescence at the injection site was monitored over time (1-24 h post injection) as a measure of 

renal clearance. Rhodamine-dextran was efficiently cleared from larvae injected with control-

MO but clearance was significantly slowed in endolyn-MO injected larvae, consistent with a 

defect in osmoregulation (Fig. 31).  

 

Figure 31. Pronephric kidney function is disrupted in endolyn morphants  
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(A) 1 ng of 10KDa rhodamine-dextran was injected into the common cardinal vein of control or 

endolyn morphants at 48phf. Images were acquired under identical conditions at 1, 5, and 24 h post 

injection. (B) The loss of fluorescence over time near the common cardinal vein (regions marked by 

white boxes) was quantified, normalized to the initial fluorescence observed at 1 h, and plotted. 

Three independent injections were quantified with at least 10 Class I and control embryos injected 

in each experiment. At 24 h, retained fluorescence is significantly greater in endolyn morphants 

compared with controls (*p=0.001 by Mann-Whitney rank sum test). 

 

4.3.4 Rat endolyn efficiently restores zfEndolyn function during pronephric 

kidney development 

To exclude any off-target effects of the endolyn MO, we asked whether heterologous expression 

of mRNA encoding rat endolyn could rescue the developmental defects we observed in endolyn 

MO-injected larvae. First, we tested the effect of injecting rat endolyn mRNA without 

concomitant MO injection. Delivery of up to 300 pg rat endolyn mRNA into zebrafish larvae did 

not cause developmental defects, suggesting that overexpression of endolyn is not detrimental to 

the embryos (Fig. 32). Strikingly, we found that injection of 200 pg mRNA encoding wild type 

rat endolyn was sufficient to rescue the endolyn MO phenotype. Whereas only ~30% of embryos 

injected with 5 ng endolyn MO were classified as normal or mildly affected, injection of 200 pg 

rat endolyn mRNA restored normal development in ~90% of larvae. Injection of 100 pg resulted 

in ~75% of embryos developing normally (Fig. 33B). 
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Figure 32. Heterologous expression of rat endolyn restores endolyn function during kidney 

development 

Embryos were injected with 300 pg of mRNA encoding rat endolyn (rEnd) and evaluated at 48phf. 

For rescue experiments, embryos were injected (or not) with 200 pg rEnd mRNA followed by 

injection with 5.0 ng control or endolyn MO, and phenotypes were classified at 48 hpf. Data are 

combined from three experiments with 50 or more embryos per condition. 

 

4.3.5 Lumenal and cytoplasmic regions are required for endolyn function in the 

pronephric kidney 

To identify the critical domain(s) for endolyn function in zebrafish pronephros, we generated rat 

endolyn constructs containing mutations within the lumenal, transmembrane, or cytoplasmic 

domains for use in rescue experiments (see schematic in Fig. 33A). To examine the requirement 
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for apical sorting in endolyn function during zebrafish development, we prevented N-

glycosylation of the cysteine-rich domain by mutating the four key asparagine residues to alanine 

(4NA). We confirmed the polarity of overexpressed proteins in stably transfected MDCK cells. 

Indirect immunofluorescence labeling showed that wild type endolyn was largely confined to the 

apical surface at steady state, whereas the 4NA mutant was also observed at the basolateral 

membrane (Fig. 34A). To verify that newly synthesized 4NA was partially missorted, we 

performed domain-selective biotinylation of radiolabeled cells (Fig. 34B). Only 63% of the 4NA 

mutant at the cell surface was delivered apically, compared with 83% of wild type endolyn. This 

reduction in polarity is consistent with our previous results using similar glycosylation mutants 

[126].  
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Figure 33. Lumenal and cytoplasmic domains of rat endolyn are required for its function 

during pronephric development 

(A) Schematic of rat endolyn mutants used for rescue studies. The 4NA mutant lacks 

consensus sites for addition of the four N-glycans within the globular region. TMD3 contains three 

mutations within the highly conserved FIGGI sequence within the transmembrane region. The YA 

mutant contains a tyrosine-to-alanine substitution that disrupts the endocytic/lysosomal targeting 

motif at the carboxy terminus. (B) mRNA encoding wild type or mutant rEnd constructs (100 pg) 

was injected into embryos at the one-cell stage, followed by injection of 5 ng of zfEndolyn 

morpholino. Images were acquired at 48 hpf and morphant phenotypes were classified and 

quantified. Data are combined from three experiments with 50 or more embryos per condition. 
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Injection of 100 pg of mutant 4NA mRNA failed to restore normal development of morphant 

zebrafish embryos (Fig. 34B). Essentially identical results were obtained when a mutant 

construct in which the entire lumenal domain of endolyn was replaced by the corresponding 

region of CD8 (not shown). These data suggest that endolyn’s lumenal domain, and more 

specifically the glycan-dependent apical targeting information, is critical for its function in 

zebrafish kidney development. Importantly, even a modest level of endolyn missorting seems to 

be sufficient to prevent proper functioning. 

The transmembrane domain of endolyn contains a five amino acid motif (FIGGI) that is 

completely conserved among species. To test the role of this sequence in endolyn function, we 

expressed the mutant TMD3, in which the phenylalanine and two glycine residues were 

conservatively substituted by leucine and alanines, respectively. This mutant was apically 

delivered similar to wild type endolyn in MDCK cells as assessed by indirect 

immunofluorescence and domain selective biotinylation (Figs. 35A and B). The ability of this 

mutant to rescue endolyn morphants was also comparable to wild type rat endolyn, suggesting 

that endolyn is fully functional in the absence of the FIGGI motif (Fig. 34B).  

Finally, we examined a mutant that lacks the cytoplasmic tyrosine critical for endocytosis 

and lysosomal sorting of endolyn (YA). Similar to the 4NA mutant, expression of this construct 

was unable to rescue the morphant phenotype (Fig. 34B). This suggests that apical sorting of 

endolyn and its distribution between surface and intracellular compartments are similarly 

important for endolyn function during early development. 
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Figure 34. Subcellular localization of rat endolyn mutants in polarized renal epithelial cells 

(A) Filter-grown MDCK cells stably expressing either wild type endolyn or different mutants were 

fixed and processed for indirect immunofluorescence to detect endolyn (green) and the tight 

junction marker ZO-1 (red). Cells were visualized by confocal microscopy and representative XZ 

sections are shown. The position of each filter is marked with an arrow. Scale bar: 10 μm. (B) 

Filter-grown MDCK cells stably expressing wild type or mutant rat endolyn were radiolabeled with 

[35S]-cysteine for 2 h, then chased for 1 h. Cells were biotinylated either apically or basolaterally and 

cells were  solubilized and immunoprecipitation with anti-endolyn antibody. After elution, one-fifth 

of each sample was reserved as total and the remainder was incubated overnight with streptavidin 

agarose (SA) to recover surface proteins. Representative gels are shown for each sample and the 

results from three independent experiments are plotted. The polarity of 4NA is statistically 

different from wild type (*p < 0.001 by Student’s t-test) and from YA and TMD3 mutants (p<0.02 
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and p= 0.024, respectively). The polarity of TMD3 and YA were not significantly different from 

wild type or each other.   

4.4 DISCUSSION 

In these studies we have identified a novel role for the sialomucin endolyn during 

zebrafish development and establishment of a functional pronephric kidney. Endolyn is 

expressed as early as the 10 somite stage in zebrafish embryos and persists in the kidney, brain, 

and digestive system at least through 72 hpf.  Kidney organogenesis and organization were not 

grossly disrupted upon endolyn knockdown using a translation blocking morpholino. However, 

morphants exhibited pericardial edema, visible body curvature and hydrocephaly, consistent with 

a water balance defect indicating a potential kidney malfunction. Moreover, we observed tubular 

dilation and a reduced rate of clearance of 10 KDa rhodamine-dextran in morphants. The 

morphant phenotype could be fully rescued by heterologous expression of rat endolyn, which 

was targeted apically to zebrafish epithelial lumens. However, endolyn mutants lacking the 

glycan-dependent apical targeting signal or the endocytic/lysosomal targeting motif did not 

restore normal development and pronephros function. These data suggest that efficient apical 

delivery and endocytosis are both required for proper endolyn function in the pronephric kidney. 

Endolyn has been studied extensively in polarized epithelial cells in vitro as an apically 

targeted glycoprotein with N-glycosylation-dependent sorting information. Apical sorting of 

endolyn relies on terminal processing of two N-glycans within the cysteine-rich region of the 

lumenal domain [126]. In polarized MDCK cells, this apical signal is dominant over basolateral 

sorting information such that newly synthesized endolyn is delivered primarily to the apical 
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surface. Subsequently, it is internalized and delivered to lysosomes [152]. The proportion of 

radiolabeled endolyn present at the apical surface remains steady for up to 21 h after labeling, 

suggesting that endolyn cycles constitutively between lysosomes and the cell membrane [156]. 

Mutation of the critical tyrosine residue in the endocytic/lysosomal targeting motif prevents 

binding to adaptor protein complexes and enhances surface expression of the protein [155]. 

Interestingly, expression of mutants lacking either  N-glycosylation consensus sequences 

required for polarized sorting or an intact endocytic motif could not rescue the endolyn morphant 

phenotype, whereas heterologous expression of wild type rat endolyn restored the normal 

morphology. In contrast, disruption of a highly conserved sequence within the transmembrane 

domain of endolyn did not inhibit efficient rescue by rat endolyn. The fact that both trafficking 

motifs are indispensable for rescue suggests that proper modulation of endolyn’s distribution 

between the (apical) cell surface and endosomal/lysosomal compartments is a key requirement 

for endolyn function.  

The observation that disrupting the N-glycan-dependent apical sorting motif of endolyn 

prevented rescue of the morphant phenotype was somewhat unexpected, given that the protein is 

still delivered to the cell surface with a slight apical preference. Compared with wild type 

endolyn, where roughly 83% of the newly synthesized protein is delivered apically, we found 

that 63% of 4NA was present at the apical surface under similar labeling conditions. There are 

two possible explanations for this observation. First, missorting of a fraction of 4NA to the 

basolateral surface may be sufficient to disrupt rescue by this mutant. A precedence for the 

inverse scenario is presented by a disease-causing mutant form of the anion exchanger AE1 

lacking a basolateral sorting motif [231]. However, in this case it is clear that any missorting to 

the wrong surface will disturb the balance of ion transport across the renal epithelium. While it is 
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conceivable that endolyn effects the distribution of other membrane proteins, it itself is unlikely 

to have any ion transport activity. However, lowering the effective endolyn concentration at the 

apical plasma membrane may be sufficient to disrupt its normal physiology. Alternatively, the N-

glycans within the cysteine-rich domain may serve another function in addition to their role in 

apical targeting. These N-glycans may be important for association of endolyn with other 

protein(s) on the same membrane or extracellular ligands. Given the apparent requirement for 

endolyn internalization and lysosomal targeting, it is tempting to speculate that endolyn-

mediated binding and endocytosis of an associated ligand or cis-receptor may be important for its 

function. Similar to other sialomucins, endolyn is thought to mediate cell-cell (or cell-matrix) 

adhesion [157,230]; however, no membrane-bound ligand has yet been identified. Noteworthy, 

the N-terminal mucin-like domain of mammalian endolyn, which has been implicated in cell 

adhesion [230], is not present in zebrafish endolyn and therefore not expected to be required for 

rescue of the knockdown phenotype in zebrafish. 

Previous studies demonstrated that endolyn associates with CXCR4 after stimulation with 

CXCL12 and regulates downstream signaling with profound consequences on cell migration 

[159,161,162,223]. The mechanism by which this regulation occurs remains unclear, although 

antibody inhibition experiments indicate that the N-terminal mucin-like domain of endolyn—not 

present in zebrafish endolyn—is required for this function [159]. The CXCL12/CXCR4 axis is 

involved in cell proliferation, migration, adhesion and differentiation of various cell types, 

including kidney and other epithelial cells [232,233,234]. Thus, endolyn may have a functional 

role in metanephric kidney that is mediated via CXCR4, e.g. during development or in renal 

tubule repair [226,235]. A key step during pronephric kidney morphogenesis in zebrafish is the 

fluid flow-driven collective cell migration of epithelial cells starting around 30 hpf that is critical 
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for generation of the proximal convoluted tubule [236,237]; however, endolyn-CXCR4 

interaction is unlikely to be critically important for this event. While CXCR4 plays several 

important roles in zebrafish development, including migration of germ cells and lateral line 

primordial cells and muscle formation [238,239,240,241], no effects on pronephric kidney 

function have been reported in CXCR4 morphants. Moreover, the lack of gross morphological 

changes in the pronephric duct of endolyn morphants is inconsistent with major defects in cell 

migration, proliferation or apoptosis. Interestingly, Bae et al. found that overexpression of both 

wild type endolyn and the endocytosis-defective YA mutant promoted myoblast fusion, a 

CXCR4-mediated function, with the latter having an even stronger promyogenic activity [161]. 

This suggests that endolyn has different cellular functions, some of which are only dependent on 

its surface expression, while others require active endocytosis. Future studies will be directed 

towards identifying additional interaction partners of endolyn and the mechanism(s) by which 

this protein affects vertebrate kidney function. 
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4.5 METHODS 

Zebrafish husbandry 4.5.1 

4.5.2 

All animal husbandry adheres to the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. Zebrafish were raised and maintained under standard conditions and staged 

as described previously [242]. Embryos were collected from group matings of wild-type AB 

adult zebrafish. Embryos were kept in E3 solution at 28.5°C. For in situ hybridization, embryos 

were kept in E3 solution containing 0.003% 1-pheny1-2-thiourea after 24 hpf. 

Whole-mount In situ hybridization and immunocytochemistry  

In situ hybridization was performed as described previously [242]. Full length zfEndolyn cDNA 

was purchased from Open Biosystems. The endolyn anti-sense probe was made using the 

digoxigenin labeling kit (Roche) according to manufacturer’s recommendations. T7 RNA 

polymerase was used for RNA synthesis after linearization of the zfEndolyn cDNA with EcoRI. 

Embryos fixed in 4% PFA overnight at 4°C were incubated with the endolyn anti-sense probe at 

65°C, then washed extensively, incubated in 2% blocking reagent (Roche) with 5% sheep serum 

in MAB buffer (100 mM maleic acid and 150 mM NaCl), and incubated with anti-digoxigenin 

alkaline phosphatase antibody (Roche) at 1:15,000 dilution overnight at 4°C. BM purple AP 

substrate (Roche) was added for staining after extensive washing with PBS+0.1%Tween 20. 

Stained embryos were photographed using a Leica DMI 6000 CS Trino confocal microscope and 

images were processed using Adobe Photoshop. 
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4.5.3 

4.5.4 

 RT-PCR 

Dechorionated zebrafish embryos (~30 per stage) were homogenized with a plastic 

microcentrifuge pestle in 500 µl of TRI reagent (Ambion), and RNA was isolated using the 

RNeasy Micro Kit (Qiagen) according to the manufacturer’s protocol. One µg of RNA was used 

for the synthesis of cDNA using M-MLV reverse transcriptase (Ambion) according to the 

manufacturer’s recommendations. PCR was performed using the BioRad® icycler and 

GeneAmp® High Fidelity PCR System (Applied Biosystems). Primer sets against zfEndolyn 

were designed using PrimerQuest on the IDT website (forward primer: 5’- 

ATGAGAACCAAACAGCCAACTGCG -3’; reverse primer: 5’- 

CACACGCTGACAGACACAAACCAA-3’). ~600bp amplified sequence is expected. The 

denaturing temperature was 95°C, the annealing temperature was 55°C, and the extension 

temperature was 68°C, with an amplification cycle of 30. 

Embryo microinjection 

A translational blocking MO against zfEndolyn was designed and ordered from Gene Tools, 

LLC. (5’-TCACGGCGAAAAGTCTCCAAAACAT-3’) and resuspended in nuclease free water 

(Ambion) at 20 mg/ml and diluted to 1 mg/ml for microinjection. Zebrafish embryos were 

injected at up to the eight-cell stage either with the indicated doses of zfEndolyn or control 

(scrambled) MO. Embryos were allowed to develop in E3 solution at 28.5°C. At 48 hpf, images 

were taken and embryo phenotypes classified. For rat endolyn rescue experiments, zebrafish 

embryos were injected at the one-cell stage with 100 pg of synthetic wild type or mutant rat 
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endolyn mRNA. Embryos were photographed and classified at 48 hpf to assess the extent of 

rescue. 

4.5.5 

4.5.6 

Rhodamine-dextran clearance assay 

Renal function was assayed as previously described [221]. Briefly, 1 ng of 10 kDa Rhodamine-

dextran was injected into the common cardinal vein of embryos injected with either control or 

zfEndolyn MOs at 48 hpf. Embryos were imaged under identical conditions sequentially at 1, 5 

and 24 h post-injection. The loss of fluorescence near the common cardinal vein area was 

quantified using Adobe Photoshop. Statistical significance was assessed using the Mann-

Whitney rank sum test. 

 

Indirect immunofluorescence of rat endolyn in zebrafish  

Embryos were fixed using 4% paraformaldehyde for 4 h at ambient temperature and 

washed overnight with PBS. Embryos were incubated in increasing concentrations of sucrose up 

to 30% (w/v), mounted in Tissue Freezing Medium (Ted Pella) and frozen at -80°C. Tissue 

sections (12 μm thick) were cut using a cryostat (Leica CM1850). Sections were mounted onto 

slides and dried for 30 min at 37°C. Sections were blocked using 10% Normal Goat Serum and 

incubated with 3G8 antibody (European Xenopus Resource Centre) (1:100) overnight at 4oC 

After extensive washing with PBS+0.1%Tween-20, sections were incubated with Alexa-488 

conjugated secondary antibodies at 1:500 dilution. Sections were blocked again and incubated 

with a polyclonal antibody against rat endolyn (1:100; overnight at 4°C) followed by extensive 
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washing and incubation with Alexa-567 conjugated secondary antibodies (1:500 dilution). Upon 

dehydration, sections were mounted in Aqua Poly/Mount (Polysciences) . Sections were imaged 

using a Leica DM6000B microscope with an HCX PL APO 40x/1.25 oil objective and acquired 

using a QImaging Retiga 4000R camera. 

4.5.7 

4.5.8 

4.5.9 

Generation of mutant endolyn constructs 

Generation of the rat endolyn YA mutant was previously described13. The 4NA and TMD3 

mutant constructs were generated using PCR. These constructs were subcloned into the pCB6 

vector28 and verified by DNA sequencing. To obtain mRNA for rescue experiments, constructs 

were subcloned into pCS2+ vector behind the SP6 promoter by PCR. The mMESSAGE 

mMACHINE SP6 Kit (Ambion) was used to make mRNA from linearized cDNA. 

Generation of MDCK stable cell lines 

Stably transfected cell lines were generated in MDCK II cells as previously described29 and 

cultured in MEM with 10% fetal bovine serum and 400 μg/ml G418. For domain selective 

biotinylation and immunofluorescence experiments, cells were cultured on permeable supports 

for three days and then incubated with 2 mM butyrate for 18-21 h to induce endolyn expression. 

Domain selective biotinylation 

Polarized MDCK cells were starved and pulse-labeled for 2 h with [35 S]-cysteine, then chased 

for 1 h. Biotinylation was performed essentially as described previously [126]. After cell lysis 
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and immunoprecipitation with anti-endolyn antibody, samples were eluted. Four-fifths of the 

eluate was incubated overnight with streptavidin agarose (Pierce) to recover biotinylated 

proteins; the remainder was used to determine total endolyn. All samples were resolved on SDS-

PAGE. Polarity was quantitated after exposure of dried gels to PhosphorImager screens. 

4.5.10 Indirect immunofluorescence in MDCK cells 

Filter grown cells were fixed by adding 4% paraformaldehyde at 37.C. Cells were 

permeabilized with 0.1% TX-100 in PBS for 10 min, blocked with 1% fish gelatin (Sigma), and 

incubated with mouse monoclonal antibody against endolyn (1:500 dilution) and rat monoclonal 

antibody against ZO-1 (hybridoma supernatant from G. Apodaca, used neat) for 1 h. After 

extensive washing with PBS, filters were incubated with Alexa 488- and 647-conjugated 

secondary antibodies (1:500 dilution) for 30 min (Invitrogen), washed, mounted, and imaged. 

Confocal stacks were collected and XZ images were generated and processed using MetaMorph. 
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5.0  CONCLUSIONS AND FUTURE DIRECTIONS 

The polarity established in epithelial cells allows these cells to interact with and between internal 

and external environments [29]. Maintenance of this polarity requires sustained proper sorting of 

proteins and lipids to either apical or basolateral membranes using distinct sorting signals [188]. 

The apical sorting signals present a unique challenge for research caused by their diversity and 

heterogeneity whereas basolateral sorting signals are more unified. Association with lipid rafts 

and carbohydrates are the two most characterized apical sorting signals [188]. To further dissect 

the exact determinant on glycans which is responsible for mediating apical sorting is difficult due 

to the complex and distinct nature of these moieties. In this dissertation, I used the sialomucin 

endolyn as a model protein to study the N-glycan-dependent apical sorting in detail. The 

objective of the work carried out in this dissertation was to characterize the N-glycan dependent 

apical sorting of endolyn and the relationship between endolyn sorting and function during 

pronephric kidney development. This was investigated by: (i) optimization of an efficient 

approach to knock down genes of interest in polarized epithelial cells without compromising 

their polarity, (ii) conducting a systematic study to dissect the exact determinant on N-glycans 

structure that is responsible for endolyn apical delivery, (iii) identifying potential receptor(s) for 

endolyn apical sorting, (iv) exploring the function of endolyn during pronephric kidney 

development using the zebrafish Danio rerio as a model system, (v) determining the conserved 
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region(s) that is critical for endolyn function, and (vi) analyzing the requirement for endolyn 

trafficking in its function.  

In search of the determinant for endolyn’s apical sorting signal, I first developed an 

efficient approach to knock down genes of interest in polarized MDCK cells. I compared two 

commonly used transfection methods and evaluated their efficiency and effect on cell integrity 

and polarity. I found that nucleofection disrupts the fence function of the tight junction and thus, 

compromises the overall polarity of MDCK cells. Conversely, I developed a lipofectamine based 

transfection approach, which achieved reasonable knockdown and maintained normal membrane 

protein polarity comparable to untransfected cells. 

In the second part of the study, I conducted a systematic study to dissect the specific 

requirement(s) for N-glycan dependent apical sorting of endolyn. Previous data from our lab 

indicate that terminal processing of N-glycosylation is important for endolyn apical delivery 

[126]. Therefore, I knocked down specific glycosyltransferases that are responsible for glycan 

branching and sialylation to determine whether polylactosamine extension or addition of sialic 

acids are required for endolyn apical delivery. The results revealed that both α2,3- and α2,6-

linked sialic acids are required for apical sorting of endolyn. Conversely, polylactosamine 

extension of glycan chains is not required for endolyn apical sorting. My results are significant in 

the sense that I have clearly demonstrated that a specific step of N-glycan terminal processing is 

required for carbohydrate-dependent apical sorting. However, our study didn’t conclude whether 

sialylation is required for apical expression of all N-glycan apical targeted proteins. The apical 

delivery of other N-glycan dependent proteins needs to be tested in sialyltransferase(s)-depleted 

cells, (e.g. glycosylated growth hormone). Apical secretion of glycosylated growth hormone in 

sialyltransferases-depleted cells should be measured to assess if sialylation is required. 
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One question that arises from these results is: What are the mechanisms for N-glycan 

apical sorting? Two models have been proposed so far (Fig. 35) [135]. The first model proposes 

that a family of receptors exist to recognize glycans and subsequently sort apical glycoproteins 

(Fig. 35A). Growing evidence suggest that members of the galectin family may be involved in 

both raft-dependent and glycan-dependent apical sorting pathways. Galectin-3 is reported to 

mediate raft-independent apical sorting of p75 and gp114 whereas galectin-4 is suggested to 

regulate raft-dependent apical sorting [139,142,148]. Furthermore, galectin-9 plays a role in the 

establishment of apical-basolateral polarity of MDCK cells [146]. Therefore, I specifically 

knocked down galectins-3, 4, and 9 in polarized MDCK cells and evaluated their effect on 

endolyn apical sorting. Results from surface biotinylation and indirect immunofluorescence 

suggest that apical delivery of endolyn is modestly but statistically significanlly disrupted in 

galectin-9 depleted cells whereas it remains unchanged in galectin-3 and 4 depleted cells (Fig.7, 

21,22,23). However, due to the sequence similarity in the carbohydrate recognition domain, 

different galectins may bind to similar carbohydrates [138]. It’s worth investigating whether the 

apical devlivery of endolyn is disrupted more severely when we knock down galectin-3, 4, and 9 

together. A broader question raised from these results is whether galectins is involved in other N- 

and O-glycan dependent apical sorting events. A thorough screen of endogenous galectins in 

MDCK cells has been performed by Hughey and coworkers [138]. Galectins differentially bound 

to specific glycan structures. This study revealed that MUC1, an O-glycan dependent apical 

protein, preferably binds to galectin-3 and 9. It is possible that galectins may be involved in 

MUC1 apical sorting. One limitation of this study is that we only used MDCK cells as a 

representative of epithelial cells. However, growing evidence suggests that different epithelial 

cells develop distinct mechanisms and routes to sort cargo proteins [54,243,244,245]. To test if 
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sialylation and galectin-9 are exploited by apical proteins in other epithelial cell lines, similar 

experiments should be performed for various cell lines including Caco-2, a human intestinal 

epithelium and WIF-B, derived from hepatocytes [98,246].  

 

 

Figure 35.  Proposed model for N-glycan dependent apical sorting 

(A) A group of receptors exist to recognize specific glycan structures and sort glycoproteins. 

(B) Glycans interact with each other to present a transport-competent conformation. (C) Clustering 

is required for glycan dependent apical sorting. This process may be mediated by oligomerization 

of receptors. 

 

The second model proposes that a specific transport-competent confirmation is required 

for apical sorting (Fig. 35B). In support of this model, I expect that endolyn would be retained in 

TGN when sialylation is perturbed. However, my data does not agree with this possibility for 

endolyn apical delivery. Retention of endolyn in TGN was not observed in sialyltransferases-

depleted cells by both domain selective biotinylation and indirect immunofluorescence. 

Alternatively, clustering of apical sorting proteins may be required for both raft-

dependent and independent pathways (Fig. 35C). This mechanism has already been 

demonstrated to be exploited by raft-associated proteins [76,89]. Some evidence indicates that O-
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glycan dependent apical proteins may require clustering for their apical delivery. For example, 

galectin-3 is reported to form high molecular weight cluster with p75 to mediate its apical sorting 

[148,247]. However, it has never been examined whether N-glycan dependent apical sorting 

requires clustering. To test this hypothesis, we attempted to measure the mobility of endolyn-

containing vesicles leaving the TGN by fluorescence recovery after photobleaching (FRAP) in 

sialyltransferases-depleted cells. However, we didn’t observe a difference in endolyn mobility 

between cells treated with control or sialyltransferases siRNAs, suggesting that endolyn may not 

require clustering for its apical delivery. There are two possible explanations for this result. First, 

clustering may not be required for endolyn to exit the TGN, rather, it may operate at the level of 

endosomal compartments. One piece of evidence to support this is that galectin-3 is enriched in 

Rab11-positive apical recycling endosomes rather than in the TGN, suggesting that the cross-

linking between galectin-3 and p75 may take place in endosomes instead of TGN [144]. Data 

from our lab suggest that endolyn traverses to the apical recycling endosomes before arrival at 

the apical surface [168]. Thus, additional experiments should be performed to track endolyn-

containing vesicles leaving the apical recycling endosomes. Second, the level of sensitivity may 

not be sufficient for FRAP to detect clusters as we were not able to detect p75 clustering in 

MDCK cells using FRAP (Robert Youker personal communication). Therefore, a more sensitive 

approach should be explored. For example, fluorescence correlation spectroscopy (FCS) and 

photon counting histogram (PCH) analysis are complementary techniques that can be used to 

measure dynamics and oligomeric status of fluorescent molecules in living intact cells (for a 

brief review, [248]). In FCS, the fluorescenc fluctuations created by the movement of a labeled 

molecule (eg. GFP-tagged protein) through the focal volume of a microscope are recorded and 

the diffusion rate and concentration of the protein can be determined. FCS is an exquisitely 
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sensitive technique allowing measurements on the microsecond timescale on only a few 

molecules. Satistical methods have been developed that allow fluctuation data collected by FCS 

to be analyzed to determine the number of photons emitted per second per molecule or molecular 

brightness, a readout for the oligoeric status of a protein, which is the basis of PCH analysis 

[249].  

In the last part of my study, I characterized the function of endolyn in kidney 

development using zebrafish as a model system. I showed that zfEndolyn is expressed early 

during development in the brain and pronephric kidney of zebrafish. Embryos injected with a 

translation inhibiting morpholino targeted against zfEndolyn developed pericardial edema, 

hydrocephaly, and body curvature, suggesting a potential kidney developmental defect. The 

pronephric kidney appeared normal morphologically, but its clearance of fluorescent dextran 

injected into the common cardinal vein function was delayed, consistent with a defect in the 

regulation of water balance in morphant embryos. In addition, rescue experiments suggested that 

both lumenal and cytoplasmic regions are required for endolyn function. Furthermore, proper 

sorting of endolyn to both the apical surface and lysosomes are critical for its function.  

Our study for the first time demonstrates that endolyn is involved in kidney development. 

One question that arises from this study is: What exactly the function of endolyn in kidney 

development? Given the apparent requirement for endolyn proper localization on either the 

apical surface or lysosomes, it is tempting to speculate that endolyn-mediated binding and 

endocytosis of an associated ligand may be important for its function. One possible candidate is 

CXCR4. It has been reported that endolyn is a coreceptor for CXCR4 to regulate cell 

proliferation, adhesion and differentiation of various cell lines including hematopoietic cells and 

prostate cancer cells [159,162]. However, no evidence suggests a role of CXCR4 in pronephric 
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kidney development in zebrafish. Future studies to determine if CXCR4 is involved in 

pronephric kidney development and to identify additional interaction partners for endolyn are 

warranted. However, identification of potential endolyn binding partners in zebrafish may not be 

a straightforward prospect due to the limited availability of reagents and techniques for the 

zebrafish system. A polarized embryonic kidney cell line would be valuable to address this 

problem. We obtained a rat embryonic kidney cell line in our laboratory recently; however, more 

effort to characterize it is required. Once a cell line is established, we are able to knock in or 

knock out endolyn to evaluate possible defects and identify interaction partners. For example, we 

are able to evaluate cell proliferation using bromodeoxyuridine (BrdU) incorporation assay 

[250]. We can measure apoptosis by performing TUNEL assay [251].  Additionally, we can 

measure cell migration by carrying out wound-healing assay [252].  Furthermore, an unbiased 

screen for endolyn binding partners should be warranted using mass spectrometry-based 

proteomics [253]. Further, although the zebrafish pronephros serves as an ideal model to study 

kidney development, it is unknown how precisely it reflects the development of the mammalian 

metonephros, a much more complex organ containing millions of nephrons.  Further study to 

characterize endolyn function in a more advance animal model will address this concern. An 

endolyn knock-out mice model should be reasonably considered. 

 To summarize this body of work, we demonstrated that apical delivery of endolyn can be 

modulated by posttranslational N-glycan processing in MDCK cells. Futher, we found that the 

proper sorting of endolyn is relevant to its function during kidney development. As shown in 

Fig.26, endolyn localization varies along the renal tubule between apical and lysosomal 

compartments. The remaining questions are how endolyn localization is differentially regulated 

in the kidney tubules and how endolyn localization affects its function in the developing and 
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adult kidney. One possible explaination is that endolyn localization can be regulated by altering 

the expression or activity of enzymes involved in the synthesis or degradation of N-glycans. 

Indeed, a previous report documented differential recognition of human endolyn in various 

tissues using monoclonal antibodies directed towards distinct glycan-dependent epitopes on 

endolyn [254]. In the absence of a dominant apical sorting signal, endolyn would recycle more 

between lysosomes and the basolateral cell surface due to the presence of a cytosolic tyrosine-

based motif [153,155], and this could act in concert with a potentially reduced retention of 

endolyn at the apical surface. Alternatively, changes in Gal-9 expression might play a role in 

controlling the steady state distribution of endolyn along the renal tubule; however, this is less 

likely as Gal-9 is expressed throughout the cortex of adult mouse kidney [255]. To date, the 

expression patterns of sialyltransferases ST3GalT-III, ST3GalT-IV, and ST6Gal-I in the kidney 

have not been carefully examined. One previous report describes sialoconjugate distribution 

along the rat renal tubule assessed using SNA and MAA lectins [256]. Interestingly, this study 

found that only the α2,6-selective lectin SNA bound to the proximal convoluted tubule (S1 and 

S2 segments), whereas both SNA and MAA bound to the proximal straight tubule (S3). However, 

this approach cannot distinguish between sialic acids on N- vs. O-linked glycans or on 

glycolipids, and thus provides little information about sialyltransferase expression in these 

segments. Future studies using in situ hybridization or specific antibodies staining will reveal the 

expression patten of specific enzymes that involved in regulation of N-glycans. This will provide 

clues to determine how endolyn localization is regulated in kidney tubules and what exactly the 

role of endolyn is in kidney.  
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