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Abstract

Cells lining the proximal tubule (PT) of the kidney are highly specialized for
apical endocytosis of filtered proteins and small bioactive molecules from
the glomerular ultrafiltrate to maintain essentially protein-free urine. Com-
promise of this pathway results in low molecular weight (LMW) proteinuria
that can progress to end-stage kidney disease. This review describes our cur-
rent understanding of the endocytic pathway and the multiligand receptors
that mediate LMW protein uptake in PT cells, how these are regulated in
response to physiologic cues, and the molecular basis of inherited diseases
characterized by LMW proteinuria.
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INTRODUCTION

Epithelial cells that form the proximal tubule (PT) play an essential role in the retrieval of ions
and proteins that escape the glomerular filtration barrier. Cells in the proximal convoluted tubule
(which includes the S1 and S2 segments) express high levels of the multiligand receptors megalin
and cubilin, which mediate the efficient uptake of low molecular weight (LMW) proteins and other
ligands from the filtrate. The apical endocytic pathway in PT cells is uniquely specialized to accom-
modate the high capacity needs of these cells and is acutely and chronically regulated in response
to changes in ligand exposure. Yet despite the critical role of endocytosis in P'T function, we know
little about how the apical endocytic pathway is organized and regulated in these cells. Numerous
genetic, acute, and chronic diseases impair the endocytic uptake of filtered ligands by PT cells,
resulting in LMW proteinuria. Megalin and cubilin bind to numerous vitamin carrier proteins,
and defective uptake of these proteins leads to vitamin deficiencies. In many instances, kidney
function deteriorates progressively in patients with LMW proteinuria. However, it remains un-
clear whether LMW proteinuria is a marker of PT damage or a direct cause of further damage (1).
A better understanding of the PT apical endocytic pathway and the consequences of its dysfunction
may thus identify new interventional targets to prevent or limit kidney disease.

MULTILIGAND RECEPTORS OF THE PROXIMAL TUBULE

The multiligand receptors megalin and cubilin coordinate the uptake of most filtered proteins
and many other small bioactive molecules from the glomerular ultrafiltrate (Figure 1). This
section provides a brief review of the structure, interactions, and trafficking of these proteins in
the PT. Megalin and cubilin are also expressed both individually and together in other tissues; the
reader is referred to an excellent review for a more detailed discussion of their possible functions
at those sites (2).

Megalin (also called gp330 or LRP2) is a member of the low-density lipoprotein receptor
(LDLR) family of proteins that was originally identified by Kerjaschki & Farquhar as a major
pathogenic antigen in Heymann nephritis in 1982 (3) and found to be equivalent to brushin, a
~600 kDa PT brush border protein previously described by the Muramatsu group (4). Within the
kidney, megalin is expressed primarily at the apical surface and in apical endocytic compartments
of epithelial cells that comprise the S1 segment of the PT, with decreasing expression in the S2
and S3 segments of the PT. Megalin is also expressed in podocytes, and antigenic responses to
megalin in these cells is a primary cause of Heymann nephritis in rats (5).

The sequences of rat and human megalin were reported in 1994 and 1996, respectively (6, 7).
Rat megalin contains 4660 amino acids and is a type I transmembrane protein with a large lumenal
domain that contains 36 LDLR ligand binding complement type repeat motifs clustered into
four domains. These domains are interspersed with epidermal growth factor (EGF)-type repeats
and beta propeller spacers characterized by YWTD motifs that mediate ligand dissociation in
acidified compartments (see reference 8 for an excellent review on the structure and function of
LDLR family member domains). The cytoplasmic tails of all LDL receptor family members are
divergent other than the presence of two NPXY motifs that mediate endocytosis; in addition,
megalin contains an additional NPXY-like motif VENQNY that may be important for apical
delivery of the protein (9). Similar to other members of the LDLR family, megalin also contains
an RXRR motif that can be cleaved by furin and related proteases. Cleavage at this site could
explain the soluble form observed associated with cells and secreted into the urine (10). Megalin
was also demonstrated to undergo regulated intramembrane proteolytic cleavage (11); however,
the physiological significance of this is unclear (12, 13).
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Figure 1

Multiligand receptors in the proximal tubule. Megalin and cubilin regulate the uptake of low molecular
weight proteins from the glomerular filtrate. The cytoplasmic tail of megalin contains two NPXY motifs that
bind to the Dab2 clathrin adaptor protein as well as a related NQNY sequence implicated in apical delivery.
Megalin/cubilin ligands that are filtered through the glomerular barrier are listed in Table 1. Abbreviations:
CUB, compliment C1r/Cls, Uegf, Bmp1; Dab2, Disabled-2 protein; EGF, epidermal growth factor.

Folding and biosynthetic trafficking of megalin is facilitated by its interaction with the chap-
erone receptor-associated protein (RAP) that is localized primarily to the endoplasmic reticulum.
RAP also accompanies megalin to the plasma membrane (14, 15) and dissociates from the receptor
in acidified compartments (16). RAP also interacts with the LDLR-related protein LRP. It was
proposed that binding to RAP prevents premature interaction of megalin with ligands along the
biosynthetic pathway (15).

Early studies aimed at identifying the function of megalin demonstrated that it interacts with
several proteins that also bind to LRP, including ApoE and lipoprotein lipase. Since then, interac-
tion of megalin with an increasing number of filtered ligands has been reported (17). An essential
role for megalin in the uptake of filtered proteins was cemented in 1996 by the demonstration that
mice lacking megalin exhibit LMW proteinuria (18) and by the observation that RAP competes
with albumin for uptake in microperfused tubules (19).

More recently, another major function was demonstrated for megalin in supplying active lyso-
somal enzymes to PT cells via their uptake from the tubular lumen. Nielsen et al. (20) found a
significant increase in urinary excretion of the freely filtered lysosomal hydrolase cathepsin B in
mice with absent or reduced levels of megalin levels and confirmed the direct binding of cathepsin
B to megalin. The continuous supply of lysosomal hydrolases to PT lysosomes via this pathway
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Table 1 Megalin and cubilin ligands that are filtered through the glomerular barrier

Protein Megalin ligand Cubilin ligand

Vitamin carrier proteins

Vitamin D-binding protein Yes Yes

Folate-binding protein Yes

Retinol-binding protein Yes

Transcobalamin, Transcobamalin II Yes

Intrinsic factor Yes

Other carrier proteins

Albumin Yes Yes

Hemoglobin Yes Yes

Myoglobin Yes Yes

Lactoferrin Yes

Liver-type fatty acid-binding protein Yes

Metallothionein Yes

Neutrophil gelatinase-associated lipocalin Yes

Odorant-binding protein Yes

Selenoprotein P Yes

Sex hormone-binding globulin Yes

Transthyretin Yes

Transferrin Yes

Lipoproteins

Apolipoprotein B Yes

Apolipoprotein E Yes

Apolipoprotein J/clusterin Yes

Apolipoprotein H Yes

Apolipoprotein M Yes

Apolipoprotein A-I Yes

High-density lipoprotein Yes

Hormones and signaling proteins

Angiotensin II Yes

Bone morphogenic protein 4 Yes

Connective tissue growth factor Yes

Epidermal growth factor Yes

Insulin Yes

Insulin-like growth factor Yes

Leptin Yes

Parathyroid hormone Yes

Prolactin Yes

Sonic hedgehog protein Yes

Survivin Yes

Thyroglobulin Yes

Fibroblast growth factor Yes
(Continued)
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Table 1 (Continued)

Protein Megalin ligand Cubilin ligand
Enzymes and enzyme inhibitors

Recombinant activated factor VIIa Yes Yes
-amylase Yes

«-galactosidase A Yes

Cathepsin B Yes

Cystatin C Yes

Lysozyme Yes

Plasminogen Yes

Plasminogen activator inhibitor type I Yes

Tissue plasminogen activator Yes

Urokinase Yes

Lipoprotein lipase Yes

Immune- and stress-related proteins

Immunoglobulin light chains Yes Yes
«; -microglobulin Yes Yes
{32-microglobulin, Pancreatitis-associated protein Yes

Clara cell secretory protein Yes
Drugs and toxins

Aminoglycosides Yes Yes
Aprotinin Yes

Colistin Yes

Gentamicin Yes

Polymyxin B Yes

Trichosanthin Yes

Others

Ca’* Yes Yes
Receptor-associated protein Yes Yes
Coagulation factor VII Yes Yes
Coagulation factor VIII Yes

Cytochrome C Yes

Seminal vesicle secretory protein II Yes

Advanced glycation end products Yes

may be necessary to sustain the level of proteolytic function needed to accommodate the apical
endocytic load of megalin ligands.

Whereas megalin can bind to many ligands independently, it may require a coreceptor for
some interactions. Cubilin is a 460 kDa receptor expressed abundantly in the proximal tubule that
interacts with megalin and increases the multiligand binding capability of the complex. Cubilin
was originally identified as the receptor for intrinsic factor-vitamin By, complex in the intestine
(21) and was subsequently shown to be identical to a previously described antigen that localized
to coated pits in the rat proximal tubule (22, 23). The receptor was cloned from rat yolk sac
in 1998 and named cubilin based on the presence of 27 tandem CUB (complement C1r/Cls,
Uegf, Bmpl) domain repeats that encompass the majority of the protein sequence (24). Unlike
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megalin, cubilin has no transmembrane domain and requires megalin for its association with the
membrane. Cubilin binds to several of the proteins recognized by megalin, including albumin,
hemoglobin, RAP, and Ig light chains. Table 1 lists the ligands known to be retrieved by the
proximal tubule through their interactions with megalin and cubilin. In addition, cubilin may also
bind to other proteins that do not bind to megalin, including transferrin, intrinsic factor-vitamin
By, complex, and apoAl. Cubilin-specific ligands were originally identified in the urine of dogs
with mutations in cubilin and in patients with Imerslund-Grisbeck syndrome, who have vitamin
By, malabsorption. However, there may be some species-specific differences in cubilin binding
selectivity, as unlike dogs lacking functional cubilin, cubilin knockout mice showed no increase in
urinary excretion of transferrin or apoAl (25, 26).

Cubilin also interacts with amnionless, a 38-50 kDa transmembrane protein that, similar to
megalin, contains cytoplasmic NPXY motifs that direct internalization. Amnionless appears to
be essential for cubilin transport to the apical surface, as cubilin is retained intracellularly in PT
cells of amnionless knockout mice (27). Mutations in amnionless also cause Imerslund-Grisbeck
syndrome (28). Cubilin binds simultaneously to megalin and amnionless (29), but whether
and how these three proteins interact functionally at the apical membrane of PT cells remain
unclear.

More recently, the ubiquitously expressed MHC-related Fe receptor for IgG (FcRN) has also
emerged as a potential receptor that participates in IgG and albumin recovery from the ultrafil-
trate. This heterodimeric receptor, comprising an MHC class I-like « chain and its obligatory
[32-microglobulin subunit, binds independently to IgG and to albumin at acidic pH but not at
neutral pH. FcRN is known to play an important role in salvaging serum IgG and albumin in many
nonrenal tissues (reviewed in 30). The current model in these cells is that these proteins are taken up
by pinocytosis and bind to FcRN in acidified compartments. Proteins that bind to FcRN escape the
default route to the degradative pathway and are instead recycled to the cell surface where the in-
crease in pH causes them to be released. Consistent with this model, FcRN knockout mice have half
the levels of serum albumin as normal mice, apparently due to increased degradation kinetics (31).

FcRN is expressed abundantly in the glomerulus and proximal tubule of the kidney. Within the
glomerulus, FcRN is expressed at the surface of podocytes and may function to scavenge albumin
and immunoglobulins from the basement membrane to limit clogging of the filtration barrier
(32). In contrast, in the PT, FcRN binds to soluble albumin that dissociates from megalin/cubilin
in acidified endocytic compartments and delivers it via transcytosis to the basolateral surface for
reentry into the plasma (33). The extent to which this pathway in the proximal tubule contributes
to the maintenance of serum albumin levels remains controversial. One contested parameter is
the amount of albumin that actually reaches the PT (nicely reviewed in 34). Another key issue
that remains to be addressed is the extent to which transcytosis of albumin occurs in the kidney,
and how much of this is mediated by FcRN. Tenten et al. (33) attempted to address the role
of FcRN-mediated transcytosis of postfiltered albumin by observing the appearance in serum of
tagged albumin expressed selectively in podocytes of control and FcRN knockout mice. Although
tagged albumin could be detected in the serum, the capacity of this salvage pathway relative to
the degradative pathway in PT cells could not be assessed in this study. Of note, earlier studies
assessing the fate of radioiodinated albumin in HK-2 human proximal kidney cells, perfused ex vivo
rat kidneys, and microperfused rabbit PTs concluded that the majority of internalized albumin
was degraded rather than transcytosed to the basolateral surface (35, 36). On balance, the evidence
to date remains consistent with the idea that PT reclamation of albumin represents a relatively
low-level salvage pathway to recover a small amount of filtered protein rather than a high capacity
transcytotic pipeline necessary to maintain serum albumin levels.
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CLATHRIN-DEPENDENT ENDOCYTOSIS

The apical endocytic pathway in PT cells is highly specialized for robust internalization and is
uniquely organized for this function (37). Moreover, the capacity for apical endocytosis is both
acutely and chronically flexible, as described further in later sections. The preference for apically
driven endocytosis and the consequent organization of the endocytic pathway is recapitulated to
differing extents in primary and immortalized cell culture models of the PT (38-40). Although in
vivo studies have provided a detailed morphological description of the PT endocytic pathway, the
lack of an ideal cell culture model system has hampered our ability to understand how endocytosis
and recycling are regulated at the molecular level in these cells. To date, our most detailed infor-
mation about the organization, cellular machinery, and regulation of the apical endocytic pathway
in polarized kidney epithelial cells comes from studies conducted in Madin-Darby canine kidney
(MDCK) cells, which maintain a limited apical endocytic capacity and are not considered a repre-
sentative model of the PT (Figure 2). Many PT cell culture models do exist, however, but most are
poorly differentiated and lack the apical microvilli characteristic of the P'T brush border. Others ex-
hibit relatively poor megalin expression and/or apical endocytic capacity and may better represent
S2 or S3 segments of the PT. At present, the opossum kidney (OK) cell line remains the preferred
cell culture model for the S1 segment of the PT, as it most closely recapitulates P'T ion transport
functions, expresses megalin, retains a robust apical endocytic capacity, and is well differentiated.
In the sections below, we describe briefly the current model for apical endocytosis as elucidated in
MDCK cells, compare this with the PT endocytic pathway based on in vivo studies, and attempt
to extend this model where possible based on results obtained using cell culture models.

Most cell types possess multiple internalization routes for the uptake of membrane and fluid
components. The best studied of these is the clathrin-dependent endocytic pathway, and indeed
apical endocytosis in the PT in vivo appears to occur primarily or exclusively via this mechanism,
with some unique features described further below. Another major endocytic route that has some-
times been proposed in PT function involves the internalization of receptor ligand complexes and
other membrane proteins via caveolae. These are small U-shaped structures enriched in choles-
terol, gangliosides, and saturated lipids whose formation is controlled by caveolins (41). However,
although some PT immortalized cells express caveolin, this protein is absent from PT cells in vivo
(42). For this reason, our discussion below focuses exclusively on clathrin-dependent endocytosis.

Several key features of clathrin-dependent endocytosis are consistent in all cell types. Inter-
nalization is initiated by the interaction of membrane receptors and other proteins with adaptor
proteins, their incorporation into clathrin-coated invaginations, and budding and fission of these
structures. Once these vesicles are uncoated they fuse with each other and/or with slightly acid-
ified early endosomes, where the pH-dependent dissociation of ligands from receptors occurs.
Membrane proteins are recycled to the surface in tubular structures that emanate from these
endosomes, and the globular portions of endocytic compartments mature into late endosomes.
Transient fusion of invaginated late endosomes with lysosomes enables delivery of soluble ligands
to these compartments for degradation (43, 44). Small GTP-binding proteins termed Rabs are
sequentially recruited onto these compartments and in turn activate downstream effectors that
mediate changes in phosphoinositide lipid composition and the recruitment of motors and other
cytosolic proteins. The remodeling of the organelle surface eventually leads to Rab exchange and
recruitment of new effector proteins to gradually alter the identity of these compartments along
the endocytic cascade. Although these steps likely also govern the progression of the PT apical
endocytic cascade, we lack a detailed understanding of the identity of individual compartments
with respect to their Rab profiles or phosphatidylinositol composition. Rather, PT endocytic com-
partments in vivo have been defined largely using morphological rather than molecular criteria.
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Figure 2

The apical endocytic pathway in MDCK and PT cells. () Cargo internalized from the apical and basolateral
surface of MDCK cells via clathrin-coated pits enters Rab5-positive AEEs and BEEs, respectively. Most
proteins return to the plasma membrane from these compartments via a Rab4-dependent fast recycling
pathway, but they may also be delivered to Rab11-positive AREs or Rab8-positive CREs. Ligands released
from internalized receptors in acidified early endosomes are transported to Rab7-positive MVBs and
eventually to lysosomes. (#) In PT cells, apical proteins are internalized in irregular clathrin-coated
invaginations into apical early endosomes that fuse to form larger AVs. Recycling of membrane proteins can
occur from AEEs or AVs via DATSs, whereas soluble components of AVs are delivered to lysosomes. The
Rab proteins and other machinery associated with these compartments remain largely unknown.
Abbreviations: AEE, apical early endosomes; ARE, apical recycling endosomes; AV, apical vacuole; BEE,
basolateral early endosomes; CRE, common recycling endosomes; DAT, dense apical tubules; MDCK,
Madin-Darby canine kidney; MVB, multivesicular bodies; PT, proximal tubule.

In MDCK and many other polarized epithelial cell lines, proteins internalized from the apical
plasma membrane via clathrin-dependent pathways enter Rab5-positive early (sorting) endosomes
that are slightly acidic (pH ~6.9) (reviewed in 45). Membrane proteins can recycle directly to the
surface from this compartmentvia Rab4-positive tubules via a pathway termed fastrecycling (46). A
subset of membrane proteins escapes this step and traverses a supranuclear recycling compartment
of pH ~6.4 (47) localized near the centrosome that has subdomains positive for Rab11a, Rab11b,
and Rab25 (46, 48). A related recycling compartment marked by Rab8 also receives some apically
recycling proteins in addition to cargo internalized from the basolateral surface (49-51). This
compartment is called the common recycling endosome. The relationship between Rab8- and
Rab11-positive compartments remains unclear, and discrepancies in the literature may reflect
clonal drift between MDCK cell populations, differentiated state, or other technical differences
between studies from different laboratories (52, 53). Rab14 is a Rab4 homolog localized to apical
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endosomes that plays a critical role in apical targeting and tight junction assembly in MDCK cells
(54, 55). However, Rab14 is expressed at negligible levels in the proximal tubule (56), suggesting
a redundant role for other Rabs or a significantly different arrangement of the apical endocytic
pathway in PT cells. The proteins that enter recycling endosomes can be returned to the apical
surface or enter other compartments deeper in the endocytic pathway.

ORGANIZATION OF THE PROXIMAL TUBULE APICAL
ENDOCYTIC PATHWAY

Only some features of the clathrin-dependent apical endocytic pathway as described in MDCK
cells are recapitulated in PT cells in vivo. Indeed, electron microscopy (EM) studies investigating
the internalization of filtered fluid-phase and membrane tracers in rodent PT's have provided a
very different picture of the apical endocytic pathway (37, 57, 58). In these studies, rats, mice, or
rabbits were administered intravenous injections of the membrane and fluid-phase tracers, and the
kidneys were fixed by vascular perfusion at different time intervals to capture the maturation of the
endocytic vesicles. Both fluid-phase and membrane cargoes are internalized into clathrin-coated
structures that bud from the base of the brush border microvilli (37, 57-60). These clathrin-
coated invaginations are considerably more irregular in size and shape than those observed in
other polarized cells, such as MDCK cells or intestinal epithelial cells in vivo. Studies in OK cells
further support the requirement for clathrin in the endocytosis of albumin (61, 62). Treatment of
these cells with chlorpromazine, an inhibitor of clathrin-dependent endocytosis, or with inhibitors
of the GTPase dynamin that regulates vesicle fission from the membrane, led to inhibition of
albumin uptake (61, 63). In contrast, the cholesterol perturbing drugs filipin and nystatin, which
perturb formation of caveolae, had no effect on albumin uptake (64, 65).

As noted above, adaptor proteins mediate the interaction of membrane proteins with the under-
lying clathrin-coated structure. The adaptor protein Disabled-2 (Dab2), which binds to the NPXY
motifs of both megalin and the cubilin/amnionless complex, is essential for efficient internaliza-
tion of these receptors in PT cells (66, 67). Another adaptor protein ARH (autosomal recessive
hypercholesterolemia) also binds to NPXY motifs and plays a role in LDLR internalization in
liver, but ARH is not expressed at appreciable levels in the PT (68, 69).

Once the cargo-containing invaginations have budded from the apical membrane, they release
their clathrin coats and fuse with a dense subapical network of tubules (58, 70). Within a few
minutes after internalization, both membrane and soluble cargo in these compartments can be
visualized in large vacuolar compartments termed apical vacuoles (AVs) (37, 58). Recycling of
membrane receptors and other proteins to the apical surface can occur from both the subapical
tubules and from these AVs. Immuno-gold labeling of rat PT's showed localization of antimegalin
antibodies in apical tubular compartments that were segregated from fluid-phase cargo-containing
vesicles, suggesting that fast recycling may occur from these sites (71). In MDCK cells, fast
recycling is mediated via Rab4 positive compartments, which interface with the Rab5-positive
early endosomal compartments to coordinate rapid recycling of membrane proteins (44). Megalin
was found to transit through a Rab4 positive apical tubular compartment in cells of the zebrafish
pronephros, suggesting the existence of a rapid recycling pathway in these PT's (72).

For their retrieval to be efficient, ligands must dissociate from megalin and cubilin prior to
this fast recycling step. Dissociation is facilitated by acidification of endosomes mediated by the
abundantly expressed vacuolar H*-ATPase (V-ATPase), which is present on the PT apical surface
and in endosomal compartments. The pH of the glomerular ultrafiltrate in the lumen is ~7.4
and decreases to ~5.5 in apical endosomal compartments. Inhibition of the V-ATPase in PT
cells blocks the delivery of internalized albumin from early endosomes to late endosomes (73).
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The 2CI7/H" antiporter CIC-5 and the sodium hydrogen exchanger NHE3 also contribute to
endosomal acidification and are essential for maintaining efficient endocytosis (74, 75). As noted
above, albumin and IgG bind more tightly to the FcRN receptor at these lower pHs, and thus some
released ligands may switch receptors within endocytic compartments to enable their transcytosis
and avoid default delivery to lysosomes (76). Regardless of where this step may occur, a sizable
fraction of internalized ligands transit AVs en route to lysosomal delivery or transcytosis.

EM studies also document tubular structures emanating from AVs that are thought to be en-
riched in membrane receptors that likely mediate recycling to the apical surface via the “slow recy-
cling” pathway (70). Even this slow recycling pathway is very robust: Nielsen and colleagues (60)
concluded from morphological studies in rabbit PT that the amount of membrane area equivalent
to that of PT vacuolar compartments was recycled to the apical membrane every 43 s. In contrast,
they calculated that it took 23 min for an equivalent amount of membrane to reach lysosomes.

Functionally, AVs may correspond to the Rabl1-positive apical recycling endosome that me-
diates slow recycling in MDCK cells. Expression of fluorescently tagged Rabl1a in primary PT
cells isolated from mouse kidney cortex revealed numerous highly dynamic spherical structures
of varying sizes (40). Tubules could be visualized emerging from these compartments, similar to
those observed in EM studies of AVs (40, 70). These structures did not colocalize with markers
of early sorting endosomes, including Rab4, Rab5, or EEA1. However, unlike the tubular Rab11a
compartments in MDCK and other cells, fluid-phase markers readily access Rab11a-positive struc-
tures in these primary PT cells (40). These data suggest that AVs have hybrid properties of the
sorting and recycling endosomes described in MDCK cells. However, it is unclear to what extent
the AV compartment is maintained in immortalized PT cell cultures, as Rab11a exhibits strikingly
dissimilar distribution patterns in different PT cell lines (Y. Rbaibi and O. Weisz, unpublished
observation). Whether the sorting of membrane from fluid in these large spherical structures is
an adaptation that enables PT cells to maintain their high endocytic capacity is unknown. Re-
gardless, the physical demands of generating tubules from such large structures raises interesting
questions about the lipid remodeling that likely accompanies this process as well as the identity of
the proteins that regulate recycling from AVs.

In addition to Rabs 4, 5, and 11, a role for Rab38 in apical endocytosis in PT cells has recently
emerged. Fawn-hooded hypertensive rats present with high LMW proteinuria, apparently due
to knockout of this GTPase. Ectopic expression of Rab38 rescues the proteinuric phenotype in
the rats, consistent with the idea that Rab38 is a critically important component of the cascade
in mediating and regulating apical endocytosis in proximal tubule epithelia (77). In other tissues,
Rab38 is associated with lysosomal-related organelles including melanosomes, but its localization
in PT cells is unknown.

Endocytosis of megalin/cubilin ligands is also highly dependent on the integrity of the actin
cytoskeleton. Myosin motors and/or actin dynamics likely play a role in multiple steps in mul-
tiligand receptor-mediated endocytosis in the PT, including trafficking of receptors from the
brush border into coated pits at the base of these structures, invagination of clathrin-coated pits,
movement and fusion of early endosomes, and recycling. Disruption of F-actin in OK cells using
cytochalasins reduced endocytosis of albumin by 50-95% (61, 78). Myosin ITA, myosin VI, and
more recently, myosin 9a were implicated in P'T endocytosis (79-81), and knockout of Myo9a or
myosin VI in mouse models causes LMW proteinuria (79, 81). Megalin interacts with the heavy
chain of nonmuscle myosin ITA via its adaptor Dab2, and this interaction appears to be important
for endocytosis, as the myosin II inhibitor blebbistatin inhibits lactoferrin uptake in L2 yolk sac
cells (80). Similarly, myosin VI binds to Dab2 as well as to the PDZ-domain-containing adaptor
protein GIPC (82). How these distinct motor proteins cooperate to mediate efficient endocytosis
is not yet clear.
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In addition to the actin cytoskeleton, the microtubule network is essential for efficient uptake
of megalin ligands. Depolymerization of microtubules using nocodazole reduced endocytosis by
>55% (61) and loss of endocytic vacuoles was observed in the PT of rats treated for 5 h with
colchicine (83). Additionally, the microtubule motor kinesin 3B (KIF3B) was implicated in PT
endocytosis. KIF3B interacts with the carboxy-terminus of CIC-5, a 2CI~/H™" antiporter mutated
in Dent disease that is required for efficient apical internalization. Overexpression of KIF3B re-
duced the surface expression of CIC-5 and inhibited albumin uptake in OK cells (84). Additionally,
the carboxy terminus of CIC-5 interacts with the actin-depolymerizing protein cofilin, and phos-
phorylation of cofilin by overexpression of LIM kinase I inhibited albumin uptake in LLC-PK1
and OK cells (85). Sequential interactions between CIC-5 and these cytoskeletal machinery com-
ponents may help to propel endocytic vesicles through the dense actin network beneath the brush
border and toward compartments deeper in the apical cytoplasm.

Regulation of Proximal Tubule Apical Endocytic Capacity

The apical endocytic pathway in PT cells is uniquely plastic, and acute and chronic stimuli can in-
crease or decrease endocytic capacity. An interesting feature of this malleability is the potential role
of megalin itself in modulating apical endocytic pathway differentiation. Conversely, changes in
endocyticload can alter the apical expression of megalin. Itis unclear how thisinterdependent regu-
lation of megalin expression and the elaboration of the apical endocytic pathway are accomplished,
but as described below, numerous signaling pathways contribute. Another unresolved question is
whether this intricate sensing mechanism is fully recapitulated in cell culture models of the PT.

Several in vivo studies show that PT cells in which expression of the multiligand receptors is
reduced or absent have markedly fewer apical endocytic compartments and/or impaired uptake
of fluid-phase markers, consistent with a global defect in endocytosis. EM analysis of megalin
knockout mice showed no gross morphological changes in PT cell structure but revealed dramatic
ultrastructural changes in the apical endocytic pathway, including the loss of clathrin-coated
pits, endosomes, and lysosomes (18). Similar results were recently reported in a kidney biopsy
specimen from a Donnai-Barrow patient harboring a mutation in megalin (86). Additionally,
knockout of megalin in zebrafish larvae results in the disappearance of Rab4-positive apical
endosomes from the pronephros and impairs the endocytic uptake of both membrane-bound
and fluid-phase cargo (87). Although the morphology of the P'T endocytic pathway is apparently
normal in CIC-5 knockout mice that have dramatically reduced levels of megalin, the uptake of
fluid-phase markers is severely impaired (88-90). Additionally, Chou et al. (91) recently reported
that loss of the CLIC4 chloride channel also results in reduced megalin levels as well as fewer
endocytic compartments in the PT of knockout mice.

A critical step in the modulation of megalin endocytosis is interaction with its adaptor protein
Dab2. Dab2 knockout mice present with mild LMW proteinuria that underscores the role Dab2
plays in clearing LMW proteins from the glomerular filtrate (92). Moreover, knockdown of Dab2
in mice causes a decrease in megalin protein expression along with its redistribution from endo-
somes to the cell surface (93). Conversely, knockdown of megalin abolished Dab2 staining in the
kidney, suggesting that expression of the two proteins is interdependent (93).

Recent studies by Erkan and colleagues demonstrate that phosphorylation of Dab2 by Akt
(also known as protein kinase B and henceforth referred to as Akt/PKB) is important for albumin
endocytosis in PT cells. Mutation of the phosphorylated serine residues on Dab2 caused its loss
from the cell surface and reduced albumin uptake in human HKC-8 cells (94). Additionally,
overexpression of Akt/PKB stimulated albumin uptake, whereas knockdown had the converse
effect (94, 95). Angiotensin 1I, acting via the AT, receptor, also stimulates albumin endocytosis
in LLC-PK1 cells by the activation of Akt/PKB via its upstream regulator phosphatidylinositol
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3-kinase (PI3K) (96). Consistent with this pathway is the observation that PI3K inhibitors decrease
endocytosis of albumin in OK cells (97, 98). The effect on endocytosis is likely a function of
megalin degradation resulting from its sequestration in vacuolated endosomal compartments (97).
In contrast, addition of angiotensin II to OK cells expressing AT receptors led to a decrease in
megalin mRNA and protein levels with consequent effects on albumin uptake. This effect required
ERK signaling and was completed by the insulin-mediated activation of PI3K (99). Thus, cross
talk between AT, and AT, receptors may modulate the level of megalin expression in PT cells.
TNF-« also triggers ERK signaling leading to a downregulation of megalin levels (100).

Akt/PKB and Dab2 also play a central role in the cellular response to albumin overload in
the PT resulting from compromise of the glomerular filtration barrier. High concentrations
of albumin lead to PT apoptosis, though this response may be initiated by fatty acids bound
to albumin rather than by albumin itself (101). Overnight exposure of human HKC-8 and
porcine LLC-PKI cells to high concentrations of albumin results in decreased expression of both
Dab2 and Akt/PKB as well as megalin (95, 102), without alteration of fluid-phase endocytosis
(103). Elevated albumin levels also trigger MAPK pathway activation mediated by upregulation
of the epidermal growth factor receptor and induce TGF-f1 secretion via a cascade that
requires Dab2 (104, 105). TGF-B1 in turn downregulates megalin and cubilin expression via a
Smad2/Smad3-dependent transcriptional response (106).

Another signaling axis that regulates megalin endocytosis may be mediated by binding of
megalin to the scaffolding proteins NHERF-1 and NHERF-2 (107, 108). NHERF-2 also binds to
CIC-5 (108), and this complex may also include NHE3 (109), the V-ATPase, the cytosolic aspartyl
aminopeptidase DNPEP (110), and Nedd4-2. In support of a functional role for this scaffold,
Poronnik and colleagues (111) have demonstrated that altering the activity of the ion transporters
associated with megalin modulates the efficiency of albumin uptake. Phosphorylation of NHE3 by
Sgk-1 stimulates NHE3 activity, and silencing of Nedd4-2 or Sgk-1 reduced albumin endocytosis
in OK cells (111). Interestingly, a mouse knockout of another scaffolding protein, Shank2 (also
called cortactin-binding protein CortBP), was recently reported to exhibit markedly reduced
numbers of PT endocytic vesicles and decreased PT albumin uptake compared with control mice
(112). Shank? interacts with actin and dynamin and is known to regulate the endocytosis of the
sodium phosphate cotransporter NaPilla, but whether it binds to megalin is unknown.

Yet an additional regulator of PT apical endocytic capacity is the fluid shear stress (FSS) that
accompanies the flow of ultrafiltrate through the tubular lumen. Acute exposure of OK and other
PT cell lines to FSS leads to a two- to threefold increase in endocytosis (63, 113). The effect of FSS
on endocytosis includes enhanced uptake of both albumin and fluid-phase markers, suggesting
that global endocytic capacity, rather than solely receptor-mediated endocytosis, is stimulated. A
possible regulator of this pathway could be the Rab5 adaptor rabankyrin-5, which is expressed
in apical endocytic compartments in the PT and has been demonstrated to modulate endocytic
uptake of fluid-phase markers through Rab5 positive apical compartments in nonpolarized cells
(114). The acute endocytic response to flow requires the primary cilia, ATP release, purinergic
signaling, and an increase in intracellular calcium (63). It is unclear whether this is accompanied
by changes in Akt/PKB activation and Dab2 phosphorylation or alternatively, with changes in
megalin interactions with scaffolding proteins and ion transporters as described above. Interest-
ingly, exposure to FSS also has an opposing effect on several transporters and other receptors,
causing surface accumulation of AQP1, NHE3, the V-ATPase, and the angiotensin receptor AT'1
(115-117). This increase in surface transporters is consistent with the functional need of the PT
to increase fluid and ion uptake across the PT in response to increased glomerular filtration rate.
It is unknown whether the redistribution of these proteins occurs via increased recycling and/or
surface retention.
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ENDOCYTIC UPTAKE IN INHERITED AND ACQUIRED DISORDERS

Impaired PT endocytosis resulting from genetic mutations or acute or chronic insults to kidney
function manifests as LMW or tubular proteinuria. Numerous acquired conditions are associated
with LMW proteinuria, including acute kidney injury, ischemia-reperfusion injury, kidney trans-
plantation, the early stages of diabetes, and heavy metal poisoning. Below we discuss our current
understanding of the molecular mechanisms underlying three examples of genetic diseases that
manifest with tubular proteinuria. The effects of rare megalin and cubilin mutations on human PT
function were nicely reviewed recently (118) and are not discussed here due to space limitations.

Cystinosis

Cystinosis is an autosomal recessive disease (prevalence approximately 1 in 100,000) caused by
mutations in the CTNS gene that encodes for the lysosomal protein cystinosin, which transports
cystine from degraded proteins to the cytosol for reuse (119). This disease affects numerous organs
and is the most common cause of inherited renal Fanconi syndrome, characterized by rickets,
tubular proteinuria, aminoaciduria, glucosuria, and phosphaturia. The most prevalent (95%) and
severe form is infantile nephropathic cystinosis, which is characterized by onset within the first year
of life and typically results in end-stage renal disease within a decade. However, there is significant
variability in disease severity, with milder juvenile and adult onset variants characterized by less
severe kidney disease and by only ocular symptoms, respectively. The most prevalent therapy for
cystinosis is cysteamine, which reduces cellular cysteine levels and slows progression of the disease
in many organs. Unfortunately, cysteamine does not relieve Fanconi syndrome. Lack of functional
CTNS eventually leads to increased apoptosis of PT cells and the so-called swan-neck deformity
characterized by gradual flattening of the epithelial tubule cells in the Bowman capsule, leading to
eventual dilation of the PT. Apoptosis is likely due to increased oxidative stress characterized by an
increased ratio of oxidized to reduced glutathione, which ultimately compromises mitochondrial
function. Increased numbers of autophagosomes were observed in renal PT cells from patients with
nephropathic cystinosis and may contribute to the increased apoptosis as inhibitors of autophagy
attenuated cell death (120). However, whether these changes in and oxidative stress and autophagy
are related directly to the cellular accumulation of cystine was recently questioned (121).

In a recent elegant study, Courtoy and colleagues (122) characterized in detail the temporal
changes in PT structure and function using the Ctzs™/~ mouse model. Importantly, this study
suggests that loss of PT endocytic function and cell differentiation temporally precedes apoptosis
and development of the swan-neck deformity. Lysosomal swelling and PT dedifferentiation in
Ctns™/~ mice were evident early in the disease state. Moreover, whereas an early report found
no change in megalin or cubilin expression in kidney sections from a patient (123), quantitative
PCR and in situ hybridization of Ctns™/~ mouse kidneys and immunoperoxidase staining of kidney
samples from cystinotic patients revealed a progressive loss of megalin and cubilin expression (122).
Endocytosis of tagged ovalbumin or 32-microglobulin was also reduced in S1 segments of Ctns™/~
mice compared with wild-type mice, whereas enhanced endocytosis of these markers was observed
in S3 segments (122). The authors speculate that the disease may initiate in the glomerulotubular
boundary and S1 segment of the PT because of the high content of cysteine residues in reclaimed
albumin (17 per molecule). Subsequent dedifferentiation and loss of megalin/cubilin expression in
the upstream segments could expose downstream segments to the toxic effects of filtered proteins
that may contribute to progressive extension of the swan-neck lesion.

A recent study documented lower expression of the lysosomally expressed Rab27a in kidneys of
Ctns~/~ mice as well as in PT cells from a cystinosis patient compared with control samples (124).
Rab27a was recently implicated in lysosomal exocytosis. Additionally, expression of constitutively
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active Rab27a (and to a lesser extent, constitutively active Rab7) in Ctns™/ fibroblasts increased
lysosomal dynamics, suppressed expression of ER stress markers, and reduced cellular cystine
levels. The authors suggested but could not demonstrate that correction of these phenotypes
is due to increased exocytosis of lysosomal contents mediated by Rab27a. Whether increasing
Rab27a activity in the PT would also alleviate these phenotypes is an important question that
remains to be assessed.

Dent Disease

Dent disease is a heterotypic X-linked disease caused primarily by mutations in CLCN, which
encodes the electrogenic CI"/H" exchanger CIC-5 (see 125 for review). Dent disease patients
uniformly present with LMW proteinuria and frequently also develop hypercalciuria, nephrocal-
cinosis, kidney stones, hematuria, hypophosphatemia, or renal insufficiency. Even 70% of female
carriers show some LMW proteinuria. A subset of patients have Dent2 disease, which is caused
by mutations in OCRL rather than in CLCNS, and may also have mild extrarenal impairments,
including hypotonia, cataracts, and metal deficiencies. It remains unclear how these OCRL mu-
tations cause primarily kidney disease rather than the more severe Lowe syndrome phenotype
described below. Other genes also cause Dent disease, as roughly 30% of patients have neither
mutations in CLCNS nor OCRLI.

CIC-5 is expressed primarily in the PT, with highest expression in the S1 segment, and also
in the intercalated cells of the collecting duct. In the PT, it is localized primarily to subapical
endosomes that also contain the V-ATPase (126). A small fraction is also present at the plasma
membrane, where it interacts with megalin, KIF3A, and a variety of scaffolding proteins as noted
above.

The LMW proteinuria observed in patients is recapitulated in CIC-5 mouse knockouts (90,
127). This reflects the reduced uptake of filtered proteins by the PT, which is particularly evi-
dent when examining cross sections of proximal tubules in kidneys from female heterozygotes,
where random X-chromosome inactivation leads to chimeric tubules (127). In these sections,
those patches of cells lacking CIC-5 display markedly less uptake of both a fluid-phase marker
(horseradish peroxidase) and the megalin ligand 2-microglobulin. Loss of CIC-5 also impairs
delivery of internalized proteins and fluid-phase tracers to lysosomes (88) and causes an increase
in the urinary excretion of lysosomal hydrolases (20).

Strikingly, a dramatic reduction in the levels of megalin protein (but not mRINA; see 88) is
observed in cells lacking CIC-5 (127), along with the redistribution of the residual megalin to
intracellular compartments (88). These effects of CIC-5 on endocytosis are apparently unique
to the PT, as the loss of CIC-5 expression does not perturb megalin levels or thyroglobulin
uptake in the thyroid of CIC-5 knockout mice (128) or endocytosis in the liver (127). Surprisingly,
whereas the amount of megalin shed into the urine was lower in knockout mice (as expected given
the decreased level of this protein), no change in cubilin shedding was observed (88).

The reduction in megalin expression and the defective endocytic pathway also contribute to
other renal impairments in Dent disease patients. For example, the variable presence of renal
hypercalciuria and kidney stones in these patients, as well as in the two knockout mouse strains
that have been generated, may be due to increased signaling in downstream segments of the PT
by parathyroid hormone (PTH) because its megalin-dependent endocytosis is deficient in the S1
segment. Increased PTH signaling would normally stimulate hydroxylation of 25(OH)-vitamin
D; to mobilize calcium. However this is counteracted by the concurrent loss of 25(OH)-vitamin
D;s in the urine (because its uptake is dependent on megalin/cubilin function), and the resulting
balance between these opposing effects likely dictates urinary calcium levels (127).
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Unlike PT cells from megalin knockout mice, which show a dramatic loss of endocytic struc-
tures in P'T cells, ultrastructural studies of the endocytic apparatus in PT cells from Dent patient
biopsies and from the knockout mice reveal no obvious morphological changes (88-90). Moreover,
normal levels of Rab5a and Rab7 proteins were present in PT samples from the knockout mice
(88), although one study found an inversion in the localization of the normally apical V-ATPase
to the basolateral surface in PT cells lacking CIC-5 (89). Thus, the presence of residual megalin in
the PT is apparently sufficient to maintain normal endocytic morphology. However, the observed
impairment in endocytosis cannot be due simply to the decreased megalin expression, as multiple
studies have reported reduced uptake of fluid-phase markers in PT cells lacking functional CIC-5
(88, 90, 127, 129).

In vitro studies in mice show that CIC-5 is required for normal endosomal acidification, and
although this was originally assumed to underlie the observed PT endocytic defects, the role of
CIC-5 in apical endocytosis has remained murky, particularly because CIC-5 was discovered to be
an electrogenic (2Cl~/H™") exchanger rather than a Cl~ channel as originally assumed (75). To test
whether defective acidification per se is responsible for the impaired endocytosis and other renal
phenotypes, Jentsch and colleagues (130) replaced wild-type CIC-5 in mice with a point mutant
that functions as an uncoupled CI~ channel rather than as an electrogenic ClI7/H* exchanger.
Renal cortical vesicles isolated from these mice demonstrated normal acidification, but strikingly,
the mice had the same renal phenotype as CLCSN knockout mice, and apical endocytosis in the
PT was impaired (130). Thus, endosomal Cl concentration itself, rather than pH, appears to
drive endocytic efficiency in PT cells. Consistent with this, Gorvin et al. (129) more recently
demonstrated that not all disease-causing mutations of CIC-5 impair acidification.

An alternative explanation for the finding that defective acidification is not responsible for
the endocytic defect is that the major functional role for CIC-5 could be at the plasma mem-
brane. Indeed, the endocytic defect appears to occur at a very early step in internalization (90).
CIC-5 interacts with numerous scaffolding proteins as well as megalin. Interaction of CIC-5
with cofilin at the apical surface might enable localized actin depolymerization to enable more
efficient invagination or fission of clathrin-coated pits (85). Alternatively, interaction of CIC-5
with the kinesin motor KIF3B may be important for the transport of CIC-5-containing vesicles
and for albumin uptake (84). Additionally, binding of the PY motif of CIC-5 to the ubiquitin ligase
Nedd4-2 might mediate the observed negative effect of decreasing Nedd4-2 levels or activity on
albumin uptake efficiency (111). However, mutation of the PY motif of CIC-5 in mice has no effect
on megalin levels or receptor-mediated or fluid-phase endocytosis and did not result in LMW
proteinuria (131). Although no increase in plasma membrane expression of this mutant CIC-5 in
mice could be observed using immunohistochemistry, similar mutations block CIC-5 endocytosis
and elevate CIC-5 surface expression in oocytes and in cell culture (111, 132). More insight into
the function of CIC-5 in apical endocytosis may eventually come from studies on OCRL1, which
is localized largely to compartments distinct from CIC-5 (see below) and yet results in a very
similar renal phenotype when mutated.

Lowe Syndrome

Lowe syndrome is an X-linked recessive disorder caused by mutations in OCRL, which encodes
OCRLI, a phosphatidylinositol 5'-phosphatase. Individuals with Lowe syndrome exhibit congen-
ital cataracts, hypotonia, intellectual disability, and proximal renal tubular dysfunction. The renal
abnormalities in Lowe syndrome, which include renal tubular acidosis and LMW proteinuria, are
virtually identical to those observed in patients with Dent disease. Lowe syndrome patients typi-
cally develop end-stage renal disease within the first 20 years of life, and this is the primary cause
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of mortality (see 133 for a review). As noted above, a subset of patients with OCRL mutations
manifest with milder extrarenal symptoms and are classified as having Dent2 disease.

OCRLI is a 97 kDa cytosolic protein expressed throughout the body, with highest expression
levelsin the brain, liver, and kidney. OCRL1 is found in largest amounts at the t7ans-Golgi network
(134). It is also localized to clathrin-coated pits, early and recycling endosomes, cilia basal bodies,
tight junctions, and at the intercellular bridge that forms during cytokinesis (135).

Ocrl knockout mice exhibit no symptoms of the disease due to the redundant function of
another phosphatidylinositol 5'-phosphatase, InppSh. Mouse InppS5h is expressed at higher levels
and with different splice patterns than human INPP5B, which likely accounts for the compensation
observed (136). To address this, a second knockout mouse model was designed in which both
Ocrl and Inpp5b were knocked out and human INPP5SB was overexpressed. These mice exhibit
LMW proteinuria and aminoaciduria as observed in Lowe syndrome patients (137). However, no
extrarenal phenotypes of this mouse model have yet been reported.

OCRLI is capable of hydrolyzing the 5'-phosphate from both PtdIns(4,5)P; and
PtdIns(3,4,5)P; to generate PtdIns4P and PtdIns3,4P;, respectively, and in vitro has preference
for the former (138). Mutations in OCRLI that cause Lowe syndrome are localized throughout
the gene, but all of those tested to date result in dramatically reduced enzymatic activity. Loss of
OCRLI function leads to a slight increase in cellular PtdIns(4,5)P; levels, but it remains unclear
how this defect in phosphatidylinositol metabolism results in the Lowe syndrome phenotype.

Phosphatidylinositols play numerous roles in cell function, including marking organelle iden-
tity, modulating cytoskeletal dynamics, and regulating membrane traffic. Most PtdIns(4,5)P, in
cells is present at the plasma membrane, where it regulates signal transduction, ion transport, and
endocytosis. Along with the localization of OCRLI1 to the TGN and endocytic compartments,
this has led investigators to hypothesize a role for OCRLI in vesicular transport. Consistent
with this, OCRLI interacts with clathrin AP-2, APPL1 and related proteins, and a large number
of Rab GTPases. Additionally, OCRL1 likely plays a role in actin dynamics through control of
PtdIns(4,5)P; levels, and patient fibroblasts or cells depleted of OCRL1 show increased formation
of actin comets (139, 140).

Patients with Lowe syndrome have increased plasma and urinary levels of lysosomal hydro-
lases (133, 141). It is still unclear, however, whether the elevated urinary secretion of lysosomal
hydrolases is due to defective M6P-receptor trafficking in cells lacking OCRL1 (142, 143) or to
impaired uptake of f